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The isolation and growth of single layers of a wide variety of inorganic materials is of interest
for both fundamental research and advanced applications.l*l When an individual layer is
seamlessly wrapped into a cylinder, the resulting single-layered nanotube combines the
characteristics of both two-dimensional (2D) and one-dimensional (1D) materials./! Yet,
despite their interest, reports on single-walled nanotubes are scarce because their multiwalled
counter parts are in general favoured during growth.! Here we report on a versatile approach
that allows the formation of high-quality, single-crystalline single-layered inorganic
nanotubes. To achieve this, we employed a solvent-free high temperature route using the inner
cavities of carbon nanotubes as a hosting templates. Lead iodide single-layered nanotubes,
ranging from 3.5 to 7.5 nm in diameter, were prepared by this methodology. Using aberration-

corrected electron microscopy and first-principles quantum mechanical calculations we have



explored the fundamental physics and chemistry of the resulting materials. Remarkably, our
theoretical studies show that the single-layered nanotubes are stable without the presence of
the sheathing carbon and their electronic structure is found to be diameter independent. The
method presented here offers wide versatility towards the formation of tubular single-layered
nanomaterials of different nature whose diameter is merely determined by the host.

Carbon nanotubes (CNTSs) are a highly versatile platform for the template assisted
growth of nanomaterials, given that both their internal space and the outer surface allow the
formation of tailored nanostructures.”! The encapsulation of materials inside CNTSs results in
the formation of extremely narrow 1D nanowirest that can go down to a chain of single
atoms forming an “atomic necklace”.!®! The use of filled carbon nanotubes has been recently
explored in radiology,”! nanothermometry,® molecular electronics,’® water confinement, "]
cell tracking!*!! and as nanoscale reaction vessels for the controlled growth of graphene
nanoribbons.*2 However, in spite of the versatility that the nanoencapsulation into CNTs
offers, the use of the inner cavities for the growth of single-layered inorganic materials has
not been realized to date. In this report, we present the template-assisted growth of single-
layered lead iodide crystals. Lead iodide is a semiconducting material with interest for its
electroluminescence, photoluminiscence and non-linear optical effects.™! It is a good
candidate for X-ray and y-ray detectors, thin film transistors and more recently organo-lead
iodide perovskites are employed in efficient hybrid solar cells.* Multiwalled nanotubes and
nanoclusters of lead iodide have recently been prepared by template assisted growth using
WS nanotubes for the former™! and supramolecular cages for the latter,!*®! but their single-
walled counterparts have not been observed. We reasoned that this could be achieved by using
the cavities of multiwalled carbon nanotubes (MWCNTS) due to their narrower cavity
compared to that of WSa.

The tubular single-layers of Pbl. were prepared by molten phase capillary wetting™

using steam purified and open-ended CNTs.[Y”] The successful growth of single-layered



nanotubes within the CNT walls was confirmed by aberration-corrected high-resolution
transmission electron microscopy (HRTEM) and scanning transmission electron microscopy
(STEM) at 80 kV. First-principles density functional theoretical calculations allowed the
determination of the stability and electronic properties of the prepared materials.

The structure of the single-layered Pbl2 nanotubes was initially analyzed by HRTEM. In
Figure 1a, a single-layered nanotube with an outermost external diameter of 3.94 nm is
observed (area A). Taking into account that each layer of Pbl: is actually composed by a I-Pb-
| repeating unit in which a layer of Pb atoms is sandwiched between two layers of | atoms
(see schematic representation), an external diameter of 3.94 nm actually corresponds to a
nanotube of about 3.5 nm (taking Pb as the central point). We will therefore refer to the
diameter of the Pbl2 nanotubes to this central Pb layer. It is worth noticing the ease in which
the tubular structure of Pbl2 accommodates in the core of the host, overcoming for instance a
narrowing of the CNT (area B) or even a dramatic 30% increase in diameter from 3.5 nm to
4.5 nm (area C). A high magnification image of the tip of the Pbl2 nanotube is presented in
Figure 1b, where its high degree of crystallinity can be better appreciated. Image simulation
along with the employed model structure is also included for comparison. Since the chirality
of each of the layers of the carbon nanotube is unknown, all the CNTs were taken as zig-zag.
Despite small differences, the simulated image is indeed in good agreement with the presence
of a lead iodide single-layered nanotube. The distinctive curvature of the prepared inorganic
nanotubes can also be directly appreciated by both HRTEM (Figure 1c; average diameter 4.38
nm) and by high-angle annular dark field (HAADF) imaging in high-resolution STEM (see
Supporting Information Figure S1). HAADF imaging provides Z-contrast images which scale
with a power of the atomic number, thus facilitating the detection of heavy elements confined
within carbon nanotubes or attached to their external walls down to the atomic scale.[*®]
Therefore in HAADF STEM a large contrast is observed between Pbl2 and C from the host.

