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Atomically thin one-dimensional (1D) van der Waals wires of
transition metal monochalocogenides (TMMs) have been
anticipated as promising building blocks for integrated
nanoelectronics. While reliable production of TMM nanowires has
eluded scientists over the past few decades, we finally
demonstrated a bottom-up fabrication of MoTe nanowires inside
carbon nanotubes (CNTs). Still, the current synthesis method is
based on vacuum annealing of reactive MoTe,, and limits access
to a variety of TMMs. Here we report an expanded framework for
high-yield synthesis of the 1D tellurides including WTe, an
unprecedented family of TMMs. Experimental and theoretical
analyses revealed that the choice of suitable metal oxides as a
precursor provides useful yield for their characterization. These
TMM nanowires exhibit a significant optical absorption in the
visible-light region. More important, electronic properties of CNTs
can be tuned by encapsulating different TMM nanowires.

Nanocarbon materials — nanoscale substances comprised of carbon
— have played a crucial role in modern materials science.® As the
nanocarbon research matures, significant efforts have been
directed towards creating ‘post-nanocarbon’ materials. Transition
metal chalcogenides have been regarded as the promising
candidates for the novel low-dimensional materials owing to their
versatile chemistry and physics. Over the last decade, mono- or few
layers of transition metal dichalcogenides have been widely
recognized as the ideal platform to investigate 2D physics.4 On the
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other hand, their 1D counterparts, which exist in a variety of
morphologies  including nanoribbons,”  nanotubes,®  and
nanowires,”® could exhibit the properties that can be differentiated
from the 2D sheets as well as 1D nanocarbons. For instance, single
units of transition metal monochalcogenides (TMMs) — in which
atomically thin wires are attracted with each other via van der
Waals interaction — are 1D metallic wires,g’10 and thus can serve as
ultrathin channels for 2D integrated circuit. We wish to emphasize
that unlike in an infinite 2D sheet, electronic states in NWs are
quantized due to their finite width. This fact has been explored
extensively in finite-width graphene nanoribbons (GNRs) with a
fundamentally different conductance from an infinite graphene
monolayer.11 Similar effects are expected in the systems we study.
Furthermore, isolated wires are believed to exhibit torsional motion
not seen in the bulk, and thereby change their bandgap depending
on their torsional alngle,12 allowing potential applications in electro-
mechanical switching devices. Despite the growing interest, only a
few kinds of isolated TMM nanowires (NWSs) are currently
available.®* In particular, the isolation of environmentally
unstable tellurides with chemical precision remains a significant
challenge. In theory, isolated MoTeNWs could exhibit
semiconducting properties that opposite the metallic sulfides and
selenides, although their salient properties have never been fully
verified by experiments.ls’16

One promising way to produce the 1D tellurides is by using a
template reaction via carbon nanotubes (CNTs), in which the
assembly of the NWs proceeds in one direction.” Thermally
and chemically robust CNTs have increasingly been used to
produce unstable 1D materials such as atomic wires,lg’19
carbyne,zo’21 diamond nanowires,zz’23 GNRs, 2423 and molecular
arrays.26‘27 Besides acting as a template, CNTs also provide a
permanent protection for the exposed edges of NWs from the
ambient. Perfect CNTs are chemically as inert as defect-free
graphene and cannot be destroyed or removed easily. On the
other hand, similar to graphene, carbon nanotubes are rather
unreactive. Indeed, we have recently demonstrated the
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successful growth of MoTeNWs inside CNTs by a vacuum
annealing of bulk MoTez.28 We found that CNTs do not form
covalent bonds to the enclosed NWs and thus should not
modify their properties. Atomic-level transmission electron
microscopy revealed that MoTeNWs show discontinuous
torsion, significantly distinct from continuous twisting of
MoSNWs.?’ These unique mechanical properties suggest that
MoTeNWs and the related 1D tellurides are distinguishable
from other TMMs. In order to further explore their properties,
a method for their high-yield growth is needed to be
developed. Here we demonstrate efficient production of
MoTeNWs inside CNTs and its expansion to WTeNWs, an
unprecedented member of the TMM family. Through
experimental and theoretical studies, we found that the
production yields are highly enhanced by choosing suitable
metal oxides as a precursor. Furthermore, their high-yield
growth enabled us to study their electronic and optical
properties. Our CNT-templated growth of MoTe- and WTeNWs
will usher in further experiments to shed light on their
unexplored properties and potential applications.

