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We recently synthesized one-dimensional (1D) van der Waals het-
erostructures in which different atomic layers (e.g., boron nitride
or molybdenum disulfide) seamlessly wrap around a single-walled car-
bon nanotube (SWCNT) and form a coaxial, crystalized heteronanotube.
The growth process of 1D heterostructure is unconventional—different
crystals need to nucleate on a highly curved surface and extend nano-
tubes shell by shell—so understanding the formation mechanism is of
fundamental research interest. In this work, we perform a follow-up
and comprehensive study on the structural details and formation mech-
anism of chemical vapor deposition (CVD)-synthesized 1D hetero-
structures. Edge structures, nucleation sites, and crystal epitaxial
relationships are clearly revealed using transmission electron mi-
croscopy (TEM). This is achieved by the direct synthesis of hetero-
nanotubes on a CVD-compatible Si/SiO, TEM grid, which enabled a
transfer-free and nondestructive access to many intrinsic structural
details. In particular, we have distinguished different-shaped boron
nitride nanotube (BNNT) edges, which are confirmed by electron
diffraction at the same location to be strictly associated with its
own chiral angle and polarity. We also demonstrate the importance
of surface cleanness and isolation for the formation of perfect 1D
heterostructures. Furthermore, we elucidate the handedness corre-
lation between the SWCNT template and BNNT crystals. This work
not only provides an in-depth understanding of this 1D heterostruc-
ture material group but also, in a more general perspective, serves
as an interesting investigation on crystal growth on highly curved
(radius of a couple of nanometers) atomic substrates.

one-dimensional van der Waals heterostructure | carbon nanotube |
transmission electron microscopy

'wo-dimensional (2D) atomic layer materials including gra-
phene, hexagonal boron nitride (BN), and transition metal
dichalcogenide (TMDC) have emerged as a research focus in the
past decades (1-4). They represent a new class of crystals that
were believed to be unstable before, and therefore, their discov-
eries allowed the exploration of new physics and development of
novel devices. Van der Waals (vdW) heterostructures, which are
artificial stacks of these different atomic layers, further extended
the research scope of 2D materials (5). These heterostructures
offer a nearly unlimited freedom to combine crystals beyond
conventional limits of crystal type and lattice matching (6). This
generated a lot of interesting progress from fundamental crystal-
lography and physics to optical and electronic devices (7-11).
However, the concept of the vdW heterostructures has mostly
been investigated in 2D materials.
Earlier, we demonstrated the experimental synthesis of one-
dimensional (1D) van der Waals heterostructures (12). BN
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nanotubes (BNNT) and molybdenum disulfide nanotubes (MoS,NT)
were synthesized by chemical vapor deposition (CVD) on a single-
walled carbon nanotube (SWCNT) template. As a result, coaxial
heterostructures consisting of different nanotube crystals were
generated. The growth of these heteronanotubes were shell by shell,
a very different growth process from the conventional growth of 1D
homo-material nanotubes in which multiple walls are formed si-
multaneously from a nanoparticle. Studying nucleation and crystal
growth behaviors in 1D vdW heterostructures is of fundamental
research interest but is challenging, as all processes occur on tiny
(only a couple of nanometers) and highly curved surfaces (13, 14).

Transmission electron microscopy (TEM) is one of the most
powerful tools to study the atomic arrangement of a nanomaterial.
Recent advances even enabled the identification of local elec-
tronic state or even phonon state in a crystal (15, 16). However,
one well-recognized obstacle is that TEM observation usually re-
quires a complex sample preparation process. This preparation
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process not only makes TEM characterizations inefficient but also
often results in a change of the material geometry or loss of in-
trinsic sample information. Recently, we developed an approach
using a high-temperature stable Si/SiO, TEM grid (17). This grid
is fabricated by microelectromechanical systems techniques starting
from a Si/SiO, wafer. It can be used to support high-temperature
reactions in the same way as conventional Si wafers but, at the same
time, is also compatible to advanced TEM observations. This route
allowed us to observe the geometry and the atomic arrangement of
a nanomaterial efficiently without sample processing. Most impor-
tantly, it becomes possible to keep and reveal the original geometry,
structure details, and even the evolution after high-temperature
processing.

