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a b s t r a c t

In this paper, we conduct a comprehensive investigation on the thermal transport in one-dimensional
(1D) van der Waals (vdW) heterostructures by using non-equilibrium molecular dynamics simulations.
As for the considered 1D vdW heterostructures having a base of (40,40) carbon nanotube (CNT), we find
that the boron nitride nanotube (BNNT) coating can increase the thermal conductance of inner CNT base
by 36%, while the molybdenum disulfide nanotube (MSNT) coating can reduce the thermal conductance
by 47%. The different effects of nanotube coatings on the thermal transport behaviors of 1D vdW het-
erostructures are explained by the competition mechanism between the improved heat flux and the
increased temperature gradient in 1D vdW heterostructures. The thermal transport in 1D vdW hetero-
structures containing three layers is also investigated. It is found that the coaxial BNNT-MSNT coating can
significantly reduce the thermal conductance of inner CNT base by 61%, which is even larger than the
influence of an individual MSNT coating. This work not only provides molecular insights into the heat
transport behaviors of 1D vdW heterostructures but also provides guidance for the design of 1D vdW
heterostructures with desired thermal properties.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The two-dimensional (2D) heterostructures have attracted
much attention recently under merging different 2D crystals to
enable novel physical properties and functional applications [1],
such as band-structure engineering [2], ultrafast charger transfer
[3], and vertical field-effect transistor [4]. According to the direction
of combination, 2D heterostructures can be divided into van der
Waals (vdW) heterostructures and in-plane heterostructures. The
vdW heterostructures are synthesized by stacking different 2D
crystals with weak vdW interactions in the out-of-plane direction.
As for their in-plane counterparts, different coplanar 2D crystals are
linked via covalent bonds. The development of 2D vdW hetero-
structures has greatly expanded the 2D material family. Inspired by
the fact that a single-walled carbon nanotube (CNT) can be treated
as a seamless cylinder rolled from graphene, it is thus expected that
the one-dimensional (1D) tubular vdW heterostructures could be
obtained by rolling up corresponding 2D vdW heterostructures.
ng), zhongzheng@hit.edu.cn
However, compared with planar 2D sheets, 1D nanotubes are much
more difficult to be synthesized in experiments, since their struc-
tures are topologically protected from being stack-nested [5].
Hence, many efforts have been devoted to synthesize 1D vdW
heterostructures. Very recently, Xiang et al. [6] made a significant
progress in this area. They demonstrated the experimental dis-
covery and controlled fabrication of 1D tubular vdW hetero-
structures with single crystals, which consist of three different shell
components: an inner CNT layer, a middle hexagonal boron nitride
nanotube (BNNT) layer, and an outer molybdenum disulfide
nanotube (MSNT) layer. In addition to this triple-walled
CNT@BNNT@MSNT heterostructure, double-walled 1D vdW het-
erostructures such as CNT@BNNT and CNT@MSNT were also ob-
tained in their experiment. These obtained 1D vdW
heterostructures were found to exhibit numerous unique opto-
electronic properties [7].

Due to their superior thermal conductivity and outstanding
mechanical stability, 1D vdW heterostructures can serve as prom-
ising thermal interface materials in solving the problem of heat
dissipation in modern electronic devices [8]. However, the thermal
property of 1D heterostructures is still almost unexplored despite
that the thermal transport behaviors of their pristine counterparts
such as CNT [9,10], BNNT [11], and MSNT [12,13], have been well
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investigated. To our best knowledge, among different 1D vdW
heterostructures, only the thermal conductivity of CNT@BNNT has
been investigated recently based on experimental measurements
[14,15] and molecular dynamics (MD) simulations [14]. These
studies reported a large enhancement in the thermal conductivity
of coaxial CNT@BNNT heterostructures when compared to the
isolated CNT. The thermal transport property of other 1D vdW
heterostructures such as CNT@MSNT and CNT@BNNT@MSNT that
have been successfully synthesized very recently [6], however, re-
mains unknown. Moreover, there are no reports on the interfacial
thermal conductance of 1D vdW heterostructures, which is, how-
ever, crucial for their applications as nanoelectronics devices [16],
since the heat can not only transport along axial direction, but also
can conduct through the interface of nanotubes.

Motivated by the above ideas, the thermal conductivity of 1D
vdW heterostructures containing two layers (CNT@BNNT and
CNT@MSNT) and their counterparts containing three layers
(CNT@BNNT@MSNT) is investigated by the non-equilibrium mo-
lecular dynamics (NEMD) method. The double-walled CNT, i.e.,
CNT@CNT, is also considered here for the sake of comparison. It is
found that both CNT and BNNT coatings can increase the thermal
transport in CNT base, while MSNT and BNNT-MSNT coatings
exhibit the opposite effect. The heat flux, temperature distribution
together with the vibrational density of states (VDOS) are carefully
examined to explain different enhancement/hindering effects of
different nanotube coatings on the thermal transport in 1D vdW
heterostructures. Besides, the interfacial thermal conductance be-
tween the inner and outer nanotubes in 1D vdWheterostructures is
also calculated to provide a quantitative understanding of the
thermal transport behaviors of 1D vdW heterostructures.

