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We report a novel phenomenon in carbon nanotube growth that results in a new carbon nanotube morphology. A carbon nanotube
grown via metal nanoparticle-catalyzed chemical vapor deposition splits into two flattened nanotubes during growth and the two
flattened nanotubes merge to form a ring of carbon nanotube/nanoribbon. This novel process is revealed with transmission
electron microscopy observations of the carbon nanostructures. We propose that the splitting-and-joining process involves only
one metal catalyst nanoparticle and a self-folding mechanism that we have named the origami mechanism to explain the process

and the formation of nanoribbons and nanotetrahedra.

Branching in carbon nanotube (CNT) growth was first re-
ported by Zhou and Seraphin'!, where CNTs grown by car-
bon arc-discharge appeared to have horn-like projections in
three directions. This novel phenomenon aroused interest in
the fundamental aspects of catalytic CNT growth and opened
up new possibilities of CNT application to various devices and
to nanowiring. After this discovery, many groups reported
the formation of Y-branched (Y-junction) and multi-branched
CNTs prepared using various methods. The most standard
methods employed for the fabrication of branched CNTs are
pyrolysis and catalytic chemical vapor deposition (CVD)>!!,
Four different formation processes for branched CNTs have
been identified in these studies. (i) Several CNTs can grow
simultaneously from a catalyst metal nanoparticle or sequen-
tially. (ii) A catalyst metal nanoparticle moves back into the
formed CNT and a branch is formed. (iii) A catalyst metal
nanoparticle is broken into fragments and each forms a branch.
(iv) Catalyst nanoparticles are attached onto the surface of a
trunk CNT and each catalyst particle forms a branch. There
are two other methods for the fabrication of branched CNTs;
welding 71> and the use of templates '®!8. These two meth-
ods/modes are not directly related to the fundamental aspects
of metal-nanoparticle-catalyzed CNT growth; therefore, they
are not discussed in detail here.

In the metal-nanoparticle-catalyzed growth by these four
modes, branches are always formed from the CNT trunk. Only
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one exception can occur when the catalyst metal nanoparticle
of a CNT makes arbitrary contact with another distinct CNT
or catalyst metal nanoparticle and these two CNTs then merge
into one 1. In this paper, we report a novel phenomenon in the
metal-nanoparticle-catalyzed growth of multi-walled CNTs,
where a CNT grown from a catalyst metal nanoparticle splits
into two flattened CNTs (nanoribbons) that continue to grow
simultaneously from the metal nanoparticle, followed by join-
ing of the two nanoribbons to form a single tubular or flattened
CNT. This results in the formation of a closed loop. The origin
of CNT splitting is attributed to a mechanism we have named
the origami mechanism, in which a CNT that is expelled from
a metal nanoparticle is forced to be flattened in two opposing
directions 1929

Figure 1 shows transmission electron microscopy (TEM)
images of a carbon nanotube nanostructure that is split and
joined?!. In this study, the carbon nanostructures were fabri-
cated via a simplified CVD process. Firstly, 0.5 mg hexade-
canoic acid [C5H3;COOH] and a SiO, substrate on which a
20 nm thick layer of Fe is deposited are sealed in an evac-
uated silica tube (inner diameter = 6 mm, ca. 12 cm long).
The sample is then heated at 1000 °C for 30 min to allow
for CNT growth. In the example shown in Fig. 1, two split-
ting and joining events are evident. The left end is a CNT
without a metal catalyst nanoparticle; therefore, this part was
grown first. The width of the CNT was narrowed from left to
right due to flattening, and it collapses fully near the position
indicated by the arrow in Fig. 1b. The CNT splits into two
nanoribbons, which are then joined together to form a nan-
otube (Fig. 1c), split into two nanoribbons again (Fig. 1d), and
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Fig. 1 TEM images of splitting and joining of a CNT structure. (a) Overall view and (b)-(e) details shown in four enlarged images. The
arrows and arrowheads indicate the positions of the parts of a single nanotube/nanoribbon and the parts of split nanoribbons, respectively.

finally merged into a nanoribbon/nanotube at the right end of
the TEM image (Fig. le). From the tubular part in Fig. le, the
CNT had approximately 60 walls, and the widths of the tubu-
lar and flattened parts in Fig. 1e were measured to be 65 nm
and 82 nm, respectively. The tubular and flattened parts can
be distinguished by the clearer contrast at the edges.

Another example of a splitting and joining structure was
identified using electron microdiffraction analysis, as shown
in Fig. 2. This example also shows that the split part is com-
posed of two nanoribbons that merge into a nanotube at both
ends. The electron diffraction pattern from the two nanorib-
bons after splitting indicates that they have the armchair-type
structure, in accordance with our previous report on flattened
nanotube formation via the origami mechanism '*2%. It should
be noted that the two nanoribbons have almost the same crys-
tal orientation.

To examine the possibility that two independent nan-
otubes/nanoribbons are simply attached side by side, a split-

and-joined structure with tubular ends was viewed along three
different directions by rotating the sample to provide three
TEM images with different aspects (Fig. 3). The split parts
are nanoribbons again in this example, and they merge into
a nanotube at both ends. This observation confirms that the
tubular parts at both ends actually consist of individual mul-
tiwalled nanotubes. In addition, nanotetrahedra (indicated by
the arrows) were identified around the junctions at the split
parts of the nanoribbons .

