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a b s t r a c t 

Investigating thermal transport in van der Waals heterostructures is of scientific interest and practical 

importance for their applications in a broad range. In this work, thermal conductivity of one-dimensional 

heterostructure consisting of carbon and boron nitride nanotubes is systematically investigated via molec- 

ular dynamics simulations. Thermal conductivity is found to have strong dependences on temperature, 

length and diameter. In addition, the axial strain and intensity of van der Waals interaction are demon- 

strated to be able to modulate thermal conductivity up to about 43% and 37%, respectively. Moreover, the 

dependence of thermal conductivity on the chirality of constituent nanotubes is studied. These results 

are explained based on lattice dynamics insights. This work not only provides feasible strategies to mod- 

ulate thermal conductivity, but also enhances the understanding of the fundamental physics of phonon 

transport in one-dimensional heterostructures. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The van der Waals (vdW) heterostructure with different atomic 

ayers stacked beyond symmetry and lattice matching through 

dW interaction, has been considered as a promising candi- 

ate in a wide application range such as electronics, thermo- 

lectrics and optics [1–3] . To the current state of art, dimension- 

lity of heterostructure is decreased but mainly limited to two- 

imensional (2D) form composed of different planar layers like 

raphene, monolayer boron nitride, phosphorene and transition 

etal dichalcogenides [4] . Most recently, the limitation of dimen- 

ion has been experimentally broken, generating a new class of 

eterogeneous material named one-dimensional (1D) vdW het- 

rostructure [5] . By combining the advantages of different nan- 

tubes such as carbon nanotube (CNT), boron nitride nanotube 

BNNT) and chalcogenide nanotube, it is hopeful to arouse new 

roperties and broaden the application of 1D heterostructures [6–

] . 

Investigating thermal transport in heterostructures is of scien- 

ific interest and practical importance for applications like heat dis- 

ipation, thermoelectric materials and electronics packaging [10–

2] . Tremendous effort s have been devoted to the research on ther- 
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al transport in 2D heterostructures over the past years. Liu et al. 

esigned a phosphorene-graphene heterostructure and achieved 

igh interfacial thermal conductance that can be tuned by ten- 

ile strain [10] . Ren et al. demonstrated that interfacial thermal 

esistance is significantly reduced in phononic-mismatched het- 

rostructures and interfacial thermal conductance has a weak tem- 

erature dependence, which is different from that of conventional 

eterostructures achieved by interfacing dissimilar materials [11] . 

ai et al. found that BN dominates the thermal transport in BN- 

ilicene bilayer heterostructure due to the weak interaction be- 

ween two layers [12] . However, study on the thermal transport 

n 1D heterostructure is lacking and the thermal properties and 

hysical mechanisms remains to be discovered [13] . Noting that 

hermal transport can behave abnormally with the decrease of di- 

ension, to be specifically, phonons propagate ballistically in 1D 

tructures rather than diffusively in 2D systems and beyond [14] . 

iven that, thermal transport in 1D heterostructures is supposed 

o be different from that in 2D systems. Therefore, there is a great 

mportance and necessity to study thermal conductivity of 1D het- 

rostructures. 

In this work, thermal conductivity of 1D heterostructure con- 

isting of CNT and BNNT (denoted as CNT@BNNT) is numeri- 

ally studied by non-equilibrium molecular dynamics simulations. 

irstly, CNT@BNNT with different sizes and different chiral con- 

tituent nanotubes are constructed. Subsequently, temperature, 

ength and diameter dependence of thermal conductivity are stud- 

ed. Then, axial strain and intensity of vdW interaction are intro- 
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Fig. 1. Atomic structure of (a) single-wall CNT, (b) double-wall CNT, (c) 1D vdW 

heterostructure CNT@BNNT, (d) single-wall BNNT and (e) double-wall BNNT. The 

pink, blue and green spheres represent boron, nitrogen and carbon atoms, respec- 

tively. 
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S

uced to modulate thermal conductivity. Lattice dynamics analysis 

s carried out to explain the strain effect and the influence of the 

ntensity of vdW interaction on thermal conductivity by quantify- 

ng phonon density of states. Lastly, the influence of chirality of 

onstituent CNT and BNNT on thermal conductivity is studied and 

he outlook of future research is proposed. 