In this study, we combine this TEM approach with the growth
of 1D vdW heterostructures and investigate the growth processes
of BNNTs on SWCNT templates. Benefitting from the transfer-
free strategy, the heterostructures were kept in their most intrinsic
morphology, and many structural details can be clearly visualized.
Several fundamental issues such as edge structure, nucleation
behavior, and requirements for a perfect growth are then able
to be unambiguously illustrated. Furthermore, we investigated
the handedness correlation between grown nanotube(s) and the
template, which is a unique geometric feature for 1D multi-
layers yet was very difficult to investigate and thus barely un-
derstood. Global and local energy difference between uni- and
contrahanded heterostructures were calculated to present some
theoretical insights into the experimentally observed semiepitaxial
relationship.

Results and Discussion

Overview of Our TEM Approach and 1D vdW Heterostructure. 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 SiO,, with a thin SiO; layer as support. In
this study, suspended SiO; is also etched so that there are empty
windows that can support SWCNT networks (Fig. 14). Because
this grid is stable up to 1,100 °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
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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 ex-
ample 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 ad-
ditional BNNTSs can be straightforwardly illustrated. When put-
ting a SWCNT-BNNT structure into another CVD process, a
ternary heterostructure of SWCNT-BNNT-MoS,NT can also be
fabricated. The example in Fig. 1 C-E is a coaxial nanotube
containing one layer of carbon, three layers of BN, and one layer
of MoS,. Different materials can be clearly visualized by the image
and electron energy loss spectroscopy (EELS) mapping.

Open Edge Growth of 1D vdW Heterostructures. As heterostructures
were directly synthesized on the Si/SiO, TEM grid, this “hetero-
structure 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 visu-
alized 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. 24 represents three typical types of open edges we observed.
These edges of BNNTSs usually have sharp-cut shapes but are cut
diagonally with various inclination angles from the circumfer-
ence of the nanotube. For example, NT#1 has a clear spiral end,
and the edge inclination angle (between the edge and tube cir-
cumference) 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 the 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.
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The experimental strategy showing the growth of 1D vdW heterostructures directly on a 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-MoS,NT heterostructure (green, blue, red, and yellow indicate the elemental distribution of carbon, boron, nitride, and sulfur, respectively).
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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 corre-
sponding 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 BNNTSs 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 semitransparent to show all kinks.

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 in which the 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 straight-
forward and clearly demonstrated by the above characterizations.
However, one must take into account the difference in struc-
tural polarity when describing the edge of a BNNT (unlike a CNT
in which all atoms are carbon), and this polarity explains a second
type of edge shape for zigzag BNNTs shown in NT#3. Because of
the crystal symmetry, a zigzag BN edge can be either terminated
with B (B-polar) atoms or N atoms (N-polar), and studies in 2D
material indicated that the N-terminated zigzag edge formation is
energetically more stable. Therefore, when a zigzag BNNT is
N-polar in its growing direction, a flat-cut edge is stable as shown
in NT#2. However, when a zigzag BNNT is B-polar in its growing
direction, a flat-cut edge becomes unstable and must grow to a 60°
inclination angle to form the N-termination. This is exactly the
case for NT#3. The chiral index of this BNNT is zigzag (34, 0), as
suggested by the NAED pattern. Its chiral angle, 0°, is nearly the
same as NT#2, but the edge shape is completely different. This
indicates that the polarity of open ends in NT#2 and NT#3 are
opposite, with NT#2 N-polar up and NT#3 B-polar up. There-
fore, more generally, chirality of the BNNT, together with the
polarity of the tube-growing direction, determines the stable edge
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structure of outer BNNTs. More discussions on this point, in-
cluding the comparison between graphene and hexagonal BN (S/
Appendix, Fig. S2) (22), edge structure of a chiral BNNT (SI Ap-
pendix, Fig. S3), and the method to extract the diffraction of
BNNT from the two sets of patterns (SI Appendix, Fig. S4), are
provided in ST Appendix.

