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The motion of solid state nanomotors, i.e.,, molybdenum carbide nanoparticles, which were driven via

carbon-decomposition catalytic reactions at ~2900 K, was directly observed by in situ transmission
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electron microscopy. The nanomotors exhibited unidirectional linear motions inside the hollow space of

multiwall carbon nanotubes, reciprocating motions around the nanotube endcaps, and rotational
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Introduction

The transportation vehicles of the nanometer-sized materials,
i.e.,, nanomotors, are the state-of-the-art technologies
contributing to the development of various fine functional and
mechanical devices applicable to nanoscale construction,
energy storage, archival nanomemories, and drug delivery,
and the power sources of nanomachines." The developed
nanomotors are nanoparticles and nanorods of gold (Au),
iridium, iron (Fe), Fe carbide, liquid gallium, and Au-ruthe-
nium bimetals.>** Such nanomotors are driven by the appli-
cation of electric voltages, light, magnetic fields, and
ultrasound.>***~** In particular, nanomotors using the guide
rails of inner hollow spaces of carbon nanotubes (CNTs)
realize high-precision one dimensional motion.” The motion
process of a nanomotor in a CNT via electric voltage applica-
tion was observed, and it has been discussed whether the
driving force is a thermal gradient due to Joule-heating or an
electron wind force."?

In the present study, the high temperature dynamics of
a molybdenum (Mo) plate and the aggregates of multiwall CNTs
and carbon nanocapsules (CNCs) during laser irradiation were
in situ observed inside a transmission electron microscope
(TEM). Due to the laser heating, Mo carbide (MoC) nano-
particles were formed inside the hollow spaces of CNTs and
CNCs. The variation in morphologies and the motion of the
nanoparticles was investigated.
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motions in the hollow spaces of carbon nanocapsules. The inner atomic wall-layers of carbon nanotubes
and nanocapsules were consumed during the nanomotor motions.

Results

Fig. 1 shows a time series of TEM images observed in the
formation dynamics of nanoparticles on CNTs during in situ
laser irradiation (see Movie S1, ESIf). First, the CNTs were
observed on the micrometer-sized perforated carbon-coated
film supported by a Mo holey plate before the laser irradiation
(Fig. 1(a)). When the laser irradiation density was increased
from zero to 5 x 107 W m™ 2, nanoparticles with a diameter of
approximately 5 nm were formed on the CNTs (Fig. 1(b)). These
nanoparticles were identified to be Mo carbide (MoC) having
a sodium chloride structure with a lattice constant of
0.427 nm.** Thus, Mo atoms evaporated from the Mo plate and
were deposited on the CNTs during the laser heating, followed
by the carbonization at a high temperature. When the irradia-
tion density was increased to 6 x 10 W m™ 2, these nano-
particles grew and coalesced; their particle size was increased to
30 nm (Fig. 1(c)-(e)). After subsequent laser irradiation, it was
observed that the CNTs broke due to the carbonization in
another region (Fig. S1, ESIT).

Fig. 2 shows a time series of TEM images observed in the
motion of MoC nanoparticles in an aggregate of CNTs and
CNCs during in situ laser irradiation (see Movie S2, ESIt). When
the irradiation density was increased to 2 x 10 W m 2, a MoC
nanoparticle with a diameter of 70 nm moved ((A) in Fig. 2(a)),
resulting in the contact with several CNCs and their consump-
tion (Fig. 2(b)-(d)). As the irradiation continued, nanoparticle
(A) moved to the neighboring region and was brought into
contact with the left-side tip of a CNT (Fig. 2(e)). Subsequently,
another MoC nanoparticle was attached in the right-side tip of
this CNT ((B) in Fig. 2). Thus, the CNT was sandwiched by
nanoparticles (A) and (B). Then, the CNT was consumed by
nanoparticles (A) and (B) during their approach process
(Fig. 2(f) and (g)). Finally, the CNT disappeared so that the
distance between these nanoparticles became zero; the
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Fig. 1 Time series of TEM images observed in the formation dynamics of nanoparticles on CNTs during in situ laser irradiation. The growing
nanoparticles on the CNTs are MoC. The surrounding region around the CNTs is the vacuum. (a) Initial state before the laser irradiation. (b)—(e)

Structural variations during the laser irradiation.

nanoparticles coalesced (Fig. 2(h)). The motion speed of nano-
particle (B) in Fig. 2(e)-(h) was 28 nm s, corresponding to the
consumption speed of the CNT. In this process, the size of each
nanoparticle was maintained until the nanoparticles coalesced
each other when the MoC nanoparticles consumed CNCs and
CNTs. Thus, MoC nanoparticles are found to be catalysts that
decompose CNCs and CNTs at high temperatures. The electron
diffraction patterns of the moving nanoparticles during the
laser heating showed a symmetrical speckled pattern corre-
sponding to the crystalline MoC. Thus, the nanoparticles during
the catalytic reaction were solid.