. Model and method 

Similar to the double-wall CNT (DWCNT) and double-wall BNNT 

DWBNNT), the one-dimensional CNT@BNNT heterostructure (as 

hown in Fig. 1 c ) is constructed by coaxially nesting a single- 

all CNT (SWCNT) into a single-wall BNNT (SWBNNT). The inter- 

all distance of 3.4 Å between inner SWCNT and outer SWBNNT, 

qualing to the equilibrium interlayer distance of graphene and 

onolayer boron nitride results from vdW interaction, is gener- 

ted by the construction procedure. In the following calculation, 

NT@BNNT heterostructure consisting of (11, 11) CNT and (16, 

6) BNNT is chosen as the smallest structure, where the length 

nd the inner diameter (diameter of inner CNT) are 10 nm and 

.5 nm, respectively. Noting that CNT@BNNT heterostructure is 

ne-dimensional, we only focus on the thermal conductivity along 

xial direction. 

The classical non-equilibrium molecular dynamics (NEMD) 

ethod has been employed in the calculation of thermal conduc- 

ivity [15–20] . The heat source with higher temperature and heat 

ink with lower temperature are applied to left and right region 

ext to the fixed ends, respectively (as illustrated in Fig. S1 ). After 

btaining the steady temperature profile and heat current, thermal 

onductivity can be calculated based on the Fourier’s law of heat 

onduction as 

= − J 

A ∇T 
, (1) 

here A is the cross-sectional area defined as the ring with a 

hickness of 6.8 Å, which equals to the double equilibrium inter- 

ayer distance resulting from van der Waals interaction between 

nner and outer wall. ∇T is the time-averaged temperature gradi- 

nt along axial direction. J is the heat flux that recorded by the 

verage of the input and output power of the two baths as 

 = 

�E bath + �E sink 
, (2) 
2�t 

2 
here �E is the energy flow from heat bath or flow into heat sink 

uring each time step �t. 

All simulations are performed by the large-scale 

tomic/molecular massively parallel simulator (LAMMPS) package 

21–25] . The interatomic interaction within nanotubes is described 

y Tersoff potential, which includes both two-body and three-body 

erms and has been widely used to study the thermal proper- 

ies [26,27] . The Lennard-Jones (LJ) potential is implemented for 

he van der Waals interaction between BNNT and CNT. The LJ 

arameters are extracted from the Universal Force Field, param- 

ters across different types of atoms are calculated by using the 

orentz-Berthlot mixing rules [28] . Two Langevin thermostats with 

 temperature difference of 20 K are used to establish temperature 

radient along axial direction. The fixed and periodic boundary 

onditions are applied in axial and other two directions, respec- 

ively. Time step is set as 0.5 fs, and the velocity Verlet algorithm 

s used to integrate the discrete differential equations of motion 

29] . To overcome the statistical error, the results are averaged 

ver five independent simulations with different initial conditions. 

More simulation details are given in supplementary material ) 

