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Abstract: Heterostructures may exhibit completely new physical properties that may be otherwise
absent in their individual component materials. However, how to precisely grow or assemble desired
complex heterostructures is still a significant challenge. In this work, the collision dynamics of a
carbon nanotube and a boron nitride nanotube under different collision modes were investigated
using the self-consistent-charge density-functional tight-binding molecular dynamics method. The
energetic stability and electronic structures of the heterostructure after collision were calculated using
the first-principles calculations. Five main collision outcomes are observed, that is, two nanotubes can
(1) bounce back, (2) connect, (3) fuse into a defect-free BCN heteronanotube with a larger diameter,
(4) form a heteronanoribbon of graphene and hexagonal boron nitride and (5) create serious damage
after collision. It was found that both the BCN single-wall nanotube and the heteronanoribbon
created by collision are the direct band-gap semiconductors with the band gaps of 0.808 eV and
0.544 eV, respectively. These results indicate that collision fusion is a viable method to create various
complex heterostructures with new physical properties.
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1. Introduction

In recent decades, research interest in nanomaterials’ synthesis has been growing
rapidly, enabling the attainment of novel materials such as heterostructures [1-6]. These
heterostructures often exhibit fascinating new physical phenomena and properties that are
otherwise absent in their individual components [7-11]. Currently, it is still a significant
challenge to precisely grow or assemble such heterostructures [12-16].

Carbon nanotubes (CNTs) [17], one of the most widely studied nanomaterials, can
be regarded as one-dimensional nanomaterials with unique hollow structures formed by
curling up graphene sheets. They can exhibit excellent electrical, thermal, mechanical and
optical performances, and have been widely used in electronic devices, hydrogen storage,
thermally conductive materials and composite materials [18-21]. Similar to CNTs, boron
nitride nanotubes (BNNTSs) can also be regarded as hollow tubes formed by rolling up
hexagonal boron nitride (h-BN) sheets [22-26], which have a hexagonal layered structure
similar to graphene. BNNTs are wide-band-gap semiconductors with high thermal con-
ductivity, high oxidation resistance and excellent mechanical strength, and they have been
widely used in the field of nanocomposites and hydrogen storage materials [27-29]. Note
that BNNTs have a similar structure to CNTs and their difference is that only nitrogen and
boron atoms are alternately replaced by carbon atoms. The lattice mismatch between BNNT
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and CNT is about 0.79%. This tiny lattice difference provides a possibility of designing
heterostructural materials by combining these two nanostructures. At present, there are
generally two ways to form heteronanotubes by combining BNNTs and CNTs. One way
is to stack them together to form van der Waals co-axial bilayer heteronanotubes with
CNT@BNNT, that is, single-walled BNNT-wrapped single-walled CNT (SWCNT) [30,31].
The CNT@BNNTs exhibit superior thermal stability, chemical inertness and mechanical
robustness in comparison to CNTs [31]. Another method is to combine CNTs and BNNTs to
form covalent heteronanotubes either along or perpendicular to the tube axis. The covalent
heteronanotubes along the tube axis, which exhibit tunable electronic properties based on
stoichiometry, were prepared by covalent doping of CNTs with BNNTs [31,32]. However,
many complex covalent heteronanotubes, for example, perpendicular to the tube axis, have
not been realized thus far. How to form various complex heteronanotubes remains largely
unexplored, which motivates the present study. It is noted that doping into graphite or
carbon nanotubes has been used to create BCN nanostructures, and the preparation method
can be traced back to the work of Stephan et al. in 1994 [32]. Subsequently, BxCyN,, CBxNy,
CBx and CNy nanotubes were also successfully prepared. A large number of studies [33,34]
have demonstrated that the doping of boron and nitrogen into carbon nanotubes can be
an effective way to adjust the band gap of the material [35]. Interestingly, Campbell et al.
obtained direct experimental evidence of the collision fusion of two Cgy molecules [36-38].

