


ABSTRACT 

Simulations of Carbon Nano-Structures for High-Strength 

Composites, Thermal Transport, and Hydrogen Storage 

by 

Jianxin Lu 

Computational simulations and theoretical analysis are keys to understand 

and predict chemical or physical behaviors of carbon nano-materials. Carbon nano-

materials such as carbon nanotubes (CNT) and graphene are claimed to have high 

strength, high thermal conductivity and light weight, which leads to researcher’s 

extensive search about their novel properties and potential applications during the 

past two decades and still ongoing. In this work, three examples demonstrate how 

the molecular dynamics simulations and modeling can be used to design high-

strength glass composites and to investigate and predict carbon nanomaterials’ 

thermal properties and gas adsorption capacity. In the first example, carbon 

nanotubes are used as reinforcement to enhance the mechanical strength of glass 

composites. Recently there has been a surging demand for glass materials on 

electric device such as a capacitive touch screen on Smartphones and tablets. The 

obstacle to designing a CNT-glass composite is how to make CNTs connect with a 

glass matrix due to the smooth and rigid nature of pristine CNTs. With computer-

aided molecular dynamics simulation, the structures of CNTs, glass and their 



  

interface can be obtained with sufficient details in atomic level, which helps the 

understanding of the weakness of CNT-glass composites. An effective way to 

enhance the interfacial strength by doping 1-10% of silicon atoms on CNTs is 

proposed. The new structures show promising improvements of glass’s mechanical 

property and fracture resistance. A new theoretical model is derived to estimate the 

composite’s Young’s modulus with finite-length reinforcement considering the 

contributions of the interfacial strength and reinforcement’s aspect ratio. The 

simulation and theoretical results provide a guideline for experimentalists to 

synthesize CNT composites and high strength glass materials. The second example 

focuses on theoretical analysis of thermal properties and heat transfer in carbon 

nano-structures at such a nano-size where traditional mechanism for heat transfer-

Fourier’s Law fails. A novel thermal rectification phenomenon that the heat flux is 

dependent on system’s asymmetry and has preference in a certain direction is 

observed in some specific designed systems. The third example is about gas 

adsorption in carbon porous material, where the novel nano-porous structures are 

designed with light weight and high surface area. Grand Canonical Monte Carlo 

(GCMC) method is used to calculate the gas uptakes. Simulation results show that 

the carbon nano-foam structures have higher hydrogen storage capacities than 

traditional materials under normal temperature and pressure condition, and thus 

they can serve as a promising storage media of hydrogen and can be put in the car 

as a fuel cell to solve the energy challenge. The same materials and method can be 

also applied for CO2 capture. 
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Chapter 1 

Introduction 

1.1. Introduction 

Carbon nano materials have gained tremendous attention after the discovery 

of fullerene and carbon nanotubes. Carbon nano materials have some abnormal 

properties that exceed the traditional bulk materials. For example, the mechanical 

strength of single wall carbon nanotubes(SWCNT) is as high as stainless steel; the 

thermal conductivity of a SWCNT is found to be higher than that of diamond or 

copper, which are used as heat conducting materials. There are also other 

interesting properties such as magnetism, electrical conductivity, etc. In this thesis, 

several areas are studied including the thermal conductivity and thermal 

rectification in carbon nano-systems, building high strength glass composites using 

the high strength of SWCNTs, and designing carbon nano foam structures for 
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hydrogen storage based on individual SWCNTs using its light weight and low 

absorption energy properties.  

1.2. Forms of carbon nano materials 

The exploration of nanotechnology starts from carbon nano-materials. Now 

carbon is still one of the major elements in the nano-materials. Figure 1.1 shows 

various forms of carbon nano-structures of which the properties are studied in this 

thesis.  

The fullerene (Figure 1.1a) was first discovered on 1985 by Rick Smalley et 

al. in Rice University, Houston Texas. The C60 fullerene is a spherical structure 

covered by carbon hexagon rings and twelve pentagon rings. It is the Euler rule in 

sp2 carbon network and tube-tube junction [1] that states for any closed structure, 

the minimum number of heptagons at the tube crossing is twelve. In Chapter 4, this 

theory is used to build the carbon nano foam structure (Figure 1.1f). The unit cell of 

the foam is made by welding two perpendicular SWCNTs. There are total twelve 

heptagons on the neck of each CNT junction.  

