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Abstract: 
 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. It is found that the boron nitride nanotube 
(BNNT) coating can increase the thermal conductance of inner carbon nanotube (CNT) 
base by 36%, while the molybdenum disulfide nanotube (MSNT) coating can reduce 
the thermal conductance by 47%. The different effects of BNNT and MSNT coatings 
on the thermal transport behaviors of 1D vdW heterostructures are explained by the 
competition mechanism between improved heat flux and increased temperature 
gradient in 1D vdW heterostructures. By taking CNT@BNNT@MSNT as an example, 
thermal transport in 1D vdW heterostructures 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 that of 
an individual MSNT coating. This unexpected reduction in thermal conductance of 
CNT@BNNT@MSNT can be explained by the suppression of heat flux arising from 
the possible compression effect, since BNNT-MSNT coating in CNT@BNNT@MSNT 
can more significantly suppress the vibration of inner CNT when compared to the 

individual MSNT coating in CNT@MSNT. In addition to the in-plane thermal transport, 
the interfacial thermal conductance between inner and outer nanotubes in 1D vdW 
heterostructures is also examined to provide a quantitative understanding of the thermal 
transport behaviors of1D vdW heterostructures. This work is expected to provide 
molecular insights into tailoring the heat transport in carbon base 1D vdW 
heterostructures and thus facilitate their broader applications as thermal interface 
materials.  

   

1. Introduction 

The two-dimensional (2D) heterostructures have attracted much attention recently 

by virtue of merging different 2D crystals to enable novel physical properties and 

functionalize applications,1 such as band-structure engineering,2 ultrafast charger 
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transfer,3 and vertical field-effect transistor.4 According to the direction of combination, 

2D heterostructures can be divided into 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 heterostructures have 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 expected that the corresponding 1D tubular 

vdW heterostructures could be obtained by rolling up 2D vdW heterostructures. 

However, compared with planar 2D sheets, 1D nanotubes are much more difficult to be 

synthesized in experiments, since their structures are topologically protected from 

being stack-nested.5 Hence, many efforts have been devoted to make progress in 

synthesizing 1D vdW heterostructures. Very recently, Xiang et al.6 demonstrated the 

experimental discovery and controlled fabrication of 1D tubular vdW heterostructures 

with single crystals, which consist of three different shell components: an inner CNT, a 

middle hexagonal boron nitride nanotube (BNNT), and an outer molybdenum disulfide 

nanotube (MSNT). In addition to this triple-walled nanotube heterostructure, double-

walled nanotube heterostructures such as CNT@BNNT and CNT@MSNT were also 

obtained in their experiment. The obtained 1D vdW heterostructures were found to 

exhibit unique optoelectronic properties.7  

Due to their superior thermal conductivity and outstanding mechanical stability, 

these 1D vdW heterostructures can serve as promising 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 investigated. To our best knowledge, among different 1D 

vdW heterostructures, only the thermal conductivity of CNT@BNNT has just been 

investigated.14 Based on the experimental measurement and molecular dynamics (MD) 

simulations, Jing et al.14 reported the enhancement in the thermal conductivity of 

coaxial CNT@BNNT arrays when compared to the isolated CNT arrays. To data, 

however, the thermal transport property in other 1D vdW heterostructures such as 

CNT@MSNT and CNT@BNNT@MSNT which have been successfully synthesized 

by Xiang et al.6 remains unknown. Moreover, there is no related report on the interfacial 
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thermal conductance inside 1D vdW heterostructures, in addition to their counterparts 

of 2D heterostructures.15, 16 However, understanding interfacial thermal transport in 1D 

vdW heterostructures, especially at the edge between long inner CNT and short outer 

coating nanotubes observed in the experiments,6 is crucial for their applications as 

nanoelectronics devices,17 since heat can not only transport along axial direction, but 

also conduct through the interface of nanotubes.   

