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Abstract

CrossMark

The exceptional thermal transport properties of graphene are affected due to the presence of
various topological defects, which include single vacancy, double vacancies and Stone—Wales
defects. The present article is intended to study on thermal transport properties of defective
graphene by comparing the effects of topological defects on the thermal conductivity of
graphene. This study developed a program for constructing defective graphene models with
customizable defect concentrations and distribution types. The efficient molecular dynamics

method based on graphics processing units is applied, which can achieve efficient and accurate
calculation of material thermal conductivity. It is revealed that the existence of topological

defects has a considerable reduce on the thermal conductivity of graphene, and the declining rate
of the value get less with increasing defects concentration. At the same concentration, the

weakening effect of SW defects on the thermal conductivity of graphene is evidently less than
the other two defects. We also explored the effect of temperature on the thermal conductivity of
graphene with different defects. These findings were discussed from the phonon perspective that

elucidate the atomic level mechanisms, which provide guidance for thermal management of

graphene devices.

Keywords: thermal conductivity, defective graphene, molecular dynamics, graphics processing

units

(Some figures may appear in colour only in the online journal)

1. Introduction

With the rapid development of the micro-nano technology,
the materials used in microelectronics, bioengineering,
radiation sources and detectors are gradually entering micro-
nano scale [1-3]. The miniaturization of equipment causes
sharply rise of its heat energy density, which takes the thermal
transport problem to be of vital importance. Due to the lim-
itation of charge and thermal transport in the out-of-plane
direction, two-dimensional (2D) materials present much
abnormal physical phenomena [4-10]. Graphene, the most
representative carbon-based 2D material, has been prepared
by mechanical stripping of pyrolytic graphite in 2004 [11].
Depend on the special structure and bonding mode, graphene

0957-4484,/20,/215708+-09$33.00

is endowed with excellent electrical, thermal and mechanical
properties [12—14], which has broad application prospects.
Raman spectroscopy results have shown that the pristine
suspended graphene has an exceptionally high thermal con-
ductivity of up to about 1800-5300 W mK " at room temp-
erature [15-17], typically 2500 W mK ' as the reports. The
wide range is caused by experimental measurement errors of
Raman spectroscopy and uncertainty of sample conditions.
In sharp contrast, the thermal conductivity of silver, the metal
with excellent thermal transport performance in nature world,
is only about 430 W mK ", However, it is almost impossible
to prepare large-sized pristine graphene based on the existing
preparation technology of graphene, such as chemical vapor
deposition, mechanical stripping and epitaxial growth method

© 2020 IOP Publishing Ltd  Printed in the UK
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[11, 18, 19]. In graphene structures, the presence of defects is
unavoidable, such as vacancies, dislocations and grain
boundaries. Simultaneously, defect engineering is one of the
most common and effective means in regulating the proper-
ties of materials to suit different application conditions [20].
Therefore, a clear understanding of the effects of various
defects on the thermal transport properties of graphene is of
great significance for the design of nanomaterials.

At present, there are two main classical molecular
dynamics simulation methods for calculation of thermal
conductivity of nanomaterials [21, 22]: non-equilibrium
molecular dynamics method (NEMD) [23-25] based on
Fourier equation and equilibrium molecular dynamics method
(EMD) [26] based on Green—Kubo equation. large-scale
atomic/molecular massively parallel simulator (LAMMPS)
software package [27], a quite popular large-scale molecular
dynamics simulation software package, is often used to
simulate and calculate the thermal conductivity of nanoma-
terials. Ghasemi et al [23] studied the regulation mechanism
of pore topology engineering on graphene thermal con-
ductivity. Based on the AIREBO potential function, the
thermal conductivity of pristine graphene is calculated as
121.2 WmK ™" in their study. In the work of studying the
effect of vacancy defects on the thermal conductivity of
carbon-based nanomaterials by Liu et al [24], the calculated
thermal conductivity of the pristine graphene based on the
Tersoff potential is only 74.10 & 1.85 WmK '. Under the
same potential function, Wei et al [25] calculated the thermal
conductivity of the pristine graphene after linear extrapolation
to eliminate the size effect, which is only 870 W mK . The
ReaxFF potential was also used to evaluate the thermal
conductivity of carbon-based materials [28, 29], which is
superior to AIRBEO potential in thermal conductivity simu-
lation of graphene. Diao et al [30] obtained an overall
extrapolation of graphene thermal conductivity of 1390
W mK ™. It is within the lower limit of the value measured by
the Raman photothermal method. In the EMD method with
negligible size effect, Maliha et al [26] used the REBO
potential to calculate the thermal conductivity of the graphene
nanoribbons as 900 W mK ', It is not difficult to find that
these results are far from the experimental results.

