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Abstract: We report the intercalation of iodine chains in highly crystalline arc-discharge multiwalled
carbon nanotubes (MWCNTs), not in the central cavity but instead between the concentric graphene
shells. High-resolution transmission electron microscopy demonstrated that the intercalation was
asymmetric with respect to the longitudinal axis of the nanotubes. This filling is explained through
the existence of asymmetric intershell channels which formed as the tubes shrank upon cooling after
growth. Shrinkage occurred because the geometrically constrained equilibrium intershell spacing
was higher at growth than room temperature, due to the highly anisotropic coefficient of thermal
expansion of graphite (or graphene stacks). Computational modelling supported the formation of
such cavities and explained why they all formed on the same side of the tubes. The graphene shells
were forced to bend outward, thereby opening aligned intergraphene nanocavities, and subsequently
allowing the intercalation with iodine once the tube ends were opened by oxidative treatment.
These observations are specific to catalyst-free processes because catalytic processes use too low
temperatures, but they are generally applicable in geometrically closed carbon structures grown at
high temperatures and so should be present in all arc-grown MWCNTs. They are likely to explain
multiple observations in the literature of asymmetric interlayer spacings in multiple-shell graphenic
carbon structures.

Keywords: multiwalled carbon nanotube; electric arc; texture; iodine intercalation; transmission
electron microscopy; modelling; coefficient of thermal expansion

1. Introduction

Concentric MWCNTs are tubular structures composed of multiple rolled-up graphene
shells, having nanosized outer and inner diameters in the range of a few nanometres to tens
of nanometres [1]. Although electric arc plasma was shown to be an efficient way to form
MWCNTs [2], most MWCNTs are now prepared by low-temperature, catalyst-assisted pro-
cesses (the thermal cracking of hydrocarbon molecules, or CO disproportionation), which
historically were actually the first ways to produce MWCNTs [3]. The major drawback of
the electric arc process is that it is poorly adapted to bulk and/or continuous production
and allows little control over the MWCNT length, number of concentric shells, and growth
orientation. On the other hand, it produces MWCNT powder free of any catalyst and
amorphous carbon content, and most of all, the quality of the graphene nanotexture within
the CNT wall is much higher than in catalyst-based processes (except for MWCNTs with
very few shells). The reason for this is that arc-prepared MWCNTs grow at very high
temperatures (several thousands of degrees) from elemental carbon species (single atoms or
dimers) originating from a sublimed graphite anode (the smaller the bricks, the higher the
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chances they arrange correctly), with no heteroatom around to interfere (generally, apart
from He, needed to generate the plasma) [4]. Basically, in the recombination process of the
carbon species, the graphene network is preferred because of the thermodynamics, the elon-
gated morphology as a filament is preferred because of the electric field, and the cylindrical
morphology of the graphenes is preferred in order to minimise the dangling bonds.

CNT properties can be modified by filling with properly selected materials [5,6], and
the effect on the properties is all the more pronounced when the number of graphenes in the
tube wall is small. For instance, as fillers, water or iodine molecules increase the mechanical
stability [7]. However, the most remarkable effects are related to electronic doping. For
example, Cs [8] and K [9] act as electron donors, while bromine and iodine work as electron
acceptors [10]. As an application of the latter, fibres composed of DWCNT filled (therefore
doped) with iodine species have their electrical conductivity increased from 1.1 MS.m™!
(undoped DWCNTs) to 6.5 MS.m ™!, increasing the specific electrical conductivity above
that of copper [11]. Additionally, filling CNTs with ferroelectric materials such as Co [12],
Fe [13], and Ni is expected to be a means to control the electronic transport by applying
external electromagnetic fields. Examples of applications that CNTs doped in various ways
may be suitable for can be found in [14].

As a continuation of the work aiming at closely combining nanotubes and hetero-
elements or phases by filling the former with the latter, we intended to fill the lateral
channels of flattened CNTs [15] with iodine. However, nature does what it wants regardless
of what the experimentalists intend, and our first attempts failed. Nevertheless, interesting
results were obtained in the meanwhile, regarding the behaviour of the filling material
(iodine) with respect to regular MWCNTs prepared by the electric arc-discharge method
and then subjected to an oxidation process. We report in this paper the transmission
electron microscopy observations of the resulting materials, which revealed a textural
feature specific to arc-prepared MWCNTs, unrevealed to date. Our interpretations are
compared with the literature and supported by calculations.

2. Experimental and Computational Methods
2.1. Materials

Arc-discharge MWCNTs were acquired from both MER Corporation and Sigma
Aldrich. Figure 1 provides some examples of both nanotube batches. Their description is
consistent with that of the literature [2,16-19], i.e., they are made with perfect concentric
graphene shells whose defects are mostly concentrated at both MWCNT ends or distributed
along the MWCNTs to form bamboo-like transverse walls. Defects responsible for this
are heterocycles (rings with 5 or 7 carbon atoms instead of 6) which induce positive or
negative local curvatures, finally allowing the formation of terminal caps. Some polygoni-
sation of the transverse cross-section of the MWCNTs making the tube body facetted was
suggested [17], mostly because of the comparison made with the obviously polyhedral
multiwall carbon shells which are formed along with the tubes. However, direct demon-
stration providing clear evidence of this is lacking, and our discussion will actually state
that this case is unlikely.

