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1. Introduction

Our research section focuses on the physical prop-
erties, functions, and energy applications of quantum
materials that exhibit significant quantum mechanical
effects, such as carbon nanotubes, two-dimensional
semiconductors, and recently discovered topological
materials. The aim is to create new technologies for
highly efficient use of solar light/thermal energy that
will contribute to the realization of a sustainable en-
ergy society. To understand the unique physical prop-
erties of these materials from the fundamental princi-
ples and extract superior functions that exceed the lim-
its of conventional materials, we are promoting inter-
disciplinary research that covers basic sciences, in-
cluding materials synthesis and condensed matter
physics, as well as thermal, mechanical, electronic,
and optical engineering along with the fabrication of
integrated nanomaterials. Followings are main re-
search achievements in the year of 2024.

2. Coalescence of carbon nanotubes while preserv-
ing the chiral angles

One of the most difficult challenges in the science
of nanocarbons, such as carbon nanotubes and fuller-
enes, is the solid-state chemical reaction of sequen-
tially cleaving and recombining numerous carbon-car-
bon bonds into new bonds with atomic-level precision.
In particular, coalescing large nanocarbon molecules
such as fullerenes and carbon nanotubes and convert-
ing them into even larger nanocarbon molecules (Fig-
ure 1) is known to be a difficult problem. For fuller-
enes, which are made up of 60 carbon atoms, it is
known that two fullerenes can be coalesced together
using a solid-state reaction (Figure 1(a)). Moreover,
many fullerenes can be coalesced together and con-
verted into nanotubes by confining them in a carbon
nanotube and then heat-treating them at high temper-
atures. However, synthesizing many new nanotubes
by coalescing carbon nanotubes together (Figure 1(b)),
which are made up of several thousand to tens of thou-
sands of carbon atoms, has been considered to be ex-
tremely difficult due to the large number of carbon-
carbon bonds that have to be rearranged.

The electronic, optical, chemical, thermal, and me-
chanical properties of carbon nanotubes are strongly
dependent on their geometric structure, which is de-
fined by the diameter and chiral angle of the nanotube
(Figure 1(a)). Therefore, to date, extensive research
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Fig. 1 Coalescence of fullerenes (a) and carbon nanotubes
(b) into large coalesced molecules. 6 and d in (b) are the
chiral angle and diameter, respectively.

has been conducted to achieve complete structural
control synthesis and structural separation of nano-
tubes. However, the methods known to date have only
enabled structure-selective synthesis and separation
on a macroscale for thin nanotubes with diameters of
around or less than 1 nm. This is because, for relatively
thick nanotubes with diameters of around 1.3 nm or
more, there are a very large number of geometrically
feasible nanotube structures with similar diameters
and properties, making it difficult to create or separate
specific structures. The precise atomic-level carbon
nanotube coalescence achieved in this study could be
one of the most promising approaches to solving this
problem. Since it is possible to produce high-purity
samples of thin nanotubes, if it is possible to cause ef-
ficient coalescence reactions in them, it will be possi-
ble to achieve structure-selective synthesis of thick
nanotubes using thin nanotubes as precursors. Further-
more, by using this reaction, it will also be possible to
cause partial coalescence reactions by performing
post-processing on nanotube aggregates, and to form
sp” covalent bonds between nanotubes. The technol-
ogy of dramatically changing the macroscopic proper-
ties of nanotube assemblies through post-processing is
expected to be very useful for various applications of
nanotube assemblies on a macroscale.
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Fig. 2 Optical absorption (—log T, where T is transmit-
tance) spectra of (6,5) nanotube membranes before
(a) and after (b) the vacuum heat treatment. The in-
sets show the radial breathing mode (RBM) features
of the Raman spectra. / and wr are intensity and Ra-
man shift. The gray filled circles indicate the peaks
corresponding to the (6,5) nanotubes with d=0.75 nm
and the chiral angle of = 27°. (c) Transmission elec-
tron microscope (TEM) images obtained for the sam-
ples after vacuum heat treatment at 900 °C. Bars with
different colors indicates lengths corresponding to di-
ameters of typical nanotubes found in the sample. (d)
Comparison of the observed TEM image of the newly
generated nanotube with d = 1.5 nm, and simulated
one for a (12,10) nanotube with d = 1.5 nm and the
chiral anale of = 27°.

In this study, we discovered that thin carbon
nanotubes can be efficiently coalesced into thicker
nanotubes with twice the diameter using a simple heat
treatment. This process involves heating structurally
separated carbon nanotube aggregates at 900—1000°C
under a reduced pressure of approximately 5x10* Pa
(Figure 2). Furthermore, we found that in the presence
of a trace amount of oxygen (around 10 Pa), oxygen
acts as a catalyst and the temperature required for the
coalescence reaction can be reduced to 600°C, which
is more than 1000°C lower than the required heat treat-
ment temperature reported in previous studies. The
obtained thick nanotubes were confirmed by Raman
scattering spectroscopy (Inset of Figure 2(a,b)) and
aberration-corrected transmission electron micros-
copy (TEM, Figure 2(c,d)) to have doubled in diame-
ter while maintaining the chiral angle of the precursor
thin nanotubes. In addition, the measurement of the
light absorption spectra confirmed that the nanotube
coalescence reaction occurred efficiently throughout
the entire nanotube film (Figure 2(a,b)). This study
presents the first clear observation of exciton reso-
nance peaks, demonstrating that the nanotubes synthe-
sized through coalescence exhibit the characteristic
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Fig. 3 Efficiency of the coalescence reaction as a func-
tion of chiral angle. The inset diagrams show photos
(above) and partial structures (below) of the disper-
sion solution of thin carbon nanotubes (precursors).
The angle between the black lines indicates the chiral
angles of each nanotube structure.

optical properties of a specific carbon nanotube struc-
ture. This also clearly shows that the coalesced nano-
tubes exist in large numbers in the macroscopic sam-
ple, and that they actually have the electronic structure
unique to a specific type of nanotube. It is noteworthy
that only “armchair”-type and “near-armchair”-type
nanotubes with a chiral angle of exactly or near 30°
efficiently coalesce, and there is almost no coales-
cence of nanotubes with a small chiral angle (Figure
3). This result strongly indicates the structure depend-
ence of the energy cost of coalescence reactions due to
geometric factors. In this study, we also proposed a ra-
tional mechanism to understand the structure depend-
ence of the observed nanotube coalescence efficiency.

This research has provided useful findings for var-
ious future applications of carbon nanotubes, such as
the structure-selective synthesis of relatively thick car-
bon nanotubes, which has been difficult to achieve un-
til now, and the modification of the physical properties
of carbon nanotube aggregates through post-pro-
cessing. Furthermore, from a broader perspective, this
work presents a novel concept in nanomaterials sci-
ence: macroscale materials with new physical proper-
ties can be created using precisely structure-controlled
nanomaterials enabled by recent advances in nano-
technology.
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