
This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 8651–8663 |  8651

Cite this: Phys. Chem. Chem. Phys.,

2023, 25, 8651

Mechanical and thermal properties of graphyne-
coated carbon nanotubes: a molecular dynamics
simulation on one-dimensional all-carbon van der
Waals heterostructures†

Jian Li, a Penghua Ying, a Ting Liang, b Yao Du,a Jianli Zhoua and
Jin Zhang *a

The mechanical and thermal properties of a hybrid nanotube consisting of a coaxial carbon nanotube

(CNT) inside a graphyne nanotube (GNT), i.e., CNT@GNT, are investigated in this paper by using

molecular dynamics simulations. The results show that the mechanical properties of CNT@GNT under

uniaxial tension depend on the nanotube chirality of its components. Specifically, the Young’s modulus

of the CNT@GNT structure with an inner zigzag CNT is larger than that of its counterpart with an

armchair CNT, while CNT@GNT with an armchair CNT and a zigzag GNT is found to possess the largest

tensile strength and fracture strain. In addition, a unique fracture behavior of the successive rupture of

its two components is observed in CNT@GNT. The thermal conductivity of CNT@GNT is found to be

almost independent of the nanotube chirality of its components but increases as the length and

diameter of the CNT@GNT increase. Moreover, strain engineering is shown as an effective avenue to

modulate the thermal conductivity of CNT@GNT, which can be enhanced by tension but reduced by

compression. The analysis of the phonon spectrum and spectral energy density demonstrates that this

strain effect originates from changes of the phonon group velocity and phonon scattering in the

strained CNT@GNT.

1. Introduction

As one of the most important members of carbon allotropes,
carbon nanotubes (CNTs) have received a lot of attention since
their discovery in 19911 due to their extraordinary mechanical
and thermal properties. An increasing number of studies on the
heat conduction of CNTs have been evoked both experimentally
and theoretically. According to previous studies, CNTs have
ultra-high Young’s modulus and thermal conductivity.2–10 For
example, numerous experimental studies have shown that
CNTs have an incredibly high thermal conductivity of more
than 3000 W m�1 K�1 6,7 and an incredibly high Young’s
modulus of around 1 TPa.2,3 Meanwhile, simulation methods
such as molecular dynamics (MD) and density functional
theory (DFT) are also used to examine many characteristics of
CNTs. In previous simulation investigations, superior heat

transport properties are also observed in CNTs, though a
significant amount of variation exists in the reported thermal
conductivity of CNTs, which may be attributed to the effect of
length,11 chirality,12 strain,13 temperature,14 defects,15 and the
number of walls.16 The high thermal conductivity and Young’s
modulus enable CNTs to be treated as suitable reinforcements in
a variety of materials including metals and polymers. Specifically,
it is proven that the thermal conductivity of these composites can
be greatly improved even when only a small amount of CNTs is
added.17,18

Graphyne is another nanoallotrope with uniformly distributed
sp and sp2 hybridized carbon atoms and was first proposed by
Baughman et al. in 1987.19 Compared to graphene, the presence
of C–C triple bonds makes graphyne have many distinct mechan-
ical and thermal properties though they both consist of only
carbon atoms.20 In terms of the number of acetylenic linkages,
other members of the graphyne family (graph-n-yne, n = 2, 3, 4,
and 5) can be obtained, which have wide applications in fields of
catalysis21 and water purification.22 Similar to CNTs, graphyne
nanotubes (GNTs) can be seen as seamless cylinders rolled up by
graphyne sheets. The mechanical and thermal properties of GNTs
are similarly different from those of their CNT counterparts due to
the existence of C–C triple bonds in GNTs. Specifically, the
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thermal conductivity23,24 and Young’s modulus25–27 of GNTs are
found to be lower than those of CNTs with the same diameter and
length. Nevertheless, the light weight, high available surface area
and excellent chemical stability of GNTs make them attractive in
the application of hydrogen storage28,29 and catalyst support.30,31

In addition, GNTs are reported to have a great lithium storage
capacity due to their unique electronic properties, becoming one
of the most promising candidates for sodium-ion battery anode
materials.32