Scanning TEM (STEM) was actively employed in the past de-
cade to perform atomic-scale analysis for material science. Espe-
cially, high-angle annular dark-field (HAADF) STEM imaging is a
critical tool to evidence foreign heavy atom inclusion inside ma-
terials. One representative HAADF STEM image of an open end
of a BNNT is shown in Fig. 2D. First, this HAADF image further
supports that the tube end has a zigzag edge, as a lattice space
contrast of 0.21 nm appears in this image and is about 30° to the
tube circumference. A second point we can elucidate from this
HAADF STEM imaging is that the growth outer BNNT is a
metal-free process. Although there are always small amounts of
Fe remaining in the starting SWCNT network (23), it seems that
no Fe atoms served as the catalyst for the extension of BNNT in
the current growth scenario. This can be evidenced by STEM
image simulation. If we add one Fe to any atomic position of our
structure model, a very bright point contrast will appear. By
comparing experimental and simulated images, we can conclude
that the heteronanotubes followed a metal-free growth model.
This is also supported by the very slow growth of the outer
BNNTSs. The growth rate is about several nanometers per minute,
which is three to five orders of magnitude slower than catalytic
growth of 1D or 2D BN (24, 25). In addition, in all our observa-
tions, every BN edge has only one major kink step rather than
multiple zigzag kink steps (Fig. 2E). It is still unclear at this stage,
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but the number of kink steps was expected to affect the growth
dynamics of the open-growing nanotube as has been predicted by
a previous theory in carbon nanotube (14). It may be interesting to
study the growth dynamics for different edges in the future.

Essential Requirements for the Formation of a Perfect Heterostructure.
The growth of outer BNNTs started from the nucleation on the
surface of an SWCNT template, and we confirm that isolation and
surface cleanness are two essential requirements for the successful
formation of perfect heterostructures. The requirement for an
isolation is straightforward to understand, and Fig. 3 shows two
situations of BN coating when nanotubes are not well isolated. In
the first case as shown in Fig. 34 and B, a single SWCNT is laying
on a quartz substrate, and cross-sectional TEM reveals that the
BN coating covers the upper half of the SWCNT rather than
lifting the SWCNT to generate a seamless, cylindrical structure. A
gentle but distinguishable contrast difference between upper resin
and lower quartz can be observed in Fig. 34, and energy-dispersive
X-ray spectroscopy (EDS) in Fig. 3B further verifies the existence
of an interface, at which a SWCNT and multiple BN layers locate.
In another case, if several SWCNTSs are touching each other in a
bundle form, BN coating covers the outer surface of the entire
bundle and is unable to separate these SWCNTSs and form perfect
heterostructures on each SWCNTs (Fig. 3 C and D).

The second essential requirement for the formation of a heter-
onanotube is the surface of the template SWCNT. Perfect hetero-
structures can only be formed on an ultraclean SWCNT. Fig. 4
shows the different coating behaviors for BN on a clean SWCNT
network and an amorphous carbon contaminated SWCNT network.
All the TEM, STEM, EDS, and selected-area electron diffraction
(SAED) analyses were performed under the exactly same machine
condition to achieve a strict comparison. On a clean SWCNT sur-
face, usually one or two layers of BN are formed from a single
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starting point, while on carbon-contaminated SWCNT surfaces,
BN usually nucleates from multiple sites and grows into a multi-
layer, poly crystal nanotube. Over the whole area, the BN signals
are much stronger on carbon-contaminated SWCNT networks
than the clean ones, suggesting that intentionally deposited carbon
or other unintentional contaminations may serve as nucleation
sites of the outer BNNT growth. Therefore, in order to obtain
perfect heteronanotubes, it is indispensable to avoid contamina-
tions to SWCNT templates. In our process, this is achieved by
using an ultraclean SWCNT. Furthermore, the use of our low-
pressure CVD chamber also contributes to the formation of
high-quality 1D heterostructures.

From another perspective, this finding can be used to achieve
a site-selective growth of heterostructures, which may be an im-
portant step for electronic device or optical characterizations. One
example is demonstrated as Fig. 4 C-F. In this experiment, we
intentionally deposited some carbon using electron beam at a
small local area of a clean SWCNT before putting this nanotube
into the BN CVD. As expected, the growth started from the po-
sition where carbon is deposited as can be evidenced by TEM and
STEM-HAADF imaging and EDS mapping.