To this end, taking (40,40) CNT as the base structure, 1D vdW double-walled 

nanotubes (CNT@CNT, CNT@BNNT, CNT@MSNT) and triple-walled nanotubes 

(CNT@BNNT@MSNT) heterostructures were constructed to investigate their 

enhancement/hindering effect by non-equilibrium molecular dynamics (NEMD) 

method. We also calculated the heat flux, temperature distributions together with 

vibrational density of states (VDOS) to reveal the mechanism for their corresponding 

enhancement/hindering effect. It was found that both CNT@CNT and CNT@BNNT 

shows an enhancement effect on thermal transport in base CNT, while CNT@MSNT 

and CNT@BNNT@MSNT exhibits the opposite hindering effect. As an initial attempt, 

we also calculated the interfacial thermal conductance between nanotubes in double-

walled heterostructures, which is much weaker than their counterpart along axial 

direction.  

2. Models and methods  
Models. As plotted in Figure 1, CNT, BNNT and MSNT are considered in our 

study. According to the number of layers of nanotubes, the nanotube materials can be 

divided into single-walled, double-walled, and triple-walled nanotubes. It should be 

noted that our study only focuses on armchair nanotubes and ignores other chiral 

nanotubes. Specifically, an armchair CNT (BNNT or MSNT) with the lattice vector of 

r=ma1+ma2 (a1=a2 are lattice constants of the primitive cell) can be noted as mmCNT 

(BNNT or MSNT). In the present study, 4040CNT is selected as the base nanotube, 

which is coated by 4545CNT, 4545BNNT and 3838MSNT (see Figure 1(a)). In other 

words, double-walled nanotubes including 4040CNT@4545CNT, 

4040CNT@4545BNNT and 4040CNT@3838MSNT, and the triple-walled nanotube 

4040CNT@4545BNNT@4242MSNT as shown in Figure 1(c) are considered in the 

present study. For convenience, these nanotube structures are referred to as CNT@CNT, 

CNT@BNNT, CNT@MSNT and CNT@BNNT@MSNT, respectively. The specific 

atomic structures of these investigated coaxial heterostructures are plotted in Figure 
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1(a)-(c). 

To simplify the modelling 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. The bond length 

of MSNT, i.e., the distance between adjacent Mo and S atoms is set as 2.42 Å. Thus, 

CNT and MSNT can be perfectly matched as a CNT@MSNT supercell when 4 MSNT 

unit cells are on top of 5 CNT unit cells as shown in Figure 1(d), which is similar to the 

structure of the supercell of graphene/MoS2 heterostructures.18, 19 The inter-wall 

distance between the inner CNT layer and outer CNT layer (or BNNT layer) is set as 

3.4 Å, while the inter-wall distance between the CNT (BNNT) layer and the adjacent 

MSNT layer is set as 3.6 Å. These values of inter-wall distance are very close to the 

results predicted from previous first-principle calculations for 2D heterostructures.20-22  

 

Figure 1. (a) Single-walled nanotubes: 4040CNT, 4545BNNT, and 3838MSNT; (b) double-walled 
nanotubes: 4040CNT@4545CNT, 4040CNT@4545BNNT, and 4040CNT@3838MSNT; (c) triple-
walled nanotubes: 4040CNT@4545BNNT@4242MSNT; (d) one supercell of CNT@MSNT 
heterostructure, the lattice constant of MSNT and CNT along axial direction are 3.096 and 2.477 Å 
respectively.   