It is known that one-dimensional (1D) tubular nanomaterials
that possess different structures and diverse properties can be
combined with each other to make up for their own weaknesses.
In recent years, 1D heterostructures such as the concentric CNT
and boron nitride nanotube (CNT@BNNT)33 and the concentric
CNT and molybdenum disulfide nanotube (CNT@MSNT)34 have
attracted a lot of attention. Along with the successful fabrication
of these 1D heterostructures, the study of their material proper-
ties currently is also receiving attention from the scientific
community. For instance, the mechanical and thermal proper-
ties of CNT@BNNT35 and CNT@MSNT36 have been widely
investigated in many studies. In addition to the aforementioned
hybrid nanotubes containing tubular components with different
elements, a hybrid nanotube model also can be constructed with
different tubular nanoallotropes of only carbon, such as the
concentric CNT and GNT, i.e., CNT@GNT. Actually, very recently,
Lv et al.37 successfully synthesized the CNT@GNT structure with
a CNT core coated with the GNT with two acetylenic linkages.
The CNT@GNT is also proven to possess excellent conductivity,
abundant and uniform reactive sites, low redox potential, more
negative surface, and large specific surface, which render it
appealing in future catalytic applications.37 However, to our best
knowledge, the mechanical and thermal properties of the
CNT@GNT structures remain almost unexplored.

In the current study, we use MD simulations to examine the
mechanical and thermal properties of CNT@GNT. Specifically,
the MD-based tensile tests are used to investigate the Young’s
modulus, tensile strength and fracture strain of CNT@GNT,
while non-equilibrium molecular dynamics (NEMD) simulations

are used to study its thermal conductivity. The dependence of
the mechanical and thermal properties of CNT@GNT on the
chirality of its component nanotubes is comprehensively dis-
cussed. Meanwhile, a thorough discussion of the effects of
geometry (length and diameter) and external mechanical stimuli
on the thermal conductivity of CNT@GNT are presented. In
addition, efforts are also made to reveal the mechanism behind
the influence of these factors on the mechanical and thermal
properties of CNT@GNT.

2. Computational methods
2.1. Models

The structure of the coaxial CNT inside the GNT, i.e., CNT@GNT
is shown in Fig. 1(a). The distance between the inner CNT layer
and the outer GNT layer is set as 3.4 Å, equal to the interlayer
distance of multi-walled CNTs38 and close to the value of multi-
walled GNTs.39 As shown in Fig. 1(b), the graphene (or the rolled
CNT) and graphyne (or the rolled GNT) have two principle
directions, i.e., armchair and zigzag directions. Thus, CNT@GNT
could have four different lattice structures after reassembling
zigzag or armchair nanotubes (CNT and GNT) together. The four
structures of CNT@GNT are noted as AA, AZ, ZA and ZZ. Here,
‘‘A’’ and ‘‘Z’’ stand for the armchair and zigzag, respectively.
Moreover, the first and second letters represent the nanotube
chirality of the inner CNT and the outer GNT, respectively. For
instance, the AZ nanotube represents the CNT@GNT composed
of an inner armchair CNT and an outer zigzag GNT.

Due to the different lattice constants between CNTs and
GNTs, there will exist the length mismatch or the residual
stress in the CNT and GNT components of CNT@GNT. In order
to reduce the residual stress, a paring with the smallest value of
the percentage of length mismatch is needed. Specifically,
armchair CNTs with 82 and 78 unit cells in the axial direction
are paired to armchair GNTs with 29 unit cells and zigzag GNTs
with 16 unit cells, respectively, while zigzag CNTs with 46 and
45 unit cells are paired to armchair GNTs with 28 unit cells and

Fig. 1 (a) The structure of CNT@GNT. (b) The nanotube chirality of the components CNT and GNT.
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zigzag GNTs with 16 unit cells, respectively. More details about
the AA, AZ, ZA and ZZ structures of CNT@GNT considered here
are provided in the ESI.†