The wall thickness measured in the HAADF STEM image is about 0.4 nm (Figure S1),



consistent with that of a single-layer of Pblz. Bulk Pblz has an interlayer spacing of 0.6986 nm
which takes into account the van der Waals spacing,*° therefore a smaller thickness is
expected when measuring an individual single layer. In order to unambiguously determine the
successful formation of the tubular structures, HAADF imaging in STEM and x-rays energy
dispersive spectroscopy (EDS) experiments were combined to produce elemental profiles of a
region of the sample presenting a white tubular contrast (Figure 1d). As expected, a higher
intensity of both constituent elements, | and Pb, is detected at the edges compared to the
central space confirming the tubular nature of the grown material. For comparison we also
analyzed a nanorod of Pbl2 within the CNT host, where the highest intensity for both elements
is encountered at the center of the profile, at variance with the hollow structures discussed
thus far (see Supporting Information, Figure S2).

Encouraged by the successful formation of Pbl2 nanotubes, we further investigated the
role that the diameter of the confining cage has on the formation of the inorganic nanocrystals.
For that purpose, a sample of open-ended CNTs with inner diameters ranging from 1.5 nm to
9 nm was employed, having a larger proportion of nanotubes between 4 and 6 nm. We
measured the diameter of the inner cavity of the CNT host when either a nanorod or a single-
layered nanotube was present and the resulting histograms are plotted in Figure 2a.
Interestingly, despite the confined growth of nanorods can take place irrespective of the
diameter of the host, the formation of nanotubes preserve a threshold at 4 nm. A large fraction
of Pblz nanotubes are present within CNTs with diameters of about 4.5-5 nm merely
reflecting the diameter distribution of the host in the starting material. Taking into account
that the grown Pbl2 nanotubes are about 0.5 nm narrower than the host, single-layered Pbl:
nanotubes from 3.5 to 7.5 nm in diameter can be successfully prepared with this approach.
Therefore one can envisage that tailored Pbl2 nanotubes with regular diameters are indeed

possible to prepare by using a hosting template with uniform diameters.



To understand the role of the tubular template, we have performed first-principles
electronic structure calculations of Pbl2 nanotubes with diameters ranging from 3 to 5 nm.
The metal halide nanotubes were modeled by rolling up a fragment (of variable size) of an
individual layer of bulk Pbl2. Initially we have calculated the wrapping energy, the energy
required to roll up a flat monolayer into a tube (Figure 2b). The energy cost of the wrapping is
rather moderate (it is larger than 1 eV per nanotube unit cell only for the narrower systems
investigated) and, as expected, it decreases as the diameter of the nanotube increases. This
energy is always largely exceeded by the encapsulation energy of the Pbl2 nanotubes, the van
der Waals Pbl>—C interlayer interaction that we found to be approximately 2.75 eV nm (we
obtain a very similar value for the interlayer interaction in graphite), thus easing the formation
of the nanotubes. This difference decreases at smaller diameters and makes the synthesis of
narrow tubes less likely, favoring the higher relative stability of Pbl2 nanorods in such a size
range. The theoretical calculations also predict stability for the single-layered Pbl2 nanotubes
in case the template was removed: all the stand-alone nanotubes considered turned out to be
stable. All the tubes studied are wide band-gap semiconductors, with an energy band-gap very
similar to the one of bulk Pbl2 and scarcely dependent on the tube diameter or wrapping axis
(see Figure 2c), as previously observed for BN nanotubes.?®! All the calculated band-gaps are
within 0.056 eV, a range further reduced to 0.09 eV if the two narrowest, and at present,
unrealistic diameters are discarded.

