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Catalytic chemical vapor deposition and structural analysis of
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MoS; nanotubes were synthesized by chemical vapor deposition (CVD) using six-horned
octahedral FeO nanoparticles and gasified MoOj3 and sulfur. The morphology and structure
of the nanotubes were characterized by scanning electron microscopy (SEM), Raman
spectroscopy, and transmission electron microscopy (TEM), showing that the nanotubes
had a hollow structure. The hexagonal lattice of MoS, was aligned parallel to the direction
of the nanotubes. We investigated the catalytic activities of the Fe films and nanoparticles
of Fe,0O3, NiO, and Cu,0 for the growth of MoS, nanotubes. FeO was the most effective

tested catalyst.



Semiconductor nanowires and nanotubes have been actively studied over the past
decades owing to their unique application in nanoscale devices ?. Nanotubes of transition
metal dichalcogenides have attracted attention since Tenne and coworkers reported the
polyhedral and cylindrical structure of tungsten disulfide (WS,).>® WS, and molybdenum
disulfide (MoS;), the representative transition metal dichalcogenide materials, have
potential use in energy, electronics, and catalytic applications ®%. Recently, continuous
efforts have been made to develop methods of synthesizing monolayers, 2> but only a
limited number of methods have been developed to synthesize nanowires or nanotubes
2439 which involves multiple processes. No reports of the extensive use of catalytic
nanoparticles that are widely used for carbon nanotube growth *? can be found in the
literature.

We have reported high-aspect-ratio MoS; nanotubes grown by catalytic chemical vapor
deposition (CVD) with six-horned octahedral FeO nanoparticles and a switching between
MoS, nanotubes and SiO, nanowires using FeO nanoparticles with different shapes.?
However, our effort in Ref. 32 was focused on the growth mechanism, and the detailed
structural analysis of MoS; nanotubes or the function of other materials as the growth seed
has been lacking. In this study, we investigate the structure of the MoS, nanotubes
synthesized with FeO catalysts and examine the catalytic activities of an Fe film and the
oxides of Fe, Ni, and Cu for the growth of the MoS, nanotubes.

The MoS; nanotubes were prepared by CVD with MoO3 and S (Kanto Chemicals) in
separate carrier gas flow processes®*3%. Si wafers with 285 nm SiO, layers were used as
substrates with deposited catalyst candidates, which will be described later. The substrates
were placed downstream of the furnace. MoO3 was placed upstream, and S was supplied
with the carrier gas flow from another furnace. The CVD conditions were as follows:
Temperatures were 250 and 650 °C for the sulfur and MoOj3 sources, respectively, and
1000 °C for the growth zone. The flow rates of the Ar carrier gas were 40 and 800 sccm for
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the MoOg3 and S vapors, respectively. The pressure during the growth was 1 atm and the
reaction time was 1 h.

The morphologies of the products were characterized by scanning electron microscopy
(SEM; JEOL JSV-6510LA) and field-emission SEM (FE-SEM; JEOL JSM-6500F). Raman
spectroscopy (Renishaw Invia) with 532 nm excitation and a x 100 objective lens for
magnification was used to identify the material. A transmission electron microscopy (TEM,;
JEOL JEM-2010, 200 kV) system equipped with an EDS device was employed for the
crystal lattice of the nanotubes. For TEM observation, the nanotubes were picked from the
substrate one by one using a micromanipulator (Microsupport Axis Pro). It was possible to
observe the individual nanotubes as a dim hairline contrast under the optical microscope of
the micromanipulator and handle them.

Figure 1(a) shows an SEM image of randomly oriented MoS, nanotubes. The length of
these nanotubes was up to about 10 um, and their diameter ranged from 40 to 80 nm. Most
of the MoS; nanotubes have their ends closed as shown later. Since MoS;, grew on the
substrates as thin films and lumps as well as nanotubes, it is important to pick one
nanotube from a different substrate and characterize it. The Raman microscopy scan of the
picked nanotube [Fig. 1(b)] showed Raman peaks at 386 and 404 cm™, corresponding to
the E*,y and Ay, vibrational modes of MoS; , respectively *.

The top end of a MoS; nanotube is shown in Fig. 2(a) (SEM image). The rectangular
shape of the cross section of the nanotube is observed. In many cases, we observed a cap at
the top end of the nanotube as shown in Fig. 2(b) (TEM image). We consider that the
curvature of the curve comes from the frustum structure of the FeO seed catalyst of the
vapor-solid (VS) growth mechanism.®? At 1000 °C, the six-horned octahedral FeO
nanoparticles turned into frustums.

TEM with EDS was employed to characterize the structure of the nanotube in detail.

The nanotube in Fig. 2(c) shows a multilayered tubular structure with an outer diameter of
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61 nm and an inner diameter of 34 nm. The EDS showed that the composition of the
nanotube is MoSx (x = 2). The selected area electron diffraction (SAED) pattern
corresponding to the central part of Fig. 2(c) is shown in Fig. 2(d). The spots are identified
to correspond to a hexagonal lattice with a lattice constant of 0.32 nm, in accordance with
the lattice parameter of MoS,. The reason for additional weak spots corresponding to a 2 x
2 super lattice with streaks has not been clarified yet, but we speculate it to be the stacking
fault in the multilayers. In some cases, we observed streaks associated with the spots
perpendicular to the length of the nanotube. The streaks can be explained by the curvature
of the multilayered tubular structure. In Figs. 2(b) and 2(c), a clear boundary exists
between the shell structure and the inner area, suggesting that the inner region of the
nanotube consists of different structures of MoS, (from Raman and EDS) or voids.
Because no diffused rings from the amorphous layer were found in Fig. 2(d), we conclude
that the nanotube is hollow.