Molecular dynamics simulations. The molecular dynamics simulation conducted 

in the present study is implemented by using the publicly available simulation code 

LAMMPS23, in which the standard Newton equations of motion were integrated in time 

using the velocity Verlet algorithm. The time step was set as 1.0 fs. All initial structures 
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were first adopted to perform energy minimization. Then, the structures were further 

relaxed at 300K and 0 GPa along the axial direction for 100 ps using the Langevin 

thermostat24 to obtain the equilibrium state. The interactions among C, B and N atoms 

were described by the Tersoff potential,25, 26 while the interaction between Mo and S 

atoms in MSNTs was described by the REBO potential, since the previous study27 

suggested that the REBO potential28, 29 can give a more accurate prediction of thermal 

transport properties compared to the Stillinger-Weber potential.30, 31 

The weak vdW interactions between adjacent nanotubes are modelled by 12-6 

Lennard-Jones (LJ) potential with the form V(rij) = 4[(/rij)12-(/rij)6], where  , and 

rij, respectively, are depth of the potential well, finite distance at which the inter-particle 

potential is zero, and the distance between atoms i and j. The parameters  and  are set 

to be  = 2.620 meVand = 0.3440 nm among C atoms,  = 4.116 meV and  = 0.3453 

nm among B atoms,  = 0.586 meV and  = 0.4200 nm among Mo atoms, and  = 

13.860 meV and  = 0.3130 nm among S atoms.28, 32-34 The arithmetic mix rule is 

employed to model the LJ potential between different elements. Meanwhile, the cutoff 

in the LJ potential is set as 1.0 nm. The corresponding binding energy of one 

CNT@MSNT heterostructure supercell as plotted in Figure 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.35
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Figure 2. Schematic model setup for NEMD simulation: (a) the temperature profile and (b) 

accumulated energy changes of clod and hot region of 4040CNT@3838MSNT along axial direction 

during in-plane thermal conductivity calculation at 300K. (c) the temperature profile and (d) 

accumulated energy changes of clod and hot region of 4040CNT@4545BNNT along axial direction 

during interfacial thermal conductance calculation at 300K. The simulation domains are 

respectively plotted in the insects of (a) and (b). 

Thermal conductivity calculations. The classical non-equilibrium MD method 

was employed in the calculations of thermal conductivity. Specifically, the thermal 

conductivities k of investigated nanotubes was extracted with the aid of the following 

Fourier’s law of heat conduction: 

𝑘 ൌ െ 

∇்
.                            (1) 

Here J denotes the heat flux along the axial direction of nanotubes. ∇𝑇 ൌ 𝑑𝑇 𝑑𝑥⁄  is the 

temperature gradient along the axial direction with 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 = [(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 diameters. In 

this study, the thicknesses of CNT, BNNT and MSNT are assumed to be 0.344 nm, 

0.344 nm and 0.672 nm, respectively, which are the same the thickness of their two-

dimensional materials counterparts.19 The thermal conductance  (𝜎 ൌ െ 𝐽 ∇𝑇⁄ ) of 

nanotubes was also obtained. In calculating , the cross-section area A was fixed as 1 
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Å2 to exclude the influence of cross-sectional area.  

As shown in Figure 2(a), to perform non-equilibrium MD simulations, the whole 

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 

sources), and the middle heat flux region. The lengths of fixed region and cold (or hot) 

region were set as 5 Å and 10 Å, respectively. The temperatures of the cold and hot 

regions were set as 275 K and 325 K, respectively. We divided the simulation box into 

40 slabs along the axial direction to record the time-average temperature of each slab 

for generating the temperature gradient. The heat transport simulation lasts for 1500 ps. 

Specifically, the stable temperature distribution was achieved within the first 500 ps, 

while the temperature gradient was obtained by averaging over the last 1000 ps MD 

simulations, which is graphically shown in Figure 2(b) for CNT@MSNT with a length 

of 20 nm. Meanwhile, as shown in Figure 2(c), the corresponding heat flux J was 

recorded by the averaging the input power of cold region and the output power of hot 

region through J = (Qh+Qc)/2t where Qc and Qh are, respectively, the accumulated 

energy in cold and hot regions (i.e., heat sink and heat source regions) during the 

running time t.   

 Interfacial thermal conductance calculations. As shown in Figure 2(c) and (d), 

we adopted the similar NEMD method to calculate the interfacial thermal conductance. 

