Computational Materials Science 187 (2021) 110125

Contents lists available at ScienceDirect

COMPUTATIONAL
/A

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

ELSEVIER

Check for

Effects of cell defects on the mechanical and thermal properties of et
carbon honeycombs

Yao Du, Jianli Zhou, Penghua Ying, Jin Zhang

School of Science, Harbin Institute of Technology, Shenzhen 518055, China

ARTICLE INFO ABSTRACT

Keywords:

Carbon honeycombs

Cell defects

Molecular dynamics simulations
Mechanical properties

Thermal conductivity

Cell defects are inevitable during the fabrication of carbon honeycombs (CHCs), which, however, were tacitly
ignored in previous studies. In this work, the effects of defects including Stone-Wales (SW) defect and single-wall
vacancy (SV) defect on the mechanical and thermal properties of CHCs are investigated by using molecular
dynamics simulations. Our results show that the Young’s modulus of CHCs has nearly a constant value around
16.5 GPa, which is almost independent with the defect concentration. However, the tensile strength and fracture
strain are reduced by about 40% and 20%, respectively, when the CHCs have a defect concentration of 2%.
Additionally, the influence of SV defect on the fracture properties of CHCs is generally larger than that of its SW
counterpart. The influence of cell defects on the mechanical properties of CHCs is well explained by the theories
of damage and fracture mechanics. Our simulation results also show a reduction in the thermal conductivity of
CHCs containing SW and SV defects. This reduction can be up to 23% when the defect concentration of CHCs is
2%. The reduced thermal conductivity observed in defective CHCs can be attributed to the wavy configuration of
the component graphene nanoribbons in defective cells, which can increase the phonon scattering of CHCs. In
addition, the reduced heat capacity of CHCs with SV defects can be another important factor inducing the

reduction in their thermal conductivity.

1. Introduction

As the most basic element in nature, carbon can adopt various hy-
bridizations including sp, sp?> and sp®. In the past decades, numerous
carbon allotropes have been successfully discovered and synthesized.
For example, zero-dimensional fullerenes observed in 1985 [1] are
found to have high electric conductivity, specific surface area and well-
ordered structure [2]. These remarkable properties make them
appealing in the energy conversion applications [2]. lijima’s report of
carbon nanotubes (CNTs) in 1991 [3] has inspired growing research
interest in these one-dimensional carbon materials. Superior mechanical
and thermal properties such as ultrahigh Young’s modulus (~1000 GPa)
[4,5] and thermal conductivity (~6600 W/mK) [6] are observed in
CNTs. These excellent material properties are now being exploited in
diverse applications including nanosensors, nanotweezers and compos-
ite materials [7,8]. In 2004, two-dimensional (2D) graphene was suc-
cessfully isolated through mechanical exfoliation [9]. As the first 2D
material discovered in the world, graphene has attracted worldwide
research interest due to its remarkable properties. Owing to its sp®
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hybridization, graphene is known to be one of the strongest materials
with the Young’s modulus of 1TPa and tensile strength of 130 GPa [10].
Moreover, a high thermal conductivity around 4000 W/mK is also
detected in the single-layer graphene (SLG) [11]. Owing to these
extraordinary properties, graphene has a great potential in various en-
gineering applications such as flexible electronics [12], photodetectors
[13] and nanocomposites [14]. Although numerous remarkable prop-
erties have been observed in aforementioned low-dimensional carbon
nanomaterials, the low-dimensional structure restricts their applications
in wider aspects. Therefore, numerous researchers desire to build three-
dimensional (3D) carbon nanomaterials based on the already synthe-
sized low-dimensional nanostructures such as graphene and CNTs.
However, some initial attempts indicate that the constructed 3D carbon
nanomaterials usually cannot inherit the outstanding properties of their
low-dimensional components. For example, a significant reduction in
mechanical and thermal properties is generally observed in the 3D
carbon derivatives constructed by staggering graphene sheets or vertical
arraying CNTs [15-17]. A possible explanation for this performance
reduction is that, the interaction between different blocks in constructed
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Fig. 1. The schematics of (a) the armchair CHC and (c) the zigzag CHC. The
length of sidewall is a. (b) and (d) are side views of the atomic configuration of
the two types of CHCs, which correspond the red dotted regions in (a) and (c),
respectively. The yellow and blue balls represent atoms locating at the junctions
in armchair and zigzag CHC, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

3D carbon nanomaterials is dominated by weak van der Waals bonding
rather than covalent bonding [18].