2. Models and methods

2.1. Models

As plotted in Fig. 1, CNT, BNNT, and MSNT are considered in our
study. In terms of the number of layers, single-walled, double-
walled, and triple-walled nanotubes are considered. Specifically, a
CNT (BNNT or MSNT) with the lattice vector of r ¼ ma1þna2
(a1 ¼ a2 are lattice constants of the primitive cell) can be noted as
(m, n) CNT (BNNT or MSNT). In the present study, three CNT bases
including (40,40) CNT, (70,0) CNT, (20,20) CNT and (60,30) CNT are
considered to discuss the influence of chirality and radius on the
thermal transport in CNT-based vdW heterostructures. The coating
nanotube layers have the same chirality as the CNT base. For
example, (40,40) CNT base is coated by (45,45) CNT, (45,45) BNNT
and (38,38) MSNT as shown in Fig. 1(a). In other words, double-
walled nanotubes including (40,40) CNT@(45,45) CNT, (40,40)
CNT@(45,45) BNNT and (40,40) CNT@(38,38) MSNT, and the triple-
walled nanotube (40,40) CNT@(45,45) BNNT@(42,42) MSNT as
shown in Fig. 1(c) are considered in the present study. For conve-
nience, these nanotube structures are referred to as CNT@CNT,
CNT@BNNT, CNT@MSNT, and CNT@BNNT@MSNT, respectively, in
the following discussion. The specific atomic structures of the
(40,40) CNT based coaxial heterostructures are plotted in
Fig. 1(a)e(c).

To simplify the modeling of the coaxial CNT@BNNT structures,
the bond lengths of CNT and BNNT are both set as 1.43 Å, which is
an intermediate value between the intrinsic values 1.42 Å and
1.45 Å for CNT and BNNT, respectively. Although this treatment can
cause the axial lattice mismatch in our initial model of hetero-
structures, as shown in Figure S1, this axial lattice mismatch is very
small, which is 0.24% for CNT layer and 0.41% for BNNT layer at the
equilibrium stage, respectively. Meanwhile, at the equilibrium
stage the interlayer spacing between CNT and BNNT layers of the
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CNT@BNNT built here is 3.47 Å, which is very close to the theo-
retically predicted value of 3.40 Å [17,18]. According to the previous
studies on the thermal properties of graphene/h-BN hetero-
structures [19,20], these small lattice mismatch strains in CNT and
BNNT layers have a trivial effect on their thermal conductivity,
which thus can be safely ignored. The bond length of MSNT, i.e., the
distance between adjacent Mo and S atoms are set as 2.42 Å. Thus,
when 4 MSNT unit cells are on top of 5 CNT unit cells as shown in
Fig. 1(d), CNT and MSNT can be perfectly matched as a CNT@MSNT
supercell (see Figure S2), which is similar to the structure of the
supercell of graphene/MoS2 heterostructures [21,22]. The initial
inter-wall distance between the inner CNT layer and the outer CNT
layer (or BNNT layer) is set as 3.4 Å, while the inter-wall distance
between the CNT layer (or BNNT layer) layer and the adjacentMSNT
layer is set as 3.6 Å. These values of inter-wall distance are very
close to the results of 2D heterostructures predicted from previous
first-principle calculations [23e25]. The OVITO [26] software is
employed to visualize the system.

2.2. Molecular dynamics simulations

The molecular dynamics simulation conducted in the present
study is implemented by using the publicly available simulation
code LAMMPS [27] which has the correct implementation of heat
flux for many-body potentials [28], and the standard Newton
equations of motion are integrated in time by using the velocity
Verlet algorithm. The time step is set as 1.0 fs. All initial structures
are first adopted to perform energy minimization. Then, the
structures are further relaxed at 300K and 0 GPa along the axial
direction for 100 ps using the Langevin thermostat [29] to obtain
the equilibrium state. The interactions among C, B, and N atoms are
described by the Tersoff potential [30,31], while the interaction
between Mo and S atoms in MSNT is described by the REBO po-
tential [32,33], since the previous study [34] suggested that the
REBO potential can give a more accurate prediction of thermal
transport properties compared to other classical force fields such as
the Stillinger-Weber potential [35,36].

The weak vdW interactions between adjacent nanotubes are
modeled by 12e6 Lennard-Jones (LJ) potential with the form
V(rij) ¼ 4ε[(d/rij) [12]-(d/rij) [6]], where ε, d, and rij, respectively, are
depth of the potential well, the finite distance at which the inter-
particle potential is zero, and the distance between atoms i and j.
The specific values of parameters ε and q are set to be ε¼ 2.620meV
and d ¼ 0.3440 nm between C atoms, ε ¼ 4.116 meV and
d ¼ 0.3453 nm between B atoms, ε ¼ 0.586 meV and d¼ 0.4200 nm
between Mo atoms, and ε ¼ 13.860 meV and d ¼ 0.3130 nm be-
tween S atoms [32,37e39]. The arithmetic mix rule is employed to
model the LJ potential between different elements. Meanwhile, the
cutoff in all LJ potentials is set as 1.0 nm. The corresponding binding
energy of one CNT@MSNT heterostructure supercell as plotted in
Fig. 1(d) extracted from the LJ potential is �20.4 meV, which is in
good agreement with the result around �21.0 meV of graphene/
MoS2 heterostructures previously obtained from first-principle
calculations [40].

2.3. Calculations of thermal conductivity

The classical NEMDmethod was employed in the calculations of
thermal conductivity. Specifically, the thermal conductivity k of the
investigated nanotubes was extracted with the aid of the following
Fourier’s law of heat conduction:

k¼ � J
AVT

(1)



Fig. 1. Atomic representation of different nanotube structures considered here. (a) Single-walled nanotubes (from left to right): CNT, BNNT, and MSNT. (b) Double-walled nanotubes
(from left to right): CNT@CNT, CNT@BNNT, and CNT@MSNT. (c) Triple-walled nanotube: CNT@BNNT@MSNT. (d) One supercell of the CNT@MSNT heterostructure with the lattice
constant of MSNT and CNT along the axial direction being 3.096 Å and 2.477 Å, respectively. (A colour version of this figure can be viewed online.)
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Here J denotes the heat flux along the axial direction of nano-
tubes.VT ¼ dT=dx is the temperature gradient along the axial di-
rectionwith T and x being the temperature and the axial coordinate,
respectively. A is the cross-sectional area of the nanotube, which
can be approximated as A ¼ p[(Rout-rout) [2]-(Rin-rin) [2]]. Here, Rin
and Rout are, respectively, the radii of inner and outer nanotubes,
while rin and rout are, respectively, the thicknesses of inner and
outer nanotubes, which are assumed to equal to their vdW di-
ameters. In this study, the thicknesses of CNT, BNNT, and MSNT
were assumed to be 0.340 nm, 0.340 nm, and 0.672 nm, respec-
tively, which are the same as the values of their 2D material
counterparts [22].