However, in the present calculation of interfacial thermal conductance, an artificial 

interface was created to make the heat flux J pass through the overlapping interface 

area A of the inner and outer nanotubes, which results in a significant temperature 

difference dT. Thus, the interfacial thermal conductance G can be calculated from 

𝐺 ൌ 

ௗ்
.                           (3) 

 During the simulation, the whole structure was divided into five regions along the 

axial direction (see Figure 2(c)), which is exactly like the treatment we conducted in 

the above thermal conductivity calculation. Here, the hot region with a length of 5 Å 

locates at the inner nanotube, while the cold region with the same length locates at the 

outer nanotube. The overlap length between the inner and outer nanotubes was set as 4 

nm. 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 overlap region in the subsequent 1000 
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ps simulations.  

 Calculations of vibrational density of states (VDOS). The VDOS were studied 

to understand the underlying mechanisms of phonon transport, which can be calculated 

from the Fourier transform of the velocity autocorrection function36:  

           VDOSሺ𝜈ሻ ൌ  𝛾ሺ𝑡ሻexpሺെ2𝜋𝑖𝜈𝑡ሻ𝑑𝑡,            (4) 

where v denotes the frequency, i is the imaginary unit.  denotes the velocity 

autocorrelation function obtained from the equation37 𝛾ሺ𝑡ሻ ൌ

〈∑ 𝑣ሺ0ሻ ⋅ 𝑣ሺ𝑡ሻ 〉 〈∑ 𝑣ሺ0ሻ ⋅ 𝑣ሺ0ሻ 〉⁄  with vi(0) and vi(t) being the velocities of the ith 

atom at time t and at the initial state, respectively.  

3. Results and discussion 

3.1 Thermal transport in double-walled nanotube heterostructures 

Table 1. Thermal conductivity of various 20 nm NTs extracted from MD simulation. 

 

 

The thermal conductivity and conductance of various single-walled and double-

walled nanotubes with the same length of 20 nm are listed in Table 1. As for the single-

walled nanotubes considered here, it is found that the CNT has the highest thermal 

conductivity, which is 630.75 W/mK for 4040CNT and 619.32 W/mK for 4545CNT, 

while the MSNT has the lowest thermal conductivity of 12.82 W/mK. The BNNT has 

a moderate thermal conductivity of 278.85 W/mK. The values of these three single-

walled nanotubes are in good agreement with the previous studies on the basis of 

NEMD methods.10, 12, 13 As for the double-walled nanotubes, the thermal conductivities 

of CNT@CNT (i.e., 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. 

It is noted that the thermal conductivity of double-walled CNT is identical to the value 

of its single-walled counterpart, while the thermal conductivity of CNT@BNNT (or 

CNT@MSNT) is between the values of their component CNT and BNNT (or MSNT) 
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layers.  

In the above discussion the thickness of single-walled nanotubes is assumed to 

equal to the vdW diameter, but many other values also have been suggested for the 

equivalent thickness of single-walled nanotubes.38-40 Thus, to surmount the hurdle in 

identifying the equivalent thickness of the one atom or several atoms thick nanotube 

structures, the thermal conductance  defined above instead of the thermal conductivity 

k is calculated here to eliminate the effect of thickness and thus the cross-sectional area. 

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 :  

𝛼 ൌ ఙషఙ
ఙ

 ,                          (5) 

where het and int are the thermal conductance of 1D vdW heterostructures and the 

inner 4040CNT, respectively. If  > 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 Figure 3, the values of  are1.34, 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. Moreover, the thermal conductance of CNT@CNT is found 

to exactly equal to sum of the values of the inner CNT base and the outer CNT coating, 

which is thus twice as 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 the single-walled CNT can be understood by the fact that the CNT has 

a thermal conductivity much higher than that of BNNT. In addition, the mass of nitrogen 

and boron atoms is different from that of the carbon atom. This difference can introduce 

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 conductance observed in 

CNT@CNT and CNT@BNNT is in accordance with our expectation, since an outer 
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nanotube coating layer can supply an additional heat conducting path. However, 

different to CNT@CNT and CNT@BNNT, a reduced thermal conductance is found in 

CNT@MSNT, which is only one half of the value of the single-walled CNT. This 

reduction in the thermal conductance of CNT@MSNT is out of our expectation, which 

will be explained in details latter.  