Limited by size effect and inaccuracy in describing the
empirical potential, the calculation results by NEMD method
are often not accurate enough. Although the size effect can be
negligible in EMD method, the heat flow formula used in the
LAMMPS is only applicable to two-body potentials such as
Lennard-Jones argon and is not suitable for describing many-
body systems such as graphene and carbon nanotubes
[31, 32]. This is reflected in the above calculation as an
underestimation of thermal conductivity. Under these cir-
cumstances, the reliability of the results of the above studies
on the thermal transport properties of the graphene containing
defects is bound to be affected.

From another perspectivity, the large-scale and compli-
cated system is an irreversible trend in the development of
computer simulation. In the case of ensuring the accuracy of
the simulation, it is one of the goals of the development of
analog technology to increase the speed of calculation as

much as possible. For classical molecular dynamics simula-
tions, its computational characteristics are well suited for
massively parallel computing. Therefore, the intervention of
the graphics processing units (GPU) acceleration architecture
is very beneficial to it [33].

The present article is based on an efficient molecular
dynamics code implemented on GPU and numerically simu-
lated by EMD method. The precise heat flow formula is
applied to avoid underestimating the thermal conductivity of
materials while the GPU acceleration architecture can greatly
improve the computational efficiency [34]. In this article, the
graphene thermal transport properties with three different
topological defects (single vacancy, double vacancies and
Stone—Wales defects) is studied. The differences of thermal
transport properties among three above kinds of defective
graphene and the reasons for these differences are also ana-
lyzed from the phonon perspective. The performance of
thermal conductivity of defective graphene at different tem-
peratures was also studied, which is a pivotal factor affecting
lattice vibration and phonon states. And we discussed the
possible constraints on the thermal conductivity of graphene
due to defects and temperature.

2. Model and method

As shown in figure 1(a), the research object is a square
monolayer graphene with an in-plane length of
20nm x 20 nm. Square samples are more suitable for EMD
simulations due to the same size in both chiral directions of
graphene. There are three common topological defects of
graphene: single vacancy, double vacancies and Stone—Wales
(SW) defects. The loss of a single carbon atom and two
adjacent carbon atoms introduces a single atom vacancy and a
diatomic vacancy defect, respectively as identified in
figures 1(b)-(d) And the SW defects in figure 1(d) are
obtained by rotating two adjacent carbon atoms 90° around
their center point. In this process, the four hexagonal rings
have become two pentagonal rings and two heptagonal rings.
Hence, it is also called 5-7-7-5 defect, which is the most
common of the graphene topological defects.

The defect concentration is defined as the ratio of the
number of non-hexagonal rings in the defective graphene with
respect to the total number of hexagons in the initial pristine
sheet. Algorithms specifically designed for modeling are
developed, which can realize the construction of a randomly
distributed defective graphene model with specified defect
types and concentrations. The randomness of the defect dis-
tribution includes the overall positional randomness and the
randomness of the respective orientations. As schematically
shown in figures 1(b)—(d), in the direction indicated by the
arrow, the single vacancy defect has two orientation modes,
which is determined by the particularity of the atomic position
in the graphene honeycomb structure. The difference of
orientation in the other two defects is determined by the
relative positions of two adjacent carbon atoms forming
defects, which can be characterized by the orientation of
carbon—carbon bonds. In the regular hexagonal carbon ring
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Figure 1. Schematic illustration of the configuration of graphene and its three types of topological defects: (a) square pristine monolayer
graphene sheet configuration with size of 20 nm x 20 nm; (b) schematic diagram of single vacancy defects containing two different
orientations; (c) schematic diagram of double vacancies defects containing three different orientations; (d) schematic diagram of SW defects
containing three different orientations, which are relative to the direction of the black arrow in the figure. (The illustrated defects are
schematic diagrams of the model, and carbon atoms bonding may occur during the actual simulation, especially in the vacancy defects.)

structure, there are three kinds of orientations of carbon—
carbon bonds along the same direction, and thus three ways
are possible for orienting double vacancies and SW defects.
There is no doubt that defective graphene with such a random
distribution of defects will be more reasonable.