To overcome the performance reduction in the stacked 3D carbon
nanomaterials, in the past decades, great efforts have been made to
propose and fabricate new stable 3D carbon nanomaterials. Among
them, the carbon honeycombs (CHCs) have attracted the most attention,
because they have been successfully synthesized in experiments recently
by the deposition of vacuum-sublimated graphite [19]. The experiment
demonstrates that CHCs have high stability [19,20]. Meanwhile, due to
their ultralarge surface-to-volume ratio [19], CHCs can be utilized for
gas and liquid storage and also can be served as matrices for composites.
Based on density functional theory (DFT) calculations and molecular
dynamics (MD) simulations, numerous remarkable mechanical proper-
ties of CHCs such as high specific strength, strong anisotropic Poisson’s
effect, and high ductility have been reported in previous studies
[21-29]. Meanwhile, some works also reveal that the thermal conduc-
tivity of CHCs is larger than most engineering materials, which is able to
be tuned by changing the in-plane cell size length [22,23,30,31]. These
superior properties make CHCs appealing for using in various engi-
neering practices [19,20]. It is noted that most of the existing studies
assume that CHCs possess a regular and defect-free hexagonal honey-
comb [22-27,29,30]. However, during the fabrication of CHCs, cell
defects are usually inevitable, which thus should be considered in the
studies of CHCs. Although Zhang et al. [21] recently analyzed the
compression behavior of CHCs with Stone-Wales (SW) defects, to our
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best knowledge, the effect of cell defects on the mechanical and thermal
properties of CHCs remains unexplored.

In this paper, the influence of cell defects on the mechanical and
thermal properties of CHCs is investigated by using MD simulations.
Both SW and vacancy defects are considered, since they are two common
defects observed in carbon-based nanomaterials. Here, MD-based tensile
tests are utilized to investigate the mechanical properties of CHCs, while
non-equilibrium molecular dynamics (NEMD) simulations are per-
formed to study their thermal properties. The dependence of the Young’s
modulus, tensile strength, fracture strain and thermal conductivity on
the defect concentration of CHCs is comprehensively discussed. In
addition, efforts are also made to reveal the mechanism behind the in-
fluence of cell defects on the mechanical and thermal properties of
CHCs.

2. Methodology
2.1. Construction of defective CHCs

According to the previous report [21], the essential method to
construct a CHC is through connecting three graphene nanoribbons
(GNRs) along different edges to form a stable junction. There are two
types of CHCs with different junctions. One is formed by the armchair
edges of GNRs, which is, namely, the armchair CHC as shown in Fig. 1a
and b. The other type is constructed by the zigzag edges of GNRs, which
is, namely, the zigzag CHC as shown in Fig. 1c and d. Different to the
carbon atoms in component graphene cell walls that have the sp? hy-
bridization, a line of sp®-bonded carbon atoms is found in the junctions
of three GNRs. According to previous studies [21,23,27,32], the zigzag
and armchair CHCs have the similar mechanical and thermal behaviors.
Thus, to simplify our analysis without losing generality, in the present
study only the armchair CHCs with cell defects were considered, since
the major objective of this work is to study the effects of cell defects on
the mechanical and thermal properties of CHCs.