Without intentional deposition, BNNT growth usually starts from
the tube—tube contacts (shown in SI Appendix, Fig. S5), where BN
precursors may accumulate more easily. This phenomenon is par-
ticularly clear when an individual tube-enriched SWCNT network is
used as the starting growth template (26). The nucleation of BNNT
from tube—tube contacts usually results in different modes, one-end
nucleation or both-end nucleation on an isolated nanotube. In a
both-end nucleation, two outer BNNTS can have different chiral
indexes, although they are formed on the same SWCNT. They can
even meet each other to form a junction when the CVD time is long
enough. This is conclusively evidenced by NAED patterns or by
the different wall contrast (to be further described in Handedness
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Importance of isolation. (A) Cross-sectional TEM image and (B) EDS elemental mapping of BN coating on a SWCNT laying on a quartz substrate,

suggesting BN covers only the top half of the SWCNT and cannot detach SWCNT from the substrate to form a seamless cylinder. (C) TEM images of the one- to
two-layer BN coating on an individual SWCNT, a two-NT bundle, a three-NT bundle and a larger bundle, confirming BN wrap the entire bundle other than
isolating the nanotubes inside a bundle. (D) Expected projection and cross-sectional view of the BN wrapping on a bundle.
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Importance of cleanness. A comparison of BNNT growth behaviors on (A) clean SWCNT networks and (B) SWCNT networks with intentionally de-

posited amorphous carbon, suggesting that BNNT can nucleate from a single site and grow into a perfect crystal on a clean SWCNT surface, while multiple
nucleation and polycrystalline growth occurs when there are contaminations on a SWCNT surface. (C—F) This strategy may be used to achieve a site-selective

growth as revealed by TEM imaging and EDS mapping.

Relation in 1D vdW Heterostructures). Occasionally we also observe
the growth of BNNT at the center of an isolated nanotube, but this
center-nucleation mode is less predominant. The summary of these
three different nucleation modes and an aberration-corrected image of
a BNNT junction are provided in SI Appendix (SI Appendix, Fig. S6).

Handedness Relation in 1D vdW Heterostructures. Previously, we
have confirmed that there is no obvious chirality correlation between
the inner SWCNT and outer BNNT in a heterostructure (12), but
the handedness correlations still remain unknown. Handedness is a
unique structural feature for 1D tubular nanostructures, and the
experimental identification is extremely difficult (27, 28). It is usually
recognized as the ultimate structure characterization for a nanotube,
as a left-handed nanotube and a right-handed nanotube have a
mirror symmetry for their atomic arrangements but are supposed to
have exactly the same electronic and chemical properties (Fig. 54)
(29). There are only a couple of techniques that have been proven
capable of identifying handedness (30-33).

In TEM imaging, a right-handed (12, 6) nanotube and left-handed
(6, 12) nanotube show similar contrasts. Electron diffractions, al-
though capable of telling the chiral index of a nanotube, cannot
distinguish a left-handed nanotube from a right-handed one, as
their patterns are exactly the same. Despite the technical chal-
lenges, identifying the handedness is scientifically meaningful,
particularly in the case of a heterostructure. One reason is that, if
one would unfold a double-walled heteronanotube (should have
four different combinations as shown in Fig. 5B), even for the
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same configuration, for example (17, 13)@(34, 0), a left-left
handed (L@L) and left-right handed (L@R) have completely
different stacking angles and thus moiré patterns. Considering the
recent progress in moiré physics (e.g., in both graphene—graphene
and graphene-hBN) for 2D crystals (34), and more recently 1D
double-walled carbon nanotube (e.g., moiré-induced tube-tube
coupling and new states) (35), it is not only important to satisfy
fundamental scientific curiosity in crystallography but also of great
importance to understand how the properties of a heteronanotube
may be affected by their atomic arrangements.