In the above discussion, the thickness of single-walled nano-
tubes is assumed to equal to the vdW diameter, but many other
values also have been proposed for the equivalent thickness of
single-walled nanotubes [47e49]. Thus, to surmount the hurdle in
identifying the equivalent thickness of the nanotube structures
with only one atom or several atoms thickness, we also calculate
the quantity of “thermal conductance” s ¼ kA. Here, the thermal
conductance is defined as the product of the thermal conductivity
and cross-sectional area [9], which is different from its conven-
tional definition equaling the thermal conductivity divided by
nanotube length [41]. Actually, a similar definition of thermal
conductance has been widely employed in the previous studies on
the thermal transport properties of various 2D materials and
nanotubematerials to avoid the uncertainty caused by the arbitrary
definition of their cross-sectional areas [9,14,22,42].

As shown in Fig. 2(a), to perform NEMD simulations, the whole
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nanotube was divided into five regions along the axial direction,
which include two fixed regions at the two ends, the adjacent cold
and hot regions (i.e., heat sink and heat source), and the middle
heat flux region. Two fixed regions were both set as 5 Å in length,
while the cold and hot regions were set to have the same length of
10 Å. The temperatures of the cold and hot regions were set as
275 K and 325 K, respectively. The whole simulation box was
divided into 40 slabs along the axial direction to record the time-
average temperature of each slab for generating the temperature
gradient. The heat transport simulationwas performed for 1500 ps.
Specifically, the stable temperature distribution was achieved
within the first 500 ps, while the temperature gradient was ob-
tained by averaging over the last 1000 ps MD simulations, which is
graphically shown in Fig. 2(b) for CNT@MSNT with a length of
20 nm. Meanwhile, as shown in Fig. 2(c), the corresponding heat
flux Jwas recorded by averaging the input power of the cold region
and the output power of the hot region through J ¼ (Qh þ Qc)/2Dt,
where Qc and Qh are, respectively, the accumulated energies in cold
and hot regions (i.e., heat sink and heat source regions) during the
running time Dt.

It is noted that only the phonons transport was considered in
NEMD simulations, while the contribution of electrons was
neglected. This treatment is appropriate for the present 1D vdW
heterostructures due to the following reasons. First, BNNT and
MSNT components in the present 1D vdW heterostructures are
both semiconducting materials [43,44], whose heat carriers are
majorly the lattice vibrations or phonons [45,46]. Under this
circumstance, the contribution of electrons to their thermal



Fig. 2. NEMD simulations on the axial and interfacial thermal conductivity of nanotubes. (a) The temperature profile along the axial direction of CNT@MSNT and (b) corresponding
accumulated energy changes in clod and hot regions used in the calculation of axial thermal conductivity. (c) The temperature profile along the axial direction of CNT@BNNT and (d)
corresponding accumulated energy changes in clod and hot regions used in the calculation of interfacial thermal conductivity. Insets in (a) and (b) illustrate the corresponding
simulation setups. (A colour version of this figure can be viewed online.)
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transport can be reasonably ignored. Second, it is proven that the
electrical conductivity of the CNT base is in the order of 105 S/m
[47]. Thus, according to the Wiedemann-Franz law, the electronic
thermal conductivity of CNTs is in the order of 1 W/mK [48], which
is extremely smaller than the thermal conductivity originating
from the phonons transport.
2.4. Calculations of interfacial thermal conductance

As shown in Fig. 2(c) and (d), we adopted a similar NEMD
method to calculate the interfacial thermal conductance. In the
calculations of interfacial thermal conductance, an artificial inter-
face was created to make the heat flux J pass through the over-
lapping interface area A1 between the inner and outer nanotubes,
which results in a significant temperature difference dT. Thus, the
interfacial thermal conductance G can be calculated from

G¼ J
A1dT

(3)

During the simulation, the whole structure was divided into five
regions along the axial direction (see Fig. 2(c)), which is exactly
similar to the treatment we conducted in the above thermal con-
ductivity calculation. Here, the hot region with a length of 10 Å
locates at the inner nanotube, while the cold region having the
same length locates at the outer nanotube. The overlapping length
between the inner CNT base and outer coating nanotubes was set as
4 nm. The interface area A1 for all heterostructures was calculated
as the surface area of overlapping inner CNT. After performing 500
ps relaxation simulations to achieve the steady heat flux transport,
we calculated the temperature difference dT between inner and
outer nanotubes by averaging the temperatures of the overlapping
region in the subsequent 1000 ps simulations.
2.5. Calculations of vibrational density of states (VDOS)

The VDOS was studied to reveal the underlying mechanisms of
phonon transport, which can be calculated from the Fourier
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transform of the velocity autocorrection function (VACF) [49].