  

Figure 3. The effect of encapsulating different nanotubes including (a) 4545CNT, (b) 4545BNNT, 
and (c) 3838MSNT on the thermal conductivity of pristine 4040CNT. The height of each rectangle 
denotes the corresponding thermal conductance. 
 

To explain the different effects of different nanotube coatings on the overall thermal 

conductance of corresponding 1D vdW heterostructures, we show their temperature 

distribution in Figure 4(a)-(c) and the cumulative energy change in Figure 4(d)-(f), 

respectively. The results of the corresponding inner and outer nanotube components in 

1D vdW heterostructures are also shown 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 calculating 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.  
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Figure 4. The temperature profiles of double-walled nanotubes including (a) 4040CNT@4545CNT, 
(b) 4040CNT@4545BNNT, and (c) 4040CNT@3838MSNT along axial direction during NEMD 
simulation at 300K. For each heterostructure, the temperature distribution of the double-walled 
nanotube, inner nanotube, and outer nanotube are respectively calculated for sake of comparison. 
The accumulated energy changes of the heat sink and source in (d) 4040CNT@4545CNT, (e) 
4040CNT@4545BNNT, and (f) 4040CNT@3838MSNT during NEMD simulation at 300K. Noted 
that in (b)-(d), the energy changes of isolated inner and outer nanotubes are calculated instead of 
their counterpart in heterostructures. 

The temperature gradients of the CNT@CNT and its component layers inner CNT, 

outer CNT and extracted from Figure 4(a) are 0.060 K/Å (CNT@CNT), 0.059 K/Å 

(inner layer), and 0.061 K/Å (outer layer), while, as shown in Figure 4(d), the heat flows 

of these structures are 14.4 eV/ps (CNT@CNT), 16.2 eV/ps (inner layer), 30.6 eV/ps 

(outer layer), respectively. Based on these results, we can see that the temperature 

gradient of CNT@CNT is identical to the results of their component CNT layers. The 

heat flux of CNT@CNT is the sum of values of the inner and outer CNTs, which leads 

to the enhanced thermal conductance observed in CNT@CNT as shown in Figure 3(a). 

Like CNT@CNT, the heat flux of CNT@BNNT shown in Figure 4(b) is also the sum 

of the results 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 discrepancy of the thermal conductance of 

CNT@BNNT from the sum of the values of its inner CNT and outer BNNT components 
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as shown in Figure 3(b). Similar to CNT@CNT and CNT@BNNT, the heat flow of 

CNT@MSNT nearly equals to the sum of the values of its inner CNT and outer MSNT 

components (see Figure 4(c)) in spite of the fact that its increment is much smaller when 

compared to improvement in CNT@CNT and CNT@BNNT. On the other hand, 

different to CNT@CNT and CNT@BNNT, the temperature gradient of CNT@MSNT 

is greatly larger than the value of its inner CNT layer (see Figure 4(f)). The greatly 

increased temperature gradient of CNT@MSNT due to the coating of outer MSNT 

layer is thus responsible for the reduced thermal conductance of CNT@MSNT 

observed in Figure 3(c).  

 

Figure 5. The in-plane (left) and out-of-plane (right) VDOS for inner and outer nanotubes of 

4040CNT@4545CNT (up), 4040CNT@4545BNNT (middle), and 4040CNT@3838MSNT (down).  

From the above results of double-walled CNTs and two 1D vdW heterostructures, 

we can see that the outer nanotube coating can affect the thermal conductance of 1D 

vdW heterostructures through changing the heat flux and the temperature gradient. 

