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ABSTRACT

The aim of this dissertation is to investigate the mechanical and thermal properties
of two-dimensional materials. The discovery of the fantastic properties of graphene,
such as high mechanical strength and excellent electronic properties, has stimulated
interests in exfoliating other two-dimensional graphene-like materials. Laminated
materials such as hexagonal boron nitride or MoO3 which are composed of stacked
layers with the van der Waals force between adjacent sheets and strong covalent bonds
within each layer have received the most attention. In laminated materials, the weak
bonding between layers allows an easy isolation of free-standing single or few-atom-
thick sheets. The isolated stable free-standing sheets are known as two-dimensional
materials which exhibit properties distinct from their corresponding three-dimensional
bulk material counterparts.

The high specific surface area of two-dimensional materials along with their at-
tractive physical, electrical and mechanical properties make them important for a
variety of applications such as supercapacitors, optoelectronics, spintronics, lithium
ion batteries, sensors and nanocomposites. The use of two-dimensional materials in
such sensitive devices necessitates a fundamental understanding of their physical and
mechanical properties. It is the objective of this dissertation to investigate the me-
chanical and thermal properties of two-dimensional materials with special focus on

MoOQO3, graphyne and hybrid graphene-boron nitirde.
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Ideally, the properties of two-dimensional materials should be characterized ex-
perimentally. However, designing and performing experiments at nanoscales is very
complicated. Computational studies, on the other hand, can provide valuable insights
about the behavior of two-dimensional materials. In this dissertation density func-
tional theory (DFT) and molecular dynamics (MD) simulations are used to study
the properties of two-dimensional materials. In the first part of this dissertation,
DFT is used to develop and propose a hyperelastic constitutive model for modeling
the mechanical behavior of MoOs. Such a constitutive model pave the way toward
finite element modeling of monolayer MoO3 and can substantially reduce the com-
putational costs in comparison with atomistic simulations. In the second part of
the dissertation, molecular dynamics is utilized to study the mechanical and thermal
properties of both graphyne and hybrid graphene-boron nitride nanoribbons. Using
MD simulations, the impacts of nanoribbons width, length and chirality on their
properties are investigated. Furthermore, the effects of defects on the properties of
ribbons are studied and the strain engineering of the thermal conductivity of ribbons

is investigated.
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CHAPTER 1: INTRODUCTION

In this chapter, a literature review of studies investigating two-dimensional ma-
terials will be presented. Primarily, the background of two-dimensional materials
up-to-date studies and obstacles are stated. We review the achievements and appli-
cable methodologies for studying of graphene, MoQOg, graphyne and other related two
dimensional materials. Thereafter, we state the research objectives of this dissertation
and tasks to investigate two dimensional materials, specifically MoO3 and graphyne.
Finally, issues pertaining to the mechanical properties and thermal properties of the

two-dimensional materials will be addressed.
1.1  Background and Motivation

1.1.1  Graphene

Since the first two-dimensional graphene was successfully produced in 2004, exten-
sive research has been put into studying mechanical, thermal, chemical and photonic
properties in monolayer graphene sheets [32,48]. Graphene is a single-layer of carbon
atoms that is extracted from graphite, and packed into a dense honeycomb crystal
structure, which can be viewed as an individual atomic plane [130]. Graphene can
be prepared by exfoliating graphite through dispensation of graphite on the surface
of an organic solvent, grown on a metal base [64,99]. The size of graphene samples

obtained by exfoliation is relatively small due to defects. Fig. 1 shows the two-
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dimensional graphene, a one-dimensional fullerrance ball and the three-dimensional
graphite. The two-dimensional materials have attracted great interest among re-
searchers due to their unique chemical, mechanical, thermal and photonic properties

32,45,48,51].

Figure 1: Graphene and its carbon allotropes [152]

The success in obtaining monolayer graphene has shown that it is possible to create
stable, single or few-atom-thick layers of two-dimensional materials with weak van der
Waals-like coupling between layers. Although the mechanical properties of graphene
have been entensively investigated with both computational methods and experimen-
tal tests, strength of graphene is still limited by the presence of defects. Large-scale
efficient production of graphene is the prerequisite to putting this single-layer crystal
into structural and mechanical applications. With the improvement of experimental

techniques, small-scale graphene is available by exfoliating bulk graphite. However,
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researchers are still investigating how to obtain large-scale graphene with dispers-
ing methodologies. By transforming or folding the two-dimensional graphene, one-
dimensional nanotubes and zero-dimensional buckyballs can be obtained [80].

Fig. 1 has shown an example of graphene being made into variable forms. Obvi-
ously, it’s inevitable to have defects during the preparation of two-dimensional mate-
rial. Additional defects occur during the process of folding or wrapping mono-layer
graphene membranes into different shapes. Defects can increase the chemical reac-
tivity of graphene [40] but reduce the mechanical strength of this material.

Many studies have examined the mechanical properties of graphene in recent years
[51, 95, 98, 136, 207]. Lee’s research group measured the free-standing monolayer
graphene membranes’ breaking strength (42 Nm™!) and Young’s modulus (E=1.0
TPa) [95]. High strength graphene has been used to make films for stretchable and
transparent electrodes [86,99]. By depositing graphene on the base of a copper foil
or a silicon composite, large-scale graphene has been obtained to be used as anodes
for batteries [6,99,175]. To fully exploit the mechanical properties of graphene,
graphene is used as filler in polymer matrices [48,146]. Mechanical properties of
graphene based composites can be enhanced by controlling the content of graphene
[136,145,207]. It broadens the area in stable, light weight and functional composites.

Furthermore, the remarkable thermal properties of two-dimensional graphene have
renewed researchers’ interest in inorganic two-dimensional materials [176]. Graphene’s
high thermal conductivity is an alternative way of solving the microelectronic devices
high-temperature detachment problems. Moreover, two-dimensional graphene can be

cut into various shapes, such as graphene nano-ribbons to be applicable to nanosize
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devices. With the increasing demand for the microelectronics devices, good under-
standing and managing the thermal behavior of material used in these devices is im-
portant to the success of the microelectronics and other industries [1,4,47,61,75,211].

Graphene’s super hign in-plabe thermal conductivity is related to the sp* carbon-
carbon bondings; while the out-of plane heat flow is constrained by weak van der
Waals coupling [143]. The outstanding mechanical, thermal and photonic properties
of mono-layer graphene have broaden the range of its potential applications of carbon
materials in nano-scale devices [32,48,51].

Nika’s research group studied the thermal conductivity of two-dimensional graphene
and compared it with the bulk graphite [127]. The heat transport in two-dimensional
graphene is distinguished from that of the bulk graphite. In bulk graphite, there’s
no need to consider other scattering mechanism when calculating the thermal con-
ductivity integral. However, for two-dimensional graphene, the heat transports in
two-dimensional only till certain low-bound cut-off frequency [88,89,127].

The study of thermal conductivity of graphene can be summarized in the following

key parameters.

x Thermal conductivity’s dependent on nanoribbons’ length and width

Guo’s group studied the thermal conductivity of graphene nanoribbons. They stated
that the length, width and uni-axial strains dependence of thermal conductivity is
essential to the study of low-dimensional system’s thermal conduction [61]. Li’s
group also showed that thermal conductivity of nanostructures are dependent on

the stress and strain. Applying strain on the material can provides a mechanism to
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tune the thermal conductivity to a desired rate [101]. William’s group investigated
the correlation between graphene sheet and thermal conductivity, including size’s
and width’s effect [47]. Besides study the thermal conductivity’s dependent on
nanoribbons of graphene, researchers have even achieved tuning or rectification the

thermal conductivity by edge passivation and isotope engineering [70,192].
* Thermal conductivity’s dependent on nanoribbons’ edge

Hu’s research team found out that the thermal conductivity of graphene nanoribbons
depends on the edge-chirality and can be affected by defects. The thermal conductiv-
ity varies with the chirality angle of graphene ribbon [69]. William’s group investi-
gated the correlation between graphene sheet and thermal conductivity, including the
smooth and the rough edge’s effect [47]. Hao’s group also investigated defects’ effect
on both mechanical and thermal properties of graphene. [62]. The zigzag graphene
nanoribbonds is shown to have larger thermal conductivity compared to that of the

armchair graphene [61,69].
x Thermal conductivity’s dependent on temperature, strain and defects

Most measurements on nanotube materials indicate that thermal conductivity in-
creases monotonically with increasing temperature even above ambient temperature
[108]. Remarkable decreasing of thermal conductivity is observed when tensile or
compression strain is applied on the two-dimensional nanoribbons [61,101]. Defects

can cause the decrement of thermal conductivity of graphene [62,69].
1.1.2  Other Two-dimensional Materials

x  Two-dimensional MoOs
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Figure 2: Exfoliation schematic of 2D MoO3 [10]

Two-dimensional MoOj is applicable to semiconductors [54,115,188], energy stor-
age systems [19, 185], photochromism [43, 50] and oxidation catalyst [30, 118].
MoQsj is also a promising material in optical devices, sensors, lubricants, lithium
batteries, and information storage [72]. Two-dimensional MoOj is usually used as
both functional material and structural support material in those applications. Two-
dimensional MoQOj’s application area requires a good understanding of its mechanical
properties, such as Young’s modulus and yield strength. Traditional methods for
understanding mechanical properties of materials rely on experiments. Performing
experiments on two-dimensional MoQOj is challenging, time consuming and expen-
sive. Two-dimensional MoOj has been successfully ex-foliated [10,174]. The process
of exfoliating two-dimensional MoQOj in the experiment is shown in Fig. 2. Usually,

the two-dimensional MoQOj is obtained through dispersing liquid mixed with pow-
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dered MoOj3 onto a metal base. Thereafter, the dried one-layer MoOj is exfoliated
from the base.

However, defects are inevitable during the exfoliation. It’s critical to understand
the mechanical properties of two-dimensional MoOj3 to properly apply it as functional
material or structural support material. Until now, some researchers use experiments
to investigate the structural and mechanical properties of two-dimensional MoOs.
Some research groups studied the structural properties of MoOj catalyst supported
by a base such as Al,O3 experimentally, since the structure of MoOj affects the
reaction [30,72,197]. Moreover, MoOj is superior in charge storage systems due to
its ability of intercalating ions in a wide range, which requires it being made into thin
films [19,212]. MoOj is a most important member of the interstitial-free transitional
metal oxides, which is a promising anode for lithium-ion batteries [141,177]. MoOj
meets the requirement of such batteries having high capacity ability, high thermal
and chemical stability [177].

It’s important to understand the mechanical strength of MoO3 to produce a good
performance of the whole system. Although some studies have been done on the
chemical, photonic or electrical properties of MoO3, most of the methods are based
on experiments or computational methods including density functional theory [19,
30,176]. However,there are rare publications on the general model that can predict
the mechanical properties of MoO3. We propose to use the computational method
DFT to study mechanical properties of two-dimensional MoO3. We will then propose

a constitutive model for MoO3 based on the DFT results.



Table 1: Summary of elastic properties of MoOg3

MoOs3 type thickness Young’s modulus [GPa] Method and Potential
nanoflake [174] % N/A 176.3 £ 4.1 Experiment(nano-indentation)
nanoflake [10] 0.14nm N/A Experiment

x  Graphyne

Since graphyne has a hexagonal structure analogous to that of mono-layer graphene;
yet graphyne has the carbon-carbon triple-bond linkage. Graphyne may have similar
or even superior thermal and mechanical properties compared to graphene due to the
presence of triple-bond linkage.