EMD method is adopted to evaluate the thermal transport
properties of defective graphene in present paper. Compared
with the NEMD method, the size effect of the EMD method is
minimized to obtain more accurate calculation results, and the
equilibrium state simulation system is relatively stable.
NEMD method is based on Fourier theorem x = J/VT, in
which J represent heat flux and VT is the temperature gradient
of area with heat flow. Usually due to the limitation of
calculation cost, the size of the simulated sample is much
smaller than the mean free path of the phonon, which will
cause additional phonon scattering and thus underestimate the
thermal conductivity of the material. The thermal con-
ductivity of materials calculated by the EMD method is
mainly based on the Green—Kubo formula [35, 36],
which relates the transport coefficient of the non-equilibrium
process to the fluctuation of the corresponding physical
quantity in the equilibrium state. For the thermal transport
process, the thermal conductivity tensor of materials
Kap(t)(a, B = x,y, z) during a given time equals to the int-
egral of the heat current auto-correlation function (HCACF):

s (1) = I )5 dt', (0

1
kg T?V

where kg is the Boltzmann constant, 7 is the simulation
temperature, V is the volume of the system. For a

two-dimensional graphene sheet, its volume is defined as the
product of surface area and thickness of 0.335 nm. The angle
brackets in the formula represent the time origin average. In
the statistical mechanics, (J(0)J(¢)) is defined as HCACF
with correlated time of ¢. J is the heat flux, which is defined as
the time derivative of energy density moment:

d
= =S"rE, 2
J o §i r )

where r; and E; is the position vector and total energy of the
atom i, respectively.

For monolayer graphene sheet described by many-body
potentials, the heat flow vector including the kinetic energy
term and the potential energy term is described as:

oU;
JJK+JPZViEi+ZZI'ij(T]'Vi), 3)

i j=i 9 Ji
where v; is the velocity vector of atom 7; r; and rj is the
position vector between atom i and j; U, is the potential
energy of atom i.

Since the LAMMPS is not suitable for describing the
many-body potentials of graphene in the heat current calcul-
ation formula [31], the GPU-accelerated molecular dynamics
software package based on the above heat flow calculation
formula [34] is adopted. In the classical molecular dynamics
simulation, the selection of the potential function of the sys-
tem is the key to the quality of the simulation. The Tersoff
potential with a parameter set optimized by Lindsay and
Broido [37] is used to describe the interaction among carbon
atoms. It significantly improves the consistency between
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Figure 2. Normalized heat current auto-correlation function and
thermal conductivity as a function of correlation time for pristine
graphene with size of 20 nm x 20 nm (The solid black line
represents the result of five independent simulations, and their
average is plotted by the blue one. Green dotted line is the
convergence reference line with the value of £ = 2460 W mK 1))

graphene thermal conductivity calculation and experimental
measurements, and can represent its lattice dynamics and
phonon thermal transfer properties more accurate [38].

In this study, periodic boundary conditions were applied
in both directions of the graphene plane, which can eliminate
the influence of free atoms on the boundary to minimize the
size effect; and applied free boundary condition in the out-of-
plane direction. For each set of simulations, the Berendsen
thermostat was used at a given temperature to relax the sys-
tem under the NVT ensemble for 1 ns. After the system was
in a relatively stable state, a simulation of up to 10 ns was
performed under the NVE ensemble, and the relevant physi-
cal quantities required for the calculation were extracted
simultaneously. In order to obtain the results with better
convergence, we have carried out several simulations of
graphene samples with different configurations.

3. Results and discussion

We first performed the thermal conductivity calculation based
on the EMD method using a pristine graphene of
20nm x 20nm as a sample, which contains 15228 carbon
atoms. It is intended to illustrate the reliability of the simu-
lation method by comparing the results of the calculation with
the experiments and theories. In each independent simulation,
the thermal conductivity results for square graphene are
defined as the average of the thermal conductivity in both
directions of the plane. In this part, we performed five inde-
pendent simulations in a time step of 1fs, which is small
enough for pristine graphene. The initial velocity of the atoms
in each simulation was randomly given according to the
ambient temperature of 300 K. The converging thermal con-
ductivity of the pristine graphene sample can be evaluated by
averaging the five sets of results. In figure 2, we calculated the
convergence value of the monolayer pristine graphene
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Figure 3. Results of thermal conductivity of monolayer pristine
graphene at room temperature; these include experimental results
based on Raman spectroscopy measurements, theoretical results
based on Einstein’s formula [41] and Boltzmann transport equation
[43, 44], and molecular dynamics numerical calculation results based
on NEMD and EMD methods. (The golden shaded part is the
calculation result of this research, which can fit the experimental,
theoretical and existing molecular dynamics results well.)

thermal conductivity of 2460 £ 220 W mK™!, where the
error estimate is calculated by the standard error of the five
independent results. The upper part of figure 2 is the nor-
malized HCACF results of the above graphene sheet. With
the results, we calculated its thermal conductivity, which
converges well in the correlation time of 1 ns.