A schematic image of the present strategy for the growth of
MoTeNWs is shown in Fig. 1a. We chose MoO, as precursor in this
work. We have previously noted the possibility that molybdenum
oxides act as intermediates in the reaction that uses MoTe, as a
precursor. Early literature demonstrated that vacuum annealing of
MoTe, results in the formation of non-volatile Mo solid with Te
vapors,30 suggesting that other chemical species serve as the direct
source of Mo instead of bulk MoTe,. High-resolution X-ray
photoelectron spectroscopy (XPS) revealed that precursor MoTe,
contains several molybdenum oxides including highly volatile
Mooz.28 Thus, we hypothesized that MoO, is the direct precursor to
MoTeNWs.

Fig. 1 (a) Schematic of the CNT-templated reaction for the
formation of MoTeNWs. (b) A structural model and atomic-
resolution HAADF-STEM image of an individual MoTeNW@CNT.

Fig. 1b displays a representative high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image of
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the as-produced samples. The atomic structure of the present NWs
is similar to the products from MoTe,, which have a quasi-1D
structure consisting with MosTe; triangles stacked alternately along
the c-axis of CNTs. The positions of XPS peaks are consistent with
those of MoTeNWs inside CNTs (Fig. S1a). Chemical analysis by
energy-dispersive X-ray spectroscopy (EDS) also suggests that the
NWs are composed of Mo and Te atoms (Fig. S1b). All the results
indicate direct growth of MoTeNWs from a mixture of MoO, and
Te.

Importantly, this reaction utilizing MoO, as a precursor
significantly enhanced the yield of MoTeNWs. Fig. 2a shows Raman
spectra of the samples obtained in the optimized conditions from
the two different precursors (Fig. S2). Raman spectrum of
MoTeNWs exhibits a characteristic peak located at 251 cm ™, which
is assigned to A; radial breathing mode (RBM) of Mo cores (Fig.
Zb).28 As for the samples from MoO, with Te, the intensity ratio of
the A, peak to G-band of CNTs is 19.4%, which is approximately 20
times larger than the corresponding value (~1%) from bulk MoTe,
containing the equivalent amount of Mo atoms (Fig. S3). The
enhanced A, peak of MoTeNWs revealed an improvement for their
production yields. The high-yield synthesis of MoTeNWs was further
confirmed by HAADF-STEM images (Fig. 2c, d).
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Fig. 2 (a) Raman spectra of MoTeNW@CNTSs via vacuum annealing
of two different precursors (MoTe, vs MoO, + Te) at the 633 nm
excitation. (b) Schematic of the atomic vibrations for the Raman
modes at 251 cm ™. (c, d) HAADF-STEM images of MoTeNW@CNTs.

In parallel to the experiments, we performed density functional
theory (DFT) calculations to investigate the growth mechanism. The
present reaction was rationalized by calculating AE for the following
reaction:

XMo00O,+yMoOs+(x + 1.25y)Te,

- (MosTes)s+(2x + 3y)/2TeO,—AE (x + y = 9) (1)

where MosTe; represents half the unit cell in an individual
MoTeNW. The formation of TeO, as a side product was verified by
XPS spectra of the residues attached on the surfaces of CNTs.”® The

This journal is © The Royal Society of Chemistry 20xx
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enthalpy changes for various combinations of (x, y) are summarized
in Table 1. Our DFT computation reveals that the reaction inx 2 4 is
an exothermic process, and proceeds favorably in terms of
thermodynamic energy. In particular, the enthalpy changes for the
reaction starting with pure MoO, (x = 9, y = 0) is the largest
(-16.8 eV). This reactivity can be explained by considering that the
dissociation of three Mo—O bonds in MoO; requires higher
energy.31 These DFT results reveal that MoO, plays a key role in the
reaction.
Table 1 Reaction energy in equation (1).