Specifically, the coating nanotube can provide an additional heat conducting path that 

can enhance the thermal conductance, while the temperature gradient may increase due 

to the coating of outer nanotube, which may reduce the thermal conductance. The 

competition between these two factors results in difficult effects of different coating 
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nanotube materials on the thermal conductance of 1D vdW heterostructures. For 

example, in CNT@CNT and CNT@BNNT, the change in the thermal conductance is 

predominated by the enhancement in heat flux is to that in the temperature gradient, 

while the enhancement 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 is compared in Figure 5 to further provide a microscopic insight into 

the enhancement/hindering effects of different coating nanotubes on the thermal 

conductance of 1D vdW heterostructures. The in-plane VDOS is based on the atomic 

velocity along the z direction, i.e., the axial direction, while the out-of-plane VDOS is 

based on the atomic velocity along other two directions. It is found that as for both 

VDOS, the overlap area between 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 analogue to that of CNT, even though the relative 

atomic mass of boron and nitrogen is slightly different from that of carbon. As a result, 

BNNT and CNT almost have the same distribution of VDOS. However, when compared 

to BNNT and CNT, MSNT has a more complicated atomic structure, in which each 

molybdenum atom is surrounded by six sulphur atoms. In other words, a molybdenum 

atom layer in MSNT is sandwiched by two sulphur atom layers.41 Moreover, the relative 

atomic mass of molybdenum is greatly larger than that of carbon. These differences 

lead to a VDOS of MSNT significantly different to that of CNT. Specifically, as shown 

in Figure 5(c) and (f), the frequency of VDOS of MSNT is much smaller than that of 

its CNT counterpart. 



 

14 

 

 

Figure 6. Length-dependent thermal conductance σ (left) and evaluated factor α (right) of 

4040CNT@4545CNT (up), 4040CNT@4545BNNT (middle), and 4040CNT@3838MSNT (down). 

The circle and solid line are results obtained from NEMD simulation and Eq (4), respectively. 

In Figure 6, 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 layer are also shown here. The effective length denotes the linear 

region of temperature distribution as plotted in Figure 2(a) instead of the total length of 

system. Thus, the nanotubes with a length ranging from 10 nm to 30 nm have an 

effective length ranging from 6 nm to 24 nm. According to the kinetic theory, the 

phonons transport of low-dimensional materials will transform from ballistic regime to 

diffusive regime with increasing length, which results in the increase of thermal 

conductivity in this process until approaching a constant value. The length-dependent 

thermal conductance can be expressed as:42, 43     

𝜎 ൌ ఙಮ

൬

ಽ
ାଵ൰

 ,                        (6) 

where ∞ is the length-independent thermal conductance, and lp is the effective phonon 

mean free path. As plotted in Figure 6, the thermal conductance  of all nanotubes is 

graphically shown 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 Figure 6, the values of ∞ are 6.639×105 W/mK and 7.729×105 W/mK for 

4040CNT and 4545CNT, respectively. Thus, the corresponding length-independent 

thermal conductivities k∞ of these two materials are, respectively, 1078.97 W/mK and 
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1164.03 W/mK. Based on the same method, the values of ∞ extracted for BNNT, 

MSNT, CNT@CNT, CNT@BNNT and CNT@MSNT are 2.366×105, 0.268×105, 

14.620×105, 8.043×105 and 5.269×105 W/mK, respectively. The corresponding values 

of k∞ of these materials are 172.78, 19.55, 1170.72, 644.06 and 267.89 W/mK, 

respectively. The value of the factor  of CNT@CNT, CNT@BNNT and CNT@MSNT 

with different lengths is shown in Figure 6 (d)-(f). Based on Eq. 6, the estimated length-

independent values of factor , i.e., ∞ of CNT@CNT, CNT@BNNT and 

CNT@MSNT are, respectively, 1.20, 0.21 and -0.21, which are consistent with the 

results obtained from structures with the length of 20 nm. Based on the values ∞, from 

which the length dependence effect is excluded, we can further conclude that both CNT 

and BNNT coatings can enhance the thermal conductance of 1D vdW heterostructures, 

while the MSNT coating has an opposite effect. 