The as-received MWCNTs were thermally oxidised down to 70% weight loss, either in
a thermogravimetric analysis (TGA) machine (TA Q50 TA instrument, ~10 mg at 590 °C,
dry air conditions) or in a home-made, open-air cylindrical oven (300 mg at 580 °C). Both
procedures allow the burning away of most of the carbon particles and opening of many of
the nanotube ends (Figure 2).

Then, 30 mg of the powder remaining from the oxidation step in the cylindrical oven
was sonicated for 1 h in 100 mL of water containing 1 g of sodium cholate (Sigma Aldrich,
Schnelldorf, Germany) using a Digital Sonifier 450 (Branson, Rungis, France) equipped with
a 1/2” diameter titanium tip at 62% of the maximum amplitude (crenel 0.5s ON and 0.2 s
OFF). The surfactant was then washed away using 2-3 successive ultracentrifugation steps
(5 min at 50,000 g, then 5 min at 100,000 g, and then 20 min at 150,000 g) and replacement of
the supernatant by deionised water between each centrifugation step in order to manually
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redisperse the powder at the bottom of the centrifugation containers. The remaining traces
of surfactant were washed away by dialysis until the electrical conductivity of the solution
reached that of deionised water (dialysis membrane of 5-7 kDA). The solution was then
lyophilised to obtain a powder.

Figure 1. HRTEM images of ends of as-received, arc-prepared MWCNTs from two different commer-
cial batches: (a,b) from MER Corporation; (c¢,d) from Sigma Aldrich.

Figure 2. HRTEM images of ends of oxidised (in TGA), arc-prepared MWCNTs from the same
commercial batches as in Figure 1: (a,b) from MER Corporation; (¢,d) from Sigma Aldrich.

The side-nanochannels of the ribbon-like flattened tubes mentioned in the Introduction
(Section 1) were initially intended to be filled with iodine. The filling procedure followed
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that reported in [20]. Only the MER Corporation MWCNTs were subjected to this procedure.
Powdered MWCNTs (10 mg) and solid chips of iodine (275 mg) were mixed (1:1.3 molar
mass ratio), then ground in a mortar until visual homogeneity could be observed. The
mixture was sealed in a glass tube, then filled with argon and vacuumed three times. The
glass tube was sealed under vacuum and then heated at 5 °C/min up to 144 °C. The
temperature was kept constant for 24 h. Then, the glass tube was cooled down to room
temperature at 1 °C/min. The content was recovered from the glass tube and washed with
absolute ethanol over a 20 nm pore filter to remove excess iodine. The resulting content
was stored in absolute ethanol (20 mL).

2.2. Transmission Electron Microscopy

Before transmission electron microscopy (TEM) investigation, all the materials of
interest were gently dispersed in absolute ethanol by bath sonication (room temperature,
120 s). Each dispersion was then drop-casted over copper TEM grids coated with a lacey
amorphous carbon film. High-resolution (HR) bright-field TEM was performed to reveal
the lattice fringes using either a FEI TECNAI F20 with the objective lens corrected from
the spherical aberration and operated at 100 kV, or a JEOL ARM with the condenser lenses
corrected from the spherical aberration and operated at 200 kV, while taking care not to
overexpose the material to the electron flow in order to minimise irradiation damaging.
The JEOL ARM was also used to perform High-Angle Annular Dark-Field (HAADF) STEM
imaging, as it provides an enhanced contrast based on atomic numbers, with the heavier
the brighter. It therefore allowed us to clearly distinguish between C (Z = 6) and I (Z = 53)
elements [21].

2.3. Computational

Calculations are carried out within density functional theory (DFT) as implemented in
AIMPRO software package [22-24]. The generalised gradient approximation (GGA) with
Perdew, Burke, and Ernherzolf parametrisation was used throughout. To take into account
van der Waals (vdW) interactions, the Grimme D2 scheme was adopted to treat long-range
interatomic dispersion interaction [25]. The electron wave functions were expanded using
a basis of relativistic Gaussian function sets multiplied by polynomial functions including
angular momenta up to maxima p (I =0, 1), d (I = 0-2), and f (I = 0-3). Carbon and iodine
were treated using pdpp and dddd basis sets, giving 22 and 40 independent functions per
atom, respectively. A system-dependent plane-wave energy cut-off of 175 Ha (where Ha
stands for Hartree energy) was taken, and an effective electron temperature of 0.04 eV
using a Fermi smearing function was used to help convergence.

A hexagonal unit cell was used to contain periodic cylindrical CNTs. A large 2 nm
intertube spacing was used, which was sufficient to avoid interaction between neighbouring
tubes, so that each tube could be considered as individual and free-standing. We modelled
a collection of double-walled (DW), triple-walled (TW), and quadruple-walled (QW) zigzag
and armchair nanotubes with diameters in the range of 1.65-5.50 nm (272-1056 atoms). In
order to explore the intratube faceting between the tube shells in a DWCNT, the following
combinations were investigated: (1, 0)@(n + 8, 0), (1, 0)@(n + 9, 0), and (1, 0)@(n + 10, 0) for
zigzag helicity; and (n, m)@(n + 5, m + 5) and (1, m)@(n + 6, m + 6) for armchair helicity.