Fig. 3 shows a time series of TEM images observed in the
motion of a MoC nanoparticle encapsulated in the hollow space
of a CNT during in situ laser irradiation (see Movie S3, ESIT).
When the irradiation density was increased to 2 x 10° W m ™2,
the nanoparticle with a diameter of 8 nm encapsulated in the

CNT moved to the right and was brought into contact with the
left-side tip of the innermost atomic wall-layer (P; in Fig. 3(a)-
(¢)). The motion speed of the nanoparticle in Fig. 3(a)-(c) was
1.5 nm s~ . Then, the nanoparticle stopped, and the right-side
tip of the same innermost layer (P, in Fig. 3(d)) moved to the
left; the innermost atomic layer was consumed while the
innermost layer was attracted. In this process, the shape change
of this nanoparticle was not observed. This implies that the
innermost atomic wall-layer was consumed by the catalytic
reaction of the nanoparticle (Fig. 3(d) and (e)). The motion
speed of the right-side tip of the innermost atomic layer (P, in
Fig. 3(d) and (e)), i.e., the consumption speed of the innermost
wall-layer, was 1.3 nm s~ ". Finally, the innermost atomic wall-
layer disappeared (Fig. 3(f)). Thus, this catalytic reaction was
similar to the process presented in Fig. 2.

Fig.2 Time series of TEM images observed in the motion of MoC nanoparticles in an aggregate of CNTs and CNCs during in situ laser irradiation.
(a) Initial state of a MoC nanoparticle (A) in the aggregate. (b)—(d) The motion of nanoparticle (A) to the right and the consumption of the CNC:s. (e)
The motion of the particle (A) and another MoC nanoparticle (B) to attach both side tips of a CNT. Particle (A) in (d) and (e) is the same one. (f) and
(g) The consumption of the CNT by particles (A) and (B). (h) Final disappearance of the CNT and coalescence of these particles.
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Fig. 3 Time series of TEM images observed in the motion of a MoC nanoparticle encapsulated in the hollow space of a CNT during in situ laser
irradiation. Py and P, represent the positions of the left- and right-side tips of the same innermost atomic wall-layer, respectively. (a) Initial state of
the MoC nanoparticle separated from wall tip P;. (b) and (c) The motion of the nanoparticle along the right direction, and the contact with wall tip
P;. (d) and (e) The motion of wall tip P, to the left while the consumption of the innermost atomic wall-layer. (f) The disappearance of the initial

innermost atomic wall-layer.

Fig. 4(a-c) shows a time series of TEM images observed in
the motion of a MoC nanoparticle encapsulated in a CNT
during in situ laser irradiation. In this case, the innermost
atomic wall-layer was fixed (see Movie S4, ESIf). When the
irradiation density was increased to 1 x 10 W m™ 2, the MoC
nanoparticle with a diameter of 5 nm, which encapsulated in
the CNT, moved inside the hollow space along the longitudinal
direction of the CNT. The motion speed of the nanoparticle was
0.35 nm s~ . Fig. 4(d) shows a lattice image of the nanoparticle
after the laser irradiation was stopped. The (200) lattice fringes
with an interplanar spacing of 0.21 nm were observed on the
nanoparticle.”® The number of the CNT atomic wall-layers is
eight on the left-side of the nanoparticle, whereas it is nine on
the right-side. Thus, the innermost atomic wall-layer was
consumed via the motion of the nanoparticle, similar to the

Fig. 4

process presented in Fig. 3. When a MoC nanoparticle encap-
sulated in a CNT was brought into contact with some inner
atomic wall-layers, the number of the consumed wall-layers
during a single nanoparticle motion was increased to six at
most, as shown in Fig. 5 (see Movie S5, ESI}). The reciprocating
motions of MoC nanoparticles encapsulated in CNTs were
observed around the closed end caps of CNTs, as shown in Fig. 6
(see Movie S6, ESIt). During the reciprocating motion, the CNT
atomic wall-layers were also consumed. When MoC nano-
particles were encapsulated in CNCs, the nanoparticles moved
along the inner surfaces of the hollow spaces in the CNCs. Thus,
such nanoparticles showed rotational motions around the
center of the CNCs (Fig. 5). In this process, the innermost
atomic wall-layers were also sequentially consumed so that the
inner hollow spaces expanded after the rotational motions.