In this work, BCN nanotubes were achieved by colliding CNTs and BNNTs based on
the computational simulation method. To demonstrate the viability of this method, the
self-consistent-charge density-functional tight-binding (SCC-DFTB) molecular dynamics
(MD) method was employed to simulate the collision process. The simulations clearly
demonstrated the formation of BCN nanotubes, indicating the parallel collision method
is viable for producing BCN nanotubes. Interestingly, heteronanoribbons of graphene
and h-BN are also formed after collision. We further showed that the BCN nanotube
and the heteronanoribbon formed by the collision are direct band-gap semiconductors
with band gaps of 0.81 eV and 1.34 eV, respectively. The present study suggests that
heteronanotubes and heteronanoribbons can be effectively achieved by the collision fusion
of CNTs and BNNTs.

2. Collision Results

There are five main collision outcomes that are observed in the simulations. I. The two
nanotubes bounce off after collision and then move in opposite directions, labeled as B (see
Video S1). II. The two nanotubes are merged together in the form of sp® hybridization after
collision, labeled as C (see Figure 1a and Video 52). III. The two nanotubes are fused into
a perfect (12,0) BCN single-walled nanotube with a larger diameter without any defects,
labeled as P (see Figure 1b and Video S3). IV. The two nanotubes are either fused to form a
larger diameter BCN nanotube with defects, including a 4-8 ring defect, 5-7 pair defect [39],
Stone-Wales (SW) defect [40], inverse Stone-Wales (ISW) defect [41], etc. (see Figure 1c), or
form a quasi-one-dimensional BCN nanoribbon with six-membered rings at the junction
and irregular defects at the edge (see Figure 1d and Video S4), labeled as D. V. The two
nanotubes are severely damaged after collision. With the increase in colliding energy, the
structural damage becomes more and more serious, and the nanotubes may break up into
single atoms, dimers, trimers or atomic chains, labeled as S.

The probability of each collision outcome is shown in Figure 2. It can be seen that
the probability of the two nanotubes being bounced back and forming a heterojunction is
higher in the lower energy range (0.1~0.3 eV). In the medium-energy region (0.3~0.5 eV),
the probability of the two tubes fusing to form nanotubes and nanoribbons is relatively
high. In the high-energy region (0.5~1.0 eV), the probability of fused structures with severe
damage is very high. The simulation results are summarized as shown in Table 1. It can
be observed that the collision mode has a minor influence on the collision results. The
connected heterojunctions mainly occur in the collision mode of AA, h-AH and AB, and
the corresponding energy is in the range of 0.1 to 0.3 eV. The fusion of two nanotubes into a
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perfect defect-free BCN nanotube mainly occurs in three collision modes, i.e., h-AH, AH
and AB. The fused BCN nanotubes and BCN nanoribbons with defective structures are
found in each collision mode, and the corresponding energy is in the range of 0.3 to 0.7 eV.

Figure 1. Typical structures formed by the collisions of CNTs and BNNTs. (a) Heterojunction,
(b) defect-free (12,0) BCN nanotube, (c) BCN nanotube with four- and eight-membered ring defects,
and (d) BCN nanoribbon.
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Figure 2. Probability of collision outcomes as a function of the initial collision energy. Solid circle,
hollow circle, solid pentastar, hollow pentastar and hollow quadrangle represent the two nanotubes
bouncing back (B) and connecting (C), fusing into BCN heteronanotubes without defects (P) and with
defects (D) and colliding to create serious damage (S), respectively.
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Table 1. Results of collision between SWCNT and SWBNNT. Table legend: B = bounce back, C = con-
necting heterojunction, P = perfect BCN nanotube with no defects, D = BCN nanotube with defects,
S = serious damage, En = Energy:.