There exist many other carbon allotropes which are two-dimensional, such as gra-
phyne, graphdiyne, graphyne-2, graphyne-3 and graphyne-4. Two-dimensional gra-
phyne and its family of materials are predicted to be applicable to micro-scale devices
due to their structural similarity to graphene. Graphyne is a superior heat conductor
with room temperature thermal conductivity up to 5300W /mK, which allows it to be
used in thermal management applications in nano-electronic circuits, even in micro-
electronics, photonics, and bioengineering [8,56,155,190]. Two-dimensional graphyne
and its family of materials are likely to have similar or even superior mechanical or
thermal properties compared to the well-known graphene. Anomalous large thermal
conductivity of two-dimensional graphene has been observed and obtained from ex-
periments; while in three-dimensional bulk materials, the thermal conductivity has a
finite value [12,55]. The crystal’s anharmonisity mainly affects the thermal conductiv-

ity of bulk graphene; however, the two-dimensional graphene’s thermal conductivity
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varies due to structural and other factors. Usually, the thermal condcutivity of 2D
graphene diverges in a logarithmic way. The finite-size thermal conductivity x(N,T)
behaves a correlation with the size of the system, shown by x In(N). N is the number
of atoms in the two-dimensional graphene system. Since the thermal conductivity of
two-dimensional graphene has been shown to be dependent on the structural and
other factors; graphyne, as an allotrope, may have similar thermal properties. Since
there is no two-dimensional graphyne available, little attention has been paid to the
analysis of mechanical properties of graphyne until recent few years [85,193,199].
Furthermore, thermal properties, such as thermal conductivity of two-dimensional
materials, are also very important to further utilize the two-dimensional graphyne
in the microelectronics industry. Thermal conductivity is the property of a mate-
rial to transmit heat. The fundamental way of calculating thermal conductivity is
J = —k sy T, where J is heat flux, x is thermal conductivity and <77 is the tem-
perature gradient. Yet, there are few published papers on the thermal properties of
two-dimensional graphyne. We noticed that in 2012 Ouyang’s group studied the ther-
mal transportation in graphyne nanoribbons [132]. Thereafter, there’re still no pub-
lications on the thermal properties of two-dimensional graphyne. However, thermal
dispavity is the most important for microeletronics devices. A good understanding of
the thermal properties of promising microeletronics materials will be crucial to assure
the proper performance of the whole system. It’s also crucial to avoid the malfunction
caused by overheating issues. There is a demand to understand the mechanical and
thermal properties of two-dimensional graphyne and its family materials. We pro-

pose to use the computational molecular dynamics simulation to study mechanical
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and thermal properties of two-dimensional graphyne and its family of materials.
* Boron nitride

Boron nitride has attracted researchers due to the atomic sheets that are the struc-
tural analogue of carbon. It is an atomic two-dimensional structure consisting of three
atoms: boron nitride atoms and graphene atoms. Boron nitride is composed of both
hexagonal- and cubic-bonded structures [133]. The heat dissipation problem for mi-
croelectronic packaging is becoming increasingly important as the demands in denser
and faster circuits intensify [74,213]. In order to improve the thermal conductivity
of the substrates, traditionally, people put thermally conductive ceramic materials in
polymers. A lot of researchers have been investigating the electrical, mechanical and
thermal properties of boron nitride nanosheets [39,130,168,178|.

Boron nitride is a promising deep ultraviolet light emitter [93,178]. The spe-
cialized structural consisting of boron nitride and graphite, numerous kinds of two-
dimensional hybrid graphene-boron nitride sheets can be obtained. Pacile stated that
the hexagonal boron nitride(h-BN) phase is isostructural to graphite except for the
various stacking sequences of the atomic planes [133]. Dean and the research group
studied the appealing substrate made of hexagonal boron nitride, which is a great
improvement in the quality of graphene eletronics. Boron nitride has an atomically

smooth surface and exhibits superior characteristics [39].

* Hybrid Graphene-Boron Nitride

There are few published papers on the properties of two-dimensional hybrid graphene

boron nitride nanoribbons. The discovery of carbon nanotubes boron nitride has
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attracted many researchers to investigate the properties and applications of two-
dimensional hybrid graphene-boron nitride nanosheets. The thermal conductivity of
boron nitride increases with applied strain; while the thermal conductivity of graphene
decreases. It’s interesting to investigate the hybrid graphene-boron nitride’s thermal
conductivity, which may not change with strain applied. Both theoretical predic-
tion and experimental realization have proved that hybrid graphene boron nitride is

achievable.
1.2  Current Problems

The mechanical properties, such as the Young’s modulus, F, of a bulk material
in tension can be obtained by E = 2. This is the conventional way of evaluating
the Young’s modulus of a bulk material. Yet obtaining the Young’s modulus for
two-dimensional materials, such as graphene, MoO3 or graphyne, is limited by many
factors. Similarly, it’s difficult to obtain the thermal properties of two-dimensional
materials by experiments. Herein, we propose several key factors that limit the exper-
imental methodologies. Firstly, two-dimensional material demands specific technical
support to prepare. Until now, two-dimensional graphene has been successfully pro-
duced and been studied [32,48,51]. Yet, two-dimensional MoOj3 has been produced
and studied on the surface with other supported materials [30,107]. There are few
published papers on the production of two-dimensional graphyne and its family ma-
terials. Secondly, even if the two-dimensional materials can be successfully produced,
applying tensile stress on the samples are challenged by the current instruments and

control. Moreover, defects are inevitable during the preparation of two-dimensional
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materials, which demands more efforts in the study. Finally, it’s time-consuming and
laborintensive to post-process the experiment data.

Although there are many publications about thermal and mechanical properties of
graphene; however, until now, there are few published papers on the mechanical and
thermal properties of two-dimensional MoO3 and graphyne. Computational methods
are capable of defining two-dimensional perfect sample sheets. Furthermore, the cost
and labor is less due to the availability of modern computers. In this study, we address
the mechanical or thermal properties of two-dimensional MoO3 and two-dimensional

graphyne.
1.3 Research Objectives

The goal of our study is to analyze the mechanical and thermal properties of two
dimensional MoOj3 and graphyne. In order to achieve our main goal, we (i) propose
a constitutive model for MoOg3 that can predict the mechanical propeties such as
Young’s modulus and Possion’s ratio. (ii) study the mechanical properties of graphyne
using molecular dynamics simulation. (iii) study the thermal properties of graphyne,
such as thermal conductivity using molecular dynamics simulation.

To achieve these goals and objectives, we address these problems for the two-
dimensional MoO3 and graphyne. The mechanical properties of two-dimensional
MoOj are found using density functional theory (DFT) to study the mechanical prop-
erties (such as Young’s modulus) of two dimensional MoO3. We propose constitutive
equations for MoO3 based on the DFT results that predict the mechanical properties

of two-dimensional MoQOs.
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The mechanical properties of two-dimensional graphyne are found using molecular
dynamics simulation. We analyze the mechanical properties of non-defective graphyne
and its family materials (such as gradiphyne, graphyne-3, graphyne-4). We also
use molecular dynamics simulation to analyze the mechanical properties of defective
graphyne. The defects are created by deleting atoms from the perfect sheet. There
are several types of defects, including random defects, bond defects and area defects.
Bond defects are investigated into zero degree bond-defect and sixty degree bond-
defect. Area defect will be studied by the size of the defective area.

The thermal properties of two-dimensional graphyne are studied using the molec-
ular dynamics simulation. We analyze thermal properties (such as thermal conduc-
tivity) of non-defective graphyne and its family of materials (such as gradiphyne,
graphyne-3, graphyne-4). We also use molecular dynamics to investigate the thermal
conductivity dependence on the applied strain. We use molecular dynamics to inves-
tigate the thermal conductivity dependence on the variance of graphyne: length and
width. We also use molecular dynamics simulation to analyze the thermal properties
of defective graphyne. All the simulations are performed using two different poten-
tials, listed as the Airebo potential and the Tersoff potential. The studies are taken
to obtain the thermal conductivity of armchair and zigzag graphyne.

The study of mechanical and thermal properties of two-dimensional hybrid graphene-
boron nitride sheets are divided into steps. We use the molecular dynamics simulation
to analyze the thermal properties (such as thermal conductivity) of alternating non-
defective hybrid graphene-boron nitride. We analyze the thermal properties (such as

thermal conductivity) of laterally non-defective hybrid graphene-boron nitride.
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1.4  Outline of Dissertation

Chapter I serves as the introduction to the background for two-dimensional mate-
rials. In this chapter, we review current studies of two-dimensional materials. Back-
ground of two-dimensional materials’ investigation and obstacles are stated. We re-
view the achievements and applicable methodologies for MoOs, graphene, graphyne
and other related two dimensional materials. We propose problems that need to be
addressed. Thereafter, we propose the research objectives of this dissertation and
tasks to investigate the two dimensional materials, including MoOj3 and graphyne.
Finally, the mechanical properties and thermal properties of the two-dimensional ma-
terials are addressed in Chapter I1I, Chapter III and Chapter IV.

Chapter II reviews the study of current methodologies of two-dimensional materi-
als. Then we introduce the applications of those methodologies. Based on the review,
we list the present limitations on the methodologies analysis of two-dimensional ma-
terials. We state the problem that we solved in our study. Finally, we propose
the applicable methodology framework for our research and the tasks to address the
proposed problem.

Chapter III focuses on the mechanical property analysis of the two-dimensional
MoQO3. We review the current investigations on MoOs. We propose the limitations
that remain to be addressed. We analyze the mechanical properties of MoO3 with
density functional theory. Finally, we propose a mathematical model that matches
with the DFT results.

Chapter IV presents the analysis of the mechanical properties of two-dimensional
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graphyne. First, we summarize the previous research on the mechanical properties of
graphyne and its family of materials. Then we propose an unsolved problem for the
mechanical properties of graphyne. Finally, we use molecular dynamics to address
this problem.

Chapter V is used to analyze the thermal properties of two dimensional graphyne.
We review the current studies on the thermal properties of graphyne and its family
of materials. Then we propose an unsolved problem for the thermal properties of
graphyne. Finally, we use molecular dynamics to solve this problem.

Chapter VI analyzes the thermal and mechanical properties of two-dimensional
hybrid graphene-boron nitride. First, we review the current research on the ther-
mal properties of hybrid graphene-boron nitride. We propose an unsolved problem
for the thermal properties of hybrid graphene-boron nitride. Finally, we use molec-
ular dynamics to address the thermal properties of both alternating and laterally
nanoribbons.

Chapter VII summarizes the achievements in this dissertation and make conclusions

based on the results.



CHAPTER 2: INTRODUCTION OF METHODOLOGIES

In this chapter, we outline the current state of methodologies used in the analysis of
two-dimensional materials. Basically, there are three types of approaches in the inves-
tigation process of two dimensional materials: (i) theoretical metho, (ii) experimental
method and (iii) computational method.

The single-layer crystal form of carbon is named graphene, and, ironically, it is
probably the best-studied carbon allotrope theoretically and experimentally [52,65,
80,144, 191]. Experimental methods are used a lot in the analysis of bulk materials.
Yet for micro-scale materials, studying the properties of two-dimensional materials is
limited by the size of nanoribbons. The measured results are limited by the accuracy
of instruments and some other factors, such as environmental factors and human
control accuracy. Computational methods can have large size-scale and time-scale
advantages, which are usually hard to achieve by experiments. The computational
simulation can make well ordered two-dimensional material without defects, which is
almost inevitable for experiments. The predicted mechanical or thermal conductivity
obtained by computational simulation might be larger than the experimental results
due to the initial length and time scale definition. Yet, computational methods still
exhibits superior abilities in predicting the two-dimensional materials’ mechanical and
thermal properties. The most commonly used computational methods are molecular

dynamics and density functional theory. Besides, Khare [84] used quantum me-
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chanical or molecular mechanical modeling to study the defective graphene sheets.
Herein, we introduce the commonly used experimental methodology and computa-

tional methodology.

2.1  Experimental Methodology

Graphene, consisting of a two-dimensional honey-comb carbon-carbon bonded struc
ture, has been successfully produced in experiments [52,65,144,191]. Small size
graphene can be made of by exfoliating single-layer crystal sheet from bulk graphite;
while large size graphene can be obtained by dispensing graphite in the organic sol-
vent and then growing mono-layer graphene on metal base. As defects are inevitable
during the making process of graphene, it’s important to understand the mechanical
properties such as Young’s modulus and yield strength. It’d also critical to inves-
tigate the correlation between defects and graphene’s mechanical properties. Since
two-dimensional graphite and its family of materials are still not available, it’s not
practical to address the mechanical or thermal properties via experimental methods.

We reviewed the previous experimental methods that have been taken to study the
mechanical and thermal properties of graphene. Firstly, we focus on the experimental
methods on the mechanical properties of graphene. Lee’s research group studied the
elastic properties and strength of graphene by nanoindentation by applying microscale
atomic force [95]. In the nanoindetation experiment, a round single layer graphene
film is fixed on the edge while the rest is free-standing. By indenting the area around
the centre of the graphene repeatedly, mechanical-displacement correlation data can

be obtained. Thereafter, the Young’s modulus E of graphene can be evaluated from
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the stress-strain correlation, which is £ = 17 Pa shown in Table 2. Graphene’s
mechanical properties, especially Youg’s modulus have been successfully measured
with experiments. Table 2 also shows the experimental results of graphene match
with the results obtained from the computational methods.

Besides nanoindentation experimental method, Lee, Yoon and Cheong proposed to
use raman spectroscopy to measure the direct strain applied on graphene by loading
various pressure [96]. Fig. 3 is the schematic of the experiment of raman spectroscopy.
By applying the atmosphheric pressure, the graphene membrane will bulge upward
like a balloon; a Raman band G is obtained. Look at Fig. 3, the red-curve will shift
if the graphene membrane is pumped upward from the flattened status. Then, by
vacuum the pressure until the graphene get flattened, another Raman band G is got.
The strain applied on the graphene can be derived by comparison the difference of
(G and G4, since the bulging of graphene membrane cause the tension.