The defect-free and defective CHCs considered in the current study
are illustrated in Fig. 2. Specifically, the perspective views of defect-free
and defective CHCs are shown in the left inset of Fig. 2a—c, while Fig. 2d
and e illustrate the side and front views of defect-free CHCs, respec-
tively. Here, the defect-free CHCs have a sidewall width a of 7.38 A. As
shown in the right inset of Fig. 2b, an SW defect can be created by
rotating one sidewall by 90° in perfect CHCs. As a result, four hexagons
change into two heptagons and two pentagons. Actually, similar hep-
tagon and pentagon cell structures are widely observed in the CHCs
synthesized in experiments [19,33], which indicates the possible exis-
tence of SW defects in real CHCs. The single-wall vacancy (SV) defect as
shown in the right inset of Fig. 2c can be formed by removing one
sidewall in perfect CHCs, which leads to the transformation of four
hexagons into one octagon and two pentagons. It is worth mentioning
that the SV defect in CHCs considered here is topologically similar to the
bivacancy defect in graphene [34]. In this paper, we construct a series of
simulation models with these two types of defects, which are distributed
randomly in CHCs. After constructing CHCs containing different defect
types, MD simulations are carried out to calculate the mechanical and
thermal properties of defective CHCs with different defect concentra-
tions. Here, the defect concentration is defined as the ratio of the
number of rotated or removed sidewalls in a defective CHC to the total
number of sidewalls in the corresponding defect-free CHC. In calcula-
tions, three CHC samples are considered for each defect concentration
and their mean value is taken as the final result.

2.2. MD simulations on the mechanical and thermal properties of CHCs

In the present study, all MD calculations were performed by using
large-scale atomic/molecular massively parallel simulator (LAMMPS)
MD package [35]. The periodic boundary conditions were applied in all
directions, which can effectively avoid the boundary effect and thus
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Fig. 2. Top-view of structures of (a) the defect-free CHC, (b) the CHC containing randomly distributed SW defects, and (c) the CHC containing randomly distributed
SV defects. The left perspective insets in (a—c) show the detailed structure of perfect CHC, SW and SV defects. The right insets in (b) and (c) are schematics of the
formation of SW and SV defects. (d) Side-view and (e) front-view of the defect-free CHC.
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Fig. 3. MD simulation set-ups for (a) the uniaxial tensile test and (b) the thermal conductivity calculation.

equivalently simulate the relatively large CHC structures synthesized in
experiments. Actually, similar periodic boundary conditions were
widely employed in previous MD simulations on the mechanical and
thermal behaviors of various 3D carbon nanomaterials, such as CHCs
[25,27,30,32] and graphene-based carbon foams [36-38]. Here, the
optimized Tersoff potential developed by Lindsay and Broido [39] was
used to simulate the C-C interaction in the component GNRs of CHCs.
This potential has been successfully used in previous studies to predict
thermal and mechanical responses of carbon-based materials, such as
graphene [39-41], CNTs [39,42], graphene foams [43], etc. It should be
noted that all simulations were based on the structures constructed by
the method as introduced in Section 2.1. In all MD simulations, the time
step was set as 1 fs. To validate the reliability of the time step selected
here, we calculated the total energy of defect-free CHCs in

microcanonical (NVE) ensemble. As shown in Fig. S1, the total energy is
almost unchanged in the NVE ensemble for 100 ps, which proves that
the time step of 1 fs is appropriate for our simulations.

To study the mechanical properties of defect-free and defective
CHGs, the uniaxial tensile test illustrated in Fig. 3a was employed at the
room temperature (300 K). In doing this, an energy minimization was
firstly performed using the conjugate gradient algorithm. The system
was then relaxed within the isothermal-isobaric (NPT) ensemble at the
temperature of 300 K and zero external pressure for 20 ps. As shown in
Fig. S2, values of the total energy, length and temperature of defect-free
CHGs all keep unchanged after ~ 20 ps, which indicates that the system
has reached the equilibrium state. Afterwards, the uniaxial tensile test
was performed by expanding the box size in the x direction with a strain
rate of 10° s7! in the NPT ensemble. The strain rate chosen here can
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Fig. 4. Stress-strain curves of CHCs with different concentrations of (a) SW defects and (b) SV defects. The insets show the regions used to calculate the Young’s

modulus of CHCs.

equivalently simulate the quasi-static load applied to CHCs and, mean-
while, can retain the efficiency of MD simulations, since, as shown in
Fig. S3, no significant changes are observed in the mechanical properties
if we keep decreasing the strain rate from 10° s!. Actually, the same
strain rate of 10° s~! was also widely employed in previous MD simu-
lations on mechanical behaviors of the defect-free CHCs [24-26,28,29].