2.2. MD simulations on the mechanical properties

MD simulations conducted here were performed using the large-
scale atomic/molecular massively parallel simulator (LAMMPS)
package.40 The velocity Verlet algorithm with a time step of 0.5 fs
was employed to integrate the equations of motion. The periodic
boundary conditions were applied in the axial direction. In MD
simulations, the adaptive intermolecular reactive empirical bond
order (AIREBO) potential41 derived from the second-generation
Brenner potential was used to describe the short-range C–C
interactions in component CNT and GNT layers as well as the
long-range van der Waals (vdW) interaction between CNT and
GNT layers. The AIREBO potential has been employed in many
previous MD simulations to successfully reveal the mechanical
properties of various carbon nanoallotropes, such as individual
CNT,42 GNT,25 graphene,43 and graphyne.26 According to a
previous study,44 the mechanical properties, especially fracture
behaviors of carbon nanomaterials, are very sensitive to the
inner cutoff radius in AIREBO potential, since the selection of
an appropriate cutoff function parameter can avoid the unrea-
listic hardening behavior observed at high strains near the
fracture and thus is crucial to obtain reliable results. Here, we
chose the recommended cutoff of 2.0 Å,44 which has the capacity
to more realistically describe the maximum elongation and
fracture mechanism of carbon nanomaterials.

Before conducting the mechanical study of CNT@GNT, the
conjugate gradient method was used to conduct the energy
minimization of all initial structures. In order to obtain the
equilibrium states of all considered CNT@GNT, isothermal–
isobaric (or NPT) and canonical (or NVT) ensembles were
successively used to equilibrate the structures for 100 ps, in
which the Nosé–Hoover45 thermostat and barostat were
employed with a temperature of 300 K and zero pressure. After

obtaining its equilibrium structures, the CNT@GNT was sub-
jected to an external strain by gradually elongating the length of
the simulation box with a strain rate of 109 s�1 along the axial
direction. Specifically, as shown in Fig. 2(a), in this stretching
process, constraints were applied at both ends of CNT@GNT to
prevent the serious drifting effects during the energy minimi-
zation. During the elongation process, the strain was defined as
e = (l � l0)/l0 with l0 and l, respectively, being lengths of the
initial and deformed structures, while the stress was calculated
as the arithmetic mean of local stresses on all atoms.

2.3. NEMD simulations on the heat transport properties

The thermal conductivity of CNT@GNT at room temperature
(300 K) was evaluated by using NEMD simulations, which were
similarly implemented using the LAMMPS package together with
the AIREBO potential.41 Although due to its underestimation of
the phonon group velocity, the AIREBO potential is reported to
underestimate the thermal conductivities of some carbon nano-
materials, such as CNTs and graphene, the AIREBO potential
explicitly takes into account the s and p interactions between
carbon atoms, which thus can improve the description of carbon
nanomaterials with mixed single, double and triple C–C
bonds.23 Thus, the AIREBO potential has widely been employed
in describing many complex carbon nanomaterials to provide a
more accurate description of their lattice dynamics and phonon
thermal transport behaviors.46,47

All CNT@GNT structures considered in NEMD simulations
were obtained after conducting a similar energy minimization
process mentioned above except that the Langevin48 thermostat
rather than the Nosé–Hoover thermostat was employed here.
To implement NEMD simulations, as shown in Fig. 2(b), a
CNT@GNT structure was divided into five sections. Specifically,
two fixed sections locate at two ends of the nanotube. One hot
source section and one cold source section are adjacent to the
fixed sections. One middle free section is sandwiched between
the hot and cold sources, which was further divided into 16

Fig. 2 (a) MD simulation set-up for the uniaxial tensile test. (b) NEMD simulation set-up for the calculation of thermal conductivity.
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slabs along the axial direction to better analyze the temperature
distribution. Here, temperatures of hot and cold sources were,
respectively, set to be 10% above and below the room tempera-
ture, i.e., 330 K and 270 K. In this process, the heat will flow
from the hot source section to the cold source section. In order
to form a stable heat flow in the middle free section, the heat
transport simulations with at least 2 ns were performed in the
microcanonical (or NVE) ensemble. A stable temperature dis-
tribution was achieved after the simulations with 2 ns. Thus,
the temperature distribution in the free section was obtained by
averaging over another extra 1 ns MD simulation.