The experimental method studying the thermal conductivity shows in Table 3.
Obviously, it exhibits that laser focused excitation or microwave excitation are the
mainly used experimental methods to study the thermal conductivity of graphene.
Graphene’s thermal conductivity is measured through the excitation laser light fo-
cused on a graphene layer, which shows graphene has very high thermal conductivity

[8,56].
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Figure 3: Schematic of the experiment of raman spectroscopy [96]

Table 2: Young’s modulus of graphene

Material Young’s Modulus E(TPa) Method

Graphene [95] 1 Nanoindentation

Graphene [96] 2-2.8 Raman spectroscopy

Graphene [78] 0.95 MD

Graphene [171] 1.11 Ab initio

Carbon nanotube [158] 1.033-1.042 nanoscale continuum mechanics

Thirdly, we reviewed the previous study of electrical properties of graphene with
experimental methodology. There are lots of experiments are taken to investigate elec-
trical properties of graphene [25,98,153,202]. The electronic bandgap is an intrinsic

property of semiconductors and insulators that largely determines their transport and
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optical properties [202]. Graphene, despite its mono-layer crystal structure and even
without coating protection, is proved to be a good semiconductor, whose electronic
bandgap is tunable by the electric field effect [25,111,131,202]. In conventioanl
bulk materials, the bandgap is a constant, which is fixed by their structure. How-
ever, graphene has a tunable wide range of bandgap, which opens the applications
of bandgap controllable nanoelectronic and nanophonic devices based on graphene
[111,202]. [111] even stated that by adjusting the position of graphene, bandgap can
be diminished to zero, which is very helpful when we do not need the charge carrier
to be activated.

Furthermore, researchers investigate other study of electrical properties of graphene
with experiments, such as the quantum effect and eletrodes effect. Graphene’s charge
carriers behavior mimic relativistic particles with zero rest mass, having the speed of
light [130]. Graphene’s resistance, carrier density, and mobility were measured to
study the quantum Hall effect and Berry’s phase in graphene [201]. The quantum
experiments observations showed it is possible to change the carrier type or concen-

tration in microsope and to control the macroscope behavior of electronic devices.
2.2 Computational Methodology

Density functional theory (DFT) and molecular dynamics (MD) are two most

widely used computational methods for studying the two-dimensional materials.
2.2.1  Introduction of Density Functional Theory

Kohn stated in his Nobel lecture that DFT has been most useful for systems of

very many electrons where wave function methods encounter and are stopped by the
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exponential wall [36,91]. Electronic structure calculations based on density functional
theory have greatly contributed to our understanding of atomic, molecule and solid
problems [24,184]. DFT is capable of providing an accurate description of the
chemical bond correlation in a large variety of systems, yet is computationally efficient
[21,36]. It is difficult to obtain the stress-strain behavior of single-layer systems by
experiments, especially the manufacturing of some two-dimensional material is not
applicable. Furthermore, defects are inevitable during the process of preparation. Yet
DFT can build a connection between the external energy and the internal energy of
the atomic system.

The simplest DET correlation is based on the Thomas-Fermi model [44]. The
current DFT correlation was initially proposed in a study of the movement of inho-
mogeneous electron gas, which is called the Hohenberg-Kohn theorems [67]. DFT
evolved from two theorems: the Hohenberg theorem and the Kohn theorem. It can
also be called the first H-K theorems. The Hohenberg theorem states that the elec-
tron density determines all properties of a non-degenerate ground state of an atom
or a molecule. The basic concept of the Hohenberg-Kohn theorems considers that
electrons are moving in an enclosed box. The movement of the electrons are ran-
domly. The electrons are under the influence of an external potential v(r) and the
mutual Coulomb repulsion. The ground-state energy is obtained at an external po-
tential. The evaluation process is shown in Eq. (1), where H is the Hanmilton, 7" is
the kinetic energy, V' is the potential energy from the external field due to positively
charged nuclei, and U is the electron-electron interaction energy. The interpretation

of the many-electron wave-function is: probability for finding the electrons in an in-
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finitesimal volume element around configration x; if the nuclei are at rest at positions

R; and the systems are in the electronic eigenstate [124].

H=T+V+U (1)
T Z“% 2) (2)

Hp=(T+V+U)p=FE¢ (5)

Thereafter, researchers invent a new method called Hohenberg-Kohn-Sham DFT
based on the former DFT methods. The second HK theorem defines an energy func-
tional for the system and proves that the correct ground state electron density min-
imizes this energy functional. The framework of Hohenberg-Kohn-Sham DFT (HKS
DFT) mainly comes from the H-K theorem [13].

Shortly after the appearance of Hohenberg-Kohn-Sham DFT, another DFT method
called Kohn-Sham DFT was developed. Within the profile of Kohn-Sham DFT (KS
DFT), the intractable many-body problem of interacting electrons in a static external
potential is reduced to a tractable problem of non-interacting electrons moving in an
effective potential. The profundity lies in that the potential where all the many-body
effects are incorporated [63]. The effective potential includes the external potential
and the effects of the Coulomb interactions between the electrons: the exchange and

correlation interactions. Modelling the latter two interactions is the difficulty in KS
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DFT. The simplest approximation is the local-density approximation (LDA), which
is based upon the exact exchange of energy for a uniform electron gas. This can
be obtained from the Thomas-Fermi model, and from fits to the correlation energy
for a uniform electron gas. Non-interacting systems are relatively easy to solve as
the wavefunction can be represented as a Slater determinant of orbitals. Further, the
kinetic energy functional of such a system is known exactly. The exchange-correlation
part of the total-energy functional remains unknown and must be approximated.

Another approach, less popular than KS DFT but arguably more closely related
to the spirit of the original H-K theorems, is orbital-free density functional theory
(OFDFT), in which approximate functional are also used for the kinetic energy of the
non-interacting system. OFDFT is not accurate compared to the KS DFT. However,
it’s applicable to large systems due to its fast and efficient characteristics.

Although the DFT has been widely used in the study of electronic structure in
material science, it has some limitations. First, it can become very computation-
ally consuming due to large scale atomic systems. Molecular dynamics simulation
is preferable. Second, the application of DFT still suffers from errors due to defi-
ciencies of the currently used approximate exchange-correlation functional [36]. The
deficiencies of the functions include the de-localization error, neglecting the fractional
charges, static correlation errors and fractional spins. As a result, DF'T is not suitable

for metal dimers. Third, the potential will affect the accuracy of the calculation.
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2.2.2  Introduction of Molecular Dynamics

Classical molecular dynamics (MD) is a computational method that stimulates the
behavior of a group of atoms by simultaneously solving Newton’s second law of motion

for the atoms with a given set of potentials [109], as shown in Eq. (6)

—vo=F=mp ©)

where ¢ is the potential energy, F is force, m is atomic mass, 7 s position vector and
t is time. To understand the mechanical and thermal properties of two-dimensional
materials via MD, we need to consider the energy correlation of the whole system.
There are many investigations on the thermal conductivities of two-dimensional ma-
terials using MD, shown in Table 3. Usually, the total empirical inter-atomic potential
energy of a molecular system is composed with the energies related to bond, angle,

electrostatic interactions and van der Waals force.

Table 3: Summary of thermal conductivity of graphene

Material thermal conductivity (W/mK) Method and Potential
Graphyne [137] N/A DFT

Graphene [8] 4840-0.44 5300+0.48 Experiment
Graphene [127] 3000-5000 Analytical Model

Graphene nanoribbons [61] armchair(zigzag)460(590) MD, Tersoff potential
Graphene membrane [49] 600 Experiment
Graphene nanotube [14] 6600 MD, Carbon potential

Mutilayer graphene [76] 2800-1300 (2-4 layer) MD, Tersoff potential
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There are four types of methods to compute the thermal conductivity using molec-
ular dynamics. All four methods can be categorized into non-equilibrium methods
and equilibrium methods. The basic concept of these methods for the evaluation of
thermal conductivity is to induce a temperature gradient or heat flux and monitor
the other quantity. The non-equilibrium methods includ (i) direct thermostatting
method of Tkeshoji and Hafskjold, (ii) reverse perturbation method of Muller-Plathe,
and (iii) aggregate variant of Muller-Plathe method. The equilibrium method refers
to Green-Kubo formalism.

The direct thermostatting method was studied initially in a liquid by Ikeshoji and
Hafskjold [73]. The schematic of thermal conduct behavior of armchair direction is

shown in Fig. 4.

Q

T

cold

Figure 4: Schematic of direct thermostatting method

The systems are divided into "hot”, "cold” and "middle” regions. For the zigzag
direction thermal conduct behavior, the system will be grouped into "hot”, ”cold”
ad "middle” regions along the zigzag direction. The energy flows in the armchair or
zigzag direction from the hot to the cold region passing through the middle region.

A constant amount of kinetic energy is applied to the hot region at each time step.
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Figure 5: Schematic of Muller-Plathe method

Meanwhile, the same amount of energy is obtained from the cold region by scaling
the velocities of the particles in these regions. As a result, the thermal conductivity
can be derived as follows:

Je

A= ~dT/dx @)

where \ is the thermal conductivity, J. is the heat flux and d7'/dx is the temperature
gradient along x-direction.

The Muller-Plathe reverse perturbation method was presented initially in liquid by
Muller-Plathe in 1997 [119]. This method has the disadvantage that it’s difficult to
converge the heat flux J; and the autocorrelation function. The schematic of Muller-
Plathe method is shown in Fig. 5. The systems are divided into "hot” and ”cold”
regions. The heat flux is generated by exchanging the velocity vectors of an atom in
the "cold” region and one in the "hot” region where the temperature increases in the
"hot” region and decreases in the "cold” region.

The Muller-Plathe reverse perturbation method allows the energy to flow in two
directions while the former method only has one direction. It means the energy can

flow from the "hot” region to the ”cold” region or in the opposite way. This method



27

initially focuses on finding the "hottest” atom in the ”cold” region and the ”coldest”
atom in the "hot” region. In this method, energy flows unphysically from the ”cold”
region to the "hot” region. The reason is the distribution of atomic kinetic energy is
much wider than the temperature difference between the "hot” region and the ”cold”
region. Then the velocity vector of the "hottest” atom and the "hottest” atom will
be swapped. In this case, the total kinetic energy and the total energy of the system
will not be changed. The instantaneous local kinetic temperature T} in region k is

shown as:

! i:nkmv? (8)
Snikp ick o

ny is the number of atoms in the region k. m; and v; is the atomic mass and velocity
of the ith atom in region k. kg is Boltzmann’s constant. The temperature T is
thereafter calculated by the average of T) during the simulation time. The thermal

conductivity is obtained by

. Etransfers % (Ul2z - ’Ug)

2tL,Ly < 9T /0z >

(9)

m is the identical mass of the "hottest” atom or the ”coldest” atom. w; is the
velocity of the "hottest” atom in the cold region; while v, is the ”coldest” atom
in the "hot” region. ¢ is the simulation time. L, and L, is the box length along
the armchair direction and the zigzag direction, respectively. The Muller-Plathe
reverse perturbation method shows that the energy can flow from the "hot” region
to the "cold” region or in the opposite way. Obviously, this method double the area

to transport the heat flux, which make its a effective way compared to the direct
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thermostatting method.
The variant of Muller-Plathe reverse perturbation method was presented initially
in liquid by Muller-Plathe in 1999 [166]. Fig. 6 shows the thermal conduction in

variant of Muller-Plathe reverse method.
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Figure 6: Schematic of variant Muller-Plathe method

cold

In this case, the cause and effect are reversed compared to former Muller-Plathe
reverse perturbation method. The systems are grouped into "hot” and ”cold” regions.
Energy will be added or subtracted continuously to all the atoms in both regions. The
total energy and total momentum of the system will not change due to the positions
of the atoms are not changing. Energy will still flow from the "hot” regions to the
”cold” regions. Herein, the amount of momentum and energy transported from the
"hot” region to the ”cold” region will be preciously known. The thermal conductivity

can be obtained by the energy differentiation,

1 oF

where V' is the volume. A is the cross-sectional area.
The Green-Kubo method relates the ensemble average of auto-correlation of the

energy to the thermal conductivity [59,92]. Fig. 7 shows the thermal conduction
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Figure 7: Schematic of Green-Kubo method

process in Green-Kubo method. The thermal conductivity is obtained by

V [ee]
A= t dt 11
el ERAURAUR (1)
where J is calculated as follows
1 1
J = V[Z e;v; + 5 Z(fw(vz + ’l)j))iﬂij] (12)
i i<j

To calculate the thermal conductivity of two-dimensional graphyne, we use the
RNEMD. This is due to the following reasons. Firstlyy RNEMD conserves the total
energy and the total linear momentum of the system with swapping the ”hottest”
atom and the ”coldest” atom with identical mass. Thus, the microcanonicity of New-
ton’s equation of motion can be conserved. Secondly, thermostatting is not required
in RNEMD. There are always two types of regions, the "hot” region and the ”cold”
region, which leads to a self-thermostatting [120].