Result Model
AA h-AH AH AAH AB
En (eV)
0.1 B,C, P B,C,P B,C B B,C
0.2 B,C B,C,P B, P B B,C,P
0.3 B,C B,P,D B,P,D B,C,P, D B,C, P
0.4 B,PD P, D , D D B,P,D
0.5 D D,S B,P,D B,D,S PD,S
0.6 D,S D,S PD,S D,S PD,S
0.7 S S B,D,S S PD,S
0.8 S S S D,S S
0.9 S S D,S D,S S
1.0 S S S

3. Discussion
3.1. Collision Energetics

Figure 3 shows the time evolution of kinetic and potential energies of the two nan-
otubes bouncing back (B), connecting heterojunction (C) and fusing into a perfect BCN
nanotube (P) after collision. It can be seen that all kinetic energy curves first drop sharply,
then fluctuate up and down, and finally reach equilibrium. Because the total energy of the
system remains constant, the evolution behavior of the corresponding potential energy is
exactly opposite to that of the kinetic energy. In addition, for case B, the kinetic energy
of the system after stabilization is lower than the initial kinetic energy, and the reduced
kinetic energy has been transferred into the potential energy of the system, resulting in
the increase in the potential energy, that is, the cylindrical tubular structure becomes an
ellipsoidal cylinder after collision, as shown in Figure 3b and Video S1. For case C, the final
kinetic energy is also lower than the initial kinetic energy. On the one hand, the reduced
kinetic energy has been converted into the binding energy required for the formation of the
junction between the two nanotubes, and also into the potential energy required for the
deformation of the nanotubes, as shown in Figure 1a and Video S2. For case P, the final
kinetic energy is slightly higher than the initial kinetic energy, while the final potential
energy is slightly lower than the initial potential energy, indicating that the system is more
stable after collision. Furthermore, it can be observed that the highest potential energy (see
the marker a in Figure 3b) of case P is higher than those (markers b and c) of cases B and C,
which means that the system for case P could have enough collision energy to overcome
the fusion barrier of forming a BCN nanotube with a larger diameter, while it is difficult for
cases B and C to fuse to form a nanotube.

3.2. Electronic Structures

Figure 4 shows the band structures and density of states (DOS) of the (6,0) single-
walled CNT (SWCNT), (6,0) single-walled BNNT (SWBNNT), (12,0) single-walled BCN
nanotube (SWBCNNT), graphene nanoribbon (GNR), #-BN nanoribbon (BNNR) and BCN
heteronanoribbon. It can be seen that the energy levels of (6,0) SWCNT cross the Fermi level
(see Figure 4a), which agrees with the consensus that the (6,0) SWCNT is a semimetal [42].
The band gap of (6,0) SWBNNT is calculated to be 2.791 eV (see Figure 4b), in good
agreement with the results calculated by Rubio et al. [43,44]. The valence band maximum
(VBM) of the (6,0) single-walled BN nanotube is mainly contributed to by N atoms, while
the conduction band minimum (CBM) is mainly composed of B atoms (See Figure 4b). The
(12,0) single-walled BCN nanotube is a direct band-gap semiconductor with a band gap
of 0.808 eV. The VBM is mainly contributed to by C and N atoms, and the CBM is mainly
contributed to by C and B atoms (see Figure 4c). The band gap of GNR is close to 0 eV,
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which is consistent with the results reported by Zhou et al. [45,46]. The band gap of BNNR
is calculated to be 4.536 eV, as shown in Figure 4e, which is in good agreement with the
results reported by Leite et al. [47]. The VBM of BNNR is mainly composed of N atoms,
while the CBM is mainly composed of B atoms. The BCN heteronanoribbon is a direct
band-gap semiconductor with a band gap of 0.544 eV (see Figure 4f). The VBM of the BCN
heteronanoribbon is composed of C and N atoms, and the CBM is mainly contributed to by
C atoms, indicating that C atoms are the main factor that constitutes the small band gap of
the BCN heteronanoribbon.
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Figure 3. (Color online.) Time evolutions of the kinetic and potential energies of the two nanotubes
bouncing back (B), connecting heterojunction (C) and fusing into a perfect BCN nanotube (P) after
collision. The solid black line represents the total energy of the system, namely the sum of the kinetic

and potential energies.
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Figure 4. Energy bands and density of states of (6,0) single-walled CNT (a), (6,0) single-walled
BNNT (b), (12,0) single-walled BCN heteronanotube (c), GNR (d), BNNR (e) and BCN heteronanorib-
bon (f).
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The above calculation results indicate that the electronic properties of CNT/BNNT
can be regulated effectively by the collision fusion of CNT and BNNT. In particular, the
heteronanotubes and heteronanoribbons formed are new types of semiconductor nanoma-
terials, which may be applied in electronic devices, photocatalysis, integrated circuits and
field effect transistors.