After obtaining the stable temperature distribution, the
following Fourier’s law of heat conduction49 can be utilized to
calculate the thermal conductivity of CNT@GNT.

k ¼ J

gradT � A; (1)

Here J denotes the heat flux along the axial direction of
CNT@GNT. gradT is the temperature gradient along the axial
direction, which can be calculated from the slope of the obtained
temperature–position diagram. A is the cross-sectional area of
CNT@GNT, which can be calculated as A = pd1h1 + pd2h2 with d1

and d2 being the diameters and h1 and h2 being the thicknesses
of the CNT and GNT, respectively. In this study, the thicknesses
of the CNT and GNT components, i.e., h1 and h2, were similarly
set to 3.4 Å.50

3. Results and discussion
3.1. Mechanical properties

Based on the MD simulation technique introduced above, we
obtained the stress–strain relationships of the considered four
structures of CNT@GNT, whose components have different
nanotube chiralities. All considered CNT@GNT structures have
the same length of 200 Å and the same diameter of 27.5 Å. Here,
the diameter of CNT@GNT was set similar to the diameter of its
outer GNT component. The obtained results are graphically
shown in Fig. 3. It is found that at relatively low strains, the

stress increases linearly with increasing strain. The slope of the
linear part of the stress–strain curve is equal to the Young’s
modulus. The obtained Young’s moduli of four CNT@GNT
structures are shown in Fig. 4. The Young’s moduli of AA and
AZ structures are found to be almost similar to each other,
which are around 615 GPa. The almost same Young’s moduli
are similarly observed in ZA and ZZ structures, though their
values are about 9.7% higher than the results of their AA and AZ
counterparts. This result indicates that in terms of their structures,
the Young’s modulus of CNT@GNT structures is majorly deter-
mined by the chirality of their CNT components, which is
attributed to the fact that the difference between Young’s
moduli of zigzag and armchair CNTs is larger than that of their
GNT counterparts. Indeed, based on similar MD simulations on
individual CNTs and GNTs, we find that the Young’s modulus
of 942 GPa of zigzag CNT is 12.1% higher than 840 GPa of its
armchair counterpart, while the Young’s modulus of 431 GPa of
zigzag GNT is only 5.9% smaller than 458 GPa of armchair
GNT. Thus, the Young’s modulus of ZA and ZZ structures is
expected to be larger than that of their AA and AZ counterparts,
which is consistent with our MD results.

Moreover, the Young’s moduli of all CNT@GNT structures
are found to range between the values of CNTs and GNTs. From
viewpoints of continuum mechanics, a CNT@GNT structure
can be equivalently modelled as a composite shell model
consisting of inner (CNT) and outer (GNT) component shells
with Young’s moduli being Y1 and Y2 and diameters being
d1 and d2, respectively. Thus, according to the composite
theory, when an axial strain e is applied, the stress generated
in CNT@GNT is s E e(Y1d1 + Y2d2)/(d1 + d2). In other words, the
equivalent Young’s modulus of CNT@GNT predicted from the
composite shell models is Y E (Y1d1 + Y2d2)/(d1 + d2). Based on
the values of Y1 and Y2 extracted from above MD simulations,
the Young’s moduli of AA, AZ, ZA and ZZ structures predicted
from the composite model are 621, 606, 664 and 650 GPa.
These theoretically predicted results are close to the results
obtained from MD simulations.

We also observe a complex fracture behavior in all CNT@GNT
structures, which generally contains two significant stress drop
processes in their stress–strain curves as shown in Fig. 3.
Specifically, the first stress drop signifies the onset of fracture
of CNT@GNT structures. The corresponding stress and strain at
the first stress drop are termed the tensile strength and the
fracture strain, respectively. As shown in Fig. 4, among four
CNT@GNT structures considered here, the AZ strcuture pos-
sesses the largest tensile strength and fracture strain of 72 GPa
and 0.171, which are followed by 64 GPa and 0.131 of the ZZ
structure. The smallest tensile strength and fracture strain are
found in AA and ZA structures. Moreover, the tensile strength
and fracture strain of AA and ZA structures are also found to be
close to each other, which are around 55 GPa and 0.110. After the
first stress drop, the stress can still increase with the increasing
strain, indicating the breaking of only some components of
CNT@GNT and still the maintenance of its structural integrity.
However, the stress in all CNT@GNT structures can suddenly
drop to zero after the second stress drop, indicating the complete

