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ABSTRACT

The synthesis of ultrathin rhenium disulfide (ReS;) nanoribbons within single-walled carbon nanotubes (SWNTSs) has been established.
Dirhenium decacarbonyl complex is encapsulated into the SWNTSs to provide a source of confined rhenium atoms, which readily
react with iodine to form discrete nm-sized clusters of rhenium iodide [Resl14]>~ embedded in the nanotubes. The final step of the
synthesis is accomplished by admitting hydrogen sulfide gas into nano test tubes, yielding twisted nanoribbons of rhenium disulfide
encapsulated in carbon nanotubes, ReS,@SWNTs. The width, structure, and composition of rhenium disulfide nanoribbons are
strictly controlled by the extreme confinement of the host-SWNT. A holistic analytical approach combining complementary imaging
and analysis methods is used at each synthetic step to elucidate the structure and composition of the guest material and reveal the
role of the SWNT contributing towards the electronic interactions with encapsulated inorganic structures. As ReS, nanoribbons are
expected to retain the electronic properties of the bulk material, such as direct bandgap, the low dimensional form of this material

can be of interest for use in nanoscale electronic devices.
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1 Introduction

Rhenium(IV) disulfide (ReS:) has gained significant recent
attention following the discovery that it, uniquely amongst
the transition metal dichalcogenides (TMDs), possesses layer-
independent optical, electrical, and vibrational properties, as
well as exhibiting in-plane anisotropicity [1-3]. When exfoliated
to a monolayer it retains its electronic properties as a direct
bandgap semiconductor; however, the bandgap does slightly
increase from 1.5 eV for the bulk material to 1.6 eV for the
monolayer [4]. This is in stark contrast to most other TMDs
whose physical properties are layer-dependent and, when
exfoliated to a monolayer, undergo an indirect to direct
bandgap transition resulting in photoluminescence [5, 6]. The
layered ReS; material has a distorted 1T structure [7] which
causes the in-plane anisotropicity of the layers, as demonstrated
by Raman spectroscopy [8].

Various ReS,-based nanomaterials, such as nanotubes, have
been synthesised previously [9]. These were formed upon
reaction of a Re-containing solution with HaS at the surface
of multi-walled carbon nanotubes, which act as a template.
Colloidal nanoparticles with an average diameter of 5.5 nm
have also been formed [10]. Nanowires with a diameter of
180 nm were synthesised by An et al. using a chemical vapour
deposition (CVD) technique [11]. ReS. nanoribbons were
synthesised by He et al. also by a CVD process; the width of
the nanoribbons were approximately 50 nm and the lengths

ranged from 10 to 30 um [12]. However, the structure and
composition of ultrathin ReS, nanoribbons (1.3-3.8 nm) have
only been studied computationally, where they were found to
have a direct bandgap which is only weakly dependent on the
nanoribbon width [13].

Single-walled carbon nanotubes (SWNTs) are electrically
conducting [14] hollow tubular structures which were first
identified in 1993 [15, 16]. They have diameters in the range
of 0.8-2.0 nm which therefore restrict the materials that can
fit inside, as well as providing a mechanism to template the
growth of novel one-dimensional (1D) structures [17, 18].
They have previously been shown to be suitable containers
for a variety of chemical species, such as fullerenes [19, 20],
halides [21-23], and metal oxides [24, 25]. Moreover, entrapping
guest-species within the SWNT channel allows the structures
and compositions of the encapsulated materials to be studied
with atomic precision using electron microscopy coupled with
spectroscopic techniques [26].

Inorganic reactions can also be conducted within SWNTs
by encapsulating precursor molecules followed by a thermal
activation of the system [27]. SWNTs offer strict control over
the structure and composition of the 1D materials formed and
have been applied as a template for a wide range of ultrathin
species, such as sulfur-terminated graphene nanoribbons [28],
and metal sulfides [29, 30]. It has also been shown that
SWNTs can act as a nanoreactor transferring electrons to and
from guest species in order to stabilise them within the interior
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channel [31]. This was shown previously by Botos et al. who
synthesised MoS; and WS; nanoribbons using metal carbonyls
as the precursors [31]. The SWNTs were found to donate
electron density to iodine forming polyiodide ions, which
reacted with the metal carbonyl precursors to form [Melis]*
clusters that were stabilised by Coulombic attraction with the
resultant electron deficient SWNTs. This method has been
shown to be suitable for the formation of 1D molybdenum
and tungsten disulfides, and can be utilised for materials
with other remarkable properties at the nanoscale, such as
ReS.. Previously ReS. was grown on the exterior of carbon
nanotubes and has been tested as an anode material for Li-ion
batteries and shown high capacitance and capacity retention
after 100 cycles [32].