The Brillouin zone was sampled using a Monkhorst-Pack scheme. A1 x 1 x 4
I'-centred k-point mesh was applied for structural optimisation. The initial nanotube
geometry was symmetry-broken and then fully optimised by applying periodic boundary
conditions. Structural optimisation convergence was reached when the change in position
of every atom in each direction was less than 1072 ag (where ag is the Bohr radius) and
the total energy converged to within a tolerance of 10~° Ha. The optimised translational
lattice vector was equal to 0.426 nm, in excellent agreement with previous theoretical results
obtained by hybrid DFT functional [26]. After relaxing the nanotube geometry, we doubled
the unit cell length along the axial directions and added 3 iodine atoms, giving an average
iodine-iodine spacing of 0.284 nm (comparable with the 0.3 nm experimentally measured
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by HRTEM imaging analysis for an encapsulated iodine atom chain in the literature [21,27]).
We tested the iodine chains in two configurations: (i) adsorbed onto the innermost graphene
shell surface, and (ii) intercalated between the graphene shells. All atoms were allowed to
fully relax with no symmetry constraints, and iodine atoms were moved off-axis initially,
allowing the breakage of linear symmetry.

We also analysed the existence of the iodine trimer both inside the internal graphene
shell and intercalated between buckled graphene shells. The nanotube unit cell was
repeated three times in this case, C atoms were fixed, and only the 3 iodine atoms were
allowed to relax. 2 k-points were used along the tube direction. The charge transfer process
for iodine encapsulated inside MWCNTs was determined by Mulliken population analysis,
which has previously been successfully applied in the literature for iodine-nanocarbon
interaction [28]. All calculations were performed without spin polarisation.

3. Results and Discussion
3.1. TEM Data

Figure 3 shows some examples of the HAADF images of the MWCNTs treated with
iodine. Most often, the filling of the central channels with iodine (bright contrast) appeared
quite limited, and only some scarce iodine clusters were present in the cavity (in the
MWCNT on left hand side in Figure 3a, for instance). On the other hand, remarkably,
iodine formed off-centred chainlike configurations (or lines, for simplicity) within the
MWCNTs: one line and two lines for the left-hand and right-hand MWCNTs, respectively,
can be seen in Figure 3a; three lines in Figure 3b; and four lines in Figure 3c. The enlarged
view posted in the inset in Figure 3b shows the dotted aspect of the lines, due to the
fact that the imaging conditions were close to those of atomic resolution. The distances
between the dots were ~0.3 nm, consistent with distances between iodine atoms within
linear chains [11,21,27]. In contrast to the well-known filling of the central cavity of CNTs,
the filling material (iodine) in this case appeared to be embedded within the MWCNT
walls. Moreover, the iodine lines were systematically on only one side with respect to the
longitudinal cross-section, thus filling the MWCNTs asymmetrically.

50 nm

Figure 3. (a—c) HAADF images of arc-prepared MWCNTs treated with iodine. Bright contrast is due
to the presence of iodine. Lower contrast is that of carbon only. The central cavity width of each
MWCNT can be estimated thanks to its darker contrast. The inset in (b) is an enlarged detail from the
image underneath, oriented differently.

Interestingly, in some cases, the iodine lines were found to follow an oblique path with
respect to the longitudinal axis, suggesting that they were helically arranged (Figure 4a,b).
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Figure 4. (a,b) HAADF images of arc-prepared MWCNTs treated with iodine showing examples of
iodine lines probably following a helical path with respect to the MWCNT longitudinal axis.

When it was possible to count how many shells the MWCNTs contained (by observing
the corresponding bright field images, as in Figure 5), it was observed that this asymmetric
iodine-filling interfered with the shell counting.

Figure 5. Examples of asymmetric thickness of the overall MWCNT walls: “d2” is the thickness
of the side of the MWCNT wall containing iodine line(s); “d1” is the thickness of the iodine-free
side; dividing each d1 segment from the four images by the number of related intershell spacings
provided average “regular” intershell distances ranging from 0.35 to 0.375 nm; the dashed segment is
a duplicate of the d1 segment put alongside d2 for better comparison of length differences. (a) The d2
side contained one iodine line (see the corresponding HAADF image in Supplementary Materials,
Figure S1); (b) the d2 side contained 3 iodine lines (the corresponding HAADF image is Figure 3b);
(c) iodine was present in the d2 side, but the number of iodine lines was hard to ascertain (see the
corresponding HAADF image in Supplementary Materials, Figure S2); (d) the d2 side contained 4
iodine lines (the corresponding HAADF image is Figure 3c).
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Considering the half-tube without iodine in Figure 5b,d, for instance, these MWCNTs
had 14 and 24 shells, respectively. However, considering the half-tube containing iodine
lines, they had 17 and 28 shells. The difference equaled the number of iodine lines observed
for each MWCNT, i.e., 3 and 4, respectively. Correspondingly, the tube wall appeared
thicker on the side containing the iodine lines, compared to the opposite side (Figure 5).
Therefore, the lined-up iodine atoms, the consequent increase in the line count in the
overall MWCNT wall, and the larger wall thickness on the MWCNT side containing iodine
demonstrate that this one-sided, asymmetric filling was achieved by inserting iodine atoms
between the concentric graphenes.