As shown in figure 3, it is within the range of exper-
imental results [15-17], and almost equal to the existing
simulation results [25, 39, 40] and the theoretical results
[41, 42] of 2600 W mKil, which is deduced by the Einstein
formula. Under the EMD method in our work, the size of the
above sample also can fully meet the requirements of its
thermal conductivity evaluation [31].

3.1. Effect of defects

Next, we introduced three different types of defects, single
vacancy, double vacancies and SW defects, in the above
pristine graphene sample. Each defect contains the following
nine different concentrations: 0.3%, 0.6%, 0.9%, 1.2%, 1.5%,
2.1%, 3%, 6% and 10%. For each concentration of three dif-
ferent defect types, we constructed three different atomic
models with defects in a random distribution. Three indepen-
dent simulations with different initial velocities were performed
for each model, and the average of the thermal conductivity
was taken as the final calculation result. This statistical average
processing method can effectively reduce the influence of the
specific distribution position of the defect on the thermal
conductivity calculation result, so that the defect type and
defect concentration are the focus of this study. For the
defective graphene structure, in order to avoid structural
instability during the simulation, we chose the simulation time
step of 0.5fs. And the other details of the simulations are
identical to those of the previous pristine graphene.

The calculated normalized thermal conductivity of dif-
ferent defective graphene with different defect concentrations
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Figure 4. Normalized thermal conductivity calculation results for
different defect concentrations after introducing three different kinds
of defects into the pristine graphene of 20 nm x 20 nm. There are
nine kinds of defect concentration: 0.3%, 0.6%, 0.9%, 1.2%, 1.5%,
2.1%, 3.0%, 6.0%, and 10%, which can clearly describe the changes
of thermal conductivity.

at 300 K are shown in figure 4. Firstly, the effect of defect
concentration on the thermal conductivity of graphene is
discussed. It is not difficult to find that the thermal con-
ductivity of graphene with three kinds of defects has almost
the same tendency with the change of defect concentration: all
of them reveal drastic decline with the increase of defect
concentration. At a defect concentration of only 0.3%, the
thermal conductivity value of defective graphene shows a
large decrease, about half of the original. When the defect
concentration increases to about 3%, the thermal conductivity
value of defective graphene is reduced by almost an order of
magnitude. And as the defect concentration increases, the
declining rate in the thermal conductivity value is generally
less. It means that at large defect concentrations, the slight
difference in defect concentration does not have much effect
on the thermal conductivity of defective graphene, which is
meaningful for the defects engineering of graphene. Under the
condition of satisfying the thermal conductivity requirement
with the large concentration defect, the concentration condi-
tion can be appropriately relaxed to adjust other properties of
graphene to achieve the overall application purpose. Then,
longitudinal comparison of different types of defective gra-
phene is carried. Due to the similar defect formation styles,
the thermal conductivity of defective graphene containing
single vacancy and double vacancies defects has the quite
small gap. However, the SW defect is the only one of the
three defect types that does not involve atomic loss. The
thermal conductivity of graphene containing this defect is
significantly higher than the other two in all defect
concentrations.

In order to further understand the fundamental mech-
anism of the weakening of graphene thermal conductivity
caused by defects, we have studied from the perspective of
phonon. At the defect concentration of 3% and 10%, we
calculated the phonon density of states (DOS) of the above

— 0%
3%
10%

Single vacancy
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DOS (arb.units)
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— 3%
— 10%

Neee

30 40 50 60
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Figure 5. Calculated DOS of pristine graphene and three defective
graphene at concentrations of 3% and 10% (The solid line represents
the in-plane part, and the dashed line represents the out-of-plane part.
It is not difficult to find that the low frequency phonon vibration
mainly comes from the out-of-plane part, which is also the main
source of thermal conductivity.)

three kinds of defective graphene, which describes the rela-
tionship between the phonon mode and the frequency. The
DOS of the same size of the pristine graphene was also cal-
culated as a comparison term. In the equilibrium simulation
process of 100ps, the velocity of carbon atoms was recorded
every 5fs, and the DOS was obtained by performing the
following Fourier transform on the velocity auto-correlation
function:

DOS,(w) = f . (O (0)) e~ 2™ dt (o = x, y, 2), (4)
where w is the frequency, ¢ is the correlated time of velocity
auto-correlation function (v, (#)v,(0)) of carbon atoms.