Herein we report, the synthesis of ultrathin ReS, nanoribbons
with diameters in the range of 1-2 nm which have only been
previously studied theoretically. The synthetic route utilises
dirhenium decacarbonyl (Re2(CO)1) as the source of rhenium
atoms, with rhenium ijodide the intermediate in the final
formation of ReS,. The use of the nano test tube not only
provides a mechanism for the directional growth of rhenium
disulfide, but also a means to study the atomic structure.
A combination of microscopy and spectroscopy was used
to probe the structure and composition of the materials in
SWNTs at each stage of the stepwise synthesis. The ability
to understand and control the inorganic transformations at
the nanoscale enables the rational design of functional nano-
materials for a variety of applications.

2 Experimental

Materials: SWNTs (P2-SWNT5, arc discharge, Carbon Solutions,
USA) were refluxed in 3M nitric acid for 2 h and then annealed
at 600 °C for 17 min to remove their end caps and any
amorphous carbon present, resulting in a 50% weight loss
observed. Dirhenium decacarbonyl (Sigma Aldrich), iodine
(Sigma Aldrich), and hydrogen sulfide (Fisher Scientific) were
used as supplied.

Insertion of dirhenium decacarbonyl into SWNTs: Freshly-
opened SWNTs (10 mg) and dirhenium decacarbonyl (20 mg,
0.031 mmol) were sealed in a Pyrex ampoule under vacuum
(107° mbar) and heated to 150 °C for 3 days. The ampoule was
then placed in an ice bath to cease the sublimation process
and then washed with tetrahydrofuran to remove any excess
material from the exterior of the SWNTs.

Reaction of Rex(CO)1e@SWNT with iodine: Rex(CO)10@SWNT
(10 mg, 0.016 mmol) and a large excess of iodine were sealed
in a Pyrex ampoule under vacuum (10~ mbar) and heated to
120 °C for 3 days. The ampoule was then placed in an ice
bath to cease the sublimation process. The resultant material
was then placed in a Pyrex ampoule and sealed under an inert
argon atmosphere (0.7 bar) and heated to 500 °C for 1 h to
form n[Reslis> J@SWNT>",

Reaction of n[Reslii” J@SWNT** with hydrogen sulfide:
n[Reslis J@SWNT?™ was loaded onto a quartz boat and placed
in the centre of a tube furnace and exposed to a flow of argon
gas for 1 h (15 mL/min), followed by a flow of hydrogen
sulfide (15 mL/min). The furnace was then heated to 550 °C
for 2 h under the flow of hydrogen sulfide (15 mL/min) and
then left to cool to room temperature under a flow of argon
(15 mL/min).

Electron microscopy and energy-dispersive X-ray analysis:
The samples were dispersed in isopropyl alcohol using an
ultrasonic bath and drop cast onto lacey carbon copper trans-
mission electron microscopy (TEM) grids (Agar Scientific).
High-resolution TEM (HR-TEM) imaging was performed
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on a JEOL 2100F FEG-TEM microscope operated at 200 kV.
Aberration-corrected HRTEM (AC-HRTEM) was performed
at the University of Ulm using the dedicated Cc/Cs corrected
SALVE (sub-Angstrém low voltage electron) TEM operating a
60 kV [33]. Energy-dispersive X-ray (EDX) spectra were acquired
using an Oxford Instruments INCA X-ray microanalysis system.

Raman spectroscopy: Micro Raman spectroscopy was
performed using a Horiba Jobin Yvon LabRAM HR Raman
microscope. Spectra were acquired using either a 532 or 660 nm
laser (at ~ 0.2 mW power), a 100x objective and a 200 um
confocal pinhole. To simultaneously scan a range of Raman
shifts, a 600 lines mm™ rotatable diffraction grating along a
path length of 800 mm was employed, conferring a spectral
resolution better than 1.9 and 1.2 cm™ for the 532 and 660 nm
lasers, respectively. Spectra were detected using a Synapse
CCD detector (1,024 pixels) thermoelectrically cooled to —60 °C.
Before spectra collection, the instrument was calibrated using
the zero-order line and a standard Si(100) reference band
at 520.7 cm™. For single point measurements, spectra were
acquired over a minimum range 125-3,400 cm™" with an acqui-
sition time of 15-120 s and 2 accumulations to automatically
remove the spikes due to cosmic rays and improve the signal to
noise ratio. Spectra were collected from at least three random
locations and averaged to give a mean spectrum.