At this point, the question arises whether the iodine atoms are actually displayed as a
single-atom-thick plane, as for regular intercalants, or as a single-atom-large linear chain,
as for iodine when filling SWCNTs or DWCNTs [21]. Because of the oxidation treatment, it
is clear that the intergraphene spacing had become accessible to iodine vapour (Figure 2).
However, the spacing between the concentric graphenes (0.35-0.375 nm on average, as
calculated from Figure 5), governed by the van der Waals distance, was not large enough to
allow iodine to intercalate, as an intergraphene distance of ~0.73 nm would be needed [29].
The expansion of the intergraphene distance upon the intercalation of iodine was not
possible either, due to the closed concentric configuration of the graphene cylinders. The
only configuration that allows iodine or any intercalant to enter the intergraphene spacing
in concentric MWCNTs with perfect graphenes without damaging the graphene lattice
integrity is if the concentric display of the graphenes is actually scroll-like [30,31]. However,
in that case, there would be no reason for the intercalation to take place on one side of
the MWCNT wall only. A decisive demonstration for a linear, chainlike display of iodine
atoms is shown in Figure 4, as the occurrence of oblique bright lines could not be possible
if the lines were the trace of single-atom-thick, intercalated iodine layers seen edge-on.
A consequence of this is that the space to be filled by iodine should have a nanosized,
elongated channel morphology running parallel to the MWCNT axis.

Going back to the HRTEM investigation of the MWCNTs before iodine treatment
(i.e., the oxidised MWCNTs) and the MWCNTs before the oxidation step (i.e., the as-
received MWCNTSs), focusing on the MWCNT body instead of the MWCNT ends, a clear
explanation is visible: anomalous, larger intergraphene distances are already present in
the as-prepared MWCNTs, again one-sided (Figure 6). The anomalous distances were
displayed randomly, and exhibited a variety of values; hence, they were not all suitable for
iodine intercalation. Not all the MWCNTs exhibited this feature in the images, but since
the anomalous intergraphene distances were one-sided, they required the MWCNTs to be
properly oriented with respect to the electron beam to be revealed. Therefore, it cannot
be said whether all the MWCNTs were affected. It is in any case clear that the one-sided
filling by iodine was not due to the oxidation or the intercalation processes, but to a specific
textural feature already present in the as-prepared MWCNTs. An asymmetry related to
a disparity in the distribution of the intergraphene distances was already reported in the
literature for arc-prepared MWCNTs [16-18], but was barely emphasised. It is also worth
noting that such asymmetric features were never found in MWCNTs prepared by any
process other than the electric arc (catalysed CVD, typically) investigated in our laboratory
for decades, or reported in the literature, to the best of our knowledge.

Three potential causes can be found in the literature to explain asymmetrical features
as seen in Figure 6 while fulfilling the requirement of having channel-like cavities parallel
to the CNT axis.

The first was proposed by Liu et al. [17,18]. It requires considering the MWCNTs
as polygonised, hence exhibiting cross-sections as sketched in Figure 7a: in the flat parts
of the concentrically nested graphenes, the intergraphene distance d is regular, whereas
the intergraphene distance 4 in the local region of high curvature is higher than d. This
is unlikely because: (i) polygonised multigraphene shells which form in the same con-
ditions along with the MWCNTs do not exhibit, with a similar occurrence frequency,
such a difference in intergraphene spacing between the flat and the highly curved parts;



C 2022, 8,10

8of 17

(ii) even in cases where such a difference occurs, the extended intergraphene spacing barely
reaches the 0.68 nm needed for iodine to intercalate; and (iii) the actual polygonisation
of as-prepared arc-MWCNTs is questionable because, if it was a reality, HRTEM images
should find the frequent occurrence of MWCNTs for which one side only exhibits graphene
fringes, with the graphenes from the other side not being properly oriented with respect to
the Bragg angle.

FITE

Figure 6. Examples of anomalous intergraphene distances (labelled with arrows) in the as-received,
arc-prepared MWCNTs: (a,b) from Sigma Aldrich; (¢,d) from MER Corporation. It is striking that
they are systematically one-sided.

Another possible explanation was proposed in [19]. It requires one to consider the
MWCNTs as no longer built following the nested (Russian doll) model but following a mix
between this model and the scroll model, as sketched in Figure 7b, in a way that causes
the same number of graphenes to appear on both sides of the central cavity when the
image is formed with the TEM electron beam oriented as sketched. The main problems
with this model are that: (i) the scroll-like model has never received direct experimental
support but only indirect support based upon intercalation results which do not make the
demonstration straightforward [32], and (ii) the growth scenario at the origin of Figure 7b
is highly conjectural. Overall, no reason is provided why the free graphene terminations
should be all located on the same side of the MWCNTs.

Finally, a third configuration may be found in a serendipitous way in the work of
Huang et al. [33]. In their simulations, they constructed MWCNTs with concentric texture
and gave them intergraphene distances larger than the equilibrium distance related to the
regular van der Waals interactions. When the structures were then relaxed using a van
der Waals forcefield configured to the equilibrium intershell spacing, their calculations
showed an asymmetric relaxation that brought the graphenes closer to each other, making
the concentric MWCNTs adopt a droplet-like morphology including local decohesions
forming nanochannels, all located and aligned on the same side of the MWCNT, within the
bulge (Figure 7c).
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Figure 7. Sketches for three different MWCNT models potentially compatible with the observation
of asymmetrically distributed anomalous intergraphene distances along with an even number of
graphenes on both sides with respect to the central cavity, for TEM images taken with the electron
beam oriented as indicated by “e~": (a) the polyhedral model proposed by Liu et al. [17,18], copyright
permission from Elsevier; (b) the combined concentric/scroll model proposed by Amelinckx et al. [19],
copyright permission from AAAS; (c) a concentric model involving intergraphene distances larger
than the equilibrium distance for van der Waals interactions, with subsequent asymmetric relaxation,

as calculated by Huang et al. [33].