All the molecular dynamics simulations are performed using LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator). The core part of the LAMMPS is
the input script, which defines all the boundary conditions and loading conditions.

LAMPPS is an open source code, which provides many examples that can be edited
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to meet the practical demanding.

The basic input script of LAMMPS has the following four parts: (i) initialization,
(i) atom definition, (iii) settings, and (iv) run a simulation. To begin, we set all the
initial parameters in the initialization section. This section includes the factors such
as units, dimensions, atom type and so on. Second, in the atom definition part, the
coordinate system of the atoms will be built. There are usually two ways to set up
the atomic systems. Users can either create all the atoms on a lattice or read the
atomic coordination data from a file. Next comes the core part of the input script.
Basically, there are four parts need to be set up, which include force field coefficients,
simulation parameters, boundary conditions and output script.

Apendix C shows the input LAMMPS scripts for the thermal conductivity calcu-
lation based on the RNEMD simulations. The LAMMPS input scripts for the two-
dimensional graphyne can be suitable for the two-dimensional hybrid graphene-boron
nitride’s thermal conductivity calculation.

When the simulation in LAMMPS is done, the thermal conductivity of the material
can be obtained be post-processing with two types of output files. One is called the
"log” file, and the other is called the temperature ”profile”. The calculation of thermal

conductivity based on the former four methods are shown as follows.
2.3 Conclusion

Although experimental methods are used a lot in the analysis of bulk materials.
Yet studying the properties of two-dimensional materials is limited by the size of

nanoribbons. Computational methods, such as DFT and molecular dynamics can
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have large size-scale and time-scale advantages, which are usually hard to achieve by

experiments.



CHAPTER 3: STUDY OF MECHANICAL PROPERTIES OF MoOg3

In this chapter, a detailed description of the analysis of the mechanical properties of
MoOQg3 is presented. First, the background of mechanical analysis on the MoOj3’s prop-
erties and gaps are stated. We review the achievements and applicable methodologies
for MoOj3 and related two-dimensional materials. Secondly, we state the research
objectives and tasks to investigate the mechanical properties of MoOgs. Finally, the

results obtained using density functional theory are presented.
3.1  Introduction

Two-dimensional MoOj is applicable to semiconductors [54,115,188], energy stor-
age systems [19,185], photochromism [43,50] and oxidation catalyst [30,118]. Two-
dimensional MoOQj is also a promising material in optical devices, sensors, lubricants,
lithium batteries, and information storage [72].

MoOQs is superior in charge storage systems due to its ability to intercalate ions in
a wide range, which requires its being made into thin films [19,212]. MoOj is also a
most important member of the interstitial-free transitional metal oxides, which is the
promising anode for lihthium-ion batteries [141,177]. MoOg3 meets the requirement
of such batteries due to its high capacity, high thermal and chemical stability [177].

Fig. 8 and Fig. 9 show the crystal structure of MoO3z [9]. There are two types

of MoO3: a-MoO3 and 5-MoOs. Since S-MoOQOj is not stable and always transforms
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Figure 8: Schematic of MoOj3 [150]

into a-MoQOs3. Our research on the two-dimensional MoO3 focuses on a-MoQOs3. Since
two-dimensional MoOj3 is used as both functional material and structural support
material in applications, a good understanding of its mechanical properties is required.
Traditional methods for understanding mechanical properties of materials relies on
experiments. Performing experiments on two-dimensional MoQj is challenging, time
consuming, and expensive. Two-dimensional MoO3 has been successfully exfoliated

[10,174].

Figure 9: Schematic of MoOj3 [9]

It is important to understand the mechanical strength of MoO3 to ensure the good
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performance of the whole system. Although some studies have been done on the
chemical, photonic or electrical properties of MoOs, most of the methods are based
on experiments or computational methods including density functional theory (DFT)
(19,30, 176]. However,there are few publications on general model that can predict
the mechanical properties of MoO3. We use the computational method DFT to study
mechanical properties of two-dimensional MoO3. We use the DF'T results to propose

a constitutive model for MoOs.
3.2 Purpose and Tasks

We use DFT simulations to study the mechanical properties of MoO3 and to obtain
stress-strain curves of MoQOj3, under the uniaxial and biaxial loadings. Using the
stress-strain relations obtained from the DFT simulations, we propose a hyperelastic
constitutive model, which can predict the mechanical properties of MoOj3. Finally,

we compare the DFT results with the results obtained from the constitutive model.
3.3  DFT Simulation and Continuum Model

All the DFT simulations are performed using SIESTA code [160]. To compute the
mechanical properties of two-dimensional MoOs, a number of boundary conditions
for tensile loadings are considered. The sample of two-dimensional MoQOj is the unit
cell consisting of 8 atoms, including two Mo atoms and six oxygen atoms. Herein the
DFT simulation, we set the unit cell lattice constants as x=3.72 A, y=3.94 A and

2=12.855 A [11]. Fig. 10 shows the unit cell used in the DFT simulation.
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Figure 10: Unitcell of two-dimensional MoO3 used in DFT simulation

To remove the interaction between periodic images in the z-direction, the unit cell
size in the z-direction is defined as 32.855 Ain the DFT simulation. To obtain the
stress-strain relations, strain is applied in the x-direction and y-direction of MoQOj.

In the DFT simulation, the k-point grid is 30 x 30 x 1 with a cutoff energy of 500
eV. The whole simulation system is relaxed to make sure two-dimensional MoOj is in
a undeformed equilibrium state, where energy and stress are minimized as a function
of the in-plane lattice vector and out-of plane O atom heights. The stress computed
in the Siesta are expressed as true stress, also known as Cauchy stress. The program

code for DF'T simulation is shown in Appendix A.
3.4  DFT Results

Fig. 11 shows the energy density-strain and stress-strain curves of MoOg3 under the
uni-X direction tensile loading. The two-dimensional unit cell was stretched along
the x-direction while the y-direction is fixed, as shown in the left figure in Fig. 11.

As the increment of strain from 0 % up to 15 %, MoO3’s energy density increases
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Figure 11: Energy density-strain and stress-strain results of uniaxial tension in the
x-direction of two-dimensional MoOs

Meanwhile, the stress-strain curves show that two-dimensional MoOs in the x-

direction is sensitive to the applied strain compared to the y-direction.
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Figure 12: Energy-strain and stress-strain results of uniaxial tension in the y-direction
of two-dimensional MoOs3
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Figure 13: Energy-strain and stress-strain results of biaxial tension of two-dimensional
MOOg

Fig. 12 shows the energy density-strain and stress-strain curves of MoO3z under
the uniaxial tensile loading in the y-direction. The two-dimensional unit cell was
stretched along the y-direction while its x-direction is fixed, as shown in the left
figure in Fig. 12. As the increment of strain from 0 % up to 12 %, MoQO3’s energy
density increases nonlinearly.

Consider both Fig. 11 and Fig. 12, it’s interesting to note that the anisotropy of
two-dimensional MoQs is very dependent on the structure itself. The atoms in the y-
direction is predominent by the Mo-O bond connections, which is easier to elongated
yet not easily broken. However, the atoms in the x-direction is consisted of Mo-O rigid
angle connection. Although the angle bond connection can store more strain energy,
yet it’s more sensitive to the strain that tends to tear the angle up. Fig. 13 shows
the energy density-strain and stress-strain curves of MoOg3 under the biaxial tensile

loading. The two-dimensional unit cell was stretched along both of the x-direction
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and y-direction at the same time, as shown in the left figure in Fig. 13.

As the increment of strain from 0 % up to 15 %, MoO3’s energy density increases
nonlinearly. The stress-strain curves show that two-dimensional MoOj in the x-
direction has higher strength compared to the y-direction of MoOs. Up to 1 % of the
strain , both x-direction and y-direction MoQOg exhibit the same stress-strain curves,
which mean the Young’s modulus in the x-direction and y-direction are the same
before 1 % strain. We assume MoQs is isotropic material before 1 % strain and it’s

anisotropic characteristics become dominant under large deformation.
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Figure 14: Energy-strain and stress-strain results of uniaxial tension along x-direction
while y-direction free

Fig. 14 shows the energy density verses strain and stress verses strain curves
of MoOj3 under the uniaxial x-direction or y-direction tensile loading. The two-
dimensional MoO3 was stretched along the x-direction while the y-direction is free to
move, as shown in the left figure in Fig. 14.

Up to 1 % of the strain , both x-direction and y-direction MoOj3 exhibit the same
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stress-strain curves, Young’s modulus are the same before 1 % strain. The Young’s
modulus of the isotropic state is 95 GPa. Consider both Fig. 13 and Fig. 14, obviously
we notice that MoOs is isotropic material before 1 % strain and it’s anisotropic

characteristics become the dominant properties under large deformation.
3.5 A Constitutive Model

We assume that two-dimensional MoQOj is a hyperelastic material. We propose the

elastic strain energy density constitutive model can be expressed as,

i=1 k=1 k=1
¢(I1, I, By, Ey) = > ci(ly = 2)° + Y dp(In)™ =2 my(ind)*
N1 Ny Ny

3 3
+ H(E, — B)H(E\E») Y piEiEy+ Y biEy

=1 =1

3
+ H(Ey — E\)H(E\Ey) Y q:EyEy

=1

a1 l.5—a; a2 172—asg a2 172.5—ag a4 73—aq

4 2
+ H(=E\Ey)H(—E,) Y s;E{ + H(-E\Ey))H(—Ey) > t;E E;™ (13)

i=1 i=1

where Y5 ci(1 — 2)2 + Y0, di(Ind)? — 255 my (Ind)F

+ H(BE, — Ey)H(E\Ey) S0 piFiEy + 320 B! are the isotropic terms of two-
dimensional MoO3. The rest terms in Eq. (13) are used to fit the anisotropic properties
of MoOs. I and I, are the first and the second principal invariants. F; and FE, are
the Green strain. N; and N, are the polynomial terms. c¢;, dg, mg, pi, bi, qi, ni,
a;, s; and t; are all the unknown parameters, which need to be calculated through
fitting the continuum model to the DFT results. J = det(F') = /I3, where F is the

deformation gradient.
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Since the stress results obtained from the DF'T simulation is Cauchy stress, we use
the second Piola-Kirhchhoff (PK2) stress tensor, which is defined as the derivative
relation of the strain energy over the right Cauchy-Green tensor to find the stress-

strain relation. The second Piola-Kirhchhoff (PK2) stress tensor is shown as follows,

_ o990 _
S =255 =2

o tactan tac v o Tac T ag T ac!

00 [ Oh 0 0L 90 OB 00 0By

where C' is the right Cauchy-Green tensor expressed as,
C=F'F=2E+1 (15)

The left Cauchy-Green tensor is B = FFT. Meanwhile, the first order deformation
gradient I; and the second order deformation gradient I, are I = \? + \2 + /\g and
I = X202+ M2)2 + A\2)\%. For two-dimensional MoOj, we can ignore the deformation
in z-axis. It means A3 = 0; so that the deformation gradients are I; = A? + A2 and
I, = A}. Herein, we can derive that 2 = I and 22 = | + 2C~*. Insert all the

related correlations into cauchy stress equation

_ 09 d¢
— JIFSF =22 B4, 1
oc—=J'FS J 3T, + 257 (16)

We obtain the Cauchy-stress continuum model as,

=1 k=1 k=1

00 = 2] (I = 27N 4 2070 kdy(In ) — 2771 " kmy(Ind)F T+ ¢
Ny No N»

(17)
=1 k=1 k=1

oy =271 iei(I = 27 N 4+ 207 kdy(In ) — 277 " kmy(Ind) T+ 6y
Ny Ny No

(18)

where ¢, and qﬁ/yo are the derivative of the heavyside terms in the strain energy
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continuum model. Those two parameters are used to make the constitutive stress-

strain model fit to the anisotropic properties of MoO3 under large strain conditions.

3.6  Fitting Curve Results

All the unknown parameters are obtained through fitting the constitutive model

to the DFT results, as shown in Table 4.

Table 4: Fitting parameters

i 1 2 3 4

C; 2.52  13.50 -21.92 -

d; 2.52 252 - -

m; 2.51 1.17 - -

b, -18.45 -79.05 543.00 -

n, -6.70 -42.18  -257.34 1319.70
a; 146  0.77 0.43 1.10
pi  -99.76 845.47  -1094.5 -

q; -82.52 300.27  820.22 -

S 0.5 25 -166.67 1250
t 2500  3333.33 - -

By applying strain on the x-direction while restricting y-direction, we assume Fy =

0. The stress constitutive model is simplified to Eq. (19) and Eq. (20),

=1
op =271 iei(I —2)li— 1)
N1

k=1

N2

k=1

A 4+2J70Y kdp(Ind)* T =207y " kmy(Ind) k- 1)

N2

(19)
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Figure 15: Fitting curve results of uni-X axial tension of two-dimensional MoOj3

We use the nonlinear least square method to fit Eq. (19) and Eq. (20) to the DFT
results. Fig. 15 shows the fitting curves of uniaxial tension along x-direction of two-
dimensional MoQOs. The marker shows the DFT results and the solid lines exhibits
the continuum model results. It implies that the constitutive model matches well
with the DFT results. The constitutive model is capable of predicting the uni-X
axial tension of MoOg3 under large strain.