A possible process for the formation of the split into two
nanoribbons is unzipping of the nanotube?>2%. If two sides
of a nanotube are unzipped, then the nanotube is split into two
nanoribbons. Nanoribbons formed via this process have lit-
eral edges, where the periodic arrangement of carbon atoms is
terminated; however, high-resolution TEM analysis revealed
that the edges of the present split nanoribbons have graphitic
lattice fringes, as shown in Fig. 4. These fringes are character-
istic of flattened multi-walled carbon nanotubes, and unzipped
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Fig. 2 (a) Overall TEM image of a carbon nanotube structure with
splitting and joining. (b) Enlarged image of the area indicated by the
upper rectangle in (a) where the nanotube is split into two
nanoribbons, and (c) electron diffraction pattern of this part. (d)
Enlarged image of the area indicated by the lower rectangle in (a),
and (e) electron diffraction pattern of this part. Scale bars are 500
nm in (a) and 100 nm in (b) and (d).

nanoribbons do not show such lattice fringes. Therefore, the
high-resolution TEM image provides evidence that the flat-
tened nanotubes were formed. The smooth and straight edges
of the split nanoribbons also support this because unzipping
of the nanotube typically results in rugged edges.

Based on TEM observations of the split-and-joined struc-
tures, we suggest the following model for this phenomenon
(Fig. 5). When flattening of the nanotube in one direction is
more extreme than that in the other direction, simple flattening
occurs and results in the formation of a nanoribbon (Fig. 5a).
However, when flattening occurs equally in the two orthog-
onal directions, it results in the formation of pleats and the
nanotube will take an X-shape (Fig. 5b, also see c). If the
pleats meet, then it is possible that they reconstruct the struc-
ture to form two nanoribbons (flattened nanotubes). Finally,
if the two split nanoribbons meet, then they can merge into
a nanotube or nanoribbon via the reverse process of splitting.

Fig. 3 TEM image of a split-and-joined structure viewed along
three different directions (-40, 0, and 40 °). Nanotetrahedra are
indicated by arrows.
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Fig. 4 (a) TEM image and (b) high-resolution TEM image of the split nanoribbons shown in Fig. 3. (c¢) TEM images of another structure
viewed along three directions (-40, 0, 39 ©). (d) Enlarged image of a slit (indicated by the arrow), and (e) high resolution TEM image of the

area around the slit showing lattice fringes at the edges.

The joining process can be explained as follows. Owing to the
origami mechanism, the two flattened nanoribbons are forced
to converge again, and the nanoribbons adhere to each other.
Driven by the adhesive force between the two nanoribbons,
the roots of the nanoribbons are also forced to converge, and
then they join.

Figs. 5d and e show TEM images of CNTs, in which dark
lines which originate from the inner walls of CNTs run to-
ward inside diagonally. These image can be explained well if
the CNTs have X-shaped cross-section as shown in Fig. 5b.
In this model, the split parts of the nanotube have a tendency
to become flattened, which is consistent with our TEM obser-
vations, where most of the split parts were nanoribbons (flat-
tened nanotubes). Some nanotetrahedra were observed near
junctions at the split parts of the nanoribbons (see Fig. 3 and
Fig. 4d). The formation of these nanotetrahedra is caused by
the instability of the flattening during the origami mechanism,
when the flattening works equally in the two directions. This
opposed flattening equally matched in strength can also induce
complex flattening, as shown in Fig. 5b, and splitting. There-
fore, it is reasonable that nanotetrahedra are formed around
the junctions. The electron diffraction pattern obtained from
the split nanoribbons in Fig. 3¢ also supports this model be-
cause the two split nanoribbons had almost the same crystal
orientation (armchair type). This indicates that the two split
nanoribbons have the same origin, i.e., they originate from the
same single nanotube.

We examined several hundreds of carbon nanostructures
grown by our method, and found that 1.3 % of them have
the splitting and joining structure. We also found most of the
splitting accompanies with joining in most cases. We spec-
ulate some additional impurity triggers the phenomenon, and
the joining is nearly inevitable after it splits.

In conclusion, the splitting-and-joining phenomenon during
metal-catalyzed CNT growth was investigated. The results ob-
tained provide a route for the formation of CNTs with novel
morphology. TEM observations revealed details of the struc-
ture and suggest that the novel nanostructures are most likely
formed by a self-folding mechanism that we have called the
origami mechanism. As a result of the splitting-and-joining
phenomenon, O-shaped CNTs were formed. In other words,
slits were formed in the CNTs. Future research will include
control of the splitting-and-joining phenomenon to realize a
chain formation of slits, and to reduce the wall number to one
or two and control the diameter/width of the resultant nanos-
tructures.
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Fig. 5 (a-c) Schematic illustration of the proposed formation
mechanism. The gray and white areas represent catalyst metal
nanoparticles and the CNTs, respectively. (a) One of two flattening
directions is superior when a nanotube is expelled from a metal
catalyst nanoparticle, which results in the formation of a simple
nanoribbon (flattened nanotube). (b) Flattening occurs equally in
both directions, which results in X-shaped folding and splitting.
Viewed along the growth direction in (a) and (b). (c) A nanotube
grown from a metal nanoparticle splits into two nanoribbons due to
the process shown in (b), and then join together via the reverse
process. As a result, an O-shaped carbon nanotube is formed. (d)
and (e) TEM images of CNTs with X-shaped cross-section. (e) is a
part of Fig. 1(b).
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