In the above formula, the thermal conductivity of gra-
phene is mainly derived from the contributions of three
acoustic modes: In-plane transverse acoustic (TA) mode
along the x-direction, in-plane longitudinal acoustic (LA)
mode along the y-direction, and out-of-plane bending acoustic
(ZA) mode along the z-direction. In the square graphene
studied in this paper, the difference between the in-plane
acoustic modes TA and LA is negligible, and we average the
two as a unified in-plane acoustic mode.

It is revealed that the intervention of three defects has a
significant effect on graphene in both in-plane and out-of-
plane acoustic modes in figure 5. Firstly, we focus on the in-
plane part, which is plotted by solid lines. Due to the inter-
vention of defects, the DOS of graphene has a significant
damping effect at the peak near 50 THz. As the concentration
of defects increases, the attenuation of DOS becomes more
and more obvious. The out-of-plane DOS is wider around the
two frequency peaks located in the low frequency band of less
than 30 THz, and the peak value is reduced. These changes
mean a decrease in the lifetime of the phonon [45], thus
causing a decrease in the thermal conductivity of the
graphene.
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Figure 6. Schematic illustration of defective graphene containing a double vacancies (a) and an SW defect (b) respectively. The shaded area
represents the location of the single topological defect, and the balls in different colors around represent the six types of carbon atoms

symmetrically distributed around the defect.

It is revealed that the effects of single vacancy defects
and double vacancies defects on the DOS of graphene are
close. This also confirms that these two types of defective
graphene have almost the same thermal conductivity at dif-
ferent defect concentrations. In contrast, defective graphene
containing SW defects has a more severely weakened in high-
frequency mode. However, the low frequency band below 30
THz is less affected than the other two types of defective
graphene, which is characterized by weaker changes of
acoustic mode below 4 THz and the out-of-plane acoustic
mode at two peaks. It is generally believed that the main
contribution of thermal conductivity comes from low-fre-
quency phonons [45, 46], so the above differences lead to the
thermal conductivity of SW defective graphene always
exceed the other two at the same defect concentration.

Then, we explored the specific impact of double vacan-
cies defect and SW defect on the thermal conductivity of
graphene, since the difference between single vacancy and
double vacancies is negligible. We calculated the DOS of
carbon atoms near the two defects for comparative analysis.
To simplify the analysis, we used the following simplified
model with a single defect to calculate and discuss the
vibrational dynamics of carbon atoms at different locations
around the defect, as figure 6 shown. Considering the sym-
metry of the defect itself, the DOS calculation results for each
position are averaged from the equivalent carbon atoms.

As shown in figure 7, for the carbon atoms near the
defect, it is not difficult to find that the calculated DOS is
affected to varying degrees. The four positions (a)-(d) are
carbon atoms that directly constitute defect, and (e)—(f)
represent atoms around the defect. Comparing the calculated
DOS of a carbon atom in pristine graphene, the DOS of the
six positions is greatly affected in the low frequency range of
less than 4 THz, which also means that the defect severely
weaken the surrounding phonons with low frequency. How-
ever, the performance at the high frequency peak near 50 THz

—:Double vacancies
---:Stone-Wales
PP S oA Y e (a
e e A (b)
m
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Figure 7. The relationship between the calculated DOS and the
frequency of the pristine graphene carbon atom (plotted by the solid
black line), the double vacancies defect (plotted by the solid color
line) and the SW defect (plotted by the colored dashed line); The six
calculation results correspond to the DOS of carbon atoms identified
by different colors in figure 6, where the color of the line is in one-
to-one correspondence with the atomic identification color. The
color in (a)—(f) are blue, red, yellow, green, cyan and purple
respectively.

is different. Since high-frequency phonons contribute little to
the thermal conductivity of graphene, we do not regard it as
the focus of research.