All the fitting parameters are obtained through three to six simulations until we

obtain the converging results. There are other combinations of the fitting parameters,
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we try to reduce the number of fitting parameters to make the constitutive model
simple.

Similarly, when we apply strain on the y-direction while keep the x-direction fixed,
we can assume F; = 0. Fig. 16 shows the fitting energy density-strain and stress-strain
curves of MoOs. It shows the constitutive model fits well with the DFT results. It also

implies the constitutive can successfully predict the stress behavior of two-dimensional

MOOg.
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Figure 16: Fitting curve results of uni-Y axial tension of two-dimensional MoOj3

Fig. 17 shows the energy density-strain and stress-strain fitting curves of two-

dimensional MoO3 under biaxial loading. we can assume E; = F5. The constitu-

tive model matches well with the DFT results in predicting the stress-strain behav-

ior of two-dimensional MoO3 under biaxial loading. Fig. 17 also implies that two-

dimensional MoOj3 has higher strength in the x-direction than that of the y-direction.

The anisotropic properties of MoO3 become more obvious under large strain.
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Figure 17: Fitting curve results of biaxial tension of two-dimensional MoOj3

Fig. 18 depicts the energy density-strain and stress-strain fitting curves of two-

dimensional MoO3 under uniaxial loading while keep the other side free. The fitting

curves show that the constitutive model matches well with the DFT results under

small strain. Two-dimensional MoOj is isotropic under strain less than 1 %. It has

a Young’s modulus near 95 GPa. MoQOj3 shows its anisotropic properties under large

strain.
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dimensional MoQOs;
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3.7 Conclusion

The material response of two-dimensional MoO3 under uniaxial and equal biaxial
tensile loadings was computed with DFT simulations. A elastic constitutive model
was developed based on the DFT results by applying a least square fit. The consti-
tutive model matches well with the DFT results. The constitutive model is helpful
to predict to the mechanical behavior of two-dimensional MoO3.

MoOj3 is an isotropic material before 1 % strain and its Young’s modulus is 95 GPa.

MoQO3 becomes anisotropic under large strain conditions.



CHAPTER 4: MECHANICAL PROPERTIES OF GRAPHYNE

In this chapter, a detailed description of the analysis of the mechanical properties
of graphyne is presented. First, the background of mechanical analysis on graphyne’s
current studies and opportunities are stated. Then, we state the research objectives
and tasks to investigate the mechanical properties of graphyne. Finally, the issues
pertaining to the mechanical properties and its affected key parameters are addressed

with molecular dynamics simulation.
4.1  Introduction

Carbon allotropes have been studied for years and still are a subject of interest
[41,66, 167]. There are only two major naturally occurring carbon allotropes: di-
amond and graphite [38,79]. Yet there are many other carbon allotropes, such
as graphene, graphyne, graphhdiyne and so on. The discovery of two-dimensional
graphene expanded the applications of graphite-related carbon materials, including
photovoltaic cells, organic light-emitting diodes, field-effect transistors, and chemical
sensors [102]. Two-dimensional graphyne, as an allotrope having similar structure to
graphene, has triggered tremendous interest due to its unique electrical, optical, and
mechanical properties [81,112,123,135,164].

The carbon lattice in graphyne has a rectangular symmetry, unlike the hexago-

nal symmetry of graphene, as shown in Fig. 19. The zoom-in picture shows the
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specific carbon-carbon triple bond, which is different from the carbon-carbon bond
of graphene. Graphyne consists of aromatic 6-membered rings and weakly anti-
aromatic 12-membered rings comprised of alternating triple bonds and conjugated

double bonds [164,181].

Figure 19: Schematic of two-dimensional graphyne

Considering the similarity of the structure of graphyne to that of graphene, it is
likely that graphyne has similar and even superior applications to graphene. Zheng
et al. [208] state that two-dimensional carbon derived from graphyne with chemical
properties superior to those of graphene. Chen et al. [29] predicated theoretically
that graphyne has a higher electron carrier mobility. Furthermore, it is predicated
that graphyne can be used as an eletrocatalyst [162,182,183,194]. These remark-
able properties make graphyne a promising materials for nanoelectronics and energy
storage applications [60,161,198].

Graphyne is predicted to have high-temperature stability and similar mechanical
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properties to graphite, which might be a semiconductor rather than a metal or semi-
metal [123]. Yet there is a big challenge in manufacturing the long-range ordered
structure of graphyne. We can not fully understand the functionality of these carbon
materials without knowing the structure from a microscopic view [122]. Thus, its
essential to understand the mechanical properties of graphyne and its family in order
to solve the manufacturing problems.

Shao et al. demostrated that graphene has superior mechanical properties with
Young’s modulus £=350.01 N/m and ultimate tensile strength of 119.2 GPa at room
temperature; while the Young’s modulus and ultimate tensile strength of graphyne
are only £=250.9 N/m and 81.2 GPa, respectively [156]. However, further studies
are needed to fully understand the mechanical properties of graphyne.

Mono-layer graphyne and its family of materials are constructed by replacing one-
third of carbon-carbon bonds in two nearest-neighbor hexagonal rings in graphene
sheet by acetylenic linkages. These triple bonds open up a potentially limitless array
of different geometries beyond the perfect hexagonal lattice of graphene [112].

However, mechanical properties of perfect and defective graphyne have remained
largely unsolved. There are mainly three ways to study the microstructure of gra-
phyne. Some researchers investigated the structures of graphyne using density func-
tional theory calculations [23, 85, 106, 135, 161, 165, 182]. Some research groups
studied the mechanical properties of graphyne with molecular dynamics simulations

(189,193,199, 200, 203, 206].
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4.2  Purpose

The purpose of this chapter is to resolve the following problems: predict the me-
chanical properties of pristine graphyne, and find the key parameters that affect the
mechanical properties of graphyne. Key parameters include the strain applied on
the graphyne, length or width of the graphyne sheet, the percentage and shape or

direction of defects in the graphyne.
4.3  Tasks

We address the issues pertaining the mechanical properties of graphyne in the
following sections. First, we calculate the mechanical properties of non-defective
graphyne and its family materials with molecular dynamics simulations. Secondly,
we study the dependence correlations between: (a) mechanical properties and tensile
strain and (b) impact of defects on mechanical properties. Third, we study the impact
of edge chirality on mechanical properties.

All the molecular dynamics simulations are performed using LAMMPS (Large-scale
Atomic Molecular Massively Parallel Simulator) code with the Reax potential [139].
The Reax potential has been shown to be capable of computing the carbon-carbon
bond interaction, bond breaking and even bond reforming in the carbon atoms.

In molecular dynamics simulations, we use the Velocity-Verlet algorihthm to in-
tegrate the motions of atoms using a timestep of 0.1 fmsec. The tensile loading is
applied by applying increment strain in either armchair or zigzag direction, from 0 %
up to 20 %. The strain increment is added after every 50 time steps. The molecu-

lar dynamics simulations are carried out in a canonical ensemble. The Nose-Hoover
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thermostat is used here to control the temperature at 300 K.
4.4 Graphyne without Defects

There are two type of edges in graphene and graphyne: armchair and zigzag edges
[46,122]. In this study, two uniaxial tensile tests are applied on the graphyne sheets,
as shown in Fig. 20, by fixing the boundaries in the armchair direction or zigzag

direction, respectively.

Armchair loading Zigzag loading

Figure 20: Graphyne with tensile loading

In order to test the effect of the number of triple bonds on the strength of graphyne,
single acetylenic are replaced by two triple bonds (diacehtylenic), three triple bonds
(graphyne-3) and up to four triple bonds (graphyne-4), as shown in Fig. 21. The
same loading conditions are applied onto the graphyne sheets with replaced triple-
bonds. The length of triple, single, and aromatic bonds are 1.19 A, 1.48 A and 1.49

A, respectively [38].
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Figure 21: Graphyne and its family of materials
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Figure 22: Pristine graphyne with uniaxial tensile loading in the armchair direction

Fig. 22 illustrates the stress-strain curves of pristine graphyne under uniaxial tensile
loading in the armchair direction.By increasing the total number of triple bonds
between the neighboring hexagonal rings, the maximum strength of graphyne and its
family of materials decreases. The longer the triple bond is, the weaker the strength

of the bond between the two neighboring hexagonal rings will be. Increasing the
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number of triple-bond also make graphyne reaches its maximum strength at an early
strain condition. For example, graphyne with single triple-bond reaches its maximum
strength around 13% while the maximum strength of double triple-bond sheet occurs

around 11%.
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Figure 23: Pristine graphyne with uniaxial tensile loading in the zigzag direction

Fig. 23 demonstrates the stress strain curves of pristine graphyne under uniaxial
tensile loading in the zigzag direction. Similar behavior is observed for loading in the
zigzag direction compared to the results of loading in the armchair direction. Young’s
modulus decreases with the increment in the number of triple bonds between the

neighboring hexagon rings, which is shown in Fig. 24.
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Figure 24: Young’s modulus of graphyne with variable number triple bonds

The results show that graphyne is an anisotropic material. Both Young’s modulus
and yield strength is greater in the zigzag direction compared to the ones in the
armchair direction. Graphyne with single triple-bond reaches its maximum strength
at the strain of 13% for the uniaxial armchair direction loading while 15% for the

uniaxial zigzag direction loading.
4.5  Graphyne with Defects

The formation of different kinds of defects such as incomplete bonding defects,
topological defects and heterogeneous defects during the manufacturing of graphyne
sheets is inevitable [2]. Tt is important to study how defect affect the stress strain
behavior of two-dimensional graphyne.

Defects in the graphyne sheet are created by deleting certain number of carbon
atoms. Fig. 25 shows defects on zero degree links, sixty degree links, mixing defects
on zero and sixty degree links and area defect 0 degree defect, shown from left to

right, respectively.
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Figure 25: Variable defects type in graphyne

Defect on zero degree link is created in the graphyne sheet by deleting two carbon
atoms lying in the zero degree carbon-carbon triple bond. Defect on sixty degree
link means deleting the two atoms lying on the carbon-carbon triple bond, which has
a sixty degree angle with armchair direction. Area defect is created by deleting a
number of atoms in the same neighboring area to make a hole in the graphyne sheet.
The percentage of defect is defined as the number of deleted atoms divided by the
total number of atoms of the pristine graphyne sheet. The positions of defects on
zero and sixty degree links are randomly chosen. All the following results of defective

graphyne are obtained by averaging the results of three to six different simulations.
4.5.1  Defects on zero degree links

In this section, we study the mechanical properties of defected graphyne with single

triple-bond linkage.
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Figure 26: Stress-strain results of uniaxial tension in armchair direction for defects
on zero degree links

Fig. 26 and Fig. 27 are the stress-strain curves of defected graphyne under tensile
loading in armchair and zigzag direction, respectively. The results show that as the

defects percentage increases, both Young’s modulus and yield strength decreases.
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Figure 27: Stress-strain results of uniaxial tension in zigzag direction for defects on
zero degree links

When the defects are less than 1%, Young’s modulus and yield strength of the
defected graphyne are almost the same compared to the sample with no defects.

When the defects reach up to 5%, graphyne become more fragile in the armchair
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direction then in the zigzag direction. With the same defects, graphyne in the Y-

direction have higher strength and Young’s modulus.

Figure 28: Result of 0 degree 15% defective graphyne with zigzag direction loading

4.5.2  Defects in sixty degree links

In this section, we study the mechanical properties of defective graphyne by creating
defects in sixty degree links. The defects are created by deleting sixty degree triple
bonds randomly in the two-dimensional graphyne. Fig. 29 and Fig. 30 are the stress-
strain curves of defected graphyne under tensile loading in armchair direction and

zigzag direction, respectively.
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Figure 29: Stress-strain results of uniaxial tension in armchair direction for defects
in sixty degree links
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Figure 30: Stress-strain results of uniaxial tension in zigzag direction for defects in
sixty degree links

The results show that as the defects percentage increases, both Young’s modulus,
shown in Fig. 31 and yield strength decreases. When the defects are less than 1%,
Young’s modulus and yield strength of the defected graphyne are almost the same
compared to the sample with no defects. When the defects reach up to 5%, graphyne
becomes more sensitive to the strain in the zigzag direction than in the armchair

direction.
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Figure 31: Young’s modulus of sixty degree defective graphyne

With the same defects, graphyne sheet with a tensile loading in the armchair di-
rection has higher strength and Young’s modulus. Graphyne is more sensitive to the

60 degree defects in the zigzag direction compared to the armchair direction.