The possibility of growing single-layered nanotubes using nanotubular templates in such
a range of diameters (3.5 to 7.5 nm) is remarkable. Figure 2d summarizes the Pbl2
nanostructures that have been prepared so far using their template-assisted growth. Within the
0-dimensional range, nanoclusters of Pbl2 (with molecular formula Pbiol20) have recently been
prepared employing supramolecular cages.[*®! More examples are available with 1-
dimensional nanostructures. When employing either single-walled or double-walled carbon

nanotubes (1-4 nm in diameter), Pbl nanorods, and not nanotubes, are always observed.[?!]



The use of inorganic WSz nanotubes (inner and outer diameters of about 10 nm and 20 nm
respectively) as hosts allows the formation of multiwalled Pbl2 nanotubes (3-5 layers) as well
as Pbl2 inorganic nanorods.[*®! Model calculations indicate that Pbl2 multiwalled nanotubes
become stable inside MoS2 (model for WS2) only when the diameter of the host is larger than
12 nm; below this diameter the Pbl2 crystallizes as a nanorod.[??l This is in agreement with the
experimental observations.??] Other metal halides, including Bils and Sblz have also been
confined within the WSz nanocapillaries leading also to the formation of multiwalled
nanotubes and nanorods. It is only when carbon nanotubes are employed, that single-layered
Pbl2 can be prepared. The filling of Pbl2 occurs in a fast and effective manner and can be
achieved after annealing the bulk metal halide in the presence of carbon nanotubes in only 10
minutes. Higher encapsulation efficiencies are obtained after annealing for longer periods of
time. The formation of single-layered Pblz tubular structures is also accompanied by the
presence of Pbl2 nanorods, and several nanotube-nanorod junctions are present. Molecular
dynamic simulations suggested that Pbl: initially fills as a molten drop into tubular templates;
this can then lead to the spread of melt over the inner surface of the host with crystallization
of Pbl2 nanotubes on cooling (into chalcogenide hosts).[?®! The diameter of the CNT models
employed for the simulations lie within the diameters encountered with single- and double-
walled CNTSs. In this range of diameters, only the formation of tubular structures of one-atom
in thickness (graphene-like) has been described by dynamic and static simulations.?4
Therefore molecular dynamic studies with CNTs of larger diameter, such as those used in the
present study, are needed to get further insights in these systems.

A great deal of interest is devoted towards the study of physical transformations that
materials undergo in a confined nanoscale geometry.[?> 261 Electron microscopy has proven to
be a powerful tool to directly monitor these changes in real time.l?”] Therefore, we next
studied the dynamic effect of electron beam irradiation on several nanotube-nanorod junctions.

Figure 3 presents a sequence of images of a Pbl2 nanorod confined within an envolving Pbl>



nanotube. Upon irradiation by the electron beam at 80 kV (to reduce knock-on damage), a
continuous blending of the nanorod onto the nanotube takes place until its complete
dissolution, thus resulting in the formation of a continuous Pbl2 nanotube. The conversion
process has been observed in other nanotube-nanorod-nanotube junctions. The inverse
phenomenon has also been observed, where a fragment of nanotube confined within two
nanorods is "filled" resulting in a continuous nanorod (Supporting Figure S3). In both cases,
the transformation from one type of nanostructure to the other takes place due to the
irradiation by the electron beam. STEM analysis reveals that Pbl2 nanorods can be composed
of a narrower nanorod confined within a Pbl2 single-layered nanotube (Supporting Figure S4).
In this scenario, upon beam irradiation, the inner nanorod could be displaced within the Pbl2
filling an empty void, as seems to be the case of the in-situ study presented in Figure S3. The
opposite mechanism were the inner nanorod breaks apart leaving the shielding inorganic tube
visible could also be considered but the nanotube to nanorod transformation observed in
Figure 3 does not seem to fall in this scenario. In this sequence of images rather an atomic
migration from the nanorod to the nanotubes seems to occur. To allow the accommodation of
additional lead and iodine atoms into the tubular structure an atomic migration within the
top/bottom part of the nanotubes would be necessary. The motion of confined materials,
including metal halides, within the cavities of CNTs has been widely investigated. The
displacement can be stimulated by either electron beam irradiation, like in the present study,
or driven for instance by heat or electrical currents.[?5 28 291 A wide variety of metal halides
have been encapsulated within CNTSs being electron microscopy the most commonly used
technique for their investigation.> 21:2% In some cases electron beam irradiation has been
reported to lead to chemical changes, typically after prolonged irradiation or under high
acceleration voltages.?® 3! Therefore the use of low voltage is desired when investigating

these systems under the electron beam. The mechanism of transformation from nanotubes to



nanorods and viceversa needs further investigation and even chemical changes cannot be
disregarded at this stage.