X-ray photoelectron spectroscopy (XPS): Samples were
analysed using the Kratos AXIS ULTRA with a mono-chromated
Al ka X-ray source (1,486.6 eV) operated at 10 mA emission
current and 12 kV anode potential (120 W.) Spectra were
acquired with the Kratos VISION II software. A charge
neutralizer filament was used to prevent surface charging.
Hybrid slot mode was used measuring a sample area of
approximately 300 um x 700 pm. The analysis chamber pressure
was better than 5 x 10~ mbar. Three areas per sample were
analysed. A wide scan was performed at low resolution (Binding
energy range 1,400 to —5 eV, with pass energy 80 eV, step 0.5 eV,
and sweep time 20 min). High resolution spectra at pass energy
of 20 eV, step of 0.1 eV, and sweep time of 10 min each were also
acquired for photoelectron peaks from the detected elements
and these were used to model the chemical composition. The
spectra were charge corrected to the C 1s peak set to 284.5 eV.

TEM simulations: TEM image simulation was carried out
using the multislice program QSTEM. QSTEM uses the
Dirac-Fock scattering potential of Rez et al. [34]. A fixed
number of 20 slices per nanotube were chosen and images were
calculated with a sampling of 0.125 A per pixel. The defocus
parameter dr and the aberration coefficients Cs, A, and B, were
matched to the imaging conditions in the specific experiment
and the convergence angle was fixed at 0.5 mrad. The effect of
limited electron dose was emulated by applying noise to the
calculated images using a custom-made Monte-Carlo program
exploiting the Poisson statistics of electrons. Structural models
of SWNTs were built using a custom-made program taking
into account different nanotube chiralities, to be matched
closely with experimental images. The structural models of the
inorganic nanomaterials are based on scaled bulk structures.

3 Results and discussion

3.1 Stepwise synthesis

To prepare ultrathin rhenium iodide and sulfide materials a
stepwise synthesis was utilised (Fig. 1). Dirhenium decacarbonyl
was selected as the precursor due to its low sublimation
temperature and labile carbonyl ligands; this precursor has
been used before to prepare Re nanoparticles inside SWNTSs
by Cao et al. [35]. An iodide is used as the intermediate as it
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Figure 1 The synthesis of ReS;@SWNT formed by the encapsulation and
reaction of Re clusters. The clusters are first reacted to form rhenium iodide
clusters using iodine and then a subsequent inorganic transformation
takes place to form rhenium disulfide nanoribbons using a suitable reactant
(left). A balanced chemical reaction demonstrating the charge transfer
between nanotube and guest-molecules is also shown (right). L.~ represents
polyiodide ions (Is™ and Is7), and in the balanced equation m is arbitrarily
given the value 1 but this will change depending on exact stoichiometries
produced.

offers the opportunity to examine entrapped forms of rhenium
iodide which have not been previously studied before at the
nanoscale. The final step of the synthesis involves the reaction
of the iodide species with hydrogen sulfide to form the ReS,
nanoribbons.

3.2 Insertion of the carbonyl complex

The insertion of the dirhenium decacarbonyl in nanotubes was
confirmed by 200 kV TEM imaging, which displayed clusters
with an average diameter of 0.6 nm (Fig. 2(a)), separated by
distances above 3 nm. A small number of the clusters grew
during imaging to over 1 nm in size within the nanotube
and thus are larger than expected and due to electron beam-
induced ejection of carbonyl ligands, resulting in Re: units
that bond together forming rhenium nanoclusters [35]. EDX
analysis of a bundle of cluster-filled nanotubes shows the

(c)
——ReS,@SWNT
n[Re,l, J @SWNT>"

—— Re,(CO), @SWNT

Intensity (a.u.)