Fig. 3 Stress–strain curves of four CNT@GNT structures under tension,
whose component nanotubes have different chiralities.
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fracture of the entire CNT@GNT structures. In addition, the
duration of the process between the onset of fracture and the
final fracture is significantly sensitive to the structure of
CNT@GNT. Specifically, this process is most obvious in the
AA structures but less obvious in their AZ counterparts. In order
to better explain the complex fracture behaviors of CNT@GNT
strcuctures, we show in Fig. 5 the evolution of stress in their
CNT and GNT components during the streching process. We
find that the fracture strain of CNT@GNT is indentical to the
smallest value of the fracture strains of their CNT and GNT
components, while the strain at the final fracture corresponds
to the largest fracture strain of their components. Thus, the
duration of the process between the onset of fracture and
the final fracture is determined by the difference between the
fracture strains of their CNT and GNT components.

Theoretically, it is known that the deformation compatibility
requires two coaxial components of CNT@GNT to have the
same axial strain during the streching process. Thus, the
fracture will initiate in the component with a lower fracture
strain. Because the fracture strain of armchair CNT is larger
than that of zigzag and armchair GNT, the fracture of AA and
AZ structures is thus expected to start in their outer GNT
component. The fracture of the ZA structures is similarly
expected to start in their outer GNT component, since the
fracture strain of zigzag CNT is also larger than that of the
armchair GNT. However, the fracture strain of zigzag GNT turns
to be larger than that of the zigzag CNT. Thus, the fracture of
the ZZ structures is expected to uniquely start in their inner
CNT component. To prove this prediction, we show in Fig. 6 the
structures and von Mises stress distributions of four CNT@GNT

Fig. 4 A comparison of (a) Young’s modulus, (b) tensile strength, and (c) fracture strain among different CNT@GNT structures.

Fig. 5 The stress in the entire structure and component nanotubes of (a) AA, (b) AZ, (c) ZA, and (d) ZZ structures during the tension process of
CNT@GNT.
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structures just at the strains of the onset of fracture and the final
fracture. Indeed, except the ZZ structures whose fracture starts in
their CNT components, the fracture of all other three CNT@GNT
structures is found to start in their GNT components. Moreover,
the fractured CNT and GNT components both almost cannot
retain their structural integrity. Thus, the deformation of the
entire CNT@GNT structure in the process between the onset of
fracture and final fracture is totally resisted by the remaining
nanotube components, such as the CNT in AA, AZ and ZA
structures but the GNT in ZZ structures.

The effect of geometric size on the mechanical properties of
CNT@GNT is finally examined. As a typical example, only the
AA structure was considered here. In addition, AA structures
with the same diameter of 27.5 Å but different lengths ranging
from 100 Å to 600 Å were considered to study the effect of
length (see Fig. 7a), while their counterparts having the same
length of 200 Å but different diameters ranging from 19.6 Å to
39.3 Å were considered to study the effect of diameter (see
Fig. 7b). As shown in Fig. 7, both the length and diameter have
trivial effects on the Young’s modulus, tensile strength and

fracture strain of CNT@GNT, in spite of small variations
observed in these mechanical parameters of CNT@GNT with
different lengths and diameters. Actually, in previous MD
studies on GNTs and multi-walled CNTs,27,51 the geometric
size is similarly found to have a trivial effect on their mechan-
ical properties.

3.2. Thermal properties

By using NEMD simulations detailed in Section 2.2, we investigated
the thermal conductivity of CNT@GNT in this subsection. As a
typical example, in Fig. 8(a), we show the temperature distribution
in the AA structure. A linear temperature change is observed
between the hot slab and cold slab, which indicates a constant
heat flux in CNT@GNT. Meanwhile, as shown in Fig. 8(b), magni-
tudes of the energy flux passing the hot slab and cold slab are
identical to each other, indicating the conservation of total energy.
Based on the obtained heat flux and the temperature gradient, the
thermal conductivity can be calculated from eqn (1).