. Results and discussion 

Firstly, thermal conductivity of CNT@BNNT is calculated at 

he temperature of 300 K, where the length and the inner 

iameter are 10 nm and 1.5 nm, respectively. As a result, 

oom-temperature thermal conductivity is obtained as high as 

71.61 ±7.03 Wm 

−1 K 

−1 . The value is at the same order of mag- 

itude as other nanotubes such as CNT and BNNT. For a bet- 

er comparison, thermal conductivity of SWBNNT and SWCNT ex- 

racted from CNT@BNNT, DWBNNT and DWCNT and BNNT@CNT 

ith the same size as CNT@BNNT are calculated, the results are 

hown in Fig. 2 a . Thermal conductivity of CNT@BNNT is higher 

han the value of SWBNNT (277.83 ±5.67 Wm 

−1 K 

−1 ) but lower 

han that of SWCNT (553.84 ±14.14 Wm 

−1 K 

−1 ). It is reasonable 

o obtain an intermediate thermal conductivity value when com- 

ining two different materials, which reflect the compromise of 

hermal conductivity of two different materials. Similarly, ther- 

al conductivity of CNT@BNNT also falls in between the values 

f DWBNNT (271.48 ±11.28 Wm 

−1 K 

−1 ) and DWCNT (688.99 ±21.76 

m 

−1 K 

−1 ). Furthermore, thermal conductivity of CNT@BNNT is 

ower than that of BNNT@CNT (457.84 ±22.35 Wm 

−1 K 

−1 ), which is 

lso between the values of corresponding SWBNNT (252.04 ±18.12 

m 

−1 K 

−1 ) and SWCNT (609.98 ±31.92 Wm 

−1 K 

−1 ), due to the 

igher thermal conductivity of larger SWCNT. 

Temperature can significantly affect thermal transport in ma- 

erials by dominating phonon scattering. Here, temperature depen- 

ence of thermal conductivity is investigated. Thermal conductivity 

f CNT@BNNT is calculated in the temperature range from 300 K 

o 1100 K, where the length and the inner diameter are fixed at 

0 nm and 1.5 nm, respectively. As shown in Fig. 2 b, thermal con- 

uctivity decreases with the increase of temperature, and it drops 

ore than 66% down to 125.12 ±9.42 Wm 

−1 K 

−1 when temperature 

eaches 1100 K. Generally, thermal conductivity decreases propor- 

ional to 1/T due to the enhancement of Umklapp three-phonon 

cattering process. However, thermal conductivity of such a short 

NT@BNNT decreases a little slower than the trend that is pro- 

ortional to 1/T. The reason for the slower decrease trend may 

e ascribed to the shortage of Umklapp phonon-phonon scatter- 

ng process. Here, the short length of only 10 nm could trigger 

he phonon-boundary scattering, which can lead to the shortage of 

honon-phonon scatterings. A similar temperature dependence is 

lso found in the studies on thermal conductivity of SWCNT [30–

5] . On the other hand, an experimental study on a much longer 

WCNT with a length of 2.6 μm shows that thermal conductiv- 
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Fig. 2. (a) The comparison of thermal conductivity of CNT@BNNT and several nan- 

otubes (SWBNNT, SWCNT, DWBNNT, DWCNT and BNNT@CNT) with the same length 

of 10 nm at room temperature; (b) Temperature dependence of thermal conductiv- 

ity of CNT@BNNT. The length and the inner diameter are 10 nm and 1.5 nm, respec- 

tively. 
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Fig. 3. Thermal conductivity of CNT@BNNT as a function of (a) length (the inner 

diameter is fixed at 1.5 nm) and (b) inner diameter (the length is fixed at 10 nm) 

at room temperature. The fitting value of β is 0.31 ±0.02. 
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ty can decrease a little steeper than 1/T, which could result from 

igh-order phonon-phonon scatterings [36] . 

Size effect of thermal conductivity occurs when system size is 

educed to nanoscale. So, it is necessary to study size dependence 

f thermal conductivity for CNT@BNNT. Firstly, length dependence 

f thermal conductivity is studied. Thermal conductivity is calcu- 

ated in the length range from 5 nm to 160 nm at 300 K, where

he inner diameter is fixed at 1.5 nm. As shown in Fig. 3 a, thermal

onductivity increases with the increase of length, it is obtained 

s high as 861.67 ±9.06 Wm 

−1 K 

−1 when length reaches 160 nm. 

oting that size confinement can arise in the nanoscale system, 

hat is, phonon mean free path (MFP) is limited due to phonon- 

oundary scattering. Although thermal conductivity keeps increas- 

ng with length as the effective MFP of ballistic phonons increases, 

he gradient of profile gradually decreases since the number of bal- 

istic phonons decreases. This suggests the increase of thermal con- 

uctivity is caused by the phonons with relatively long MFP com- 

ared to length. After the length of about 10 nm, thermal conduc- 

ivity can be well fitted by an exponential function, which indi- 

ates that thermal conductivity increases proportional to L β with a 

value of 0.31 ±0.02. The anomalous length dependence of ther- 

al conductivity as κ∝ L ̂ β (0 <β≤1) has been reported in most of 

ne-dimensional structures [33,34,37–42] . 
3 
Secondly, diameter dependence of thermal conductivity is stud- 