4.5.3 Mix Defects

We study the two-dimensional defective graphyne by mixing the defects in zero
and sixty degree links. In this section, defects are created by deleting triple bonds
randomly in both zero degree links and sixty degree links. The results shown in this
section are the average of results six different simulations. Fig. 32 and Fig. 33 show
the stress-strain curves of graphyne with variable percentages of defects under tensile

loading in the armchair and zigzag direction, respectively.
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Figure 32: Stress-strain results of uniaxial tension in armchair direction for mix de-
fects
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Figure 33: Stress-strain results of uniaxial tension in zigzag direction for mix defects

With similar levels and types of defects, graphyne is more sensitive to the applied
strain in the zigzag direction than that in the armchair direction. As the defect area
increases, Young’s modulus of the graphyne decrease, shown in Fig. 34. Graphyne,
with defects under tensile loading in the zigzag direction, has a similar Young’s mod-
ulus and strength compared with the ones in armchair direction. Graphyne is not
sensitive to the mixed defects before strain of 5%. Graphyne, with defects in the

armchair direction, reaches its maximum strength around a strain of 15%.
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Figure 34: Young’s modulus of mix defects for defective graphyne

4.5.4  Honeycomb Shape Defect

In this section, defects are created by deleting the carbon atoms in the shape
of honeycomb, which can be considered as an area defect. By increasing the area
of defects in the center of the graphyne, we create three types of defects, which are
named small, middle and large size defects, respectively. Table 5 shows the percentage
of defects of these three types of area defects.

Table 5: Summary of area defect

Area defect Total atoms No. of deleted atoms Defect percentage

Small size 2400 2394 0.25 %
Middle size 2400 2382 0.75 %
Large size 2400 2352 2%

The strain is applied in the armchair direction from 0 % to 20 %. The stress-strain
results of those defective graphyne are shown in Fig. 35. It shows that increasing

the size of the central defects does not impact the tensile strength and the yield
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Figure 35: Stress vs. strain curve of graphyne with area defect

strength of the two-dimensional graphyne. The Young’s modulus of all those defective
graphyne is around 600 GPa. Compared to the previous bond-bond or point defects,
the central area defects have a minimum impact on the mechanical strength of the

two-dimensional graphyne systems, when the percentage of the defects is below 2 %.

4.6  Conclusion

In this chapter, the mechanical properties of perfect and defective graphyne and its
family, were studied using molecular dynamics simulation. The results showed that
graphyne has interesting mechanical properties, which is beneficial to engineering
design.

The results show that mechanical properties of perfect graphyne and its family
of materials are dependent on the number of acetylenic bonds. Both the Young’s
modulus and yield strength decreases with increasing the number of acetylenic bonds.

For the defective graphyne, Young’s modulus and strength are near the perfect

condition when percentage of defects is less than 5 %. When the percentage of defects
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is over 5 %, both the Young’s modulus and strength dropped significantly with an
increase in the defects concentration. Perfect graphyne and its family of materials are
more sensitive to the applied strain than in the armchair direction. Defective graphyne
is more sensitive to the defects in zero degree links in the armchair direction compared
with the zigzag direction. Graphyne sheet is more sensitive to the defects in sixty
degree links in the zigzag direction compared with the armchair direction. Young’s
modulus of defective graphyne is affected the most by the defects in zero degree links

compared to other defects.



CHAPTER 5: THERMAL CONDUCTIVITY OF GRAPHYNE

In this chapter, we briefly present the study of thermal conductivity of graphyne
and its family of materials. First, we review the current achievements and applica-
ble methodologies of graphyne and carbon related materials. Second, we state the
research objectives and tasks for studying the thermal conductivity of graphyne and
its family of materials. In the end, we solve the problems pertaining the thermal

conductivity of graphyne with molecular dynamics.
5.1  Introduction

The increasing demand for the microeletronics requires a fundamental understand-
ing of the thermal behavior of the materials used in these devices [1,47]. The thermal
dissipation has become a major issue that challenges the development of microeletron-
ics devices [61,154,173]. Efficient heat removal is of great importance to the good
performance and stable function of the microscale devices [154]. Good understand-
ing and management of thermal behavior is helpful in tailoring the materials’ heat
conducting efficiency [14]. Meanwhile, it’s useful in improving the performance of
thermalelectronic converter systems and optoelectronic devices [31].

Two-dimensional materials such as graphyne and its family of materials have a
potential to be used in microelectronics industries, such as graphyne, gradiphyne,

graphyne-3 and graphyne-4. Two-dimensional graphyne is a graphite allotrope that
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similar to the atomic structure of graphene. Graphyne and its family of materials are
produced by replacing the carbon-carbon bond between the neighboring hexagon rings
with acetylenic (triple carbon-carbon bond). The thermal conductivity of graphyne
can be affected by temperature, strain and substrate [132,200]. Two-dimensional ma-
terials’ thermal conductivity can be also affected by defects, impurities, edge chirality,
and tailored geometry shapes including size and asymmetry [47,70,192]. Yet, until
now, few publications have been focused on the study of the thermal conductivity of
graphyne and its family of materials.

The study of the thermal conductivity of graphyne and its family of materials still
have many gaps, which are due to these reasons. First, it’s still difficult to make
graphyne. Second, it’s very difficult to test the mechanical and thermal properties
of graphyne without available graphyne sheets. Third, the current research on ther-
mal conductivity of graphene relies on computational methods, such as molecular
dynamics and density functional theory. Yet there are not enough studies of thermal
conductivity of graphyne using computational methods.

We use molecular dynamics method to investigate the thermal conductivity of

graphyne and its family of materials here.
5.1.1  Background of Thermal Conductivity and Phonon

In 1822, Joseph Fourier published a book stating the complete theory of heat
conduction. He stated through the empirical law that the heat flux resulted from the

thermal conduction is proportional to the magnitude of the temperature gradient and
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opposite to it in the sign [103]. The heat transfer function is shown as follows,

dT
J= x4 21
R (21)

where J and k are the heat flux and the thermal conductivity, respectively. The term
% is the temperature gradient in the x-direction.

In isotropic materials, the thermal conductivity is the same in all the directions
while in anisotropic materials, it’s dependent on the crystal orientation [15,22,90,129].
Generally, in solid materials heat is carried by acoustic phonons and eletrons. Phonons
are considered to be the main heat carriers especially for carbon material [129].

The thermal conductivity of two-dimensional material mainly depends on acoustic
phonons, which is very sensitive to the change of the system temperature [68]. As a

result, thermal conductivity can be expressed as Eq. (22), in which Kp and K, are

the contributors from phonons and eletrons, respectively.

K=K, +K, (22)
K. 7%k%

= 23

ol 3e? (23)

K. can be obtained through the Wiedemann-Franz law, shown in Eq. (23); where o
is the electrical conductivity, kg is the Boltzmann constant and e is the charge of
an electron. In metals or degenerately doped semiconductors, K, is dominant as a
result of the numerous density of free carriers [7,129]. However, in carbon materials

such as graphite and graphene, heat conduction is usually dominated by phonons

[14,27,68,127,128].
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Table 6: Important elementary excitations in solids [87]

Name fields

Electron N/A

Phonon Elastic wave

Photon Electromagnetic wave
Plasmon Collective electron wave
Magnon Magnetization wave
Polaron  Electron and elastic deformation
Exciton Polarization wave

5.1.2  Background of Simulation Potentials

We review three different potentials which are widely used to model carbon-carbon

interactions: the Airebo penitential, the Tersoff potential, and the ReaxFF potential.

x The ReaxFF potential

ReaxFF refers to reactive force field. ReaxFF uses two relationships between bonds:
(i) bond distance and bond order and (ii) bond order and bond energy. It’s developed
to make the molecular dynamics simulation of large scale reactive systems practi-
cal [169]. The ReaxFF potentials have already been used for various combinations
of chemical elements across the periodic table. For instance, studies of non-metals
C,H,O,N, Si and metals Au, Zn, Cu, Al, Mg, Ni, Pt have used the ReaxFF potential
20, 33, 35, 77,126, 147,163, 169, 170]. The ReaxFF potential is proved to be capa-
ble of providing accurate account of the chemical, mechanical and thermal behavior
of hydrocarbons [34,117,169], graphene [58,159], carbon nanotubes [125,126],

nanoribbons [196], nanowiggles [17] and other nanostructures.

x The Tersoff potential
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The Tersoff potential has been developed and successfully applied in the study of sil-
icon, Si-O systems, hybrid boron nitride, carbon nanotubes [42,113,121]. Compared
to the ReaxFF potential, the Tersoff potential is mostly used to study silicon rather
than carbon related material. The reason can be attributed to Tersoff is unusable
for global structural calculations since bcce structure has lower energy than the dia-
mond structure [42]. Tersoff potential is still used to study the thermal conductivity
of carbon nanotubes, carbon fullerenes, graphene ribbons, boron nitride nanotubes
[14,47,94,105,116].

The disadvantage of Tersoff potential is it only allows short range of second-nearest-
neighbor interactions to be presented [105]. It may cause the thermal conductivity

of material to be over predicted or lower predicted.

x The Airebo potential

The Airebo potential has been widely used in investigating the thermal properties
of graphyne and graphene sheets and nanoribbons, hydrogenated graphene, pillared-
graphene, carbon nanotubes and interface among graphene and graphite [100, 110,
132,157,179,200]. It has also been used in studying the thermal energy transportation
between carbon related materials [69,172]. The Airebo potential has been shown to
accurately capture the bond breaking and bond reforming between carbon atoms,
which offers a powerful method in modeling the complicated chemistry in carbon-
carbon systems [200, 204, 205].

The ReaxFF potential and the Tersoff potential is predicted to produce similar

material behavior under small strain condition, yet deviate greatly under large strain
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conditions [20,169].
In this chapter, we explore the performance of Airebo and Tersoff potentials in
modeling the thermal conductivity of graphyne, under various loading and boundary

conditions.
5.2 Purpose and Tasks

We first calculate the thermal conductivity of pristine graphyne with molecular
dynamics simulations, using LAMMPS [140]. Second, we study the correlations
between: (a) thermal conductivity and number of the triple bond, (b) thermal con-
ductivity and tensile strain applied on graphyne, (c¢) thermal conductivity and defects,
(d) thermal conductivity and width of graphyne nanoribbons, and (e) thermal con-

ductivity and length of graphyne nanoribbons.
5.3  Model System and Methodology

We investigate the thermal conductivity of graphyne and its family of materials,
using the reverse nonequilibrium molecular dynamics (RNEMD). We calculate the
thermal conductivity of graphyne nanoribbons in the armchair and zigzag directions
as are shown in Fig. 36.

We use reverse non-equilibrium molecular dynamics method to compute the ribbons
thermal conductivity. For this purpose, we divide the graphyne sheet into slabs as is
shown. The middle slab is the hot slab and the two edge slabs are cold slabs. The
heat flux in Fig. 37 is generated by exchanging the velocity of atom in the cold slab
and atom in the hot slab. This leads to an temperature increase in the hot slabs and

decrease in the cold slabs.



69

Armchair -4 Zigzag
D|rect|on # Direction

£300 |
$200 |- T=1.5906x+204.38
(=%

&0 . dT/dx

0 50 100 150 200

Position in the heat flux direction [A]

250

Hot slab

Figure 37: Temperature distribution

Finally, the heat flux is evaluated by adding all the repeated heat transfer,

1 1
J = Z s §(mvi — mov?) (24)

Ntransfer

where Nypansfer is the number of the energy exchanges during the molecular dynamics

simulation period, t. v, and v, are the velocities of the exchange atoms in the hot

slabs and the cold slabs, respectively.

In the end, the thermal conductivity of graphyne is calculated with the Fourier
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law:
J
= 25
2x Ax 9L (25)
X
where J is the heat flux in the longitudinal direction; g—i: is the temperature gradient,

which is obtained as shown in Fig. 37 and A is the cross-sectional area perpendicular

to the direction of the heat flow.
5.4  Results and Discussion

In this section, we show the molecular dynamics simulation results on the analysis

of graphyne’s thermal properties.
5.4.1  Triple Bond Effect on Thermal Conductivity

Using reverse nonequilibrium molecular dynamics, we investigate the influence of
number of triple bonds on the thermal conductivity of graphyne. By increasing the
number of triple bonds between the hexagon carbon rings in the graphyne from 1 to 4,
the graphyne and its family of materials varies in the ribbon structure. The names of
graphyne with two triple-bonds is graphdiyne. Similarly, the other graphyne’s family
of materials are called graphyne-3 and graphyne-4, respectively. In our simulation
the ribbon size of the graphyne and its family of materials sample sheets are length x
width: 250 Ax 30 A. Fig. 38 and Fig. 39 are the results obtained using Airebo

potential and Tersoff potential, respectively.
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Figure 38: Thermal conductivity vs. number of triple bonds (Airebo)

The curves in Fig. 38 illustrates that graphyne’s thermal conductivity decrees with
the increasing number of triple bonds. Meanwhile, the plots indicate that the zigzag
graphyne has smaller thermal conductivity compared to those of the armchair gra-
phyne. Furthermore, Fig. 38 shows that thermal conductivity drops drastically when
the number of triple bonds increases from one to three. Yet the thermal conductivity
almost keep the same level when for graphyne with three triple bonds and four triple
bonds.