Intensity (a.u.)
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presence of Re, C, and O corresponding to the elements in the
carbonyl (Fig. 2(b)). Quantitative EDX analysis using a focused
e-beam positioned over a bundle of 6-7 filled nanotubes
suspended over a hole gives a Re:C atomic ratio of 1:85. XPS
was used to determine the binding state of the rhenium
species in each step of the synthesis (Fig. 2(c)). The peaks for
rhenium at 42.1 and 44.5 eV were assigned to Re 4f7 and 4fs),,
respectively (Fig. S1(a) in the Electronic Supplementary
Material (ESM)). The peak energies are higher than rhenium
metal, which is explained by the presence of five m-acceptor
carbonyl ligands per metal centre in Re>(CO)10 which increase
the binding energy [36]. The C 1s peak at 284.5 eV is mostly
contributed from the SWNT hosts and not the guest carbonyls and
the O 1s peak around 532 eV consists of multiple components
arising mainly from the various C-O bonds on the exterior of
the SWNTs (Figs. S1(b) and S1(c) in the ESM). Van der Waals
interactions are shown to be the main driving force for
insertion of the carbonyl clusters into SWNTs as demonstrated
by Raman spectroscopy (Fig. 2(d) and Table S1 in the ESM).
The G-band of nanotubes did not shift for Re;(CO)10@SWNT
compared to empty SWNTs in the 660 nm Raman spectra,
thus indicating no electronic communication between the
host and guest.

3.3 Reaction to form the iodide species

Iodine was then inserted into the SWNTs under vacuum from the
gas phase at 120 °C. The 532 nm Raman spectra, resonantly
enhancing semiconducting SWNTs, showed a blue shift of the
G-band indicating electron transfer from the SWNTs to
iodine forming polyiodide ions (I."). This is further evidenced
by the presence of low-frequency bands at 106 and 175 cm™
which have been shown previously to be the result of polyiodide
formation and are attributed to Is” and Is, respectively;
however, it should be noted that there is strong overlap of the
Is” band with the radial breathing mode of the SWNTs (Fig. S2
in the ESM) [37]. The G-band in the 660 nm Raman spectra,
in resonance with metallic SWNTs, was blue shifted to a larger
extent (+10.6 cm™, Fig. 2(d) and Table S1 in the ESM) and a

c
Cu
Cu
0 g Re
Cu » Re
° H : H H

o 2
Energy (keV)

——ReS,@SWNT
——n[Re,), \J@SWNT™"

——n[Re,(CO),, +1 J@SWNT™
——Re,(CO),,@SWNT

Binding energy (eV)

T T T 1
1,550 1,600 1,650 1,700

Raman shift (cm™)

T
1,500

Figure 2 (a) 200 kV TEM image of clusters formed from dirhenium decacarbonyl in a bundle of three SWNTS. A selection of the encapsulated clusters is
indicated by red arrows superimposed on the image. (b) EDX spectrum identifying the presence of Re, C, and O. The presence of copper peaks is due to
the TEM grid support. (c) XPS spectra overlay showing the Re 4fs (left) and 4f7> (right) peaks of each material. (d) Raman spectra overlay focused
on the G-band region for each material using 660 nm laser source exciting metallic SWNTs.
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change in the peak shape was recorded indicating a metallic to
semiconducting transition due to Fermi level shift and band gap
opening in the metallic SWNTs upon charge transfer [38].

The n[Re2(CO)1o + L J@SWNT™* system was subsequently
heated under inert atmosphere to react together the encapsulants.
Aberration-corrected high-resolution TEM (AC-HRTEM)
imaging at 60 kV after the thermally-activated reaction showed
the presence of discrete tightly packed clusters of [Reslis]*
0.7 nm in diameter within the SWNT channel only allowing
minimal translation motion; however, the clusters appear to
rotate freely allowing various projections to be observed
(Figs. 3(a)-(c)). Upon formation of the clusters, the G-band of
metallic SWNTs red-shifts compared to when iodine is initially
inserted into the SWNTs. However, it is still blue shifted
compared to empty SWNTSs, suggesting a positive charge on the
nanotubes and negatively charged species are present within the
SWNTs (Fig. 2(d)). The rhenium 4f, and 4fs, peaks, observed
in the XPS, are shifted to higher binding energies compared to
the carbonyl, at 42.7 and 45.0 eV, respectively (Fig. 2(c) and

Counts (a.u)

Figure 3 (a) 60 kV AC-HRTEM image of n[Reslis> J@SWNT?*. (b) and
(c) Experimental TEM images, TEM image simulations, and structural
models of n[Reslis J@SWNT?* and [Resli2]:.@SWNT respectively.
(d) EDX spectrum of n[Resli>” J@SWNT?"* identifying both Re and I in an

atomic 6:14 ratio. The presence of copper is due to the TEM grid support.