For the carbon atoms (e) and (f) around the defects, it is
shown that the vibration state of them is still affected, even if
the high frequency peaks is relatively close to the pristine
graphene carbon atoms. It means that the existence of defects
not only affects the atomic vibrations that make up the
defects, but also affects the atoms around the defects. These
can lead to local acoustic mismatch, resulting in phonon-
defect scattering, which is the root cause of the significant
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Figure 8. Thermal conductivity of defective graphene with double
vacancies and SW defects at 0.9% and 3% concentrations under
three temperatures of 100, 300 and 500 K, which basically cover all
application scenarios of graphene. (Among them, the difference in
concentration is distinguished by different colors, and the difference
in defect types is distinguished by different shapes.)

decrease in graphene thermal conductivity. Furthermore, in
defective graphene with large defect concentrations, it is
inevitable that two or more independent defect distances are
so close that their respective areas of influence may overlap.
This allows the same carbon atom to be affected by different
independent defects simultaneously, which will further
aggravate the phonon scattering effect.

3.2. Effect of temperature

In addition, we also studied the effect of temperature on the
thermal conductivity of defective graphene, which is an
indispensable factor in the influence of lattice vibration.
Under three temperature conditions of 100K, 300K and
500 K, double vacancies and SW defective graphene with a
concentration of 0.9% and 3% and a size of 20nm X 20 nm
were discussed here. The three temperature conditions cor-
respond to low temperature, room temperature, and high
temperature, covering almost all possible application scenar-
ios of defective graphene. As shown in the calculation results
presented in figure 8, as the temperature increases, the thermal
conductivity of defective graphene generally decreases. This
is due to the increase in temperature which intensifies the
vibration of the crystal lattice within the structure, thereby
enhancing phonon—phonon scattering, which is a major
contribution of thermal resistance. Comparing the data of the
two different colors in figure 8, it represents the thermal
conductivity of defective graphene at different concentrations.
Graphene with high defect concentration (data plotted in
black) is less sensitive to temperature changes. It is revealed
that phonon-defect scattering plays a major role in the
contribution of thermal resistance in graphene with higher
defect concentration.

Attention is paid to two kinds of defective graphene with
a low concentration of 0.9% in 100 K, which is plotted in blue

in figure 8. Due to the low defect content of the two graphene,
the difference between the two defect effects is relatively
minor in the overall graphene. On this basis, the weak lattice
vibration under the low temperature further weakens the
difference in defect types. This resulted in that the two types
of defective graphene with a concentration of 0.9% had
almost the same thermal conductivity at a temperature
of 100 K.

However, for higher concentration, the thermal con-
ductivity of both types of defective graphene is greatly wea-
kened. At higher and lower concentrations of 300K, the
difference in thermal conductivity between the two types of
defective graphene is approximately 184.47 WmK ™' and
66.84 W mK !, respectively. The former is almost three times
the latter. It is shown that under the condition of higher defect
concentration, the difference in thermal conductivity caused
by the difference in defect type itself is less. Further, the high
temperature makes the influence of phonon—phonon scatter-
ing on thermal conductivity increases, which weakens the
phonon-defect scattering to a certain extent, resulting in the
thermal conductivity results of two kinds of defective gra-
phene with a concentration of 3% at 500 K are very close.

To sum up the above discussion, defect and temperature
are two important factors to affect thermal resistance, and
these two restrict each other and affect each other, and
together determine the thermal conductivity of defective
graphene.

4. Conclusion

In summary, we studied the thermal transport properties of
defective graphene through molecular dynamics simulation
based on GPU. It has been found that the intervention of
topological defects has a great weakening effect on the ther-
mal conductivity of graphene. The defect concentration is
roughly negatively correlated with the thermal conductivity of
graphene, and as the concentration increases, the thermal
conductivity decreases more and more slowly. At the same
defect concentration, the thermal conductivity of graphene
containing single vacancy and double vacancies defects is
very similar and is always less than that of graphene con-
taining SW defects. The calculated DOS results show that the
difference in the attenuation of out-plane low-frequency
phonons is the root cause of the difference in thermal con-
ductivity. The high temperature will aggravate the lattice
vibration and increase the phonon—phonon scattering term,
which will reduce the thermal conductivity of the defective
graphene. In addition, this paper also explores the possible
constraints between the phonon—phonon scattering term and
the phonon-defective scattering term. The work has compre-
hensively studied the thermal transport properties of defective
graphene, and these findings tend to have possible extension
to the application of graphene defect engineering in the field
of thermal management and thermal design of nanomaterials.
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