Herein, the results indicate that graphyne’s thermal conductivity is very sensitive
to the variance of triple-bond. The armchair graphyne has the greatest thermal
conductivity, which is 19 W/mK; while the zigzag graphyne-4 has the smallest thermal

conductivity around 7 W/mK.
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Figure 39: Thermal conductivity vs. number of triple bonds (Tersoff)

The plots in Fig. 39 predict a much lower thermal conductivity for graphyne. The
armchair graphyne has the highest thermal conductivity, which is 7 W/mK. Both
the armchair and zigzag graphyne-4 shows the same level of thermal conductivity,
which is 3.5 W/mK. The armchair graphyne and gradiphyne have larger thermal
conductivities compared to those of the zigzag ones. Yet the thermal conductivity of
zigzag graphyne-3 and zigzag graphyne-4 surpasses the armchair ones, respectively.
As mentioned in the review session in this chapter, the Tersoff potential only considers
short range of second-nearest-neighbor interactions to be presented [105]. This may
cause the thermal conductivity of the two-dimensional graphyne to be over predicted
or lower predicted.

From the results shown in Fig. 38 and Fig. 39, we conclude that the two-dimensional
non-defective graphyne has lower thermal conductivity than that of graphene, due to
the presence of the triple bonds. We also conclude that the Airebo potential is better
than the Tersoff potential in estimating the thermal conductivity dependence on the

number of triple bonds.
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5.4.2  Defect Effect on Thermal Conductivity

During the manufacturing process of the graphyne sheet, it is inevitable to have
various kinds of defects. Understanding the correlation between the defects and gra-
phyne’s thermal conductivity is essential for the future utilization of defective gra-
phyne. We introduce random defects by deleting singular atom on the single-layer

graphyne. The defects positions are symmetric along the longitudinal axis of the

ribbons.
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Figure 40: Thermal conductivity vs. defects (Airebo)

The thermal conductivity of the defective graphyne ribbons calculated with the
Airebo potential are shown in Fig. 40. The results show that the thermal conductiv-
ity of graphyne depends on the percentage of defects. By increasing the percentage of
defects the thermal conductivity of graphyne decrease. The curves shown in Fig. 40
indicate that at the same percentage of defects the armchair graphyne thermal con-
ductivity is greater than that of the zigzag graphyne. The pristine graphyne thermal
conductivity is 19 W/mK. Adding 1 % defects to the perfect graphyne, it’s thermal

conductivity is reduced by more than 50 %. Increasing the percentage of defects do
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not cause a drastic drop in its thermal conductivity. From 1 % to 5 % in the percent-
age of defects area, the thermal conductivity of the armchair graphyne decreases from
9 W/mK to 7 W/mK. Similarly, the thermal conductivity of the armchair graphyne

decreases from 7 W/mK to 3 W/mK.
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Figure 41: Thermal conductivity vs. defects (Tersoff)

The results shown in Fig. 41 is obtained using the Tersoff potential. The results
are obviously odd compared to the results obtained using the Airebo potential. In
Fig. 41, the thermal conductivity of 2 % 5 % defective graphyne increases with more
defects. It implies that the Tersoff potential is not suitable for the calculation of

defective graphyne’s thermal conductivity behavior.
5.4.3  Length Effect on Thermal Conductivity

To further understand the intrinsic relationship between the graphyne structure
and its thermal conductivity, we study the impact of the nanoribbons length on their
thermal conductivity. We increase the length from 80 A to 1250 A and keep the

width fixed as 30 A.

Fig. 42 shows that the thermal conductivity of graphyne increases monolithically.
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Since phonons are in charge of the heat transportation, the thermal conductivity of
graphyne is dependent on the length might be related to the ballistic propagation of
low frequency acoustic phonons [28]. Increasing the length of the graphyne nanorib-
bons induce more phonons to be excited, which increases the thermal conductivity.
When the nanoribbons of graphyne are less than 500 A, the thermal conductivity

increases faster.
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Figure 42: Thermal conductivity vs. length (Airebo)
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Figure 43: Thermal conductivity vs. length (Tersoff)

Fig. 43 shows the thermal conductivity of graphyne calculated using Tersoff po-
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tential. The Tersoff potential predicts that by increasing the length of nanoribbons,
graphyne’s thermal conductivity is not likely to reduce. The results obtained here
by the Tersoff potential are not consistent with the results obtained by the Airebo
potential. The Tersoff potential only allows short range of second-nearest-neighbor
interactions to be presented [105]. It may cause the thermal conductivity of the

two-dimensional graphyne to be lower predicted.
5.4.4  Width Effect of Thermal Conductivity

Fig. 44 and Fig. 45 are the thermal conductivities obtained using the Airebo and

the Tersoff potential for ribbons of various width.
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Figure 44: Thermal conductivity vs. width (Airebo)

Keeping the graphyne sheet’s length fixed to be 250 A and increasing the width,
we observe in Fig. 44 that the thermal conductivity barely changes after the width
reaches to 250 A. It’s concluded that the thermal conductivity of graphyne is not
sensitive to the width change compared to the length change. Higher value of thermal
conductivity at width smaller than 100 A is due to the limited number of phonons

which are excited in the system. Thus, phonon-phonon combinations, which are



7

used to satisfy the energy and momentum conservation rules for phonon scattering,

are scarce. It prevents phonon-phonon scattering, which prevents the decrease in

thermal conductivity [47,214].
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Figure 45: Thermal conductivity vs. width (Tersoff)

Fig. 45 shows the thermal conductivity of graphyne calculated by the Tersoff po-
tential. By increasing the width of nanoribbons, graphyne’s thermal conductivity is
not likely to fluctuate randomly, as show in Fig. 45. The results obtained here by the
Tersoff potential are odd compared to the results obtained by the Airebo potential,

which may be caused by the Tersoff potential’s limitations.
Conclusion

In this chapter, we have performed simulations to study the thermal conductivity of
graphyne and its family of materials, such as gradiphyne, graphyne-3 and graphyne-4.
All the calculations are performed using reverse nonequilibrium molecular dynamics
(RNEMD) simulation.

Armchair gaphyne’s thermal conductivity is greater than the one of the zigzag

graphyne. It’s apparent that both number of triple-bond and defects impact the
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thermal conductivity. Yet graphyne’s thermal conductivity dependent more on the
defects. Nanoribbons width does not significantly impact the thermal conductivity
of ribbons. Increase in the length of graphyne ribbons definitely increases its thermal
conductivity.

Each potential (Airebo or Tersoff) has its own strengths and weakness. For the
Airebo potential, the thermal conductivity are reasonable and converge with multiple
simulations. It takes longer time compared to that using Tersoff potential. However,
the results of thermal conductivity obtained by Airebo potential is reasonable while

the results of Tersoff potential are not reliable.



CHAPTER 6: STUDY OF THERMAL CONDUCTIVITIES OF HYBRID
GRAPHENE BORON NITRIDE

In this chapter, a detailed description of analysis on the thermal conductivity of
hybrid graphene-boron nitride (HGBN) is presented. We review the current studies
of two-dimensional graphene and boron nitride. Then, we investigate the thermal

conductivity of hybrid graphene-broron nitride using molecular dynamics simulations.
6.1  Introduction

Graphene and boron nitride (BN) have attracted immense interests recently due
to their unique thermal properties. The two-dimensional graphene and boron nitride

have similar nanoribbons, shown in Fig. 46.

Figure 46: Two-dimensional graphene and boron nitride [104]

Graphene is a superior heat conductor with room temperature thermal conductivity

up to 5000 W/mK, making it an ideal candidate for thermal management applications
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in nanoelectronic circuits, even in optoelectronic, photonics, and bioengineering |8,
56,127,155,190].

Two-dimensional boron nitride has a similar atomic structure to that of graphene.
Boron nitride has high thermal conductivity and high temperature resistance, which
can be used as composite filler to tune the thermal conductivity as required [26,74,
195,213]. Boron nitride has smooth surface and light weight and can be used as a
substrate of large-scale graphene in nanodevices [26,39,97,187,209]. Boron nitride has
showed the unique potential to improve the devices’ thermal performance by many
researchers [74, 149, 186, 187,209, 209, 213|. Boron nitride and its nanotubes can
increase the thermal conductivity of composites such as BN reinforced polyehthylene
and BN particle epoxy-matrix while keep the structural stability [186,187,209,213].
Table 7 shows the previous study on the thermal conductivity of boron nitride. It
summarizes the predicted thermal conductivity of boron nitride and also introduces

the various methods applicable to the study of thermal conductivity of boron nitride.

Table 7: Summary of thermal conductivity of boron nitride

Material thermal conductivity (W/mK) Method
BN filled polybenzoxazine [74] 32.5 Experiment
BN composite [187] 11 Experiment

The thermal conductivity of graphene reduces by applying normal tensile strain,
while under tensile strain the thermal conductivity of boron nitride increases [179].
Therefore, it is interesting to know how the thermal conductivity of hybrid graphene-

boron nitride (HGBN) changes under the application of normal strain. HGBN is
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formed by replacing blocks of the boron nitride sheets by graphene. Although tremen-
dous researches have been used to investigated the thermal conductivity of graphene

or boron nitride, there are few publications on the thermal conductivity of HGBN.
6.2  Background of Study Method Framework

We investigate the thermal conductivity of HGBN nanoribbons under uniaxial
strain, using the reverse nonequilibrium molecular dynamics(RNEMD) using a Tersoff
potential [42,113,121]. The MD simulations are conducted using LAMMPS package
[139]. We study two types of HGBN nanoribbons : (i) the alternating HGBN and

(ii) the laterally HGBN. The nanoribbons are shown in Fig. 47.
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Figure 47: Hybrid graphene-boron nitride

The heat conductivity of the system is calculated using the same procedure as

presented in chapter 5.
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6.3  Results and Discussion
6.3.1  Alternating HGBN

We first calculate the thermal conductivity of alternating HGBN of width of 50 A
. The alternating HGBN nanoribbon is composed of m graphene unit cells adjacent

to n boron nitrid unit cells along x-direction. We use m = n = 2, 3,4 in this study.
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Figure 49: Thermal conductivity of alternating 2 by 2 HGBN
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Strain does not dramatically affect the thermal conductivity of HGBN nanoribbons
in the zigzag direction compared to its effect in the armchair direction. As shown in
Fig. 49, the thermal conductivity of the zigzag HGBN remains almost the same with

the increasing applied uniaxial strain in the x-direction.
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Figure 50: Thermal conductivity of alternating 3 by 3 HGBN

The curves in Fig. 50 shows that alternating armchair HGBN’s thermal conductiv-
ity is sensitive to the applied strain compared to that of the zigzag nanoribbons. The
thermal conductivity of HGBN is greater in the armchair direction compared to those
in the armchair direction. By increasing the applied strain from 0 % to 10 % the ther-
mal conductivity in the armchair direction decreases nonlinearly from 14.06 W/mK
to 9.02 W/mK. Yet the thermal conductivity of zigzag HGBN maintains almost the

same from 0 % to 10 % strain, which is 1.75 W/mK.
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Figure 51: Thermal conductivity of alternating 4 by 4 HGBN

Fig. 51 shows the thermal conductivity of 4 by 4 alternating armchair and zigzag
HGBN. The armchair HGBN’s thermal conductivity increases by increasing the strain
from 0 % to 1 %; however it begins to decreases after 1 %. The zigzag HGBN’s thermal

conductivity keeps constant with the applied strain.
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Figure 52: Thermal conductivity of alternating HGBN without strain

Moreover, Fig. 52 shows a summary of the thermal conductivities of all the alter-

nating HGBN without strain. It indicate that the armchair nanoribbons have much
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higher thermal conductivities than these of the zigzag nanoribbons. By increasing the
number of unit cells in neighboring graphene and boron nitride blocks, the thermal

conductivity are reduced.
6.3.2  Laterally HGBN

The plots in Fig. 53 show the laterally HGBN nanoribbons have a much higher
thermal conductivity compared to the alternating ones. Both the armchair and zigzag

HGBN maintain the same level of thermal conductivity with the variance of strain,

which are 63 W/mK and 22 W/mK.
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Obviously, the plots in Fig. 54 show the thermal conductivity of HGBN nanoribbons
is higher compared to the results shown in Fig. 53. We find that increasing the
number of unit cells of graphene between boron nitride can increase the thermal

conductivity. Fig. 55 also demonstrates that thermal conductivity does not change a



lot by increasing the applied strain.
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From the results shown in Fig. 53, Fig. 54 and Fig. 55, we conclude that the thermal

conductivity of two-dimensional non-defective HGBN does not change significantly
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with increasing strain. This phenomenon happens in both of the armchair and zigzag

conditions.
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Figure 56: Thermal conductivity of laterally HGBN

Fig. 56 shows a summary of the thermal conductivity of all the alternating HGBN
without strain. It indicate that the armchair nanoribbons have a significantly higher
thermal conductivities than the zigzag nanoribbons. By increasing the number of unit
cells of graphene between the boron nitride nanoribbons, the thermal conductivity
increases.