In Fig. 9, we compare the thermal conductivities of AA, AZ,
ZA and ZZ structures of CNT@GNT. Here, all CNT@GNT

Fig. 6 The deformation processes and von Mises stress evolution of component nanotubes of (a) AA, (b) AZ, (c) ZA, and (d) ZZ structures during the
tension process of CNT@GNT.
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Fig. 7 Young’s modulus, tensile strength, and fracture strain of CNT@GNT with different (a) lengths and (b) diameters.

Fig. 8 (a) Temperature distribution in CNT@GNT obtained from NEMD simulations at 300 K. (b) Energies added to the heat source and removed from
the heat sink during the simulation.
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structures have the same length around 200 Å and the same
diameter around 27.5 Å. In addition, three individual calcula-
tions were conducted for each CNT@GNT structure, the aver-
age of which was taken as the final result. Our results show that
the thermal conductivity of CNT@GNT is almost independent of
its structure. Specifically, the thermal conductivities of CNT@
GNTs with different structures increase and decrease around the
mean value of 51 W m�1 K�1. The deviation of this average value
from the maximum or minimum thermal conductivity is less than
4%. The thermal conductivity of CNT@GNT is between the values
of CNTs and GNTs, since, as mentioned before, CNT@GNT can be
equivalently regarded as a composite structure consisting of CNT
and GNT components. The structure-independence of thermal
conductivity can be understood by the fact that the thermal
conductivities of CNTs and GNTs are almost independent of
nanotube chirality (see the ESI†). Some existing studies have
concluded that, in contrast to the electronic conductivity, the
thermal conductivity is insensitive to nanotube chirality.12

According to these studies, the electron density of states depends
on the chirality while the chirality dependence is absent from the
phonon density of states. When the chirality and diameter
considered are interchangeable, the effect of nanotube chirality
on the thermal conductivity is trivial unless the thermal

transport is dominated by the electron transport. Considering
the fact that the thermal conductivity of CNT@GNT is almost
independent of its structure, only the AA structure was consid-
ered in the following discussion to simplify our analysis without
losing generality.

In Fig. 10(a), we show the thermal conductivities of
CNT@GNT structures with different lengths ranging from
100 Å to 600 Å. Here, all considered CNT@GNT structures have
the same diameter of 27.5 Å. The thermal conductivity is found
to increase from 36 W m�1 K�1 to 76 W m�1 K�1 as the length of
the nanotube increases from 100 Å to 600 Å, though the increase
rate gradually reduces in this process. A similar phenomenon
that the thermal conductivity increases with the increasing
length also has been observed in single-walled52 and multi-
walled CNTs.53 Theoretically, the scattering-dominated thermal
transport phenomena can be the cause of the increase in thermal
conductivity with the increasing length. The length dependence of
thermal conductivity disappears when the length exceeds the
phonon mean free path (MFP) because the transport process
switches from ballistic regime to diffusive regime. The relation-
ship between the thermal conductivity of CNT@GNT k and its
length L can be expressed as follows using the kinetic theory54:

1

k
¼ 1

k1

lp

L
þ 1

� �
; (2)

where kN is the thermal conductivity of CNT@GNT with an
infinite length and lp is the effective phonon MFP. In
Fig. 10(b), we show the relationship between the inverse thermal
conductivity (1/k) and the inverse length of CNT@GNT (1/L), as
well as their linear fitting. We can see that eqn (2) can fit the MD
results shown in Fig. 9(b) very well.

The diameter may be another geometric parameter affecting
the thermal conductivity of CNT@GNT in addition to the
length. As shown in Fig. 11, although the increase of diameter
can induce an increase in thermal conductivity of CNT@GNT,
the change of thermal conductivity in this process is small. For
example, the thermal conductivity increases by 28.6% when the
diameter increases from 19.6 Å to 39.3 Å. The change of thermal
conductivity with increasing diameter is consistent with the
results previously observed in CNTs10,11 and CNT@BNNT.35

Fig. 9 A comparison of thermal conductivity among different CNT@GNT
structures.