Here, in order to provide an accurate uniaxial stress condition at the
room temperature, the temperature and pressure damping parameters
(along the y and z direction) were set as 10 fs and 1 ps, respectively.
Meanwhile, the data of stress and strain was output every 0.1 ps. Finally,
the Young’s modulus E of CHCs was obtained by calculating the slope of
linear part of stress-strain curves. The tensile strength and fracture strain
were extracted from these stress-strain curves directly.

In this study, the thermal conductivity of CHCs was evaluated by
using the NEMD method. As shown in Fig. 3b, we divided the simulation
box into 20 slabs along the x direction. Here, a heat source region and a
heat sink region were adjacent to the first and the 11th slabs, respec-
tively. The initial configuration of CHCs was relaxed to its energy-
minimized configuration by using the conjugate gradient method
firstly. The system was then relaxed at the room temperature (300 K)
using constant temperature simulations by the Nosé-Hoover thermostat
method (NVT) for 20 ps. As shown in Fig. S4, the total energy, pressure
and temperature of CHCs are almost unchanged after ~ 20 ps, indicating
that the structures have reached their equilibrium states. Finally, by
using the Langevin thermostat in the NVE ensemble, the temperatures of
the heat source and heat sink were set as 330 K and 270 K, respectively.
During NEMD simulations, a heat flux (J) can be generated due to the
energy exchanges between the hot and cold reservoirs, which results in a
temperature gradient (dT/dx) along the x direction. The heat flux along
the x-direction (J) can be calculated by [44]:

dE, /dr

J=
A,

(€8]

where E, is the accumulated energy, t is the simulation time and A, is
the cross-sectional area of CHCs.
In this work, the temperature T; of the ith slab was computed by [45]:

> il
3N:Kp 5 2m’

(2)

i

where N; is the number of atoms in the ith slab, Kp is the Boltzmann
constant, p; is the momentum of atom j, and m is the atomic mass of

carbon atom. When the temperature gradient along the heat flux di-
rection reaches the linear state, the thermal conductivity of CHCs (x) can
be calculated by using the Fourier law [44]:

J

K:m.

3

It is noted that NEMD simulations in NVE ensemble were continued
for another 200 ps after the temperature gradient has become stable.
The temperature gradient along the heat flux direction was thus ob-
tained by averaging over the 200 ps MD simulations. The LAMMPS code
for calculating the thermal conductivity of CHCs is shown in Supple-
mentary materials.

3. Results and discussion
3.1. Validation of models

In order to verify the accuracy of the MD simulation models and the
optimized Tersoff potential in dealing with the mechanical and thermal
responses of CHCs, the mechanical and thermal properties of SLG were
studied, since it can be treated as the basic component of CHCs. The
length (along the loading or the heat flux direction) of SLG is 50.18 nm,
while the width is 10.22 nm. Meanwhile, the thickness of SLG is assumed
to be 3.4 A [46]. In general, the simulation methods employed here are
the same as those introduced in Section 2.2. More details are provided in
the Supplementary material. As shown in Tab. S1, the Young’s modulus
of SLG extracted from our MD simulations is around 923 GPa. Mean-
while, Fig. S5 shows that the tensile strength and the fracture strain of
SLG estimated from the present MD simulations are 136.16 GPa and
0.24, respectively. These values are in accordance with the experimental
results [10] 1000 + 100 GPa (Young’s modulus), 130 + 10 GPa (tensile
strength), and 0.25 (fracture strain). Moreover, a thermal conductivity
around 408.5 W/mK is obtained for the SLG in the present study, which
is in good agreement with the value 400 W/mK predicted in the previous
studies [47] on the SLG with the same length. The good agreement be-
tween the present and previous studies suggests the accuracy of the
proposed MD simulation methods and the optimized Tersoff potential in
evaluating the mechanical and thermal properties of graphene-based
materials such as the CHCs considered here.
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Fig. 5. (a) Young’s modulus, (b) tensile strength, and (c) fracture strain of CHCs with different concentrations of SW defects and SV defects.