3.3. Defects

In these fusion structures attained, some of them contain defects, including vacancy,
void, 5-7 pair defect, SW defect, ISW defect and 4-8 ring defect, which can have significant
effects on the electrical, chemical and mechanical properties of the fusion structures. It
was found that the formation of the 5-7 pair defect is conducive to the fusion of carbon
nanotubes [48,49]. Lambin et al. [48] found that the 5-7 pair defects enable the two carbon
nanotubes with different helicities to join and form molecular junctions, which had electrical
properties different from the original nanotubes. Terrones et al. [49] found that if both
carbon nanotubes with the same helicity contain a 5-7 pair defect, a CNT with a larger
diameter can be formed through the fusion of the two nanotubes.

Among these defects, the 4-8 ring defect is the most easily formed defect structure after
a CNT colliding with a BNNT. During the formation processes of BCN heteronanotube with
4-8 ring defects, four-membered rings containing C-C, C-N, C-B and B-N bonds are formed
first, but then they all evolve into four-membered rings containing B-N bonds, as shown in
Figure 5a,b. Based on our first-principles calculations, it is found that the energy of the BCN
nanotube with B-N-B-N structure is lower than that with C-C-B-N structure. Therefore, it
is easy to form four-membered ring structures with all B-N bonds in the evolution process.
Figure 5c shows the electronic structure of the BCN nanotube with 4-8 ring defects. As can
be seen, the heterostructure is a direct band-gap semiconductor with a band gap of 0.565 eV,
which is slightly lower than that of the defect-free BCN heteronanotube. This indicates that
the formation of the defects could effectively regulate the properties of the heteronanotube.

Figure 5. Schematic diagram of BCN heteronanotubes with alternating connections of four- and eight-
membered rings. (a) Four-membered rings with C-C, C-B, B-N and N-C bonds. (b) Four-membered
rings with each bond being a B-N type. (c) Energy band and density of states corresponding to the
structure in (b).

In addition, some experimental techniques may be used to reduce the defects in
the fused nanostructures. For example, defects can be eliminated by a combination of
quenching and annealing methods. Previous SCC-DFTB simulations on the quenching and
annealing processes of CNTs and GNRs with defects under a high temperature environ-
ment [50] indeed showed that the defects in both CNTs and GNRs could be substantially
reduced. Therefore, a combination of quenching and annealing methods can be an effective
approach to eliminate defects or reduce the defect density in heterostructures obtained by
collision fusion.
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4. Computational Methods

Collision dynamics simulations were implemented with the DFTB* open source
package [51-53]. Both CNTs and BNNTs were single-walled nanotubes with a chirality
index of (6,0) and a length of about 17.62 A, containing 192 atoms in total. The initial
collision energy (Ey) ranged from 0.1 eV /atom to 1.0 eV /atom with an energy interval of
0.1 eV/atom (the collision energy was calculated from carbon atoms to ensure that the initial
collision velocities of the two tubes are the same, and the corresponding collision velocity
was varied from 12.67 A /ps to 40.07 A /ps). The atomic motion followed through Newton’s
equation, which was solved using the velocity Verlet algorithm [54]. The timestep was set
to be 1 fs to ensure the conservations of momentum and energy. The total evolution time
was 10 ps. The same collision results could be obtained after testing a longer simulation
time. The initial temperature of the system was set at 300 K to investigate the collision
fusion of CNTs and BNNTs at room temperature. In addition, it is noted that the initial
structures of both nanotubes have been first optimized and then relaxed at 300 K, which
corresponds to the initial setup of atomic velocities. The initial atomic velocities are very
small and have no effect on the collision velocity. Molecular dynamics simulations were
implemented in the microcanonical NVE ensemble [55].