3.2 Thermal transport in triple-walled nanotube heterostructure 

The strain energy of single-walled MSNT is much higher than for single-walled 

CNT and BNNT, due to its thickness containing three atom layers much higher than 

single atom thickness of the latter two. This fact leads to the fact that the CNT-BNNT 

are taken as base to support the MSNT and form the triple-walled heterostructure. In 

this section, taking CNT@BNNT@MSNT with the length of 20nm as an example 

(Figure 7(a)), we investigate the thermal transport in 1D vdW heterostructures 

composed of three layers of nanotubes. By obtaining the temperature gradient from the 

linear region of temperature distribution shown in Figure 7(b) and the cumulative 

energy change shown in Figure 7(c), the thermal conductivity and thermal conductance 

are calculated as 52.873 W/mK and 1.447×105 W/mK, respectively. The corresponding 

factor  is thus obtained as -0.61, which is larger than the value -0.47 of CNT@MSNT. 

This indicates that the outer coating layers of CNT@BNNT@MSNT have a more 

significant reduction effect on the thermal transport property of carbon nanotube 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. Therefore, we further calculate the heat flux and temperature 

distributions to understand this discrepancy.  
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Figure 7. (a) The atomic structure, (b) temperature profile, and accumulated energy changes of 

CNT@BNNT@MSNT heterostructure. In plot (c), accumulated energy changes of corresponding 

isolated inner, middle and outer NTs are calculated to compare with the heterostructure. (d) The 

comparison of the in-plane (up) and out-of-plane VDOS (down) of inner CNT, middle BNNT, and 

outer MSNT in CNT@BNNT@MSNT.   

The temperature distribution of CNT@BNNT@MSNT together with the result of 

its three nanotubes components is plotted in Figure 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 

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 composites of CNT@BNNT@MSNT can be explained by their VDOS 

distributions in illustrated in Figure 7(d), which show the diversity of phonon overlaps 

owing to their different lattice structures. As plotted in Figure 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, and much larger than 

the value of its isolated outer MSNT (2.1 eV/ps) layer. However, as for its counterpart 

with two layers, i.e., CNT@CNT, CNT@BNNT and CNT@MSNT, the heat flux is 

very close to the sum of the values of its inner and outer nanotubes (see Figure 4(d)-

(f)). Hence, the suppression of heat flux in CNT@BNNT@MSNT is responsible for its 

significant reduction of thermal conductivity. 
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Figure 8. (a) In-plane and (b) out-of-plane of VDOS of CNT in different heterostructures including 

CNT@CNT, CNT@BNNT, CNT@MSNT, and CNT@BNNT@MSNT. Herein, the isolated CNT 

are calculated for sake of comparison. The inset zooms out the PDOS difference at frequency regime 

at 40~55 THZ. 

In order to better understand the reduced heat flux observed in 

CNT@BNNT@MSNT, in Figure 8 we compare both in-plane and out-of-plane VDOS 

of CNT layer in different 1D vdW heterostructures. For the sake of comparison, the 

value of an isolated CNT is also shown in Figure 8. It is clearly 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 inner CNT of 

CNT@MSNT, the peak of VDOS slightly moves leftward to ~48 THz. The VDOS of 

inner CNT of 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 at the high frequency regime (45~50 THz). The 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.44, 45 This compression 
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can be understood by the fact that in CNT@BNNT@MSNT the inner CNT is 

constrained by BNNT@MSNT, which thus can more significantly suppress its 

vibration compared with its counterpart in CNT@CNT and CNT@BNNT. This 

explains the origin of suppressed heat fluxion and further reduced thermal conductance 

in CNT@BNNT@MSNT.     