ed. The overall diameter is changed by adjusting the inner and 

uter diameter simultaneously, where the distance between inner 

nd outer wall is maintained at an equilibrium interlayer distance, 

.34 nm. Thermal conductivity of CNT@BNNT is calculated at dif- 

erent inner diameters at 300 K, where the length is fixed at 10 

m. As shown in Fig. 3 b , thermal conductivity increases with the 

ncrease of inner diameter. Such a diameter dependence of ther- 

al conductivity was also reported in previous study on other 

anotubes [43] . There are two aspects mainly account for the in- 

reasing thermal conductivity: 1) the number of phonon mode in- 

reases with the increase of inner diameter so that more phonons 

ould participate in thermal transport; 2) the increase of inner di- 

meter also leads to the reduction of curvature, which decreases 

he phonon scattering induced by curve strain. Eventually, ther- 

al conductivity reaches a convergent value around 500 Wm 

−1 K 

−1 

hen inner diameter is larger than 7.5nm, which is due to the sat- 

ration of phonon scattering. 

Modulating thermal conductivity is important for thermal man- 

gement in practical application, as well as understanding the 

echanism that governs thermal transport [44–49] . Strain often 

ccurs in a heterostructure as different atomic layers could have 

istinct coefficients of thermal expansion [50] . This is particularly 

rue in the 1D case as the material is synthesized at high tem- 
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Fig. 4. Thermal conductivity of CNT@BNNT as a function of (a) strain along axial direction and (b) normalized intensity of vdW interaction between inner and outer nanotube. 

The length and the inner diameter are fixed at 10 nm and 1.5 nm respectively; (c) Out-of-plane (radial direction) and (d) in-plane (axial direction) phonon density of states 

for different intensities of vdW interaction, the insects show the low-frequency region of spectra. 

p

o

u

c

p

i

i

a  

t

c

W

d

2

m

s

W

h

i

t

o

s

t

i

t

p

t

d

i

h

d

m

f

e

F

s

m

l

s

t

p

t

t

t

2

s

m

t

c

t

t

p

f

t

c

t

r

s

t

c

i

r

t

eratures and, like 2D heterostructures, strain in a nested nan- 

tube cannot be easily released due to it seamless geometry. Nat- 

rally, the mechanical strain is introduced to modulate thermal 

onductivity of CNT@BNNT. Note that the mechanical strain is ap- 

lied along axial direction of heterostructure. Thermal conductiv- 

ty of CNT@BNNT with different strain ranges from −0.03 to 0.12 

s calculated at 300 K, where the length and the inner diameter 

re fixed at 10 nm and 1.5 nm, respectively. As shown in Fig. 4 a ,

hermal conductivity has a strong dependence on strain, it de- 

reases when heterostructure undergoes compression or stretch. 

hen strain decreases to −0.03 under compression, thermal con- 

uctivity decreases to 294 ±4.17 Wm 

−1 K 

−1 , which is reduced about 

1% compared with the value of primitive heterostructure. Ther- 

al conductivity decreases almost linearly with the increase of 

train larger than 0.03, and it is reduced about 43% to 210.15 ±6.88 

m 

−1 K 

−1 when strain reaches 0.12 under stretch. Previous studies 

ave demonstrated that the strain effect of thermal conductivity 

s ascribed to the reduction of phonon group velocity, as well as 

he reduction of phonon relaxation time induced by the increase 

f the phase space of phonon scattering [34] . This result demon- 

trates that introducing mechanical strain is an efficient strategy 

o modulate thermal conductivity of CNT@BNNT. 