The latter model (Figure 7c) is far more convincing than the former two. This is because
there is a simple and compulsory reason for the MWCNTs to be initially built with larger
intergraphene distances than the equilibrium distance, namely, the effect of the anisotropy
of the in-plane versus out-of-plane coefficient of thermal expansion (CTE) of graphene
stacks (which can be taken to be equal to that of a graphite single crystal, as the structure
type—graphitic or turbostratic—does not play a significant role [34]). The in-plane CTE
of graphite is very limited, close to 0 on average [35], while the CTE perpendicular to the
plane is fairly high, in the range of 30 x 10~%/K or more (these CTE values are given as
a range of order, as they appear to vary with temperature [34,35]). MWCNTs prepared
by the electric arc process are formed at the contact of the arc cathode, whose surface can
reach 5000 °C [4]. Thus, while the successive graphene cylinders are growing, they adopt
the preferred intergraphene distance associated with a temperature of several thousand
degrees. Upon cooling, the graphene cylinder diameters do not change much due to the
low in-plane CTE, while the intergraphene distances shrink a lot down to the equilibrium
distance because of the high CTE perpendicular to the plane. The MWCNTs are then in the
same situation as those investigated in [33], and radially aligned longitudinal nanochannels
are formed, distorting the MWCNT cross-section with a bulge. This mechanism is already
documented, as, for instance, it was found to be responsible for the slit-like porosity present
in the pyrolytic carbon interphase in carbon-fibre-reinforced ceramic matrix composites [36].
It also explains why the same longitudinal nanocavities cannot form in concentric MWCNTs
prepared by methods other than the electric arc, because of the difference in the formation
temperatures (in the range of 600-1000 °C for catalyst-enhanced CVD processes). Other
causes play only a minor role, such as the number of graphene shells and the perfection
of the graphenes involved, which are both usually lower in MWCNTs prepared by low-
temperature processes.

Figure 8 illustrates the effect of CTE, based on a plot proposed by Kellett et al. [34].
Using one of the plot lines related to pyrolytic carbon (presumably close to the behaviour of
MWCNTs) and starting from the most frequent intergraphene distances in MWCNTs of any
kind (0.332 to 0.335 nm, according to [37]), the variation of the intergraphene distances in
MWCNTs upon cooling is reported for both a synthesis temperature of 800 °C (as a common
temperature for CCVD processes) and 3500 °C (as a plausible temperature during the arc
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process). The intergraphene distance shrinkage reaches only 2.7% for CCVD MWCNTs,
whereas it is as high as 12.5% for arc MWCNTs.
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Figure 8. Plot of the variation of the intershell spacing (in Angstrom) with temperature for a variety
of graphenic materials extensively modified from [34]. Several elements have been added to the
original figure, in particular all the dotted and dashed lines, and the related labels (coloured in
the online version). The thick blue segment at the bottom of the y axis represents the range of
most frequent intergraphene spacings in MWCNTs at room temperature, regardless of the synthesis
procedure [37], from which we considered the median value (0.3335 nm). Dashed lines (in red) and
related labels relate to the electric arc synthesis; dotted lines (in green) and related labels relate to the
CCVD synthesis.

Returning to the observation of oblique iodine lines as illustrated by Figure 4, a
hypothesis consistent with the model of Figure 7c is that some of the individual graphene
cylinders making up the MWCNT wall may present an intrinsic, natural torsion, provided
that they exhibit a helical structure, making them chiral [38]. When constructing a MWCNT,
such a torsioned graphene cylinder has its CTE components rotated by a small angle with
respect to the longitudinal axis of the CNT. Thus, upon cooling and subsequent relaxation,
the nanocavity formed would also follow that torsion, explaining the oblique iodine line
that fills it.

3.2. Modelling

We next explored this CTE-based mechanism further with DFT calculations. The
temperature-dependency expansion of the C-C bond length is not included in the current
calculations, since, as discussed above, the in-plane lattice variation from 300 to 3500 °C is
only of 7 x 10~% nm [35]. We first explored the cross-sectional variation induced by varying
the intershell spacing, via different DWCNT zigzag shell combinations (Figure 9).
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(37,.00@(45,0) (37,0)@(46,0) (37,0)@(47.0)

Figure 9. DFT-D2 relaxed cross-sections for different helicity combinations of zigzag DWCNTs.
Intershell spacings are marked in nm. Note that the structure on the right is asymmetric with
buckling deformation, hence forming a channel-like cavity (the intershell spacing in the DWCNT
part opposed to the bulge is ~0.344 nm).

For the shell combinations (1, 0)@(n + 10, 0), the intershell distance was initially
equal to 0.376 nm for the two nonrelaxed cylinders, which nearly matched the intershell
spacing value found for arc-MWCNTs at 3500 °C. After off-axis nonsymmetric geometrical
optimisation, the tubular configuration changed and we observed a buckling deformation
along one longitudinal side with an intershell spacing of 0.618-0.628 nm. The intershell
spacing in the nonbuckled side (0.342-0.347 nm) closely matched that of the turbostratic
structure (0.344 nm). All the geometry parameters are summarised in Table 1.

