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研究成果の概要（和文）：化学気相成長法（CVD）により合成された1次元ヘテロナノチューブの構造詳細と形成
機構を研究した。エッジ構造、核生成サイト、結晶エピタキシー関係が明らかになった。
結晶エピタキシー関係を透過型電子顕微鏡で明瞭に明らかにした。
(PNAS 2021）。原子レベルで精密な単一キラリティ SWCNT 上に 1D vdW ヘテロ構造を構築する可能性を実証し
た（Carbon 2023）。また、Liデンドライトを抑制する新しいタイプの添加剤を提案するが、実用電池の正極材
料に1Dヘテロ構造を使用するための指針も示している。

研究成果の概要（英文）：We reported the experimental synthesis of one-dimensional van der Waals (1D 
vdW) heterostructures, where single-crystal boron nitride nanotubes
(BNNT) and/or molybdenum disulfide nanotubes seamlessly wrap around a single-walled carbon nanotube 
(SWCNT) and form a coaxial hetero-nanotube
with a diameter of only several nm (Science 2020). Later, we performed a comprehensive study on the 
structural details and formation mechanism of chemical vapor deposition (CVD) synthesized 1D 
heterostructures. Edge structures, nucleation sites, and crystal epitaxial relationships are clearly
 revealed using transmission electron microscopy (PNAS 2021). Finally, we demonstrate the 
possibility of building 1D vdW heterostructures on atomically precise, single-chirality SWCNTs 
(Carbon 2023). We also propose a new type of additives to suppress Li dendrites but also provides 
guidance for using 1D heterostructures in cathode materials in practical batteries.

研究分野： ナノ材料

キーワード： 一次元ファンデルワールスヘテロ構造　カーボンナノチューブ　透過型電子顕微鏡

  １版

令和

研究成果の学術的意義や社会的意義
Designing and fabricating new materials for novel types of, particularly high energy, density 
batteries will be curical for the development of electric vehicles. 1D van der Waals 
heterostructures with proper structure is expected to be a cathode material for this purpose.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Li-S battery, which uses metallic Li as anode, and S as cathode, has shown a potential 

specific energy density over 500 W·h/kg (2-3 times higher than state-to-the-art Li-ion batteries). 

At the same time, the use of S also makes battery fabrication less costly and more environment-

friendly. However, one major obstacle for S as electrode is its poor electron conductivity, which 

is expected to be solved by incorporating conductive (mostly carbon) materials. Graphite, carbon 

nanotube (CNT), graphene, and their hybrid materials have been so far considered and proven 

effective, but the optimizations of materials and structure require more and continuous efforts.  

Single-walled CNT (SWCNT), which has only one atomic graphene shell, is one of the 

best material for S loading in Li-S battery. Its high specific surface area (1300 m2/g if only 

considering the out wall) makes it possible to carrier more S in unit weight than e.g. MWCNTs. 

Our group at University of Tokyo invented alcohol catalytic chemical vapor deposition (ACCVD), 

by which we synthesized the first vertically aligned SWCNT array (Fig. 3c) in 2004. This unique 

aligned structure serves as an ideal conductor for electron and ion transport, and possesses 

noticeable advantages over previous candidate materials. In 2017, we applied this vertically 

aligned SWCNT into a Li-S, the battery worked with high stability and the cycling performance 

is clearly improved. 

More recently, we achieved another progress in synthesizing hybrid nanotubes. Using 

SWCNT as a temperature, we obtained high quality boron nitride (BN) on the surface of SWCNT. 

TEM characterizations confirmed the outer BN is also a single crystal seamless nanotube, and 

EELS clearly illustrated the different elemental composition. In addition, we also obtained MoS2 

nanotubes around a SWCNT or SWCNT-BNNT structure. We name this coaxial nanotubes one 

dimensional van der Waals (1D vdW) heterostructures. In these heteronanotubes, electron can 

easily transfer from the surface to the SWCNT so the high conductivity is preserved. However, 

as the surface is modified by polar BN or MoS2, electro-chemistry behaviors between Li and S 

are expected to be significantly affected, possibly resulting in a further enhancement of the battery 

performance. 
 

２．研究の目的 

In this context, we proposed the following two objectives for this joint project: 

(1) Introduce vertically aligned 1D vdW heterostructure arrays as S support and conductive 

network in the cathode of Li-S battery, and optimize its structure for this application. 

(2) Study the heterostructure-S interface by a novel air-exposure-free TEM method to clarify the 

intermediate structure and interaction in Li-S-MoS2-C system. 
 

３．研究の方法 

SWCNT-BNNT heterostructures were synthesized by a low pressure thermal CVD using 

ammonia borane (H3NBH3) as the BN precursor. Briefly, the starting SWCNT prepared in the 

previous section was placed at the center of the furnace. 30 mg BN precursor was loaded at the 

upstream and heated to 70-90°C. Vapor of BN precursor was taken by a flow of 300 sccm Ar 

(with 3% H2) to the hot zone to form BNNT on surface of SWCNTs. The reaction temperature 

was 1000-1100°C and the chamber pressure was maintained at 300 Pa. The coating time in this 

study varied from a few min to 1 hr. 