Van der Waals interaction plays an important role between the 

nner and outer nanotube in heterostructures. Recognizing this, 

uning intensity of interaction between two coaxial nanotubes is 

roposed to modulate thermal conductivity of CNT@BNNT. The in- 

ensity of interaction is adjusted by artificially changing the well 

epth in Lennard-Jones potential. Here the unitless parameter ε / ε 0 
s defined as the ratio between artificial and original well depth, 

ence a larger value means more intense interaction and 0 in- 

icates no interaction between inner and outer nanotube. Ther- 

al conductivity of CNT@BNNT is calculated in the ratio range 
4 
rom 0 to 20 at 300 K, where the length and the inner diam- 

ter are fixed at 10 nm and 1.5 nm, respectively. As shown in 

ig. 4 b , thermal conductivity has a strong dependence on inten- 

ity of interaction. With the ratio increases from 0 to 0.01, ther- 

al conductivity slightly increases, indicating that a weaker inter- 

ayer interaction can slightly facilitate thermal transport. The rea- 

on for this facilitation is concluded to that the structural oscilla- 

ion in out-of-plane that hinder in-plane thermal transport is de- 

ressed by the properly slight interaction. Then, thermal conduc- 

ivity continues to decrease as the ratio increases, especially when 

he ratio is larger than 5, it has a rapid reduction. When the ra- 

io reaches 20, thermal conductivity decreases 37% and a value of 

35.55 ±4.07 Wm 

−1 K 

−1 is obtained. Previous studies have demon- 

trated that out-of-plane phonons dominate to impede the ther- 

al transport in low-dimensional system. To explain the reduc- 

ion of thermal conductivity, phonon density of states (PDOS) is 

alculated for both out-of-plane (radial) and in-plane (axial) direc- 

ion. The PDOS spectra are obtained through performing Fourier 

ransform on atomic velocity [15,34,35] . (Details are given in sup- 

lementary material ) As shown in Fig. 4 c , the number of low- 

requency range out-of-plane phonons, which contribute more to 

hermal transport, decreases obviously when the intensity ratio in- 

reases from 1 to 20. However, there is no obvious difference in 

he in-plane PDOS in low-frequency range (shown in Fig. 4 d ). The 

eduction of thermal conductivity can be attributed to the depres- 

ion of low-frequency out-of-plane phonons induced by intense in- 

eraction between CNT and BNNT. The result indicates that thermal 

onductivity of CNT@BNNT can be efficiently modulated by tuning 

ntensity of the interaction between two coaxial nanotubes. 

Different chiral single-wall nanotubes are formed through 

olling up two-dimensional counterparts along different direc- 

ions, and the structural diversity of CNT@BNNT can be gener- 
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Fig. 5. Thermal conductivity of several structures of CNT@BNNT consist of different 

chiral CNT and BNNT at room temperature. The length and the inner diameter are 

fixed at 10 nm and 1.5 nm, respectively. 
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ted through alternating the chirality of constituent nanotubes. 

owever, the chirality dependence of thermal conductivity remains 

lank and needs to be investigated. Due to the great amount of 

hirality, it is difficult and impossible to investigate all combina- 

ions. Therefore, we only focus on armchair and zigzag constituent 

NT and BNNT (a-CNT, z-CNT and a-BNNT, z-BNNT) without con- 

idering other chirality. As shown in Fig. 5 , thermal conductiv- 

ty of CNT@BNNT with different chirality combination is calcu- 

ated at 300 K, where the length and the inner diameter are fixed 

t 10 nm and 1.5 nm, respectively. The result shows that ther- 

al conductivity of a-CNT@a-BNNT (371.61 ±7.03 Wm 

−1 K 

−1 ) and z- 

NT@a-BNNT (372.18 ±7.31 Wm 

−1 K 

−1 ) are approximately the same. 

mong these four structures, a-CNT@z-BNNT and z-CNT@z-BNNT 

re calculated to have the highest and lowest thermal conductivity 

f 435.21 ±24.20 Wm 

−1 K 

−1 and 355.09 ±15.02 Wm 

−1 K 

−1 , respec- 

ively. The result indicates that variation of the chirality of con- 

tituent nanotubes can make difference in thermal conductivity. 

owever, the diversity of chirality is considered finitely so that the 

ariation in combination of chiral nanotube is insufficient. More 

tructures with different combination of chiral nanotubes need to 

e systematically studied in the future, and the highest and low- 

st thermal conductivity can be discovered by machine learning 

ethodology, such as material informatics [51,52] . The reason for 

he structures with highest and lowest thermal conductivity needs 

o be revealed as well. 