It is important to determine the chirality of the nanotube for application to
valleytronics®, superconductivity®® or edge-based catalysts.*® From the SAED shown in
Fig. 2(c), the hexagonal lattice is aligned parallel to the length of the nanotube. The
orientation of the 100 diffraction is 30° off in the direction of the nanotube. Since the
real-space lattice is 30° - rotated from the reciprocal lattice in the hexagonal system, the
direction of the Mo-Mo (or S-S) nearest neighbor is parallel to the nanotube. Thus, the
chirality of the nanotube is “armchair” as shown in Fig. 2(e). We examined four nanotubes
and found that all of them had an “armchair” structure, and we consider that such a
structure is the main product under this growth condition. Note that Fig. 2(e) is drawn

according to the recent convention®®

, Which assimilates the three-atomic-layered lattice of
MoS; to the honeycomb network of graphene by looking from the layer normal.
Since the function of FeO as the MoS;, nanotube growth catalyst was found

accidentally, we examined other materials with similar functions. Note that FeO is the most
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chemically active common iron oxide, which is prone to oxidation into other iron oxides or
decomposition.®® In this experiment, we placed Fe films and Fe,Os particles on the Si
substrate surface. The RCA-cleaned ¥ substrate was sputter-coated with Fe (about 10 nm
thickness) for the experiment on Fe. In the case of Fe,Oj3 the substrates were spin-coated
by the ethanol suspension of Fe,O3 nanoparticles (Sigma-Aldrich, ~100 nm). The results
are shown in Figs. 3(a) and 3(b). It is obvious that Fe or Fe,O3 did not promote the growth
of the nanotubes, but a thin standing leaf like structure and lumps were formed on the
substrate instead. From this result, FeO is the best catalyst for the growth of MoS;
nanotubes among the Fe species.

Next, we evaluated the catalytic activities of other metal oxides by spin-coating the
cleaned substrates with an ethanol suspension of nanoparticles containing NiO, Cu,O, and
FeO (Sigma-Aldrich) all having diameters of 50 - 200 nm with distribution. The SEM
images of the products after CVD are shown in Figs. 3(c) ~ 3(e), respectively. It can be
seen that the MoS, microcrystal and needles (thick nanotubes) were formed in both cases
of NiO and Cu,O, but the density of needles was much lower than that in the case of FeO
[Figs. 3(e) and 1(a)]. We conclude that the function of these metal oxides for the growth of
MoS; is not as excellent as that of FeO. Note that the parallel-piped shape of the
microcrystals in Figs. 3(c) and 3(d) resembles that of MoO, microcrystals. It is suggested
that the growth mechanism of the MoS;, microcrystals and needles from NiO and Cu,O
nanoparticles are related to that of MoO, 9, but different from that of MoS, nanotubes
grown from FeO. The reason for this excellent catalytic activity only on FeO is still under
investigation, but we propose a tentative model here. We searched stable compounds in
M-Mo-S systems (M: Fe, Cu, Ni) in an inorganic crystal structure database (ICSD; Fiz
Karlsruhe, version 2017-1)*") and found compounds with layered structures only for M=Fe.
We consider that the growth of layered tube structures can be facilitated by the layered

Fe,MoS, seeds.



In conclusion, we have reported the structure analysis of MoS, nanotubes, which were
synthesized by CVD with FeO nanoparticles. It was found that the nanotubes had a hollow
multilayer structure, faceted with a rectangular cross section with closed ends of frustum
morphology. The hexagonal lattice of MoS;, was aligned parallel to the direction of the
nanotube in “armchair” fashion, in which the nearest Mo-Mo direction is parallel to the
nanotube. FeO was a more active MoS, nanotube seed catalyst than Fe, Fe,O3, NiO and

Cu,0.
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Figure Captions

Fig. 1. (a) SEM images of nanotubes and (b) Raman spectrum of nanotube.

Fig. 2. (a) FE-SEM image of one end of nanotube with rectangular cross section. (b)
Typical TEM image of top of nanotube. (¢) TEM image and (d) SAED of nanotube. (e)

Model structure of nanotube.

Fig. 3. SEM images after CVD with (a) Fe film, (b) Fe,Os, (c) NiO, (d) Cu,0, and (e) FeO

nanoparticles.
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Fig.1

(a) SEM images of nanotubes and (b) Raman spectrum of nanotube.
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Fig.2

(a) FE-SEM image of one end of nanotube with rectangular cross section. (b) Typical TEM
image of top of nanotube. (c) TEM image and (d) SAED of nanotube. (¢) Model structure

of nanotube.
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Fig.3

SEM images after CVD with (a) Fe film, (b) Fe,Os3, (c) NiO, (d) Cu,O, and (e) FeO

nanoparticles.
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