(a)—(c) Time series of TEM images observed in the motion of a MoC nanoparticle encapsulated in a CNT during in situ laser irradiation

while the innermost atomic wall-layer was fixed. (d) Lattice image of the nanoparticle after free of laser irradiation. The number of the CNT
atomic wall-layers is eight on the left-side of the nanoparticle and nine on the right-side of the nanoparticle. (e) Schematic of the innermost

atomic wall-layer of the CNT and the motion of MoC nanoparticle.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Time series of TEM images observed in the motion of MoC nanoparticles encapsulated in a CNT and a CNC during in situ laser irradiation.
The irradiation density during the observation was 3 x 108 W m~2. The nanoparticle in the CNT (A) revealed a linear motion in the hollow space
along the longitudinal direction of the CNT with a motion speed of 5.0 nm s~*. The nanoparticle in the CNC (B) moved on the inner surface of the

hollow space and showed a rotational motion around the center of the hollow space. The motion speed of particle (B) was 3.0 nm's

Discussion
The observation temperature during the laser irradiation

The MoC nanoparticles were formed on the CNTs and CNCs
during the laser irradiation (Fig. 1). This implies that the Mo
plate supporting the CNTs was evaporated. Thus, the Mo plate
was heated at least at higher than the melting point of Mo (2900
K).»® The reactions of CNTs and MoC nanoparticles were
observed at such high temperatures.

Carbon-decomposition catalytic reactions and their
application

The MoC nanoparticles moved during the laser irradiation,
resulting in the contact with neighboring CNTs and CNCs, fol-
lowed by their consumption while the state of each nanoparticle
was maintained (Fig. 2). During subsequent laser irradiation, it
was also observed that such CNTs decorated with the MoC
nanoparticles exhibited necking and subsequent fracture
(Fig. S1, ESIf). This also implied that the MoC nanoparticles
consumed the CNTs. According to the scanning electron
microscopy observation by Matthews et al., after Mo particles
were heated on a graphite surface at 2800 K and subsequently
cooled at an ambient temperature, the consumption traces were
observed on the graphite surface and the trace width was the
same as the particle width.** They explained from this

-1

morphology observation that the Mo particles reacted with the
graphite at the high temperature and transformed to Mo,C
particles after cooling; carbon was consumed during the motion
of the particles. Feng et al. observed that CNTs grew from Fe
nanoparticles during heating in an acetylene atmosphere in
a TEM.” In this process, when the acetylene atmosphere was
exhausted, the grown CNTs were consumed by the Fe nano-
particles. They interpreted this phenomenon from thermogravi-
metric analysis and mass spectroscopy that the consumption was
attributed to the reaction between the carbon atoms in the CNTs
and water molecules in the TEM sample chamber evacuated to
10" Pa; the formation of carbon monoxide (CO) molecules.
Furthermore, they reported that when CNTs encapsulated the Fe
nanoparticles, such CNTs were not consumed because the Fe
nanoparticles were not exposed to water molecules. Yoshida et al.
observed that CNTs attached to noble metal nanoparticles were
consumed during heating in two different atmospheres, i.e., an
oxygen atmosphere of 2 Pa or hydrogen of 10" Pa in a TEM.2%*’
They explained that the CNTs combusted or hydrogenated to
form CO, and CH,. Yamada et al. reported that when catalysts
are encapsulated in carbon atom wall-layers, they become deac-
tivated for the catalytic reaction of CNTs growth.*® In the obser-
vation of this gasification process, these catalytic nanoparticles
revealed liquid-like behavior under their melting points. In the
present study, the innermost atomic wall-layers of CNTs were

Fig. 6 Time series of TEM images observed in the reciprocating motion of a MoC nanoparticle encapsulated in a CNT around its closed end cap

during in situ laser irradiation. The irradiation density was 3 x 108 W m™2. (a) and (b) The particle motion to the right at 31 nm s
stop of the nanoparticle. (d)—-(f) The particle motion to the left at 38 nm s
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consumed by the encapsulated solid-state MoC nanoparticles
during the particle motion in the CNT hollow spaces under the
laser irradiation (Fig. 4(a)-(c)). In the TEM sample chamber used
in this study, water, oxygen, and hydrogen molecules are
included in the vacuum.” Therefore, it is inferred that a part of
the CNTs and CNCs contacting the MoC catalytic nanoparticles
reacted with theses residual molecules at the observation
temperatures higher than 2900 K, resulting in their consumption
via the formation of CO, CO,, and CH,. Since the reaction
occurred the high temperatures in the high vacuum, it is also
likely that a certain ratio of atomically decomposed carbon
released in isolated atom forms.** Therefore, it is inferred that
the MoC nanoparticles are functionalized as catalysts that
decompose CNCs and CNTs at the high temperatures. Murray
et al. reported that carbon layers deposited on electrodes
obstruct power generation of fuel cells.* The carbon atomic
decomposition catalytic reaction observed in the present study
can be applicable to the decomposition of such carbon layers.