As discussed, all the Pbl2 nanotubes studied are wide band-gap semiconductors.
Projections of the density of states (DOS) on the different chemical species reveal a peculiar
localization of the band-edge states of different layers, for instance similarly to what have
been reported for SiGe heterostructures.[*? As can be seen in Figure 4a, valence states are
almost exclusively made of | orbitals, while conduction states are mostly made of Pb orbitals.
This is also evident in the real space representation of the wave-function of the higher
(valence band) and lower (conduction band) states shown in Figure 4b. This behaviour can be
in principle exploited in all those application where an efficient charge separation is required,
such as solar cells where the efficiency of recombination of a created electron-hole pair must
be minimized. The contribution of outer and inner | atoms is different, but of course this
difference vanishes as the diameter increases and the curvature drops. Additionally, we
observe that the conduction states exhibit a larger dispersion than the rather flat valence band
(Figure 4c), thus electrons are expected to be more efficient charge carriers than holes in these
tubular systems.

In conclusion, a solvent-free high temperature route has been explored that allows the
formation of high-quality, single-crystalline inorganic nanotubes. We have produced an
interesting hybrid core-shell structure combining two different tubular materials: single-
layered Pbl2 nanotubes@CNTSs. Above the threshold of 3.5 nm, the single-layers of Pbl2 can
be easily moulded to the inner diameter of the hosting CNT template. The diameter of the
inorganic nanotubes prepared herein is merely dependent on the diameter of the host.
Therefore inorganic nanotubes of a given diameter can be prepared by simply using a sample
of CNTs with uniform inner diameter. These coupled 1D nanostructures will offer very

promising technological applications where materials having well defined electronic, optic or



optoelectronic properties are required. The method is highly versatile opening up new

horizons in the preparation of single-layered nanostructures of a wide variety of materials.

Experimental Section
Growth of Pblz single-layered nanotubes: Chemical vapour deposition multiwalled

carbon nanotubes (Thomas Swan Co.Ltd.) were steam treated in order to open their ends and
purify the as-received material.['”] Next the sample was treated with HCI to remove the now
exposed catalytic metal nanoparticles.®3! In an argon-filled glove box, purified CNTs (6 mg)
and Pbl2 (140 mg) were ground with an agate mortar and pestle until the mixture presented a
uniform color. The mixture was transferred into a silica ampoule, evacuated and sealed under
vacuum. The ampoule was placed into a furnace where it dwelled at 500 °C (above the
melting point of lead iodide; mp 408 °C); for different periods of time (from 10 min up to 86
h). Finally, the samples were cooled at room temperature.

HRTEM and STEM studies: TEM characterisation of the samples was performed on
a JEOL JEM 1210 operated at 120 kV. HRTEM images were acquired in an image corrected
FEI Titan Cube 60-300 microscope. STEM imaging and EDS chemical analyses were carried
out in a probe corrected FEI Titan 60-300 microscope and a FEI Tecnai G2 F20 microscope.
Both FEI Titan instruments were operated at 80 kV with a point resolution 0.14 nm. Samples
for TEM characterisation were prepared by sonication of a small amount of powder in ethanol
absolute. The dispersions were placed dropwise onto lacey carbon grids.

First-principles calculations: First-principles electronic structure calculations were
performed within density-functional theory, as implemented in the SIESTA and VASP
packages,* expanding the one-electron wave function using a double- basis set of
numerical atomic orbitals and a plane-wave cutoff of 400 eV, respectively. We used the Local
Density Approximation (LDA) for the exchange-correlation energy.® The Brillouin zone

was sampled with a grid of 12 points along the kz (z being the nanotube axis). The interlayer



interaction between a C and a Pbl2 nanotube was approximated with the graphene-Pbl2
monolayer interaction energy (flat geometry) within the semi-empirical dispersion correction
of Grimme.%® Due to the intrinsic incommensurability of graphene and lead iodide, we
constructed the hybrid system by placing a 4 x 4 supercell of the flat Pbl2 monolayer on top
of a 7 x 7 supercell of graphene, with a compressive strain of 0.88 % on the latter. The atomic
positions were relaxed until all the forces were lower than 0.04 eV A and the lattice

parameter optimized in all the structures discussed.