A simple TEM technique for the identification of handedness
in 1D nanotubes is to use side-wall contrast (36). In brief, when a
nanotube is tilted to a certain angle in TEM, a discontinuous,
dots-like contrast, which originates from a 0.21-nm zigzag atomic
chain of the hexagonal honeycomb lattice, will appear at one side
of projected TEM image depending on which handedness the
nanotube is. Fig. 5 C and D show the scheme of this method.
Historically, when this method was proposed, a nanotube needed
to be tilted to its nearly exact chiral angle to see a clear side con-
trast. For example, a (12, 6) nanotube needs to be tilted to 19° in
order to see this side-wall armchair contrast. However, with recent
development of aberration-corrected TEM and hence the im-
provement of the point resolution, we notice that even within +5°,
side-wall contrast of a nanotube can be observed in our aberration-
corrected TEM. For a (12, 6) nanotube having a chiral angle of 19°,
within the range when the tube is tilted from 14 to 24°, the side-wall
contrast can be distinguished. This decently large angle tolerance
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R@R

Handedness relationship in 1D SWCNT-BNNT vdW heterostructures. (A) Geometry and definition of right-handed and left-handed nanotube. (B) In a

double-walled SWCNT-BNNT heterostructure, four different handedness combinations, R@R, R@L, L@R, and L@L, can appear. (C and D) The experimental
approach to identify the handedness of a SWCNT or BNNT nanotube in a TEM. When a nanotube is tilted, a dot-like contrast appears at one side of the wall
depending on the handedness of the nanotube. (E-G) Representative TEM images of three SWCNT-BNNT heterostructures having different handedness

combinations.

suggests that, in a SWCNT network where chiral indexes of SWCNTs
are randomly distributed (as confirmed previously), we can roughly
identify the handedness of one-third of the nanotubes among the
whole population by only tilting the TEM holder to one angle. This
is a convenient way to identify many nanotubes in the sample or
many walls in one multiwalled heteronanotube. Occasionally, we
can also observe a 0.12-nm armchair contrast at the wall (but this
requires the nanotube to be titled in a very narrow angle range),
which can help to further identify more nanotubes. A detailed ex-
planation to this method, including the mechanism and examples of
the side-wall contrast, are provided in SI Appendix (SI Appendix,
Fig. S7).

Representative experimental data are shown in Fig. 5 E-G. In
all these three images, the sample is tilted, as the left side is higher
in TEM, and the right side is lower. In Fig. S5E, clear contrast
appeared at the bottom wall for the inner tube and at the upper
wall for the outer BNNT, which suggests that the inner nanotube
is right-handed and the outer nanotube is left-handed. The second
example in Fig. 5F is a triple-walled heteronanotube. The inner
and middle shells also have a contrahandedness, but the outer
shell is undistinguishable, as no obvious contrast appears at either
side of the walls. This indicates the chiral angle of this outmost
shell is beyond the range of tilting angle +5°. The third hetero-
nanotube, however, has a uni-handedness. Both the inner and
middle shells are left-hand, while the outer shell is also undis-
tinguishable. We listed the number 1 to 10 nanotubes we studied
as Table 1, and the whole data set can be found in SI Appendix
(SI Appendix, Table S1).

As a brief conclusion for all the nanotubes (meaning all dis-
tinguishable shells in all heteronanotubes we studied), we found
52 left-handers and 44 right-handers. It is reasonable that two types
of nanotubes are half and half. In addition, there are also a decently
large number of near-zigzag nanotubes observed. However, there
are only two near-armchair nanotubes picked up by TEM. This is a
limitation of TEM and does not reflect the real abundance of near-
armchair nanotubes inside the whole population.

When comparing the handedness correlation for different shells
within a same heteronanotube, a summary is presented in Table 2.
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First, between the first shell (SWCNT) and the second shell
(BNNT), we found 27 sets having a uni-handedness, while 22 sets
have a contrahandedness. The numbers are enough to prove that
there are no obvious correlations between the SWCNT and grown
BNNT. However, when counting the second shells and beyond, a
weak tendency of having the same handedness begin to appear. To
be specific, among the 51 sets of data we obtained, 37 pairs are
uni-handed.