The layer position and number control of carbon atomic
layered material structures by the present catalytic reactions

The motion of MoC nanoparticles resulted in the consumption
of the innermost atomic wall-layer of CNTs while the other wall-
layers were unchanged (Fig. 3(d)-(f)). Similar consumption of
the innermost atomic wall-layer was observed in a TEM during
Joule heating of a CNT connected to a Mo electrode.*” The MoC
nanoparticle catalysts in the present study are applicable to
the control of the position and number of the atomic wall-layers
of CNTs.

The application of catalytic nanoparticles to nanomotors

The MoC nanoparticles encapsulated in CNTs and CNCs moved
with a speed of 0.35-38 nm s~ ' while the size of each nano-
particle was constant (Fig. 3(a)-(c), 4(a)-(c), 5 and 6). Zhao et al.
observed a motion of a Fe nanoparticle encapsulated in a CNT
via electric voltage application in a TEM." They explained that
the nanoparticle moved by a temperature gradient-induced
force. In the present study, the nanoparticle encapsulated in
the CNC showed rotational motion along the inner surface of
the hollow space (Fig. 5). There was no effective temperature
gradient in the small region in the CNC having an outer
diameter of 70 nm. In addition, the MoC nanoparticle encap-
sulated in the CNT showed reciprocating motion around the
closed end cap of the CNT (Fig. 6). It is considered that there is
no effective change in the temperature gradient near the closed
end cap with the size of 20 nm. Thus, the driving force of the
particle motion observed in the present study is not inferred to
be temperature gradient-induced forces. The driving force of
the present particle motion is considered as follows. The MoC
nanoparticles are always in contact with the CNTs and CNCs
and moved with their contact interfaces. The contact interfaces
move via the consumption of the carbon atoms during the high-
temperature catalytic reactions. In addition, the direction of the
interface motion corresponds to that of the catalytic reactions.
Thus, the nanoparticles moved by the interface bonding
strength. This interface bonding forces act as the driving force

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the nanoparticle motions. Certain amounts of gaseous
molecules produced via reactions with decomposed carbon
atoms, e.g., CO, CO,, and CHy, and isolated carbon atoms are
inferred to be also released. Hence, the emission of such
released gaseous molecules and carbon atoms may also act as
the driving force of the nanoparticle motions.

The observed MoC nanoparticles encapsulated in CNTs and
CNCs are nanometer-sized motors driven at high temperatures,
which exhibit linear motions, reciprocating motions, and rota-
tional motions. These nanomotors are applicable to nanometer-
sized archival memories, which control the position of a MoC
nanoparticle at high temperatures.*>® If CNTs contain insoluble
materials in their hollow spaces, the nanomotors can be used
for the transportation of the materials.****

Conclusions

We directly observed the motion of solid-state MoC nano-
particles in the aggregates of CNTs and in the hollow spaces in
CNTs, while carbon-decomposition catalytic reactions. The in
situ observation exhibited that the MoC nanoparticles encap-
sulated in CNTs moved along with one dimensional guide rails
of inner hollow spaces. Thus, the nanoparticles were function-
alized as nanomotors driven via carbon-decomposition catalytic
reactions. It is also noted that the carbon atomic layered
material structures can be controlled every layer via the nano-
motor motions. The MoC nanomotors, carbon-decomposition
catalytic reaction, and the layer-number control of carbon
atomic layered material structures observed in the present study
open new ways of carbon material technologies.

Methods

Multiwall CNTs and CNCs (ULVAC) were dispersed in ethanol.
This dispersion liquid was dropped on micrometer-sized
perforated carbon-coated cellulose films supported by Mo
holey plates. The samples were observed using a 200 kV accel-
eration type high-resolution transmission electron microscope
(JEOL, JEM-2011) equipped with a laser irradiation system.*
The laser wavelength was 1064 nm, and the convergent diam-
eter of the laser beam on the samples was 52 pm. The irradia-
tion density was estimated nominally by dividing of the laser
power output by the convergent irradiation area. The structural
variation in the samples during laser irradiation heating was in
situ observed. The observed TEM images were recorded in the
form of videos using a charge-coupled device camera. The
pressure in the sample chamber was 10> Pa during the in situ
observation.
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