3.3 Thermal transport in the interface of double-walled nanotube heterostructures 

 

Figure 9. Temperature profiles of (a) CNT@CNT, (b) CNT@BNNT, and (c) CNT@MSNT along 

axial direction and (d) their corresponding accumulated energy changes in cold and hot regions 

during interfacial thermal conductance calculation at 300K.  

Since the 1D van der Walls heterostructure has promising potentials in nanoscale 

thermal management and thermal circuits, investigating the thermal conductance at the 

interface between inner and outer NTs is also important for better understanding the 

heat dissipation mechanism. In this section, the interfacial thermal conductance of two 

double-walled 1D vdW heterostructures CNT@BNNT and CNT@MSNT are 

calculated to compare with CNT@CNT, i.e., double-walled CNT. In Figure 9 we show 

the interfacial temperature difference and heat flux in CNT@CNT, CNT@BNNT and 

CNT@MSNT. Here, all 1D vdW heterostructures are assumed to have the same overlap 

area. It is found that the interfacial temperature differences in CNT@CNT, 

CNT@BNNT and CNT@MSNT are, respectively, 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 in the 
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inner and outer nanotube layers of CNT@CNT and CNT@BNNT, since their thermal 

conductance along the axial direction is much larger than that along the interface 

direction. On the contrary, a temperature gradient is observed in the outer MSNT layer 

of CNT@MSNT, owing to its relatively low in-plane thermal conductance.   

According to Eq 3, values of the interfacial thermal conductance of CNT@CNT, 

CNT@BNNT and CNT@MSNT were 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@BNNT and 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 CNT@CNT, CNT@BNNT 

and CNT@MSNT respectively shows perfect, highly and scantly overlapped. In 

contrast to their high thermal conductivity along axial direction, the weak interface heat 

transport ability can be a drawback of 1D vdW heterostructures in the nanoelectronics 

applications, since they are hard to dissipate heat through their interfaces to 

surroundings.  

4. Conclusions 

In this paper, the in-plane and interfacial thermal transport behaviors in 1D 

heterostructures are investigated by using NEMD simulations. As for the in-plane 

thermal conductance  of the 1D 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 of the CNT base by 36%, which is 

similar to the enhancement effect observed in double-walled CNT, i.e., CNT@CNT 

though a CNT coating can increase the thermal conductance of CNT base by 134%. 

Different to CNT@CNT and CNT@BNNT, the MSNT coating layer in CNT@MSNT 

has an opposite effect, which can reduce the thermal conductance of the CNT base by 

47%. The different enhancement/hindering effects of different coating layers on the 

thermal conductance of different 1D vdW heterostructures is attributed to the 

competition between heat flux and temperature gradient of inner CNT base and outer 

nanotube coatings, since inner CNT and outer nanotube may have different lattice 

structures and relative atomic masses, which thus can result in varied VDOS 

overlapping degree in different 1D vdW heterostructures.  
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In addition to 1D vdW heterostructures containing two layers, by taking 

CNT@BNNT@MSNT as an example, we also investigate the thermal transport 

behaviors of their counterparts containing three layers. An unexpected 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 significant reduction of thermal conductance observed in CNT@BNNT@MSNT 

is caused by the suppression of heat flux owing to vibration suppression by two outer 

nanotube layers. The interfacial thermal conductance of CNT@CNT, CNT@BNNT 

and CNT@MSNT were also examined to provide quantitative understanding. We found 

that the interfacial thermal conductance of CNT@CNT is 2.7 times of CNT@BNNT, 

and 7.5 times of CNT@MSNT. The relative difference of their thermal conductance 

could be explained by the phonon coupling: the VDOS of inner and outer NTs in 

CNT@CNT, CNT@BNNT, and CNT@MSNT are perfectly overlapped, highly 

overlapped, and scantly overlapped, respectively.  
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