3.2. Mechanical properties

Based on the MD simulation technique introduced above, we firstly
examined the mechanical behaviors of CHCs with three different sizes:
14.58 x 11.07 x 1.28 nm®, 26.84 x 22.14 x 1.28 nm®, and 39.62 x
33.21 x 1.28 nm®, which contain 11220, 42,840 and 94,860 atoms,
respectively. As shown in Fig. S7, the stress-strain curves of three defect-
free CHCs with different sizes are almost identical to each other, indi-
cating that geometric size also has no influence on the mechanical
properties of CHCs. This because the boundary effects are excluded from
the present simulation models, since the periodic boundary conditions
are employed in the present study. Based on this finding, unless other-
wise stated, CHCs having the dimension of 26.84 x 22.14 x 1.28 nm®
are considered in the following discussion.

The uniaxial tensile tests are subsequently performed to CHCs with
SW and SV defects. The defect concentration of defective CHCs ranges
from 0.2% to 2.0%. For the sake of comparison, the same MD-based
uniaxial tensile test was also performed to defect-free CHCs. The
stress-strain curves obtained in the uniaxial tensile tests of CHCs are
shown in Fig. 4. It is found that after a short linear region at the low
strain level, a nonlinear relation is generally found between the stress
and strain until the stress and strain reach the threshold values, i.e., the
tensile strength and fracture strain. After the fracture strain, the stress in
all CHCs suddenly drops to zero, indicating the brittle fracture occurring
in defect-free and defective CHCs [48]. A similar brittle fracture of
defect-free CHCs was also observed in previous MD studies [25,28,29].
Here, the tensile strength and fracture strain of defect-free CHCs are,
respectively, 28.61 GPa and 0.29, which indicate the high strength and
the excellent ductility existing in CHCs. It is noted that these values are
close to but slightly smaller than the results 30 GPa (tensile strength)
and 0.35 (fracture strain) extracted from previous DFT calculations [23].
The slightly smaller values extracted from the present MD simulations
can be attributed to the so-called thermal-softening effect, since previ-
ous DFT calculations were conducted without considering the temper-
ature effect, while the present MD simulations were performed at the
room temperature.

In Fig. 5, we show the Young’s modulus, tensile strength and fracture
strain of CHCs with different defect concentrations. It is noted that the
Young’s modulus was calculated from the slope of the stress—strain
curves at the initial linear regions, which are shown in the insets of
Fig. 4. When the defect concentration of CHCs increases from 0 (perfect
CHGCs) to 2%, it is found in Fig. 5a that the Young’s modulus E of CHCs
containing SW and SV defects is almost independent with the defect