To understand the mechanism behind these TEM-obtained
results, we performed a theoretical calculation with empirical
potentials on the different combinations of SWCNT and BNNTs.
We started from a uni-handed and a contrahanded double-walled
BNNT. Fig. 64 illustrates the atomic energy distribution of these
two structures. Details of the calculated energy values are avail-
able at ST Appendix, Tables S2 and S3. The first thing we learned is
that the global energy difference between a uni-handed and a
contrahanded heterostructure is negligible. Although atomic
configuration and therefore local energy are apparently different
place by place (as revealed in Fig. 6 B and C), the whole nanotube
is, to our surprise, energetically averaged, causing the absence of
any structural preference (unfolded view in SI Appendix, Fig. S8).
This indicates that the experimentally observed tendency of having
a uni-handedness in the second layer and beyond is not because
the uni-handedness is energetically more stable in equilibrium.
However, the growth of heteronanotubes is a dynamic process,
and it usually started from nucleating a small site on the surface of
an existing nanotube. Therefore, these locally formed small sites/
fakes, if having any energy preference, will determine the chirality
and handedness of the resulting material before a seamless cir-
cumference is formed.

To deliver this concept of “local preference,” we plotted the
average cohesive energy of a triangle flake versus its flake length
(L = number of hexagons at each side of the triangular flake) for
contrahandedness and uni-handedness in Fig. 6 D and E. When
the flake is placed randomly on the surface of SWCNT, the energy
varies with the position, which causes an energy distribution in
the y-axis. By this approach, the local energy difference can be
clearly visualized—the local energy distribution is broader in a
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Table 1. Summary of the handedness information in all nanotube shells

No. of NT 1 2 3 4 5 6 7 8 9 10
First layer (C) R* R L R z zZ z R Z
Second layer (BN) L L L R L L R Z R L
Third layer (BN) ? ? R L R Z ? L
Fourth layer (BN) R L L

Summary Left-handed Right-handed Near-zigzag Near-armchair

Counts 52 44 58 2 (TEM-limited)

*R, right-handed; L, left-handed; Z, near-zigzag; ?, undistinguishable.

uni-handedness (Fig. 6F) than a contrahandedness combination,
but exact values at some locations are smaller, meaning these
locations are energetically more favorable. Small flakes may
prefer to nucleate at these “comfortable locations” to form uni-
handed seeds, which finally further grow into a uni-handed
nanotube. In short, although there are more “uncomfortable”
locations in a uni-handed case, there are also more “very com-
fortable locations” for nucleation, particularly at the early stage
when the flake is small.

This local preference is more significant beyond the second
layer probably because of two possible factors. The first factor is
the material effect. Materials starting from layer two are
homogenously BN and therefore may prefer uni-handedness or
even similar chiral angles. This material effect could be smaller
between SWCNT and BNNT. The second and more likely factor
is the diameter effect. When one additional layer forms on a
nanotube, the diameter increases about 0.7 nm. For larger di-
ameter nanotubes, the outer surface is less curved. Local pref-
erence on a less-curved surface will be more likely to be more
significant, behaving more similarly to local epitaxial nucleation
to a flat 2D surface.

We performed the same calculations on a double-walled
CNT-BNNT heterostructure and a smaller diameter BNNT-—
BNNT homostructure and extracted their conformable energy
spots (Emin value). The difference between uni-handness and
contrahandedness (Emin,uni — Emin,contra) 1 plotted in Fig. 6F and
compared with the previous double-walled BNNT-BNNT. Al-
though it is still hard to quantify the material effect and curva-
ture effect for a large number of different pairs, and in a more
collective way, material effects are clearly observed (blue line
versus black line in Fig. 6F). Therefore, the combinational effect
of these two factors is expected to determine the extent of
interwall epitaxy and explains the tendency of handedness cor-
relation observed in our TEM characterizations. However, the
diameter effect may be more determinative. Ultimately when the
curvature disappears, 2D BN flakes are usually grown epitaxially
following the orientation of a graphene substrate (24). Despite
that further efforts are still needed to fully understand this ten-
dency, the random correlation on the first shell, and the later
preference of uni-handedness on second layer and beyond, seem
to be convincing and conclusive in the study. This may help us to
understand the shell-shell interaction and thereby how the op-
tical, electronic, topological, and other properties of a hetero-
nanotube may be modulated (37-42). Possibly, it will also be
beneficial for the design of different and new heterostructures
for devices (13, 43, 44).