In conclusion, for all the laterally HGBN, the armchair nanoribbons have greater
thermal conductivity than the zigzag ribbons. The armchair HGBN’s thermal con-

ductivity is more than two times of the zigzag ones.

6.4  Conclusion

In this chapter, we performed extensive simulations to calculate the thermal con-

ductivity of two-dimensional HGBN. All the calculations are performed using the
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reverse nonequilibrium molecular dynamics (RNEMD) simulations using the Tersoff
potential.

The alternating armchair HGBN’s thermal conductivity is greater than that of
the zigzag nanoribbon. We found that the alternating HGBN’s average thermal
conductivity decreases by increasing the number of boron nitride and graphene unit
cells.

The laterally armchair HGBN’s thermal conductivity is higher than that of the
zigzag nanoribbon. The laterally HGBN’s average thermal conductivity increases
with increasing the number of graphene unit cells between the boron nitride nanorib-
bons. In another word, increase in the width of HGBN nanoribbons definitely in-
creases the thermal conductivity.

The thermal conductivity of both alternating and laterally HGBN nanoribbons do
not change significantly with the applied strain. This can be helpful in developing

electronics with constant thermal conductivity under deformation.



CHAPTER 7: CONCLUSION

Computational methodologies, including density functional theory and molecular
dynamics, are used to investigate the mechanical and thermal properties of two-
dimensional MoOj3, graphyne and its family materials, and hybrid graphene-boron
nitride. Mechanical properties of two-dimensional MoQOj3 are studied using density
functional theory. The energy density-strain and stress-strain correlations of two-
dimensional MoQOj3 are obtained. In this dissertation, first a constitutive model is
developed to model the mechanical behavior of two-dimensional MoOs. Through the
molecular dynamics simulations, the mechanical and thermal properties of graphyne
and its family materials, and hybrid graphene-boron nitride are obtained. Based on
the computational modeling results, additional analysis were performed to study the
key parameters affecting the mechanical and thermal behavior of two-dimensional

materials.
7.1  Two-dimensional MoOs

The study of mechanical properties of two-dimensional MoOg3 shows that MoO3 is
an anisotropic material. MoQj3 is isotropic before 1 % strain with a Young’s mod-
ulus of 95 GPa. MoOj3 exhibits an anisotropic behavior under large strains. Two-
dimensional MoO3 has higher strength in the x-direction compared to that in the

y-direction.



90

The proposed elastic constitutive model matches well with the DFT results, which
pave a reliable and efficient way of investigating the mechanical behavior of two-

dimensional MoOs.
7.2 Graphyne and its Family Materials

The study of mechanical and thermal properties of graphyne and its family of
materials, such as gradiphyne, graphyne-3 and graphyne-4, shows that graphyne has
high mechanical strength and thermal conductivity. Both mechanical and thermal
properties of graphyne and its family materials depend on the nanoribbon size (width
and length), edge chirality, defects and number of triple carbon-carbon bonds.

Defects, length and triple carbon-carbon bonds are the predominant factors, af-
fecting the mechanical and thermal properties of graphyne and its family materials.
The applied strain changes the thermal conductivity of graphyne and its family of
materials, which paves the area of tunable microelectronic applications. The various
properties of graphyne and its family of materials make it is possible to design tunable

microelectronic devices, which require certain mechanical and thermal properties.
7.3  Hybrid Graphene-Boron Nitride

The thermal conductivity of hybrid graphene-boron nitride (HGBN) nanoribbons
depends on ribbons structure and the applied strain. We found that the thermal
conductivity of armchair HGBN is greater than the thermal conductivity of zigzag
nanoribbons. It’s apparent that the average thermal conductivity of alternating
HGBN decreases if the number of boron nitride unit cells increases. However, the

average thermal conductivity of lateral HGBN increases if the number of graphene



unit cells confined between the boron nitride nanoribbons increases.
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APPENDIX A: DFT CODE FOR MoO3

SystemName MoO3

SystemLabel MoO3

NumberOfAtoms 8

NumberOfSpecies 2 NumberOfSpecies 2

% block ChemicalSpeciesLabel

1 42 Mo # Species index ,atomic number,species label
2 8 O +# Species index ,atomic number, species label
% endblock ChemicalSpeciesLabel

LatticeConstant 1.00 Ang

% block LatticeVectors

3.75744038 0.000000 0.000000
0.00000 3.942245 0.000000
0.000000 0.000000 20.393096

% endblock LatticeVector
AtomicCoordinatesFormat Ang

% block AtomicCoordinatesAndAtomicSpecies
0.00005533 —0.08350290 —0.00528364 2
0.00001459 0.06448913 1.68187643 1
1.86019828 —0.22130568 2.28126748 2
—0.00003792 —0.22064732 4.09466428 2

1.86022230 0.06541629 4.69457731 1
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1.86013745 —0.08233300 6.38186501 2

0.00000058 1.84372378 1.94919227 2

1.86023864 1.84508869 4.42759073 2

% endblock AtomicCoordinatesAndAtomicSpecies

% block kgrid_Monkhorst _Pack

30 0
0 30
0 0

% endblock kgrid_Monkhorst _Pack

MeshCutoff 500 Ry
MD. TypeOfRun G

MD. VariableCell .false .
MD. TargetPressure —1.0 GPa

% block MD. TargetStress
0.0 0.0 0.0 0.0 0.0 0.0
% endblock MD. TargetStress
MD. NumCGsteps 500

MD. MaxForceTol 0.01 eV/Ang

0

0

1

0.0000000

0.0000000

0.0000000

T I 6 6o

PAO. SplitNorm 0.16

SpinPolarized No

SolutionMethod diagon
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XC. functional GGA
XC.authors PBE
DM. NumberPulay 9
MaxSCFIterations 100
WriteMullikenPop 1
WriteCoorXmol .true.
WriteCoorStep .true.
WriteForces .true.

DM. Tolerance 0.01000000000E—-03 # Default value



APPENDIX B: MD CODE FOR MECHANICAL PROPERTIES

#Molecular dynamics input file for graphyne

# INITIALIZATION

units real
dimension 3

atom _style charge
boundary PPP

# ATOM DEFINITION

read_data coord .data

mass 1 12

# GROUP DEFINE

region top block INF INF 49.0 INF INF INF

region bottom block INF INF INF —61 INF INF
group top region top

group bottom region bottom

group internal subtract all top # internal atoms
group internal subtract internal bottom

# FORCE FIELDS

pair_style reax/c NULL
pair_coeff x % ffield .reax.mattsson C
# OUTPUT

dump 1 all xyz 10000 dump.xyz
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dump 2 internal xyz 10000 dump_int.xyz
dump 3 top xyz 10000 dump_top.xyz
dump 4 bottom xyz 10000 dump_bottom.xyz

—_

dump_modify element C

[\

dump_modify element C

w

dump_modify element C

W

dump_modify element C

# COMPUTES

compute eng all pe/atom

compute eatoms all reduce sum c_eng
compute stress internal stress/atom virial
compute xx internal reduce sum c_stress[1]
compute yy internal reduce sum c_stress [2]
compute zz internal reduce sum c_stress [3]
compute yz internal reduce sum c_stress [4]
compute xz internal reduce sum c_stress[5]
compute xy internal reduce sum c_stress [6]
4 SETTINGS

thermo 20

thermo_style custom step time temp pe pxx pyy pzz c_eatoms

Ix ly lz # c_.xx c_.yy c¢_zz

thermo_modify line one format float %20.10f
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timestep 0.1

# Minimize System Energy

min_style cg

fix relax all box/relax iso 0.0

fix qeq all qgeq/reax 1 0.0 10.0 le—6 param.qeq
run 0

undump 2

undump 3

undump 4

minimize le—25 le—15 50000 10000

unfix relax

# Print out the initial parameters

# Store final cell length for strain calculations
variable tmp equal 7Ix”

variable L0 equal ${tmp}

variable PE equal ”pe”

variable Pxx equal 7 pxx”

variable Pyy equal "pyy
variable Pzz equal "pzz
variable Lx equal 7Ix”
variable Ly equal 7ly”

variable Lz equal "1z”
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variable Step equal 7step”

variable strain equal 7 (lx—v_L0)/v_L0”

variable pl equal v_strain

print "Initial length Lx is: ${L0}” file data.txt

7

print "step strain PE Ix ly lz Pxx Pyy Pzz append data.txt

print 7${Step} ${pl} ${PE} ${Lx} ${Ly} ${Lz} ${Pxx} ${Pyy} ${
Pzz} 7 append data.txt

# Apply the deformation

variable stressx equal c_xx

variable stressy equal c_yy

variable stressz equal c_zz

variable i loop 200

label loopa
change_box all x scale 1.001 remap
fix relax all box/relax y 0 z 0
minimize le—25 le—15 50000 10000
unfix relax

print "${Step} ${strain} ${PE} ${Lx} ${Ly} ${Lz} ${Pxx} ${Pyy
} ${Pzz} 7 append data.txt

next i

jump SELF loopa

print 7 All done”
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APPENDIX C: MD CODE FOR THERMAL CONDUCTIVITY

# Molecular dynamics input file for armchair graphyne

# INITIALIZATION

units real
dimension 3
atom _style charge

boundary p p p
# ATOM DEFINITION
read_data coord . data

# FORCE FIELDS

pair_style rebo
pair_coeff x x CH.airebo C
# GROUPS

region interior block INF INF —-20.0 9.0 INF INF
group interior region interior

group boundary subtract all interior

# COMPUTES

compute eng all pe/atom

compute eatoms all reduce sum c_eng

compute newT all temp

# SETTINGS

thermo 1000
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thermo_style custom step time temp c_eatoms Ix ly lz
thermo_modify line one format float %20.10f temp newT
timestep 0.0005
# OUTPUT
dump 2 all xyz 50000 dump.xyz
dump_modify 2 element C
# MINIMIZE SYSTEM ENERGY
fix qeq all qgeq/reax 1 0.0 10.0 le—6 param.qeq
min_style cg
fix 1 all box/relax iso 0 vmax 0.001
minimize le—25 le—15 50000 10000
unfix 1
fix freeze boundary setforce 0.0 0.0 0.0
#fix mom interior momentum 1 angular # to prevent the

spurious global rotation of the system
# Equilibrating the system
velocity interior create 300 4928459
fix 1 interior nve
fix 2 interior temp/berendsen 300 300 0.1
run 200000
unfix 1

unfix 2
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fix 2 interior nvt temp 300 300 0.1

run 500000

unfix 2

# 2nd Equilibration run

reset_timestep 0

compute ke interior ke/atom

variable temp atom c_ke/1.5%503.219574

fix 1 interior nve

fix 2 interior ave/spatial 1 100000 100000 x lower 0.02
v_temp file tmp.profile units reduced

fix 3 interior thermal/conductivity 400 x 50

variable tdiff equal f_2[26][3] —f_2[1][3]

thermo 100000

thermo_style custom step time temp c_eatoms Ix ly lz f_3
v_tdiff

thermo_modify line one format float %20.10f temp newT

run 3000000

# Thermal conductivity calculations

variable t equal time

compute vacf interior wvacf

variable vl equal c¢_vacf[1]

variable v2 equal c_vacf|[2]



variable v3 equal c_vacf[3]

variable v4 equal c_vacf[4]

fix 4 interior

print 1 "${vl} ${v2} ${v3} ${v4}” file vacf.dat

fix 3 interior thermal/conductivity 400 x 50

variable flux equal f_3

fix ave interior ave/time 1 1 100000 v_tdiff ave
running

variable ave equal f_ave

fix flux interior

print 100000 ”$t ${flux} ${tdiff} ${ave}” file flux.dat

thermo_style custom step time temp c_eatoms Ix ly lz f_3

v_tdiff f_ave
run 3000000
# SIMULATION DONE

print 7 All done”
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