Table 1. DFT-D2 optimised geometry parameters of (1, 0)@(n + x, 0) zigzag DWCNT combinations,
where x = 8, 9, and 10. The intershell spacing d of the unrelaxed case when both shells had the same
central axis are indicated in brackets beneath the DWCNT description. The minimum (d,,;,,) and
maximum (dyy) intershell distance and the difference between them (Ad) are given in nm. Only
some of the points reported in Figure 10 are listed here as representative points. The whole data set is
provided in Supplementary Materials.

Tube Combination (dnrelaxed) Helicity Index dmin (nm) dmax (nm) Ad (nm)
(13,0)@(21, 0) 0.319 0.319 0.000
(25, 0)@(33, 0) 0.326 0.326 0.000
(”'(g?g)l(g r:"rj) 0) (37, 0)@(45, 0) 0.332 0332 0.000
(49, 0)@(57, 0) 0.323 0.335 0.013
(61,0)@(69, 0) 0.325 0.336 0.011
(13, 0)@(22, 0) 0.349 0.355 0.006
(25, 0)@(34, 0) 0.345 0.347 0.002
(”’(g?ggrfn% 0 (37, 0)@(46, 0) 0.343 0.346 0.003
(49, 0)@(58, 0) 0.336 0.346 0.010
(61, 0)@(70, 0) 0.336 0.347 0.011
(13, 0)@(23, 0) 0.343 0.568 0.225
(25, 0)@(35, 0) 0.342 0.618 0.276
(, ?0)%% ;;8 0 (37, 0)@(47, 0) 0.347 0.612 0.265
(49, 0)@(59, 0) 0.346 0.628 0.282
(61, 0)@(71, 0) 0.345 0.625 0.280

The comparison of the minimum and maximum intershell spacing of the relaxed
structures (Ad in Table 1) showed three regimes. When Ad was in the range 0.000-0.004 nm,
this indicated that both the inner and outer shells had essentially uniform circular cross-
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sections. This was the case for the DWCNTs with smaller intershell spacings and smaller
diameters. In the range Ad = 0.010-0.015 nm, the CNTs were becoming polygonal and
the intershell spacing was therefore becoming more variable. This was observed for tubes
with larger diameters. The third regime, where Ad = 0.225-0.288 nm, corresponded to the
buckling regime, where cross-sectional distortion became highly localised.
40,
—— (1,0)@(n+8,0) S
E 30 —— (1,00@(n+9,0) i
© o— (n,0)@(n+10,0)
Q op
= 20
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Outer Nanotube Diameter, D [nm]

Figure 10. Left: DFI-D2 total energy difference per carbon atom (in meV/C-atom) between iodine
intercalated within the graphene shells and iodine adsorbed onto the innermost shell surface, for zigzag
DWCNTs. Three families of DWCNTs were considered: (1, 0)@(n + 8, 0) (red), (n, 0)@(n + 9, 0) (blue),
and (n, 0)@(n + 10, 0) (green) for different diameters. The x-axis uses the diameter of the equiva-
lent circular external shell. The shaded lower section indicates shell combinations in DWCNTs for
which the intercalation of iodine between the shells was favoured. DWCNTs with AE;,; > 0 were
stabilised with the iodine chain adsorbed onto the innermost shell surface (red arrow). DWCNTs with
AEt < 0 were energetically favoured when the iodine chain was intercalated into the nanocavity
on the buckled side (green arrow). The horizontal red dotted line represents the energy differ-
ence per carbon atom for an AA-stacked bilayer graphene (2LG) between the case where iodine
was confined in the intergraphene space and the case where iodine was adsorbed on the 2LG sur-
face. Right: Optimised cross-sections and top and side views of I@(49, 0)@(57, 0) (red frame) and
I@(49, 0)@(59, 0) (green frame) DWCNTs.

To establish when iodine intercalation is an exo- or endothermic process, we compared
the energetics of the DWCNTs when an iodine chain was confined either inside the inner
shell or between the nanotube shells, as follows:

MEwr = - (Ef — Ef)
where EI"f" is the total energy of I@DWCNT with iodine intercalated between nanotube
shells, EI5 is the total energy of RDWCNT with iodine inside the internal shell, and N¢
is the number of carbon atoms within the simulation cell.

Figure 10 shows the total energy difference (AE;y) per carbon atom between the inner-
most shell and the intershell configurations for the graphene—shell helicity combinations
mentioned above, over a range of diameters.

For the (n, 0)@(n + 8, 0) and the (n, 0)@(n + 9, 0) combinations, the iodine chain
could not be stabilised between the CNT shells and was only stable if confined inside the
smaller one. The iodine chain preferred to stick to the CNT inner surface, mainly due
to vdW interactions [28]. The trend of decreasing binding with diameter was due to the
emergence of polygonisation, which occurs for large-diameter CNTs [39]. The vertices of
the carbon polygons introduced a local out-of-plane stress, leading to an increase in the
interlayer spacing from 0.325 nm to 0.336 nm. This helped to stabilise the iodine species in
intrashell position, even if this configuration still remained unstable compared to iodine in
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the central cavity. For the (1, 0)@(n + 10, 0) concentric graphene shell pairs, the intershell
iodine filling became energetically more favourable. The only exception was the smallest
diameter DWCNT, but in this case the tubes were so small that localised buckling could
not occur and the tube underwent elliptical distortion instead. This DWCNT had a smaller
internal shell diameter than any that have been seen experimentally and hence is only of
theoretical interest.