Conclusion

In summary, we have performed a systematic study on the growth
mechanism and the crystal epitaxial correlation in 1D vdW heter-
ostructures. As benefited from the CVD-compatible TEM ap-
proach, the original geometry and intrinsic structural details of the
heterostructures are preserved and become conveniently accessible.
The key findings are summarized as follows: 1) 1D SWCNT-BNNT
vdW heterostructures follow an open-end growth model, and the
end of an outer BNNT has a sharp-cut edge, which is aligned to
the tube circumference at an angle depending on its own chiral
index and polarity. The mechanism behind this phenomenon is
that BNNT open edges always prefer N-zigzag termination as was
evidenced by NAED patterns and direct TEM/STEM imaging. 2)
Having a well-isolated, ultraclean SWCNT is essential to obtain a
perfect heterostructure, as BN will cover the only half of the tube
or over the entire bundle if the tube is attaching to a substrate or
other nanotubes. Furthermore, cleanness of the surface is also
essential to start a single site nucleation and form a single crystal
domain on the nanotube. However, intentionally introduced nu-
cleation sites may be utilized to achieve a site-selective fabrication
of heterostructures. The nanotubes usually nucleate from the tube—
tube contacts, and this resulted in three different growth cases: one-
end growth, two-end growth, and center growth. 3) The cutting-
edge aberration-corrected TEM allowed to identify the handed-
ness of roughly one-third of the nanotubes among the whole pop-
ulation. The handedness of the inner and outer nanotubes was
confirmed to be random, but there was a gentle tendency toward
the same handedness beyond the third layer. This was not because
of an energetic preference between different handedness com-
binations, as the global energy difference between uni- and
contrahandedness is very small but probably caused by the local
structure preference, which happened at the nucleation stage on
the surface of the templated nanotube. These effects are expected
to be more significant for homo-materials and larger diameter
nanotubes.

These comprehensive results were obtained on Si/SiO,-based
TEM grids, which can serve as a very effective route from CVD
to TEM to study the atomic structure of an as-grown nano-
material and to understand its formation behaviors. This TEM
approach itself is robust and universal and may be used for other
material synthesis or other catalytic processes. The knowledge
we learned on the growth mechanism and crystal relationship
may be beneficial to understand the properties, especially the
tube—tube interaction of our current SWCNT-BNNT-MoS,NT
heterostructures, and may be helpful for the controlled synthesis

Table 2. Summary of the correlation between inner and outer nanotubes

First interlayer (SWCNT-BNNT)

Second interlayer and beyond (BNNT-BNNT)

Same Different
27 22
55.1% 44.9%

Same Different
37 14
72.5% 27.5%
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Simulated global and local energy difference in uni- and contrahanded heterostructures. (A) A color map of interatomic potentials of each atom,

where 9; denotes the circumferential position for DW-BNNT (30, 15)@(36, 18), and 6, denotes the position for (30, 15)@(18, 36). (B) Interatomic potential of
each atom as a function of the circumferential position 6;. (C) Interatomic potential of each atom as a function of the circumferential position ¢,. Magenta,
cyan, and black points in B and C denote potential energy of N, B, and both with only covalent bonds, respectively. Blue dashed and dotted lines denote
averaged potential energy per atom for B and N atoms, respectively. Histograms for the cohesive energy of a triangular BN flake with various edge lengths L
in a (30, 15)@(36, 18) (D) and a (30, 15)@(18, 36) (E) BNNT. In total, 252 positions are considered as a flake vertex, which correspond to all B atoms in a unit cell.
The energy of each flake is averaged for all B and N atoms that compose the flake. Black lines represent the minimum cohesive energy Eni, among the 252
positions considered. (F) Difference in E,;, versus L for uni- and contrahandedness. Horizontal dashed line represents the difference of the cohesive energy in
the case of AA’ (orthorhombic) stacked bilayer BN and 19.1° twisted bilayer BN. When the diameter of template NTs is infinitely large, the solid lines in F

should be close to the dashed line until some flake size.

or even the design of new and more sophisticated 1D vdW
heterostructures.