Si TEM grid used in this study was prepared by dry etching. Briefly, a Si/SiO2 wafer 

(thickness of Si 200 μm, thickness of SiO2 600 nm for both sides) was used as the starting 

substrate. Photoresist patterns were prepared on the topside of the substrate by photolithography 

to define window structures and outer shapes of TEM grids. SiO2 and Si were etched from the 

topside by isotropic reactive ion etching to the depth of ~20 μm. Then, the backside of the 

substrate was photolithographycally patterned with the similar structure as the topside but with a 

little larger windows, followed by being etched by deep reactive ion etching. Etching time and 

cycles were adjusted to completely etch through the Si and SiO2, so that empty windows are 

formed for TEM observations. 



Conventional HRTEM images were taken by a JEM-2800 at an acceleration voltage of 100 

kV. EDS and selected area electron diffraction (SAED) patterns of the entire film were taken by 

the same TEMs with a typical selected area aperture diameter of a few μm and a camera length 

of 60 cm. Nano area electron diffraction (NAED) patterns of individual SWCNT-BNNT 

heterostructure were obtained by JEM-ARM200F STEM with a cold field-emission gun operating 

at 80 kV. In this case a near parallel beam is used together with a small convergence lens aperture 

(10 μm in diameter) to obtain a small-area electron beam size (~10 nm in diameter). Additionally, 

the samples were heated at 300 °C during the measurement to avoid carbon contamination using 

a heating holder (EM-31670SHTH) and a controller unit (EM-08170HCU). HAADF-, ABF-

STEM images and corresponding EELS mapping of SWCNT-BNNT-MoS2 heterostructures were 

obtained in the same TEM or GRAND-ARMTM STEM operating at 80 kV. Aberration corrected 

TEM images are taken at a different JEM-ARM200F TEM with a cold field-emission gun 

operating at 120 or 60 kV.  

 

４．研究成果 

1. Growth mechanism of 1D vdW heterostructures 

 

Fig. 1. The experimental strategy showing the growth of 1D vdW heterostructures directly on 

TEM grid. (A) Schematic of the high-temperature-stable TEM grid. (B) TEM images of the exact 

same SWCNT before and after the growth of outer BNNT. (C) Atomic model, (D) TEM image 

and (E) EELS mapping of a SWCNT-BNNT-MoS2NT heterostructure (green, blue, red, yellow 

indicate the elemental distribution of carbon, boron, nitride, sulfur, respectively). 

 

Fig. 1 shows an overview of the TEM strategy we used, as well as the structure of the 

1D vdW heterostructures that we synthesized directly on our high-temperature-stable TEM grids. 

The TEM grid is made of Si and SiO2, with a thin SiO2 layer as support. In this study suspended 

SiO2 is also etched so that there are empty windows that can support SWCNT networks (Fig. 1A). 

Because this grid is stable up to 1100°C, we can use it directly in a CVD growth furnace. The grid 

is compatible with use in most TEM holders. At a slightly reduced beam density, various structural 

and elemental characterization can be performed directly on this grid without any treatment. This 

strategy significantly improves the efficiency of TEM to reveal the original geometry and the 

structure details of our heteronanotubes. With the assistance of coordinates or markers on the grid, 

we are able to observe the same location (SI Appendix, Fig. S1), and even the exact same nanotube 

before and after a high temperature CVD. One example is shown in Fig. 1B. The original nanotube 

is single-walled, but after a BN CVD, two to three additional layers appeared on the surface of 

this SWCNT. By this strategy, the growth of additional BNNTs can be straightforwardly 

illustrated. When putting a SWCNT-BNNT structure into another CVD process, a ternary 

heterostructure of SWCNT-BNNT-MoS2NT can also be fabricated. The example in Fig. 1C-E is 

a coaxial nanotube containing one layer of carbon, three layers of BN and one layer of MoS2. 

Different materials can be clearly visualized by the image and electron energy loss spectroscopy 

(EELS) mapping.  



 

Fig. 2. Characterization of the open growing edge of the 1D vdW heterostructure. (A) TEM 

images of three different heteronanotubes showing each outer BNNT usually has a sharp-cut open 

edge, but the edge is aligned to the nanotube circumference with different angles. (B) NAED 

patterns of these corresponding three nanotubes, suggesting the chiral angle of outer BNNTs are 

27°, 3° and 0°, respectively. (C) Expected atomic arrangements at the edge of these three BNNTs 

revealed by NAED patterns, indicating that the sharp-cut edges are N-terminated zigzag BN side. 

(D) Experimental HADDF-STEM image of a BN edge and its schematic (not exact) atomic 

structure. (E) Schematics showing open edges with two or three kink steps. In this case the inner 

nanotubes are made semi-transparent to show all kinks. 

 

As heterostructures were directly synthesized on Si/SiO2 TEM grid, this 

“heterostructure-on-grid” sample can be brought from our CVD chamber to the TEM column 

without further processing. Many intrinsic details of the heterostructure can be thereby preserved. 