Fig. 10 (a) Thermal conductivity of CNT@GNT with different lengths. (b) Relationship between the inverse thermal conductivity and the inverse length of
CNT@GNT.
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The thermal conductivity is expected to eventually stabilize at a
constant value with a further increase in the diameter of
CNT@GNT. However, our calculations do not show a noticeable
convergence, which is probably due to the narrow range of
diameters taken into account in the investigation.

In addition to the geometry, we also examined the effect of
some external stimuli such as the mechanical loading on the
thermal conductivity of CNT@GNT, since strain engineering is
proven to be an efficient method to modulate the heat transport
properties of many carbon nanomaterials.55,56 To investigate
the effect of external mechanical loading or the axial strain on
the thermal conductivity, we first stretched CNT@GNT to a
specified strain and then calculated the thermal conductivity
of the strained structure at its equilibrium state. In Fig. 12, we
show the thermal conductivity of CNT@GNT across a wide range
of compressive and tensile axial strains ranging from �4% to
10%. Specifically, the stress–strain curve of the CNT@GNT under
compression is shown in Fig. S1 (see the ESI†). It is found that
buckling instability occurs at a compressive strain of �3.2%.
Thus, structures at compressive strains of �2% and �4% were
considered here to be treated as the representative structures
before and after the buckling instability, respectively. As can be

seen in Fig. 12, the compression can generally reduce the
thermal conductivity of strained CNT@GNT. For example, the
thermal conductivity of CNT@GNT can be reduced by 22.8%
when the magnitude of the compressive strain increases to 4%.
However, when tension is applied, a nonmonotonic change of
the thermal conductivity is observed as the tensile strain
increases. For example, when the tensile strain reaches 6%,
the thermal conductivity of CNT@GNT reaches its maximum
value and increases by 11.6% compared to its initial value.
However, as the strain continues to increase, the thermal con-
ductivity begins to decrease. A similar nonmonotonic change of
the thermal conductivity with varying tensile strains also has
been observed in previous studies of CNTs.11,13

The frequency of phonons and density of particular frequency
are important to understand the amount of thermal energy
transferred due to the strain effect. Therefore, the phonon density
of states (PDOS), which measures the quantity of vibrational
modes per unit frequency, can be an important tool to explain
the strain effect on the thermal transport characteristics of
CNT@GNT observed above. Here, the normalized PDOS was
calculated by applying the Fourier transformation to velocity
autocorrelation functions of the simulated CNT@GNT systems57:

PDOSðoÞ ¼
ðPN
i¼1

við0Þ � viðtÞ

PN
i¼1

við0Þ � við0Þ
� expð�2piotÞdt; (3)

where N is the total number of atoms in the CNT@GNT system, o
is the phonon frequency, i is the imaginary unit, and vi(t) and vi(0)
are velocities of the ith carbon atom at the moment t and initial
time, respectively.

The normalized PDOS at different axial strains is shown in
Fig. 13. In general, we can observe the change in the PDOS of
CNT@GNT due to the external loading, which indicates differ-
ent phonon properties in the strained CNT@GNT. According to
the classical lattice thermal transport theory, the thermal
conductivity can be expressed as k ¼

P
m

cvml, where m, c, vm

and l represent the phonon modes, specific heat, group velocity
and MFP, respectively.58 Since the PDOS of CNT@GNT under
mechanical loading is different from that of its counterpart with-
out strain, it is thus believed that the strain may affect the thermal
transport properties of CNT@GNT via modifying its phonon
properties. In addition, when the amplitude of compressive strain
is up to 4%, buckling instability occurs in CNT@GNT as shown in
the inset of Fig. 13, which may further trigger the so-called
phonon-defect scattering in CNT@GNT.59,60 The extra phonon-
defect scattering in buckled CNT@GNT will further significantly
decrease its thermal conductivity. This theoretical prediction is
found to agree well with the NEMD results shown in Fig. 12, in
which a dramatic drop in thermal conductivity is observed in the
CNT@GNT compressed under a strain of 4%.

To further prove the above mechanism of strain effect on
thermal conductivity, we also computed the modal phonon
information of CNT@GNT with different strains using the
spectral energy density (SED), which represents the average

Fig. 11 Thermal conductivity of CNT@GNT with different diameters.