VDOSðnÞ¼
ð
gðtÞexpð�2pintÞdt (4)

where v denotes the frequency, i is the imaginary unit, and g in-
dicates the velocity autocorrelation function, which can be ob-
tained from the equation 50 gðtÞ ¼ P

i
við0Þ,viðtÞ=

P
i
við0Þ,við0Þ with

vi(0) and vi(t) being the velocities of the ith atom at time t and at
the initial state, respectively. Here, the VACF was calculated with a
simulation run of over 10 ps after the structure has reached its
equilibrium stage. In this simulation, the velocity information at
each 10th time step was collected for calculating the VACF.
Considering the fact that the nanotubes have a cylindrical structure,
we decomposed the vibrations of nanotubes in the cylindrical co-
ordinate system.51, 52 Specifically, the axial, radial, and azimuthal
components of atomic velocities as shown in Figure S3 were,
respectively, used to obtain the corresponding axial, radial, and
azimuthal VDOS of nanotubes.
3. Results and discussion

3.1. Thermal transport in double-walled 1D vdW heterostructures

The (40,40) CNT-based vdW heterostructures are firstly
considered here. The thermal conductivity and thermal conduc-
tance of various single-walled and double-walled nanotubes
considered here are summarized in Table 1. Here, all nanotubes
have the same length of 20 nm. As for the considered single-walled
nanotubes, it is found that the CNT has the highest thermal con-
ductivity, which is 630.75 W/mK for (40,40) CNT and 619.32 W/mK
for (45,45) CNT, while the MSNT has the lowest thermal conduc-
tivity of 12.82 W/mK. The BNNT has a moderate thermal conduc-
tivity of 278.85 W/mK. The values of these three single-walled
nanotubes are in good agreement with the previous studies
based on NEMD methods [10,12,13]. As for the double-walled
nanotubes, the thermal conductivities of CNT@CNT (i.e., the



Table 1
Thermal conductivity and thermal conductance of (40,40) CNT-based double-walled nanotubes and their nanotube components.

Nanotubes Rin(Å) Rout(Å) A (Å2) K (W/mK) s ( � 10�15 Wm/K)

Single-walled nanotubes (40,40)CNT 27.31 / 590.28 630.75 3.723
(45,45)CNT 30.72 / 663.99 619.32 4.112
(45,45)BNNT 30.72 / 663.99 278.85 1.857
(38,38)MSNT 32.43 / 1369.37 12.82 0.176

Double-walled nanotubes (40,40)CNT@(45,45)CNT 27.31 30.72 1248.80 651.41 8.135
(40,40)CNT@(45,45)BNNT 27.31 30.72 1248.80 406.48 5.078
(40,40)CNT@(38,38)MSNT 27.31 32.43 1966.88 99.67 1.960

P. Ying, J. Zhang, Y. Du et al. Carbon 176 (2021) 446e457
double-walled CNT), CNT@BNNT, and CNT@MSNT extracted from
the present study are 651.41 W/mK, 406.48 W/mK, and 99.67 W/
mK, respectively. Comparied the thermal conductivity of double-
walled nanotubes and their component layers, we found that the
thermal conductivity of the double-walled CNT is identical to the
value of its single-walled counterpart, while the thermal conduc-
tivity of CNT@BNNT (or CNT@MSNT) is between the values of their
component CNT and BNNT (or MSNT) layers.

In addition to the thermal conductivity, we also calculated the
thermal conductance as listed in Table 1 to eliminate the influence
of cross-section area (see technical details in methods and modes).
Moreover, to more clearly measure the contribution of the outer
coating nanotube layer to the overall thermal conductance of 1D
vdW heterostructures, we introduce the following parameter a:

a¼shet�sin
sin

(5)

where shet and sin are values of the thermal conductance of 1D vdW
heterostructures and their inner CNT layer, respectively. If a > 0, the
outer coating nanotube layer can improve the thermal conductance
of the structure, otherwise the coating nanotube layer has the
opposite effect. As shown in Fig. 3, the values a are 1.18, 0.36,
and �0.47 for CNT@CNT, CNT@BNNT, and CNT@MSNT, respectively.
This result indicates that both CNT and BNNT coatings can improve
the thermal transport property of 1D vdW heterostructures, while
the MSNT coating has an opposite effect, which can reduce the
thermal transport property. In addition to the parameter a, the
parameter b having the following definition is introduced to eval-
uate the influence of interactions between neighboring nanotube
layers on the thermal conductance of heterostructures:

b¼ shetP
isi

(6)

where shet is the thermal conductance of heterostructure and si
Fig. 3. Effects of (a) CNT, (b) BNNT, and (c) MSNT coating layers on the thermal conductance
denotes the relative magnitude of the corresponding thermal conductance. (A colour versio
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denotes the thermal conductance of the ith isolated nanotube
component. For double-walled nanotubes,

P
i
si is the sum of the

thermal conductance of isolated inner CNT base and outer nano-
tube coating. As shown in Fig. 3, the values of b for CNT@CNT,
CNT@BNNT, and CNT@MSNT are 1.04, 0.91, and 0.50, respectively.
These results indicate that the thermal conductance of CNT@CNT is
slightly higher than the sum of the values of the inner CNT base and
the outer CNT coating, which is thus twice the value of the single-
walled CNT. The value of CNT@BNNT is close to but slightly lower
than the sum of the values of the inner CNT and the outer BNNT,
which is thus still significantly higher than the value of the single-
walled CNT. The different enhancement effects of CNT and BNNT
coatings on the thermal conductivity of CNT base can be under-
stood by the fact that the CNT has a thermal conductivity much
higher than that of BNNT. Besides, the mass of nitrogen and boron
atoms is different from that of the carbon atom. This difference can
result in an acoustic mismatch between the inner CNT and outer
BNNT in CNT@BNNT, which can be regarded as another factor
responsible for the above result that the thermal conductance of
CNT@BNNT is slightly lower than the sum of the values of its inner
CNT and outer BNNT components. The enhanced thermal conduc-
tance observed in CNT@CNT and CNT@BNNT is in accordance with
our expectation since an outer coating layer can provide an addi-
tional heat conducting path [14]. However, different from
CNT@CNTand CNT@BNNT, a reduced thermal conductance is found
in CNT@MSNT, which is only about one half of the value of the
single-walled CNT. This unexpected reduction in the thermal
conductance of CNT@MSNT will be explained in detail later.

To explain the different effects of different nanotube coatings on
the overall thermal conductance of the corresponding 1D vdW
heterostructures, we show their temperature distribution in
Fig. 4(a)-(c) as well as their cumulative energy change in
Fig. 4(d)e(f). The corresponding results of the inner and outer
nanotube components in these 1D vdW heterostructures are also
of different (40,40) CNT-based double-walled nanotubes. The height of each rectangle
n of this figure can be viewed online.)