X y AE (eV)
4 5 -0.245
5 4 -3.55
6 3 -6.86
7 2 -10.1
8 1 -135
9 0 -16.8

Our calculations also indicate that CNTs play a crucial role in the
NWs formation. Mo and Te atoms are stabilized on monolayer
graphene due to charge transfer between the atoms and the sheet
(Fig. S4), suggesting that the molecules easily get adsorbed on the
surfaces of CNTs. Moreover, the electron transfer from MoO, to the
graphene causes a substantial weakening of the Mo—-0 bonds (Fig.
S5), and thereby the absorbed MoO, can readily react with Te
species.

We further calculated AE for the sequential extension of MosTe;
triangles:

3MoO,; + 3Te;, > (MosTes); + 3TeO, + 1.02 eV

3MoO,; + 6Te; - (MosTes), + 6Te0, — 8.23 eV

3Mo0; + 9Te; > (MosTes); + 9Te0, — 16.8 eV

A series of reaction enthalpy calculations suggests that the
assembled triangles are energetically preferred to isolated ones.
This thermodynamic stability favors spontaneous assembly of the
NWs. Indeed, the overall length of MoTeNWs reaches a submicron
scale, which far exceeds that of typically reported 1D materials
inside CNTs.

A possible mechanism for the NWs formation is proposed in Fig.
3. Sublimed MoO, and Te, molecules are first adsorbed on the
outer walls of CNTs. The absorbed molecules can diffuse freely
along the surfaces and finally enter the channels due to their
stabilization in the inner void.*>® As a consequence, the molecules
readily react with each other to assemble within CNTs. The self-
assembly process occurs repeatedly, resulting in the formation of
elongated MoTe NWs. Quasi-1D CNTs serve as a template that
prevents the formation of branched structures and bundles by
restricting the direction of the chemical reaction.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Possible pathway for growth of MoTeNWs inside CNTs.

Based on the present methodology, we further successfully
created WTeNWs that have never previously been found in the
bulk. A typical HAADF-STEM image of the NWs produced from a
mixture of WO3 and Te is displayed in Fig. 4a. Chemical composition
of the NWs was characterized by the EDS in Fig. 4b, showing that
the resultant NWs are composed of W and Te atoms. The axial
lattice constant and diameter are measured to be 0.45 and 0.48 nm
(Fig. 4c, S6), which are equivalent to the corresponding values of
MoTeNWs and SnSeNWs.** The filling yield of WTeNWs is
comparable to that of MoTeNWs. In HAADF-STEM images, heavier
W atoms (Z = 74) look brighter than Mo atoms (Z = 42) due to the
strong electron scattering (Fig. S7). We found that isolated
WTeNWs discontinuously twist similar to MoTeNWs (Fig. S8), which
is significantly distinct from Mos,” NbSe3,35 and Hﬂ'egNWs.36
Chemical states of WTeNWs confined within CNTs are characterized
by XPS. Fig. 4d shows the W 4f and Te 3d core-level XPS spectra,
where the peaks at 31.1 and 572.4 eV are assigned to W 4f;, and
Te 3ds;, of WTeNWs. Compared to WTe, layers (31.6 and 572.7 eV),
the core-level binding energies for W 4f;, and Te 3ds;, show
downward shifts by 0.5 and 0.3 eV, respectively. The blue-shifted
XPS core-levels are in accord with the peak shift for MoTeNWs.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a) A typical HAADF-STEM image and (b) EDS analysis of
WTeNW@CNTs. (c) A typical HAADF-STEM image and atomic
structure of an individual WTeNW. (d) XPS spectra of W 4f and Te
3d core-levels of WTeNWs confined in CNTs.