Fig. 12 Thermal conductivity of CNT@GNT at different axial strain states.
The inset shows the buckling of CNT@GNT at a compressive strain of 4%.
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kinetic energy per unit cell. Specifically, the SED F is a function
of the wave-vector

-

k and the frequency o, that is61

Fð~k;oÞ¼ 1

4pt0N

X
a;b

mb

Ð t0
0

P
N

va N;bð Þ�exp i~k �~r N;0ð Þ� iot
h i

dt

����
����2;

(4)

where t0 is the integration time, mb is the mass of atom b, va is
the atomic velocity along the a direction inside the Nth cell, -

r
is the equilibrium position vector, and i is the imaginary unit.

In this work, we used 40 unit cells in the axial direction to
calculate the SED of CNT@GNT. All systems were first relaxed
under the NVT ensemble for 1 ns and then equilibrated for
another 1.5 ns under the NVE ensemble. The collected data for
last 1 ns were used to obtain the SED along the axial direction
when the CNT@GNT is under uniaxial strains of �2%, 0%, and
6%. Furthermore, the region containing the specified peak was
selected to fit the peak frequency with the aid of the following
Lorentzian function61:

Fð~k;oÞ¼ I

1þ o�ocð Þ=g½ �2
; (5)

where I is the peak magnitude, oc denotes the frequency at the
peak center, and g is the half-width at half-maximum. Thus,
based on the treatment in eqn (5), the phonon lifetime can be
calculated through t = 1/2g.

Only the information of the acoustic branches with clear
peaks was calculated because of validation purposes. From the
SED results shown in Fig. 14, we find that when under a compres-
sive strain of 2%, the SED peaks of CNT@GNT are unclear

Fig. 13 The calculated PDOS of CNT@GNT at axial strains of (a) �2%, (b)
0, and (c) 6%.

Fig. 14 The SED results of CNT@GNT under axial strains of (a) �2%, (b) 0, and (c) 6%.

Fig. 15 The phonon lifetime of CNT@GNT under strains of 0 and 6%
extracted from SED results.
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for all phonon modes, indicating a much stronger scattering
and correspondingly a shorter phonon lifetime compared with
those of CNT@GNT in the absence of loading. In contrast,
when under a tensile strain of 6%, the phonon dispersion
structure of CNT@GNT becomes much clearer with a thinner
linewidth, which indicates a much longer phonon lifetime as
shown in Fig. 15. In addition to the change of phonon lifetime,
a tensile strain also leads to steeper acoustic branches, which is
related to the increment of group velocity.

4. Conclusions

In this paper, the mechanical and thermal properties of CNT@
GNT are investigated through a series of MD simulations. The
Young’s modulus of CNT@GNT is found to range between the
values of individual CNTs and GNTs, which is also dependent
on the nanotube chirality of its components. The Young’s
modulus of the CNT@GNT structure with an inner zigzag
CNT is specifically larger than that of its counterpart with an
armchair CNT. The fracture properties of CNT@GNT are found to
exhibit a similar dependence on the chirality of its component
nanotubes, since the tensile strength and fracture strain of
CNT@GNT are identical to the smallest value between CNTs and
GNTs. Moreover, due to the distinct fracture properties between
CNTs and GNTs, a unique fracture behavior exhibiting a successive
rupture of its two components is observed in CNT@GNT. Different
from the mechanical properties of CNT@GNT, the thermal proper-
ties are almost independent of the nanotube chirality of its
components. Nevertheless, the thermal conductivity of CNT@GNT
is found to be strongly dependent on its geometry, which can
increase as the length and diameter of CNT@GNT increase. More-
over, our study also indicates that the external stimuli such as
mechanical loading can effectively modify the heat transport
properties of CNT@GNT. Specifically, the tension and compression
can increase and decrease the thermal conductivity of CNT@GNT,
which is attributed to the changes of the phonon group velocity and
phonon scattering of CNT@GNT during this loading process.
Overall, our study provides a comprehensive understanding of
the mechanical and thermal properties of CNT@GNT, which is
helpful for the engineering applications of this newly synthesized
hybrid nanotube in the future.
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