Fig. 4. (aec) The temperature profiles along the axial direction of (40,40) CNT-based double-walled nanotubes including CNT@CNT, CNT@BNNT, and CNT@MSNT. The temperature
distribution of each component in these nanotubes is also shown here. (def) The accumulated energy changes in the heat sink and source in CNT@CNT, CNT@BNNT, and
CNT@MSNT. It is noted that isolated inner and outer nanotubes are used here to calculate the energy changes. (A colour version of this figure can be viewed online.)
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shown here for the sake of comparison. A dramatic temperature
drop near the heat source and the sink region is found in all
calculated structures, which can be attributed to the unavoidable
intensive phonon scattering. Under this circumstance, only the
linear temperature distribution region ranging from 30 Å to 170 Å
was considered in the calculation of the temperature gradient. The
cumulative energy changes in the heat source and sink region are
identical to each other, which increase linearly with respect to the
growing simulation time.

The temperature gradients of CNT@CNT and its two component
layers extracted from Fig. 4(a) are 0.060 K/Å (CNT@CNT), 0.059 K/Å
(inner layer), and 0.061 K/Å (outer layer). Meanwhile, as shown in
Fig. 4(d), the heat flows of these structures are 30.6 eV/ps
(CNT@CNT), 14.4 eV/ps (inner layer), and 16.2 eV/ps (outer layer).
Based on these results, we can see that the temperature gradient of
CNT@CNT is identical to the results of their component CNT layers,
while the heat flux of CNT@CNT is equal to the sum of values of the
inner and outer CNTs, which leads to the enhanced thermal
conductance observed in CNT@CNT as shown in Fig. 3(a). Similarly,
the heat flux of CNT@BNNT shown in Fig. 4(b) is also the sum of the
values of its inner and outer nanotubes. However, the temperature
gradient of CNT@BNNT is between the values of its inner CNT and
outer BNNT components. This fact accounts for the slight discrep-
ancy of the thermal conductance of CNT@BNNT from the sum of the
values of its inner CNT and outer BNNT components as shown in
Fig. 3(b). Similar to CNT@CNT and CNT@BNNT, the heat flow of
CNT@MSNT is greatly increased, which is nearly equal to the sum of
the values of its inner CNT and outer MSNT components (see
Fig. 4(c)) even though this increment is much smaller than the
improvement in CNT@CNT and CNT@BNNT. On the other hand,
different from CNT@CNT and CNT@BNNT, the temperature gradient
of CNT@MSNT is found to be greatly larger than the value of its
inner CNT layer (see Fig. 4(f)). The greatly increased temperature
gradient of CNT@MSNT due to coating of the outer MSNT layer is
thus responsible for the reduced thermal conductance of
CNT@MSNT observed in Fig. 3(c).

From the above results of double-walled CNTs and two 1D vdW
heterostructures, we can see that the outer nanotube coating can
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affect the thermal conductance of 1D vdW heterostructures by
changing the heat flux and the temperature gradient. Specifically,
the coating nanotube provides an additional heat-conducting path
that can enhance the thermal conductance, while the temperature
gradient can be increased due to the coating of outer nanotube,
which can reduce the thermal conductance. The competition be-
tween these two factors results in different effects of coating
nanotube materials on the thermal conductance of 1D vdW het-
erostructures. For example, in CNT@CNT and CNT@BNNT, the
change in the thermal conductance is predominated by the
enhancement in heat flux, while the enhancement in temperature
gradient turns to be the dominant factor in CNT@MSNT.

The VDOS of inner and outer nanotubes in double-walled CNTs
and two 1D vdW heterostructures are compared in Fig. 5 to further
provide microscopic insight into the enhancement/hindering ef-
fects of different coating nanotubes on the thermal conductance of
1D vdW heterostructures. Here, as mentioned before, the axial
VDOS is based on the VACF along the tube axis, i.e., axial direction,
while the radial and azimuthal VDOS is, respectively, based on the
VACF along the radial and azimuthal directions of the cross-section
of nanotubes. It is found that as for these three VDOS modes, the
overlapping area between the inner CNT and outer nanotube layer
follows the order CNT@CNT > CNT@BNNT > CNT@MSNT, which
indicates no, weak and strong interfacial phonon scattering in
them, respectively. The diversity of phonon overlaps of these
nanotubes are attributed to their different lattice structures. For
example, BNNT has a lattice structure extremely analog to that of
CNT though the relative atomic mass of boron and nitrogen is
slightly different from that of carbon. As shown in Fig. 5, BNNT and
CNT layers almost have the same distribution of VDOS, despite that
the radial VDOS of BNNT has a lower frequency than that of CNT.
However, when compared to BNNT and CNT, MSNT has a more
complicated atomic structure, in which each molybdenum atom is
surrounded by six sulfur atoms. In other words, a molybdenum
atom layer in MSNT is sandwiched by two sulfur atom layers [53].
Moreover, the relative atomicmass of molybdenum is greatly larger
than that of carbon. These differences lead to the VDOS of MSNT
significantly different from that of CNT. Specifically, as shown in



Fig. 5. The axial, radial and azimuthal VDOS of inner and outer nanotube components of (40,40) CNT-based double-walled nanotubes including CNT@CNT (top), CNT@BNNT
(middle), and CNT@MSNT (bottom). (A colour version of this figure can be viewed online.)
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Fig. 5(c), (f), and (i), the frequency of VDOS of MSNT is much smaller
than that of its CNT counterpart.