Efficient growth of these NWs has enabled us to compare their
optical and electronic properties. Optical absorption spectra of the
products are presented in Fig. 5a. Although the absorption spectra
are dominated by the features of template CNTs rather than inner
NWs, their spectra commonly show a significant band in the range
of 450-600 nm. In order to obtain information on the absorption
bands, the electronic structures and density of states (DOS) of
isolated MoTe- and WTeNWs were computed by means of DFT
calculation. As displayed in Fig. 5b, both of the isolated NWs can be
narrow-gap semiconductors in contrast to metallic MoS- and
MoSeNWs.”* Even though DFT is known to underestimate
bandgaps, it still can provide useful
electronic structure near the Fermi level. Compared to MoTe, the
bottom of the conduction band of WTeNWs at the I point is
lowered, and the band is nearly flat. DFT-based bandgaps between
the highest occupied and the lowest unoccupied states of MoTe-
and WTeNWs at the I point are estimated to be 0.39 and 0.24 eV,
respectively. As expected, these values lie well below the
absorption bands (2.1~2.8 eV). On the other hand, the energy gaps
between the highest occupied and the second lowest unoccupied
states at ' are estimated to be 1.44 eV for MoTeNWs and 1.51 eV
for WTeNWs. The DOS diagrams in Fig. 5b suggest a possibility of
corresponding inter-band transitions between van Hove
singularities. There is little difference in the transition energies
between MoTe- and WTeNWs, which also agrees with the
experimental results.

information about the
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Fig. 5 (a) Optical absorption spectra of MoTe- (blue),

WTeNW@CNTs (pink), and pristine CNTs (black). (b) Bandstructures

and DOS of isolated MoTe- and WTeNWs. (c) XPS spectra of C 1s

core-levels of MoTe- (blue), WTeNW@CNTs (pink), and pristine

CNTs (black).

Fig. S9 compares Raman spectra of MoTe- and WTeNW@CNTs.
As illustrated in Fig. 2a, b, MoTeNWs confined in CNTs exhibit a
prominent peak at 251 em™ originating from RBM mode of Mo
cores. In contrast, there is a noticeable peak at 190 cm™in the
spectrum of WTeNW@CNTs. Given that the frequency is inversely
proportional to the square root of mass (f < m_l/z), the peak might
be attributed to RBM of W cores. However, the peak may be
assigned the shifted RBMs of CNTs due to the interaction with
WTeNWs. Additional experiments are needed to figure out the
origin of the Raman mode.

Further XPS analyses revealed that the charge transfer occurs
between CNTs and the inner NWs. Fig. 5¢c shows C 1s core-level
XPS spectra of MoTeNW@CNTs, WTeNW@CNTs, and pristine
CNTs. The C 1s core-level is shifted downward by 0.6 eV after
the encapsulation of WTeNWs, which is larger in comparison
to MoTeNWs (~0.3 eV). The blue shift of C 1s core-level is
considered as a result of electron transfer from CNTs to the
NWs.3?% Given that the filling yields of these NWs are
comparable, WTeNWs exhibit the stronger affinity towards
CNTs. The difference in the charge transfer can be understood
by considering the difference in electronegativity between Mo
and W atoms. The Pauling electronegativity of Mo (x = 2.16) is
almost equivalent to that of Te (y = 2.1).39 When Mo atoms are
replaced by more electronegative W (xy = 2.36), the electron
density in W—Te bonds is further pulled to W atoms. As a
consequence, the positively charged Te atoms interact more
strongly with inner walls of CNTs, thereby inducing stronger p-
type doping of CNTs. This doping should shift the Fermi level
and make all filled nanotubes conducting. Indeed, the
electrical and thermal transport properties of CNTs are
drastically modulated by encapsulated molecules,*>* leading
to their application in electrical and thermoelectric devices.

This journal is © The Royal Society of Chemistry 20xx
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We expect that confinement of the heavy-metal NWs will
induce a significant modulation of transport properties of
individual CNTs. A conclusive confirmation of this claim poses,
however, a significant challenge. The main reason is that
gquantum conductance measurements are extremely
demanding due to the difficulty to precisely position a
nanotube and provide low-resistance ohmic contacts. These
issues are currently unsolved and topics of high-priority
research.

Conclusions

In conclusion, we reported an expanded framework for high-
yield synthesis of MoTe- and WTeNWs with chemical precision
by utilizing the CNT-templated reaction. Vacuum annealing of
suitable metal oxides with Te results in efficient growth of
MoTe- and WTeNWs inside CNTs. These 1D products exhibit
intense optical absorption peaks in the visible-light range. Also,
the inner NWs interact strongly with the outer carbon sheaths,
which thereby induce p-type doping of CNTs. Direct
measurements of their transports are now underway in the
present laboratory.
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Confinement of 1D van der Waals materials by carbon nanotubes will find their exotic properties absent in the bulk.