Supporting Information
Supporting Information is available online from the Wiley Online Library or from the author.
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Figure 1. HRTEM and STEM analysis of the synthesised materials. a) Aberration-corrected
HRTEM images of a single-layered Pbl2 nanotube. b) Detail of the HRTEM image (area A)
with its corresponding simulation and model (cross section along the main axis). c)
Aberration-corrected HRTEM image of another single-layered Pbl2 nanotube d) EDS-STEM
line profiles confirming the presence of a Pbl2 nanotube. e) Schematic representation of the
grown single-layered Pbl2 tubular materials (cyan and green spheres representing Pb and |
atoms, respectively) within the inner cavities of a multiwalled carbon nanotubes (grey

spheres). A cross section across the main axis of the tube is also included for clarity.
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Figure 2. Role of the diameter on the formation, stability and properties of single-layered
inorganic nanotubes. a) Histograms of the MWCNT cavity (cavity of the host), when Pbl2
nanotubes (top) or Pblz2 nanorods (center) are observed; empty MWCNTSs (bottom) are also
included for comparison. b) Wrapping energy as a function of the Pbl2 nanotube diameter.
The wrapping energy is defined as Ewrap = EnT-EmL, Where Enr is the total energy of the Pbl2

nanotube and Ewm is the total energy of a flat stand-alone Pbl> monolayer of the same size, i.e.



the unrolled nanotube. The wrapping axis is X (inset) and the energy is given for unit cell of
the nanotube. Note that the X, y, z axis correspond to the fragment of Pblz layer used to model
the nanotubes and not to the bulk Pbl2 structure. c) Band-gap vs diameter of the Pbl2 single-
layered nanotube. d) Summary on the formation of Pbl2 nanostructures using template-

assisted growth (from this and previous works) with respect to the diameter of the hosts.

Figure 3. Dynamics under the electron beam radiation. Sequence of images showing the

transformation from a nanorod fragment onto a single-layered nanotubes using an electron
dose of ~ 0.6 10* e A2, A schematic representation is included in the last image; cyan, green

and grey spheres representing Pb, 1 and C atoms, respectively.
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Figure 4. Electronic structure of single-layered Pbl2 nanotubes. a) Total density of states and
projections on Pb and I atoms. b) The wave-function of HOMO (bottom) and LUMO (top)
shows the different localization: on | atoms the former, on Pb atoms the latter. ¢) Band

structure diagram. The data presented correspond to a nanotube of 3.77 nm in diameter.
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Figure S1. STEM study of a single-layered Pbl, nanotube. HAADF HRSTEM image with

its corresponding intensity line profile (integrated along 25 pixels).
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Figure S2. HRTEM and STEM analysis of a Pbl, nanorod. a) and b) Aberration-corrected
HRTEM images. A higher magnification of area A is presented in b) where the layered
structure of Pbl2 can be better appreciated. A Pbl2 reservoir can be seen in area B filling the
tip of the CNT. ¢) HAADF STEM image and d) EDS chemical profile of a Pbl2 nanorod

confined within a multiwalled carbon nanotube.



Figure S3. Dynamics under the electron beam radiation. Sequence of images showing the

transformation from a Pblz nanotube fragment onto a nanorod using an electron dose of ~ 0.2
10* e A2, For clarity a white bar has been drawn along the length of the nanotubular fragment,
which initially expands up to 50 s and then starts to contract until its complete disappearance.
The arrow points to the tip of a single-layered Pbl2> nanotube that is present into an adjacent

CNT.



Figure S4. HAADF STEM images of nanotube nanorod junctions. In both images a Pbl:

nanorod appears to be confined within a Pbl2 nanotube. The arrows point at the end of the
nanorods. The inset shows a higher magnification image of area A with its corresponding line

intensity profile (integrated along 25 pixels).