To further quantify the overlap in VDOS, we calculate the
following similarity index g [54e56].

g¼

ð
f ðTÞgðTÞdT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið
f 2ðTÞdT

ð
g2ðTÞdT

r (7)

which is a measure of the correlation between spectra f ðTÞ and gðTÞ
in a certain frequency range. The calculated g of CNT@CNT,
CNT@BNNT, and CNT@MSNT along three different directions is
plotted in Fig. 5. After averaged in three directions, the values of g
for CNT@CNT, CNT@BNNT, and CNT@MSNT are 1.00, 0.88, and 0.33,
respectively. As plotted in Figure S4 in the supplementary mate-
rials, we find that parameter b of different 1D vdWheterostructures
increases linearly with their g. Τhis result indicates that the change
in the thermal conductance of 1D vdW heterostructures depends
on the phonon scattering between the inner CNT base and the outer
nanotube coating layers. In other words, the stronger phonon
scattering will result in a larger decrease in the thermal conduc-
tance of heterostructures.

In Fig. 6(a)-(c), we show the thermal conductance of CNT@CNT,
CNT@BNNT, and CNT@MSNT with different effective lengths in the
heat flux direction. The results of their component layers are also
shown here. The effective length denotes the linear region of
temperature distribution as plotted in Fig. 2(a). Thus, the nanotubes
with a length ranging from 10 nm to 50 nm have an effective length
ranging from 6.2 nm to 43.6 nm. Based on the results shown in
Fig. 6(a)e(c), we calculated the parameter a of nanotubes with
different effective lengths, whose values are graphically shown in
Fig. 6(d)e(f). From Fig. 6(d)-(f) we can see that due to the boundary
effect, the factor a of all double-walled nanotubes change with
growing effective length L. Specifically, when L increases from
6.2 nm to 43.6 nm, a of CNT@BNNT and CNT@MSNT is found to,
respectively, increase from 0.48 and�0.57 to 0.36 and �0.31. In the
same process, a of CNT@CNT is found to grow from 1.03 to 1.19.
According to the kinetic theory [45], the phonons transport in low-
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dimensional materials will transform from ballistic regime to
diffusive regime with increasing length, which results in the in-
crease of thermal conductivity in this process until approaching a
constant value. The length-dependent thermal conductance can be
expressed as [57,58].

s¼ s∞�
lp
L þ 1

� (8)

where s∞ is the length-independent thermal conductance of
nanotubes with the infinite length, and lp is the effective phonon
mean free path. The thermal conductance s of all nanotubes is
graphically shown in Fig. 6 as a function of the length L. The thermal
conductance of all nanotubes is found to increases as their L grows.
By fitting Eq. (6) to our NEMD results shown in Fig. 6(a)e(c), the
values of s∞ can be obtained, which are listed in Table 2. With the
aid of s∞ the corresponding length-independent values of k and a,
i.e., k∞ and a∞ can be calculated, which are also listed in Table 2. As
shown in Table 2, the values of a∞ are 1.24, 0.32, and �0.11 for
CNT@CNT, CNT@BNNT, and CNT@MSNT, respectively. Although the
length-independent a∞ is found to slightly smaller or larger than a

of a nanotube with the finite length, a and its corresponding a∞ are
found to have the same sign. This result indicates that the effect of
coating layer on the thermal transport in the nanotubes with an
infinite length is qualitatively similar to that on the structures with
a finite length, though a small quantitative difference is observed
between the nanotubes with finite and infinite lengths.

In the above discussion, we have considered the double-walled
nanotubes with (40,40) CNT base. To investigate the effects of
chirality and radius on the thermal transport in CNT-based heter-
ostructures, we perform the similar NEMD simulations on
CNT@CNT, CNT@BNNT, and CNT@MSNT structures with zigzag
(70,0) CNT base, armchair (20,20) CNT base and chiral (60,30) CNT
base. All structures have the same length of 20 nm. Meanwhile, the
outer nanotube coatings in heterostructures have the same
chirality as that of the CNT base. It is noted that the radius of (70,0)
CNT base (27.59 Å) is very close to the above (40,40) CNT base
(27.31 Å), while the radius of (60,40) CNT base (31.29 Å) is slightly



Fig. 6. Length-dependent thermal conductance s (left) and parameter a (right) of (40,40) CNT-based double-walled nanotubes including CNT@CNT (top), CNT@BNNT (middle), and
CNT@MSNT (bottom). The circles and lines are results obtained from NEMD simulations and fitted by Eq. (6), respectively. (A colour version of this figure can be viewed online.)

Table 2
Length-independent thermal conductivity k∞, thermal conductance s∞, and parameter a∞ of the simulated nanotubes by fitting Eq (6) to results extracted from NEMD
simulations.

Nanotubes k∞(W/mK) s∞ ( � 10�15 Wm/K) a∞

Single-walled nanotubes (40,40)CNT 1110.82 6.557 /
(45,45)CNT 1130.44 7.506 /
(45,45)BNNT 397.60 2.640 /
(38,38)MSNT 19.84 0.272 /

Double-walled nanotubes (40,40)CNT@(45,45)CNT 1178.73 14.720 1.24
(40,40)CNT@(45,45)BNNT 690.58 8.624 0.32
(40,40)CNT@(38,38)MSNT 295.49 5.812 �0.11
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larger than but also close to that of (40,40) CNT base. The obtained
thermal conductance and thermal conductivity of (70,0) CNT,
(20,20) CNT, and (60,30) CNT-based double-walled nanotubes are,
respectively, listed in Tables S1eS3 in the supplementary materials,
while values of the corresponding a and b of these structures are
plotted in Figures S5eS7. A detailed comparison of a and b among
different 1D vdW heterostructures is illustrated in Figure S8. In
general, it is found that despite some slight quantitative differences
observed among the structures with (40,40) CNT, (20,20) CNT,
(70,0) CNT, and (60,30) CNT bases, the effect of the coating layer on
the thermal transport properties of heterostructures with different
CNT bases is very close to each other. In other words, the coating
layer is found to have the similar effect on the thermal transport in
1D vdW heterostructures with different radii and chiralities.
3.2. Thermal transport in triple-walled 1D vdW heterostructures