Inset is a 200 kV TEM image showing the packing of the clusters in the
SWNTs. (e) and (f) Structural diagrams of [Resls]*” cluster viewed along
the Cs and Cs rotational axis of the molecule, respectively.

Figure 4

Counts (a.u.)
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Fig. S3(a) in the ESM). The iodine 3d peaks were located at
619.6 and 631.1 eV for the 5/2 and 3/2 components, which are
expected for such species. EDX analysis identified the presence
of both rhenium and jodine in an atomic ratio of approx. 6:14
(Fig. 3(d)). The stoichiometry observed combined with the
geometries observed in the AC-HRTEM images identified the
material as [Reslis]* clusters which are structurally analogous
to those previously discovered for Mo and W [31]. The structure
of [Reslis]*” can therefore be described as an octahedron of
rhenium atoms, with capping iodide ligands on each face, and
terminal iodides at each vertex (Figs. 3(e) and 3(f)). Structural
models of the clusters were constructed and TEM simulations
were conducted, the resultant images matched the observed
projections (Figs. 3(b) and 3(c)) such as a cluster having a
projected octahedral geometry. Upon prolonged imaging of
the rhenium iodide clusters, the 60 kV electron beam causes
dimerisation and chain formation (Fig. 3(c)).

This is due to the electron beam rupturing a terminal Re-I
bond, forming an unsaturated Re cation which must bond
with a w;-I from an adjacent cluster, resulting in the formation
of polymeric iodide with a repeat unit of [Reeli2].. This is in
contrast to [Wslis]* that was reported to remain stable under
the 80 kV e-beam irradiation [31], which considering that
constituent atoms in [Reslis]*" receive less energy from the
e-beam than in [Wil14]> molecules, indicates the Re-I bond to
be weaker than W-L.

3.4 Reaction to form rhenium disulfide

The reaction of the [Reslis]*” clusters with hydrogen sulfide gas
produced nanoribbons of rhenium(IV) disulfide with lengths
above 30 nm and width of approximately 1.3 nm. The term
nanoribbon is defined as a continuous quasi-1D material
that has a width greater than its height resulting in a strip
of material, which in this case is a single-layer of ReS,, with
a width of four Re atoms. AC-HRTEM confirmed an ordered
atomic structure and a twisted shape of the nanoribbon, whilst
EDX analysis confirmed the presence of rhenium and sulfur
in a 1:3 ratio (Figs. 4(a) and 4(e)). The higher than expected
amount of sulfur is most likely due to residual sulfur
deposited in nanotubes during the reaction; also there was
only a trace amount of iodine that remained in the system,

Re

Re

T T T T
0 2 4 6 8 10

Energy (keV)

(a) 60 kV AC-TEM image of a twisting rhenium disulfide nanoribbon inside a SWNT, ReS:@SWNT. (b) Structural model depicting the cross-section

of the nanotube highlighting the radial deformation occurring in (a). (c) 60 kV AC-HRTEM image annotated with the ReC interatomic distance; a HRTEM
image simulation of an optimised structural model, showing the ReS: in an edge-on orientation. (d) 60 kV AC-HRTEM annotated with ReRe interatomic
distances and a parallelogram to illustrate the Res structural units; a TEM image simulation of an optimised structural model, showing the ReS; nanoribbon
in a face-on orientation. (e) EDX spectrum identifying Re and S present in the sample. The presence of copper is due to the TEM grid support.
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most likely in the form of polyiodides, which signified the
near completion of the reaction. The Re:C ratio was found to
be 1:94, very close to the content of rhenium in nanotubes in
the first step of the synthesis (Section 3.2) which indicates no
loss of encapsulated material in the subsequent reactions and a
high yield of rhenium disulfide, correlating well with TEM
images of ReS:@SWNT. XPS analysis measured the binding
energy of the Re 4fs;> and 4f;» peaks to be at 44.3 and 41.9 eV
respectively (Fig. 2(c) and Fig. S4(a) in the ESM). The 4f;.
value is slightly shifted compared to a previous study (41.5 eV)
which may be explained by a confinement effect [39]. The
sulfur 2ps» and 2pi2 peaks were located at 164.3 and 165.5 eV
respectively (Fig. S4(b) in the ESM). Raman spectroscopy
analysis showed a small blue shift of the G-band compared
to empty SWNTs, and a small blue shift compared to the
encapsulated rhenium iodide species, suggesting the ReS:
nanoribbon is accepting electron density from the nanotubes
(Fig. 2(d) and Table S1 in the ESM).