The first thing we noticed is that the open ends of BNNTs can be visualized by TEM. Under-

focused images, even by conventional high resolution TEM (HRTEM), can reveal the shape of a 

tube edge, and this shape is found to be different from tube to tube. Fig. 2A represents three typical 

types of open edges we observed. These edges of BNNTs usually have sharp-cut shapes but are 

cut diagonally with various inclination angles from the circumference of the nanotube. For 

example, NT#1 has a clear spiral end and the edge inclination angle (between the edge and tube 

circumference) is roughly 30°, while NT#2 has an edge nearly perpendicular to the SWCNT axis. 

To distinguish the difference between these two tubes, nano-area electron diffraction (NAED) 

was employed to determine the chiral angle (crystal orientation) of outer BNNTs.(18) NAED 

patterns in Fig. 2B suggests that NT#1 is a near-armchair BNNT with the chiral angle of 28°, 

while NT#2 is a near-zigzag BNNT with chiral angle of 2°. Plotting the atomic arrangement of 

these nanotubes in Fig. 2C immediately reveals that, in both cases, the sharp cuttings we observe 

correspond to the zigzag edge of a BN honeycomb lattice. That is, an open-ended BNNT in this 

study prefers a zigzag edge over an armchair edge. This is consistent with previous theoretical 

and experimental studies in 2D BN where zigzag edge is found to be energetically more 

favorable.(19-21) With this ability of observing the edge shape and identifying the chiral angle 

for the same nanotube, we learned that the open end of a BNNT is aligned to its axis with an angle 

depending on its own chiral index. An armchair BNNT tends to have a spiral edge (NT#1) while 

a zigzag BNNT has a perpendicular edge (NT#2), both of which are due to the preference of a 

zigzag edge. This correlation is straightforward and clearly demonstrated by the above 

characterizations. 

 

 



2. Structure and property control of 1D vdW heterostructures 

 

Figure 3. (a) Schematic images of separating SWCNT solution from a mixture of various 

chirality-species to single-chirality-enriched component. (b) Optical images of the chirality sorted 

SWCNT solutions after surfactant exchange, showing different colors for different chirality 

samples. (c) UV-vis-NIR optical absorption spectra of different chirality samples (spectra shifted 

about 0.2 each). (d) A representative TEM image of (8, 7) SWCNTs after the removal of surfactant, 

showing three SWCNTs with nearly identical diameters in the same region. (e) (8, 7) SWCNTs 

after the growth of additional BNNT shells, confirming high-quality 1D vdW heterostructures can 

be built on this solution processed and surfactant removed SWCNTs. (f) Inner diameters of 16 

different SWCNT-BNNT heterostructures in the unit of TEM pixel (using the dark contrast of 

nanotube wall), showing a very small diameter variation among different nanotubes. 

 

Chirality species (8, 7) SWCNT solution is employed as the first example to represent the 

surfactant removal and BNNT synthesis on single-chirality SWCNTs. Following a similar recipe 

developed in previous section, (8, 7) SWCNT networks are prepared on TEM grid. Fig. 3(d) 

reveals the geometry of SWCNTs after annealing. In this image, three SWCNTs of highly clean 

surface, and nearly identical diameters are observed. This not only illustrates the ability of 

efficient removal of surfactant SC, but also indicates the SWCNT in this sample is highly uniform. 

However, it should be noted that the diameter estimated from TEM contrast (usually from the 

dark contrast in conventional HR-TEM image) is only applied in certain defocus conditions, so it 

does not always precisely reflect the true diameter of the nanotube. Whereas such a uniform 

diameter distribution of SWCNTs under a very local TEM view sight has never been reported 

before for a mix-chirality SWCNTs. More accurate identification by electron diffraction will be 

presented later. Templating with these clean single-chirality SWCNTs, Fig. 3(e) presented (8, 7) 

SWCNTs after the growth of additional BNNT shells, confirming high-quality 1D vdW 

heterostructures can be built on this chirality specific (8, 7) SWCNT gone through a long “solution 

dispersion, sorting and redeposition” route. As a rough estimate, we analyzed the inner diameters 

of 16 different SWCNT-BNNT heterostructures in the unit of TEM pixel (using the dark contrast 

of nanotube walls). Although this statistic slightly underestimates the true diameter of SWCNT, 

the histogram in Fig. 3(f) shows a very small diameter variation among different nanotubes, which 

suggests that 14 out of 16 tubes are highly possible to be (8,7). The shell-shell spacing is typically 

between 0.32-0.36 nm, with an average value of 0.34 nm, which also confirms that the error comes 

from the TEM contrast identification rather than the scale calibration. (8, 7) is a semiconducting 

SWCNT with diameter of 1.0 nm and E11 transition at 0.96 eV. Therefore, the above observation 

and analysis results not only verify the capability of producing 1D vdW heterostructure starting 

from solution processed SWCNTs, but also imply the possibility of building more sophisticated 

heterostructure devices from this property-specified hetero-nanotube. 
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