In addition to the aforementioned 1D vdW heterostructures
containing two layers, 1D vdW heterostructures with three
component layers are also observed in experiments [6]. In this
section, taking (40,40) CNT-based heterostructure, i.e.,
CNT@BNNT@MSNT with the length of 20 nm as an example (see
Fig. 7(a)), we investigate the thermal transport in 1D vdW heter-
ostructures composed of three layers of nanotubes. By obtaining
the temperature gradient from the linear region of temperature
distribution shown in Fig. 7(b) and the cumulative energy change
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shown in Fig. 7(c), the thermal conductivity and thermal conduc-
tance are calculated as 52.873 W/mK and 1.447 � 10�15 Wm/K,
respectively. The corresponding factor a is thus obtained as �0.61,
indicating a 61% reduction in the thermal conductance, which is
larger than 47% of CNT@MSNT. This indicates that the outer coating
layers of CNT@BNNT@MSNT have a greater reduction effect on the
thermal transport property of the CNT base, which is in contrast to
our expectation since it is expected that the thermal conductance of
CNT@BNNT@MSNT should be smaller than that of CNT@BNNT but
larger than that of CNT@MSNT. To explain this discrepancy, we
calculate the heat flux and the temperature distribution of
CNT@BNNT@MSNT.

The temperature distribution of CNT@BNNT@MSNT together
with the results of its three nanotube components is plotted in
Fig. 7(b). From this figure, we find that the temperature gradient of
CNT@BNNT@MSNT is 0.0875 K/Å, which is between the values of its
middle BNNT (0.0523 K/Å) and outer MSNT (0.1633 K/Å) layers, and
is much larger than the value of its inner CNT layer (0.0280 K/Å).
Similar to the above 1D vdW heterostructures with two layers, the
difference in the temperature gradient of three nanotube compo-
nents of CNT@BNNT@MSNT can be explained by their VDOS dis-
tributions in Fig. 7(d), which show the diversity of phonon overlaps
owing to their different lattice structures. As plotted in Fig. 7(c), the
total heat flux of CNT@BNNT@MSNT is 7.9 eV/ps, which is smaller
than the values of its isolated inner CNT (14.4 eV/ps) and middle
BNNT (10.8 eV/ps) layers, but is much larger than the value of its



Fig. 7. (a) The atomic structure of CNT@BNNT@MSNT heterostructure. (b) Temperature profile and accumulated energy change in CNT@BNNT@MSNT and their component layers.
(d) The axial (top), radial (middle), and azimuthal (bottom) VDOS of each component layer of CNT@BNNT@MSNT. (A colour version of this figure can be viewed online.)
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isolated outer MSNT (2.1 eV/ps) layer. As for its counterparts with
two layers, i.e., CNT@CNT, CNT@BNNT and CNT@MSNT, the heat
flux, however, is found to be very close to the sum of the values of
its inner and outer nanotubes (see Fig. 4(d)e(f)). Hence, the sup-
pression of heat flux in CNT@BNNT@MSNT is responsible for the
Fig. 8. The (a) axial, (b) radial, and (c) azimuthal VDOS of the (40,40) CNT base in
CNT@CNT, CNT@BNNT, CNT@MSNT, and CNT@BNNT@MSNT. Here, the isolated CNT is
also considered for the sake of comparison. The insets show the components of atomic
velocities used to calculate the corresponding phonon modes. (A colour version of this
figure can be viewed online.)
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significant reduction in its thermal conductivity.
To better understand the reduced heat flux observed in

CNT@BNNT@MSNT, in Fig. 8 we compare axial, radial, and
azimuthal VDOS of the CNT layer in different 1D vdW hetero-
structures. For the sake of comparison, the corresponding value of
an isolated CNT is also shown in Fig. 8. For the axial and azimuthal
VDOS, it is found that the VODS of inner CNT of CNT@CNT and
CNT@BNNT is identical to that of the isolated CNT, whose highest
peaks are all around 49 THz. However, as for the inner CNT of
CNT@MSNT, the peak of VDOS slightly moves downwards to
~48 THz. The VDOS of the inner CNTof CNT@BNNT@MSNT similarly
has the highest peak around 48 THz. However, the intensity of the
same phonon peaks of CNT@BNNT@MSNT is greatly increased,
especially for the azimuthal VDOS at the high frequency regime
from 45 THz to 50 THz. For the radial VDOS, the configuration of
inner CNT under BNNT@MSNT coating is different from other
counterparts, owning a shark phonon peak around 12 THz and
26 THz. These increased phonon peaks at high frequency regime
can be attributed to the possible compression existing on the inner
CNT layer, similar to a solid under pressure loading [59,60]. This
compression can be understood by the fact that in
CNT@BNNT@MSNT, the inner CNT layer is constrained by double-
layered BNNT-MSNT, which thus can more significantly suppress
the vibration of inner CNT when compared with its counterpart in
CNT@CNT, CNT@BNNT, and CNT@MSNT. This explains the origin of
the suppressed heat flux and the reduced thermal conductance in
CNT@BNNT@MSNT.