concentration. In this process, E of CHCs containing SW and SV defects
rises and falls around the mean value 16.74 GPa and 15.98 GPa,
respectively. The deviation of this average value of CHCs containing SW
defects from the maximum or minimum E is less than 4%. Similarly, the
deviation of the averaged E of CHCs containing SV defects from their
maximum or minimum values is less than 3%. This slight impact of
defect concentration on the Young’s modulus of CHCs can be understood
by the damage mechanics theory [49]. According to the damage me-
chanics theory, the Young’s modulus of defective CHCs can be approx-
imately written as E = Ey (1-D). Here, Ey is the Young’s modulus of
defect-free CHCs, and D is the so-called damage factor, which, in the
present study, equals to the defect concentration. Since a defect con-
centration smaller than 2% is considered in the present study, according
to the above equation, the Young’s modulus E of defective CHCs is
almost independent with the defect concentration. In contrast to the
Young’s modulus, both the tensile strength and the fracture strain of
CHCs are found to strongly rely on the defect concentration. Generally,
as shown in Fig. 5b and c the tensile strength and the fracture strain
decrease as the defect concentration increases. For instance, when the
defect concentration increases from 0 to 2%, the tensile strength and
fracture strain of CHCs containing SW defects, respectively, decrease
from 28.61 GPa and 0.29 to 17.69 GPa and 0.24. In the same process, the
tensile strength and fracture strain of CHCs containing SV defects
decrease from 28.61 GPa and 0.29 to 16.42 GPa and 0.23, respectively.
The significant influence of cell defects on the fracture properties of
CHCs can be well understood by the classical fracture mechanics theory.
If the defect-free CHC is treated as a pristine material, the heptagonal or
octagonal cells in the defective CHC can be modelled as cracks. This is a
reasonable continuum level analog of heptagonal or octagonal cells,
since these cells are larger than hexagonal cells and thus can be treated
as cracks or voids in the material. The stress concentration can occur in
the region near these “cracks”, which becomes more significant as the
crack number increases. As a result, the tensile strength and fracture
strain of CHCs can be reduced due to the existence of defects. The
reduction in the tensile strength and fracture strain become more sig-
nificant as the defect concentration grows. Moreover, from Fig. 5b and ¢
we also see that the impact of SV defects on the tensile strength and
fracture strain of CHCs is generally larger than that of their SW coun-
terparts. The more significant influence of SV defects can be understood
by the fact that the crack size (octagonal cell) of CHCs containing SV
defects is larger than that (heptagonal cell) of their counterparts con-
taining SW defects. It is noted that at the defect concentrations of 0.5%
and 1%, there exist an exception that the tensile strength and fracture
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strain of CHCs containing SW defects are larger than those of CHCs
containing SV defects. This exception can be partly attributed to the
randomness of defect orientation as shown in Fig. 2.

The deformation process and von Mises stress evolution of defect-
free and defective CHCs during the uniaxial tensile test are shown in
Fig. 6. As for the defect-free CHCs shown in Fig. 6a and 6b, the shape of
CHC cells initially transforms from hexagon into rectangle. The largest
stress is observed in cell walls parallel to the loading direction, whose
magnitude is about two times larger than that of the stress in other cell
walls. Therefore, as observed in Fig. 6¢, the initial fracture occurs in
these cell walls parallel to the loading direction. The ruptured cells
generate plenty of single carbon chains at the strain of 0.35 (Fig. 6d). A
similar phenomenon is also observed in previous MD simulations of
CHCs [28,29] based on the AIREBO potential [50]. In the CHCs with SW
defects, the stress concentration is observed in their defective cells.
Moreover, compared to the defect-free CHCs, a more significant stress
concentration is observed in the present CHCs containing SW defects
(Fig. 6f), as the ratio of the maximum stress and the minimum stress (or
the factor of stress concentration) now is about 5.5. Due to the effect of
stress concentration, the initial fracture occurs at the SW defects rather
than at cells parallel to the loading direction (Fig. 6g). The initial frac-
ture leads to the breaking of a number of cell walls and thus induces the
formation of more single carbon chains (Fig. 6h) before the final rupture.

As shown in Fig. 6i-l, the structure evolution of CHCs containing SV
defects is similar to that of their counterparts containing SW defects.
Specifically, the initial fracture occurs at the places where SV defects
exist. Meanwhile, according to Fig. 6j, the factor of stress concentration
of CHCs with SV defects is about 6.3, which is much larger than the value
of CHCs with SW defects. As a result, smaller tensile strength and frac-
ture strain are expected in CHCs with SV defects, which is indeed
consistent with the MD results shown in Fig. 5.