Materials and Methods

The template SWCNT film used in this project was synthesized by aerosol CVD
(23). Typically, ferrocene was used as the catalyst precursor, and CO was used
as the carbon source. The growth temperature was 1,000 to 1,200 °C. The
SWCNTs were formed in gas phase and collected onto a filter paper.

The highly individual SWCNTs are prepared in an injection-floating cat-
alytic CVD (26). A total of 8,000 standard cm? per minute (sccm) of H, carrier
gas and 11 sccm of C;H,4 carbon source were introduced, and 4.0 pL - min~' of
mixed solution [toluene (10 g), ferrocene (0.3 g), and thiophene (0.045 g),
acting as a carbon source, catalyst precursor, and growth promoter, re-
spectively] was injected into the reactor by a syringe pump. The growth
temperature was set to be 1,100 °C.

Horizontally aligned SWCNTSs were synthesized on crystal quartz substrates
by alcohol catalytic CVD (45, 46). Fe (nominal thickness of 0.2 nm) was
prepared by thermal evaporation and patterned into line shape with 300-pm
spacing by e-beam lithography. Typical SWCNT growth was performed at
800 °C and with an ethanol pressure of 140 to 150 Pa.

SWCNT-BNNT heterostructures were synthesized by a low-pressure
thermal CVD using ammonia borane (H3NBHs) as the BN precursor (12).
Briefly, the starting SWCNT prepared in the previous section was placed at
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the center of the furnace. A total of 30 mg BN precursor was loaded at the
upstream and heated to 70 to 90 °C. The vapor of BN precursor was taken by
a flow of 300 sccm Ar (with 3% H,) to the hot zone to form BNNT on the
surface of SWCNTs. The reaction temperature was 1,000 to 1,100 °C, and the
chamber pressure was maintained at 300 Pa. The coating time in this study
varied from a few min to 1 h.

SWCNT-BNNT-MoS,NT heterostructures were synthesized by a low-
pressure CVD using MoOs and S powder as precursors (12). S powder was
placed at the upper stream and heated to 100 to 130 °C, and MoOs is placed
at next to S and heated to 500 to 600 °C. The vapor was carried in by a flow
of 50 sccm Ar to SWCNTs or SWCNT-BNNT heterostructures at the center.
The temperature was maintained at 400 to 600 °C, and typical growth time
varied from 5 to 70 min.

The Si TEM grid used in this study was prepared by dry etching. Briefly, a
Si/SiO, wafer (thickness of Si 200 pm, thickness of SiO, 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 struc-
tures and outer shapes of TEM grids. SiO, and Si were etched from the
topside by isotropic-reactive ion etching to the depth of ~20 pm. 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 SiO, so that empty windows
are formed for TEM observations.
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Conventional HRTEM images were taken by a JEM-2800 at an acceleration
voltage of 100 kV. EDS and SAED patterns of the entire film were taken by
the same TEMs with a typical selected area aperture diameter of a few
micrometers and a camera length of 60 cm. 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 um in diameter)
to obtain a small-area electron beam size (~10 nm in diameter). Addition-
ally, the samples were heated at 300 °C during the measurement to avoid
carbon contamination using a heating holder (EM-31670SHTH) and a con-
troller unit (EM-08170HCU). HAADF- and ABF-STEM images and corre-
sponding EELS mapping of SWCNT-BNNT-MoS, heterostructures were
obtained in the same TEM or GRAND-ARM 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.

To describe intralayer covalent bonds, a set of Tersoff potential for B, N,
and C materials is applied (47), and to express interlayer interaction, a
registry-dependent interlayer potential and screened Coulomb potential is
used (48-50). We used the molecular dynamics package LAMMPS as an
implementation of this calculation (51).

For double-walled (DW)-BNNTs, (2n,n) BNNT@(2n+6,n+3) BNNT and (2n,n)
BNNT@ (n+3,2n+6) BNNT are calculated, and for CNT@BNNTSs, (2n,n) CNT@(2n+6,n+3)
BNNT and (2n,n) CNT@ (n+3,2n+6) BNNT are calculated as the example of
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uni-handedness and contrahandedness, respectively. The structure optimi-
zation is carried out under axial pressure at 1 atm for an isolated DW-NT.
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