Due to the large difference between the atomic numbers of
rhenium (Z = 75) and sulfur (Z = 16), only rhenium atoms were
observed in the bright-field AC-HRTEM image as the single-
atom contrast is proportional to the square root of the atomic
number of an element. However, the nanotube sidewall can also
be observed, despite the low atomic number of carbon (Z = 6),
due to the overlap of approximately four atoms of carbon in
projection at the SWNT sidewall (a thickness contrast). On
the left-hand side of the AC-HRTEM image of ReS:@SWNT the
nanoribbon is in an edge-on orientation in which the contrast
is controlled by the thickness of the nanoribbon and the
atoms overlapping in projection (Fig. 4(c)). The atoms in the
edge-on projection are separated by a distance of 0.29 nm.
On the right-hand side the image displays clearly the face-on
projection, which consists of each Re atom forming three types of
distinct ReRe distances resulting in the establishment of Res
parallelograms, a distinct feature of the distorted 1T structure
(Fig. 4(d)). The nanoribbon is four rhenium atoms thick
which equates to two rows of parallelograms. Each Re is
bonded to six sulfur atoms in octahedral geometry and the
sulfur edges are in contact with the nanotube sidewall. The
Res parallelograms have a measured distance of 0.26 nm
between adjacent rhenium atoms, whilst the two rows of paral-
lelograms are separated by a distance of 0.40 nm. These values
are in good agreement with those from the structural model of
the nanoribbon derived from the bulk ReS. unit cell (Figs. 4(c)
and 4(d)).

AC-HRTEM identified not only the structure of the
nanoribbon but also the striking elliptical distortion of the
SWNT host as a result of both shrinkage and expansion in
response to orientation of guest-nanoribbon. The cross-section
of the SWNT was measured to be a 1.1 nm X 1.8 nm ellipse,
and the change in projected nanotube cross-section is
perfectly matched with the twisting of the rhenium sulfide
nanoribbon (Fig. 4(b)). This demonstrates the strong synergy
between the nanoribbon and the nanotube, similar to pre-
viously observed for MoS:@SWNTs, as well as helical Col.@
SWNT [40, 41].

4 Conclusions

Rhenium(IV) disulfide is an extraordinary transition metal
dichalcogenide that retains its bulk electronic properties when
exfoliated to a monolayer. Moreover, previous computational
studies have shown that ultrathin nanoribbons also retain
these properties and could therefore lead to being used in
nanoscale electronic devices.

In this study, we synthesised ultrathin ReS: nanoribbons

5

using the extreme confinement within SWNT nano test tubes.
The insertion of the initial source of rhenium, dirhenium deca-
carbonyl, was shown to be aided by van der Waals interactions
indicated by the G-band not shifting position in the corre-
sponding Raman spectra. The second step involved the trans-
formation of dirhenium decacarbonyl into rhenium iodide
clusters, n[Resli> ]@SWNT>", which are described here for
the first time. A combination of aberration-corrected TEM
and EDX found these clusters were isostructural with W
analogues reported inside SWNTs previously; however, the
Re-I bonds appear to be more reactive than the W-I under
the electron beam which resulted in partial oligomerisation of
rhenium iodide clusters to [Resli2] .

The reaction of the rhenium iodide clusters with hydrogen
sulfide resulted in the formation of ReS; nanoribbons of 1.3 nm
in width. A radial deformation of the SWNTs occurred to
accommodate the twisted ReS; nanoribbons in order to maximise
the interactions of the surface of the nanoribbons with the
interior concave of the nanotubes. The nanoribbons were found
to have the same distorted 1T structure as per the bulk material,
shown by the presence of Res parallelograms. The synthesis
within SWNTs was shown to be successful for the construction
of ultrathin ReS; nanoribbons owing to the precise control
of reactions within SWNTSs. As the resultant ReS, nanoribbons
are expected to retain their bulk electronic properties, including
the direct bandgap, and being encapsulated within electrically
conducting SWNT, ReS:@SWNT hybrid materials may find
future applications as nano-electrodes.
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