3.3. Thermal properties

By using the technique detailed in Section 2.2, we investigate the
influence of SW and SV defects on the thermal conductivity of CHCs in
this subsection. As an example, in Fig. 7a we show the temperature
distribution in a defect-free CHC. We find a linear temperature gradient
between the hot and cold slabs in NEMD simulations. Meanwhile, as
shown in Fig. 7b, we find that the magnitude of the energy flux passing
the hot and cold slabs are close to each other. Therefore, the total energy
is accurately conserved.

In Fig. 8a, we show the thermal conductivity of CHCs with different
lengths in the heat flux direction, ranging from 14.58 to 39.62 nm. Here,
defect-free CHCs and defective CHCs containing SW and SV defects are
both considered. It is found that the thermal conductivity of both defect-
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Fig. 9. Thermal conductivity of CHCs with different concentrations of SW de-
fects and SV defects.

free and defective CHCs increases as their length L grows. The similar
length dependence of the thermal conductivity was also observed in
recent NEMD simulations on CHCs [30,32]. It is revealed in the previous
study [51] that when the sample size is smaller than the phonon mean
free path, the additional interface scattering is dominant in the heat
transport. However, when the sample size approaches dramatically
large, the interface scattering will disappear, which thus will result in
the disappearance of length dependence of the thermal conductivity.
According to the kinetic theory, the relation between the thermal con-
ductivity of CHCs « and their length in the heat flux direction L can be
expressed as [51]:

11/,
—=—(2+1 4
= (k). @

where k, is the size-independent thermal conductivity of CHCs with
the infinite length, and I, is the effective phonon mean free path. In
Fig. 8b, we show the inverse thermal conductivity (1/x) of CHCs against
their inverse length (1/L). By fitting Eq. (4) to the MD simulation results,
we can obtain the size-independent thermal conductivity of defect-free
CHCs, which is 47.62 W/mK. This value exactly agrees with ~ 50 W/
mK obtained from the previous study [30,32] based on NEMD
simulations.

In Fig. 9, we show the thermal conductivity x of CHCs with various
defect concentrations extracted from NEMD simulations. Here, the
length in the heat flux direction of CHCs is 26.84 nm. Our results indi-
cate that the thermal conductivity of CHCs decreases significantly as the
defect concentration increases. For example, when the defect concen-
tration increases from 0 to 2%, the thermal conductivities of CHCs with
SW defects and SV defects are, respectively, reduced by 18% and 23%.
To reveal the physical mechanism behind the reduction in the thermal
conductivity of defective CHCs, we resort to phonon density of states
(PDOS) of atoms in the CHC system. Here, the PDOS can be obtained
after conducting the following Fourier transformation of atomic veloc-
ities autocorrelation functions at equilibrium state within NVE ensemble
[52]:

O viyvi(o))
7 i(0)-v,(0)

where N is the total number of atoms, w is the phonon frequency, v;(t)
and v;(0) are the velocities of the ith carbon atoms at the moment t and
initial time, respectively, and (---) means the atom number-averaged

PDOS(w) = / ~exp( — 2xiwr)ds, 5)
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Fig. 10. The calculated PDOS of defect-free CHCs and defective CHCs con-
taining 2% SW and SV defects.

velocity autocorrelation function.

Taking the CHC with 2% SW and SV defects as an example, in Fig. 10
we show PDOS of defective CHCs. For the sake of comparison, the result
of defect-free CHC is also presented in this figure. We find that the high
frequency peaks of defect-free CHCs and defective CHCs have the similar
value around 50 THz. However, the PDOS of defective CHCs is sup-
pressed at the low-frequency (0-5 THz), which indicates more phonon
scattering existing in defective CHCs. As a result, a defective CHC is
expected to possess a smaller phonon mean free path and thus have a
lower thermal conductivity. These observations are in good agreement
with previous studies indicating that the thermal conductivity is domi-
nated by low-frequency phonons [53]. Moreover, the PDOS of CHCs
with SV defects is lower than that of CHCs with SW defects, which in-
dicates that the thermal conductivity of the former is smaller than that of
the latter. This prediction is consistent with NEMD results shown in
Fig. 9. Based on the above results, we can come to the conclusion that
both SW and SV defects can significantly reduce the thermal conduc-
tivity of CHCs, which can be partly attributed to more phonon scattering
in CHCs with a higher defect concentration.