All calculations in this paper focused on the parallel collisions of nanotubes, as shown
in Figure 6. Considering the symmetry of nanotubes, five collision modes were considered
to investigate the effects of collision locations on the collision results. As shown in Figure 7,
a string of atoms along the axis in the CNT collided rightly with a string of atoms in the
BNNT, the atoms and the centers of hexagonal rings, as well as the centers of bonds, i.e.,
atoms-colliding-atoms, atoms-colliding-atoms-hexagons, atoms-colliding-bonds, which
were denoted as AA, AAH and AB, respectively. On the basis of type AA, CNT remained
unchanged, and BN nanotubes were rotated by 15° and 30°, which were called h-AH
and AH, respectively. In addition, five collision simulations were carried out for each
of the five collision modes, and the collision results were statistically averaged for all
collision simulations.

Figure 6. (Color online.) Schematic diagram of the collision setup for (6,0) single-walled CNT (Left)
and (6,0) single-walled BNNT (Right) with the same initial velocity but in opposite directions. Gray,
blue and pink balls represent carbon, nitrogen and boron atoms, respectively.

In order to ensure that there was no interaction between the two nanotubes at the
beginning of the simulations, the initial distance between the walls of two nanotubes was
set to be at least 20.00 A. A periodic boundary condition along the tube axis was applied to
simulate a nanotube with infinite length. Considering the presence of boron, carbon and
nitrogen atoms in the system, the self-consistent-charge method was performed to avoid
undesired electronic states of zwitterions [56].

The first-principles software package CASTEP was used to optimize the fused structure
and calculate the electronic structure [57]. The generalized gradient approximation (GGA)
parameterized by Perdew, Burke and Ernzerhof (PBE) was applied for the exchange and
correlation interactions [58]. The cut-off energy for the plane-wave expansion was set to
be 500 eV and the k-point was chosen as 0.01 A~1. The force on each ion was less than
0.01 eV/A and the energy was converged within 1.0 x 10~5 eV /atom.
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Figure 7. (Color online.) Five collision modes. (a) AA, (b) i-AH, (c) AH, (d) AAH and (e) AB.

5. Conclusions

In this work, the collision dynamics between CNTs and BNNTs under five parallel colli-
sion modes of AA, h-AH, AH, AAH and AB were investigated by the self-consistent-charge
density-functional tight-binding molecular dynamics method. The five main collision out-
comes are: the two nanotubes can (1) bounce back, (2) collide into heterojunctions, (3) fuse
into BCN heteronanotubes, (4) form BCN heteronanoribbons and (5) collide to cause seri-
ous damage after collision. There may be defects created in the fused structure, including
vacancy, void and irregular defects such as the 5-7 pair defect, SW defect, ISW defect and
4-8 ring defects. With the increase in collision energy, the number of defects increases, and
the nanotubes may even break up into single atoms, dimers, trimers or chains of atoms. In
addition, the electronic structures of BCN heteronanotubes and BCN heteronanoribbons
formed by collision were investigated based on first-principles calculations. It was found
that both the defect-free (12,0) BCN heteronanotube and the BCN heteronanoribbon are
direct band-gap semiconductors with band gaps of 0.808 eV and 1.34 eV, respectively. These
results indicate that the electronic structures of nanotubes can be effectively tuned by colli-
sion of CNTs and BNNTs, which could have significant implications in the field of electronic
devices, photocatalysis, integrated circuits and field effect transistors. Although the present
work only focuses on the collision fusion of CNTs and BNNTs with specific helicity, it can
be extended to the collision processes of nanotubes with any helicity. Therefore, the present
work not only theoretically demonstrates a novel method to create a heterostructure via
collision fusion but also gains in-depth understanding in the synthesis of heteronanotubes
and heteronanoribbons that can guide experiments.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules28114334/s1, Video S1: Bouncing off of two nanotubes
after collision. Video S2: Merging together of two nanotubes after collision. Video S3: Forming BCN
nanotube with no defect. Video S4: Forming BCN nanotube with defects.
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