In addition to CNT@BNNT@MSNT, we have also performed the
similar NEMD simulations on CNT@MSNT@BNNT (see Figure S9 in
the supplementary materials) to investigate the influence of the
sequence of BNNT and MSNT coatings on the thermal conductance
of CNT-based triple-walled heterostructures. The thermal conduc-
tance of CNT@MSNT@BNNT is 1.76 � 10�15 Wm/K, corresponding
to a 53% reduction in the thermal conductance when compared to
the isolated CNT. This 53% reduction in the thermal conductance of
CNT@MSNT@BNNT is close to but slightly smaller than the 61%
reduction observed in its CNT@BNNT@MSNT counterpart. Similar



Fig. 9. Schematic illustration of heat transport in 1D vdW heterostructures. The solid
lines and dotted lines denote heat transport along the axial direction and through the
interface between the CNT base and nanotube coating, respectively. Three represen-
tative models are plotted here. Specifically, the bottom one is employed to calculate the
interfacial thermal conductance by the NEMD method. (A colour version of this figure
can be viewed online.)
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to CNT@BNNT@MSNT, the reduced thermal conductance observed
in CNT@MSNT@BNNT can be attributed to its reduced heat flux. As
shown in Figure S6, the total heat flux (8.505 eV/ps) of
CNT@BNNT@MSNT is much smaller than the value of its isolated
inner CNT (14.4 eV/ps) and outer BNNT (13.45 eV/ps) layers, indi-
cating the suppression of the heat flux in CNT@BNNT@MSNT. Since
the BNNT layer can transfer the heat much faster than the MSNT
layer, the thermal conductance of CNT@MSNT@BNNT is expected to
be larger than that of CNT@BNNT@MSNT, because in
CNT@MSNT@BNNT the BNNT layer has a much larger volume ratio.
As a result, compared to CNT@BNNT@MSNT, the coating layers
should have a weaker hindering effect on the thermal transport
properties of CNT@MSNT@BNNT. This prediction is consistent with
the NEMD results shown above.
3.3. Interfacial thermal transport in 1D vdW heterostructures

As mentioned above, the 1D vdW heterostructures have
Fig. 10. Temperature profiles of (40,40) CNT-based double-walled nanotubes including (a)
responding accumulated energy changes in cold and hot regions in these nanotube structu
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promising potentials in nanoscale thermal management and ther-
mal circuits. As illustrated in Fig. 9, in 1D vdW heterostructures
thermal can not only transport along the axial direction but also go
through the interface between CNT base and nanotube coating.
Thus, to achieve a better understanding of the heat dissipation
mechanism in 1D vdW heterostructures, it becomes important to
investigate the thermal conductance at the interface between
adjunct nanotube layers. To this end, the interfacial thermal
conductance of two 1D vdW heterostructures, i.e., (40,40) CNT-
based heterostructures including CNT@BNNT and CNT@MSNT is
calculated. Moreover, CNT@CNT is also considered here for the sake
of comparison. In Fig. 10, we show the interfacial temperature
difference and the heat flux in CNT@CNT, CNT@BNNT, and
CNT@MSNT. Here, all structures are assumed to have the same
overlapping area. It is found that the interfacial temperature dif-
ferences in CNT@CNT, CNT@BNNT, and CNT@MSNT are, respec-
tively, 46.64 K, 47.53 K, and 43.37 K, while their heat fluxes are
0.863 eV/ps, 0.322 eV/ps, and 0.107 eV/ps, respectively. From these
results, we can see that there is no significant temperature gradient
existing in the inner and outer nanotube layers of CNT@CNT and
CNT@BNNT since their thermal conductance along the axial di-
rection is much larger than that along the interface direction. On
the contrary, a significant temperature gradient is observed in the
outer MSNT layer of CNT@MSNT, which is owing to its relatively
low axial thermal conductance of MSNT.

According to Eq. (3), values of the interfacial thermal conduc-
tance of CNT@CNT, CNT@BNNT, and CNT@MSNT are calculated,
which are 4.323 MW/m2K, 1.584 MW/m2K, and 0.578 MW/m2K,
respectively. The interfacial thermal conductance of CNT@CNT is
about three times larger than that of CNT@BNNTand is about seven
times larger than that of CNT@MSNT. The different values of the
interfacial thermal conductance observed in different structures
can be explained by different phonon coupling modes as detailed
above, in which the VDOS of the component layers of CNT@CNT,
CNT@BNNT, and CNT@MSNT, respectively, is completely, highly,
and scantly overlapped. In contrast to their high thermal conduc-
tivity along the axial direction, the weak interface heat transport
properties can be a drawback of 1D vdW heterostructures in the
nanoelectronics applications, since they are hard to dissipate heat
to surroundings through their interfaces.
CNT@CNT, (b) CNT@BNNT, and (c) CNT@MSNT along the axial direction. (d) The cor-
res. (A colour version of this figure can be viewed online.)
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4. Conclusions

In this paper, the axial and interfacial thermal transport be-
haviors of 1D vdW heterostructures are investigated by using
NEMD simulations. As for the axial thermal conductance of (40,40)
CNT-based 1D vdW heterostructures containing two component
layers, i.e., CNT@BNNT and CNT@MSNT, it is found that the BNNT
coating layer in CNT@BNNT can increase the thermal conductance
by 36%. This result is similar to the enhancement effect observed in
the double-walled CNT, i.e., CNT@CNT though a CNT coating can
increase the thermal conductance by 118%. Different from
CNT@CNT and CNT@BNNT, the MSNT coating layer in CNT@MSNT
has an opposite effect, which can reduce the thermal conductance
by 47%. The different enhancement/hindering effects of different
coating layers on the thermal conductance of different 1D vdW
heterostructures are attributed to the competition between
improved heat flux and increased temperature gradient due to
outer nanotube coatings, since inner CNT and outer nanotube may
have different lattice structures and also different relative atomic
masses, both of which can result in varied VDOS overlapping degree
in different 1D vdW heterostructures. The interfacial thermal
conductance of CNT@CNT, CNT@BNNT, and CNT@MSNT is also
examined to provide a better understanding of the heat dissipation
mechanism in 1D vdW heterostructures.

In addition to 1D vdW heterostructures containing two layers,
we also investigate the thermal transport behaviors of their coun-
terparts containing three layers, i.e., CNT@BNNT@MSNT. An unex-
pected reduction of 61% is observed in the thermal conductance of
this 1D vdW heterostructure, which is even larger than the
reduction of 47% observed in the thermal conductance of
CNT@MSNT. Such a significant reduction of thermal conductance
observed in CNT@BNNT@MSNT is caused by the suppressed heat
flux due to the vibration suppression by two outer nanotube layers.
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