Upon adding iodine, the intershell spacing in the buckle increased to 0.688 nm, in
excellent agreement with the direct measurement of ~0.69 nm, as obtained in three instances
from the HRTEM images showing pairs of graphene fringes intercalated with an iodine
line reported in Figure 5.

Thus, the distance between MWCNT shells containing intercalated iodine could be
lower with respect to the experimental value recorded for graphite co-intercalated with
iodine and bromine (a smaller ion) in the literature (~0.73 nm) [29]. Iodine is more stable
inside the buckle than when inside the CNT cavity due to the stronger charge transfer
when fully confined (see Table 2).

Table 2. DFT-D2 computed charge transfer (electrons per iodine atom) for inside and intercalated
configuration for iodine in zigzag (n, 0)@(n + 10, 0) DWCNTs. Negative number indicates charge
transfer from the tube to the iodine atom.

DWCNT Type Inside Intercalated Charge Transfer Difference
(13, 0)@(23, 0) —0.25 —0.19 +0.06

(19, 0)@(29, 0) —0.20 —0.26 —0.06

(25, 0)@(35, 0) -0.19 —0.27 —0.09

(31, 0)@(41, 0) —-0.18 —0.27 —0.09

(37, 0)@(47, 0) —0.18 —0.27 —0.09

(43, 0)@(53, 0) -0.18 —-0.28 —0.10

(49, 0)@(59, 0) —0.17 —0.28 —0.11

(61, 0)@(0,71) —-0.17 —0.28 —0.11

The same analysis was next applied to infinite flat bilayer graphene (2LG) with var-
ious stacking. Like the (1, 0)@(n + 8, 0) and (1, 0)@(n + 9, 0) DWCNTs, iodine intercala-
tion was not energetically favoured with respect to iodine adsorbed on the 2LG surface
by 3.09 meV/C-atom (red dotted line in Figure 10; see also Supplementary Materials,
Figures S3 and 54, and related comments). The energy difference for the largest-diameter
(n, 0)@(n + 8, 0) DWCNT approached that of the AA-stacking bilayer graphene value, as
a logical consequence of the distance between the graphenes in the iodine-filled bulge
part (0.655 nm) for the DWCNT which was almost identical with that obtained for the
iodine-intercalated 2LG (0.659 nm). This was consistent with the literature dealing with
the intercalation of iodine in graphemic carbons, where iodine has been seen to fill CNT
cavities and inter-CNT spacings in bundle but does not intercalate into graphite where the
interlayer spacing is too small [11,26,40], and further reinforced the importance of the local
buckling in the present case for mediating the intercalation process. The ground-state con-
figuration for the chain in the (11, 0)@(n + 10, 0) tube involved a small degree of symmetry
breaking with the iodine atoms slightly nonlinear, grouping instead into compressed I3
units with 0.292 nm iodine bonds. The resulting charge transfer was 0.27e per iodine atom,
consistent with previous published data for iodine encapsulated in narrow CNTs [11,28].

This precise dependence on the intershell spacing was remarkably independent of
other system parameters. Calculations on armchair CNTs (see Supplementary Materials,
Tables S2 and S3) showed the same buckling effect, i.e., the buckling and iodine filling
is purely a function of the intershell spacing and is independent of helicity. The same
energetic preference was seen for tri-iodide as iodine chains (see Supplementary Materials,
Figure S5). The averaged Mulliken charge transfer for the tri-iodide molecules intercalated
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between buckled walls was 0.34e per iodine atom, matching the experimental integer value
—1 for I3 anion reported in the literature [28]. The double unit cell value of 0.27¢ was
slightly lower because of the additional Coulombic confinement [25]. The calculations
also showed the same behaviour with both three- and four-wall CNTs (see Supplemen-
tary Materials, Figures S6-59). The stabilisation energy of iodine intercalated within a
buckle could be fitted by an exponential, linking it to the distance of the iodine from the
nanotube axis. This function tended to 383 meV /I-atom as the tube size increased (see
Supplementary Materials, Figure S8). A precise quantitative picture of the behaviour of an
iodine chain in these systems would require modelling longer supercells [28] due to the
low symmetry matching between the unit cell length and the preferred interiodine spacing.
Nonetheless, the key result here is the comparative behaviour between the ‘inner surface
adsorbed” and ‘intercalated” cases, which was qualitatively independent of the cell sizes
chosen. This was tested by comparing our (double unit cell + 3 iodine atoms) systems
to (single unit cell + 1 iodine atom) systems (not shown); the same qualitative behaviour
as presented here was found.