. Conclusion 

In this work, thermal conductivity of 1D heterostructure 

NT@BNNT is systematically investigated by NEMD simulations. 

he result shows that thermal conductivity decreases proportional 

o the inverse of temperature from 300 to 1100 K, which indicates 

he dominant three-phonon scattering mechanism. Thermal con- 

uctivity increases proportional to the power function of length 

rom 10 to 160 nm, and it also has a strong dependence on in-

er diameter in the range from 1.5 to 12 nm. The axial strain 

nd intensity of interaction between inner and outer nanotubes 

re demonstrated to be able to modulate thermal conductivity. The 

ramatical reduction of thermal conductivity by axial strain is at- 

ributed to the decrease of phonon group velocity, as well as re- 

uction of phonon relaxation time induced by the increase of the 

hase space of phonon scattering. The decrease of thermal con- 

uctivity induced by tuning intensity of interaction is ascribed to 
5 
he depression of low-frequency out-of-plane phonons. Moreover, 

he dependence of thermal conductivity on chirality of constituent 

anotubes is also studied in the preliminary stage. 

All in all, this work provides feasible strategies to modulate 

hermal conductivity of CNT@BNNT through temperature, size, 

train and vdW interaction, which can be used for thermal man- 

gement. The useful insights into the fundamental mechanisms 

hat govern the thermal conductivity could be generalized to other 

D heterostructures and further facilitate their practical applica- 

ions in optical and electronic devices. 
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S1. The molecular dynamics simulation details. 

All NEMD simulation details are provided in table S1. The simulation procedure 

is summarized as follows. After minimization, a100 ps NPT ensemble is used to relax 

the structure. Then, a 100 ps NVE ensemble to reach the steady state for the system 

except the thermostat region. Finally, a 5 ns NVE ensemble is used to record and 

average the temperature and heat flux. 

 

Table S1. Molecular dynamics simulation details 

Method Non-Equilibrium molecular dynamics 

Potential 
Tersoff 

Lennard-Jones 
εC-B= 5.962×10-3 eV, σC-B=3.534 Å 
εC-N= 3.691×10-3 eV, σC-N=3.346 Å 

Time step 0.5 fs Thermostat Langevin 

Simulation process 

Ensemble Setting Purpose 

NPT 
Boundary condition x, y, z: p, p, p 

Relax structure 
Runtime 100 ps 

NVE 
Boundary condition x, y, z: p, p, f 

Reach steady state 
Runtime 100 ps 

NVE 
Boundary condition x, y, z: p, p, f Record 

information Runtime 5 ns 

Recorded physical quantity 

Temperature 〈𝐸𝐸〉 = �
1
2
𝑚𝑚𝑖𝑖𝑣𝑣𝑖𝑖2

𝑁𝑁

𝑖𝑖=1

=
3
2
𝑁𝑁𝑘𝑘𝐵𝐵𝑇𝑇 

Heat flux 𝐽𝐽 =
∆𝐸𝐸𝑖𝑖𝑖𝑖 + ∆𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜

2∆𝑡𝑡
 

Thermal conductivity κ = −
𝐽𝐽

𝐴𝐴∇𝑇𝑇
= −

𝐽𝐽𝐽𝐽
𝐴𝐴𝛥𝛥𝑇𝑇

 

Phonon density of states 𝐷𝐷(𝜔𝜔) =
∑𝑚𝑚|∫𝑣𝑣(𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒(−𝑖𝑖𝜔𝜔𝑡𝑡)𝑑𝑑𝑡𝑡|2

𝑁𝑁𝑘𝑘𝐵𝐵𝑇𝑇
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S2. Temperature and energy of molecular dynamics simulation. 

 
Fig. S1. (a) Schematic NEMD simulation setup and time-averaged temperature profile; 

(b) Accumulated energy change of heat bath and heat sink after the system reaches 

steady state. 
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