In this work, more phonon scattering observed in defective CHCs
originates from the wavy configuration of the component GNRs in
defective CHCs. In Fig. 11, we show the energy minimized structures of
defect-free CHCs and those of their counterparts containing defects. It is
observed that the existence of SW and SV defects results in the signifi-
cant cell wall curvature in CHCs. By contrast, the components GNRs in
defect-free CHCs can keep the flat configuration after the energy mini-
mization. Previous MD simulation studies [32,47] indicate that the
curvature of GNRs plays a critical role in reducing the thermal con-
ductivity of graphene-based materials. Therefore, more phonon scat-
tering and lower thermal conductivity are expected in the CHCs with a
higher defect concentration, since a higher defect concentration can lead
to a larger degree of cell wall curvature.

From Fig. 9 we can also see that at a relatively large defect concen-
tration, e.g., 2%, the reduction in the thermal conductivity of CHCs with
SV defects is more significant than that of CHCs with SW defects. In
addition to more phonon scattering existing in CHCs with SV defects
mentioned above, the more significant reduction in the thermal con-
ductivity of CHCs with SV defects is also attributed to their smaller
density. According to the phonon kinetic theory [54], the lattice thermal
conductivity of a material is determined by x ~ Cvl,, where C is the heat
capacity and v is the phonon group velocity. Different to the SW defect
that is generated by rotating the cell wall, the SV defect is generated by
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Fig. 11. The energy minimized structures of (a) the defect-free CHC, (b) the CHC with SW defects, and (c) the CHC with SV defects. The insets show the local

configuration of cells in CHCs.

removing one cell wall. Thus, the density of CHCs with SV defects should
be smaller than that of their counterparts with SW defects. This differ-
ence will become larger as the defect concentration increases. It is
known that a material with a smaller density is theoretically expected to
have a smaller heat capacity and thus a lower thermal conductivity.
Therefore, the smaller density of CHCs with SV defects can be another
important factor that is responsible for the lower thermal conductivity
observed in them, especially when the defect concentration is relatively
large.

4. Conclusions

In this work, by using MD simulations, we provide a comprehensive
assessment of the influence of cell defects on the mechanical and ther-
mal properties of CHCs. Two defect types, i.e., SW and SV defects, which
distribute randomly in CHCs are considered in our study. Our results
show that the Young’s modulus of defective CHCs is almost independent
with the defect concentration. However, both the tensile strength and
the fracture strain can be greatly reduced by the cell defects, which
becomes more significant as the defect concentration increases. More-
over, when compared to the SW defects, the effect of SV defect on the
fracture properties of CHCs is much larger. The effect of cell defects on
the Young’s modulus and fracture properties is well explained by the
theories of damage and fracture mechanics.

As for the thermal property, our results show that both SW and SV
defects can reduce the thermal conductivity of CHCs. Specifically, the
reduction in thermal conductivity increases as the defect concentration
increases. The wavy configuration of the component graphene elements
in defective cells of CHCs accounts for this reduction in thermal con-
ductivity, since, according to our PDOS analysis, it can increase the
phonon scattering of CHCs and thus reduce the thermal conductivity.
Moreover, the effect of SV defects on the thermal conductivity of CHCs is
found to be larger than that of SW effects when the defect concentration
is relatively large. The more significant effect of SV defects on the
thermal conductivity of CHCs can be attributed to the fact that, the heat
capacity of CHCs with SV defects is smaller than that of their counter-
parts with SW defects.

Overall, our study provides a more precise understanding of the
mechanical and thermal property of CHCs, which is helpful for the
property prediction and engineering applications of CHCs in the future.
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