4. Conclusions

An attempt to fill oxidised arccMWCNTs with iodine by a known procedure ended
with iodine lines occupying intershell spaces on one side only (with respect to the longi-
tudinal axis) of the MWCNTs. When comparing the iodine-free and iodine-filled sides,
the latter were always thicker. This configuration was only possible with the existence of
one-sided nanocavities (wide enough to accommodate iodine species) between the shells.
The distribution of the iodine lines (and hence, of the nanocavities) originated from the
random and one-sided occurrence of anomalous intershell spacing observed in pristine
(as-prepared) arc-MWCNTs. Thanks to the large difference between the in-plane and
out-of-plane components of the coefficient of thermal expansion, this distortion and the
subsequent formation of the off-axis elongated nanochannels occurred after anisotropic
thermal relaxation, due to the shrinking of the graphene cylinder diameters when cooling
from the very high processing temperatures (~3500 °C) down to room temperature. Because
processing temperatures for MWCNT synthesis via procedures other than the electric arc
method are much lower (typically < 1000 °C), this anomalous feature was assumed to be
specific to arc-cMWCNTs. DFT calculations confirmed that the iodine intercalation between
the shells was only exothermic when such buckling was present, independently of the
chirality, iodine arrangement (chains or molecules), or neighbouring walls. Since these
longitudinal edge cavities are universal in arccMWCNTs, it is possible that they may also
be filled by other species such as nitrogen gas, water, or linear chains of small metal atoms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/c8010010/s1. Figure S1: low magnification HAADF image corre-
sponding to the bright-field image shown in Figure 5a of the main text; Figure S2: low magnification
HAADF image corresponding to the bright-field image shown in Figure 5c of the main text; Figure S3:
schematic representation of the displacement along the zig-zag direction (horizontal black arrow) of
the lattice structures of two superimposed graphenes forming a 2LG. The lattice of the lower fixed
layer is represented in black, while that of the moving upper one is represented in red and blue for
the AA and AA’ stacking systems, respectively [41-43]; Figure S4: DFT-D2 computed total energy
difference between iodine either intercalated or adsorbed for (red) AB’- and (blue) AA-stacked 2LG
as a function of the layer width. Below is provided a model of the bilayer graphene showing the
formation of the buckled bulb after iodine intercalation that has been relaxed. Dashed red rectangle
represents the conventional unit cell (6.171 nm in this case). It is widely accepted that AA’-stacked
bilayer is energetically favoured compared to AA-stacked configuration. However, interestingly,
iodine intercalation changes this hierarchy, making the AA-stacking the lowest energy one [44,45];
Figure S5: side view of DFT-D2 relaxed super-cell of tri-iodide-filled (25, 0)@(35, 0) zig-zag DWCNT.
Two positions for the iodine trimer were tested: (left) intercalated between the graphene shells, and
(right) inside the internal shell. The intercalated structure on the left is more stable, by +0.720 meV
per carbon atom (+172.933 meV per iodine atom); Figure S6: optimised structure of iodine-filled (top)
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(25, 0)@(33, 0)@(43, 0) and (bottom) (25, 0)@(35, 0)@(43, 0) zig-zag TWCNTs. Two positions for the
iodine line were tested: (left) intercalated between shells with the helical index difference set to 10;
(right) inside the innermost shell. All energy values (in meV/C-atom) are given with respect to the
most stable configurations shown on the left; Figure S7: optimised structure of iodine-filled (top)
(37, 0)@(45, 0)@(55, 0) and (bottom) (37, 0)@(47, 0)@(55, 0) zig-zag TWCNTs. Two positions for the
iodine line were tested: (left) intercalated between shells with the helical index difference set to 10,
(right) inside the innermost shell. All energy values (in meV/C-atom) are given with respect to the
most stable configurations placed on the left; Figure S8: DFT-D2 calculated total energy difference
per iodine atom of (green circles) DWCNTs and (magenta triangles) TWCNTs versus the separation
distance between iodine atom and nanotube axis. The solid black curve shows the exponential fitting
equation: AE;; (meV/I-atom) = —383 + 8435exp(—3.67d), where d represents the separation distance
between the iodine line and the nanotube centre; Figure S9: optimised structure of iodine-filled
(25, 0)@(33, 0)@(43, 0)@(51, 0) zig-zag QWCNT. Two positions for iodine line were tested: (left) inter-
calated between shells with the helical index dif-ference set to 10, (right) inside the innermost shell.
All energy values (in meV /C-atom) are given with respect to the most stable configuration shown
on the left; Table S1: DFT-D2 optimised geometry parameters of zig-zag DWCNT (1, 0)@(n + x, 0)
combinations, where x = 8, 9, and 10. The intershell spacing d of the unrelaxed case when both shells
have the same central axis are indicated in brackets beneath the tube description. The minimum
(d i) and maximum (dpg,y) intershell distance, and the difference between them (Ad) are given in
nm. This table includes all values represented in Figure 10 shown in the main text; Table S2: DFT-D2
optimised geometry parameters of armchair DWCNT (n, n)@(n + x, n + x) combinations, where
x =5and 6. The diameter of the outer shell (in nm) is provided, as well the minimum (d,;;,) and
the maximum (dpy,,) intershell distance between the un-buckled and the buckled sides, respectively.
Ad is the difference between these two values. Bracketed numbers in the left column indicate the
intershell spacing for the initial unrelaxed axially symmetric cylindrical tubes; Table S3: calculated
DFT-PBE+D2 energy difference (meV/C-atom) between a linear iodine chain inside the internal shell
and the same intercalated between the carbon shells for various zig-zag and armchair DWCNTs.
A negative energy difference indicates the iodine is more stable when intercalated between the
carbon shells.
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