A single wall carbon nanotube (Figure 1.1b) can be thought of a rectangular 

graphene (Figure 1.1c) ribbon rolled into a cylinder. The vector of the rolling 

direction is defined as 21 manaC   using the basis vectors a1 and a2 of a graphene 

sheet. The integers m and n are the number of unit vectors along the directions of a1 

and a2. Therefore (n,m) defines the chirality of an SWCNT. 
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Figure 1.1 Various carbon forms: from (a) the C60 Buckyball to (b) a “stretched” 
version of a fullerene: (10,0) nanotube cage, and to (c) graphene; (d) Carbon 
cone, with a lone pentagon in fully hexagonal lattice and (e) a Pringle shape, 
with a lone heptagon; (f) carbon nano foam, by welding two perpendicular 

CNTs; (g) graphene screw dislocation found in anthoracite.  

 

If m = 0, the nanotubes are called zigzag nanotubes, which are 

semiconducting, and if n = m, the nanotubes are called armchair nanotubes , which 

are metallic. Thus chirality is an important property of carbon nanotubes. 

Accordingly, the diameter of an SWCNT is defined as  22 mnmn
a

d 


, where 

a= 0.246 nm. In Chapter 2, the high strength property of CNT will be fully explored 

and the structure will be modified to build high strength glass composites.  
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Another typical carbon nano structure is graphene (Figure 1.1c). It also has 

derivatives including Graphene Oxide (GO), Few Layer Graphene (FLG), etc. The 

thermal, mechanical, and electrical properties of graphene are comparable and even 

more desirable than those of CNTs. It has been used to build novel nano devices and 

composite materials. When there are point defects, graphene may become 

nonplanar structure, for example, cones in Figure 1.1d or pringle in Figure 1.1e. In 

Chapter 3, asymmetry graphene and cone structures are designed and thermal 

rectification are observed.  

There are some more complicated forms of carbon nano-materials. In Figure 

1.1g, the screw dislocation in few layer graphene is observed in chemical treated 

anthracite[2]. Nano- diamond can exist when the hydrogenated graphitic layers are 

exposed to electron irradiation[3]. The HRTEM image in Figure 1.2 reveals four 

kinds of dislocations[2]. The two main types of dislocations are edge dislocations 

and screw dislocations. An edge dislocation is a defect where an extra half-plane of 

atoms is introduced midway through the crystal, distorting nearby planes of atoms. 

Figure 1.2a” represents the “extra half-plane” concept of an edge type dislocation, 

with the dislocation line parallel and Burgers vector |b| = 3.4 Å perpendicular to the 

basal plane. Important for hindering exfoliation is the transition from the sandwich-

type of this dislocation to the somewhat lower in energy (∼0.5 eV/Å per our 

calculations, or about 10% of the dislocation energy) and topologically connected Y-

type in Figure 1.2b, b’, b”, where the radical-line of dangling bonds connects to an 

adjacent plane via change of hybridization to an sp3-carbon row (in blue). A screw 

dislocation (both dislocation line and Burgers vector b perpendicular to the basal 
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plane, Figure 1.2c) is even more significant in this respect, as it essentially renders 

all planes into one continuous spiraling plane, inseparable without breaking the 

covalent bonds between the sp2-hybridized carbons. Both dislocation types can be 

identified in the sample of anthracite that we have investigated. TEM image 

simulations of these dislocations (identified as a-d in the TEM image) are shown in 

Figure 1.2 as a”- d”. A sandwich-type edge dislocation with a semiplane between two 

graphene layers is shown as a”. The extra plane in a” shows the radical atom-sites 

colored red. The growing graphenic layer in a” is positioned to react by radical 

addition to the aromatic rings of a parallel graphenic layer. This gives the Y-type 

dislocation b’ as further depicted in b”. This process forms sp3-hybridized centers 

identified by the blue atoms in b”. A helical structure formed from a left-hand screw 

dislocation of the graphene layers is illustrated in c’ and c”. The colored bonds 

between sp2-hybridized carbons in the spiral highlight the dislocation line. A 

common dislocation loop consists of two screw dislocations running in opposite 

directions (green bonds in Figure 1.2d”) and connected by the edge-segments (red, 

in accord with Figure 1.2a”).  
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Figure 1.2 Anthoracite: interconnected network of graphenic layers. (a)-(d) 
are four types of dislocaitions identified from the HTREM image of raw 

anthoracite. (a’)-(d’) are simulated TEM images. (a”)-(d”) show the atomic 
structure of each dislocaiton. [2]. 

 

1.3. CNT composite materials 

The most common format of glass composite material is laminated glass, 

which has two layers of glass with an interlayer of reinforcement material, often 

polyvinyl butyral (PVB). The typical thickness of laminated glass is 6-7 mm, using 3 

mm glass sheets and a 0.38 mm interlayer. The strength of laminated glass can be 

increased by adding more layers or increasing thickness. However, design and cost 

limits our ability to do so. To meet the high demands of the aerospace and energy 
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industries where glass composites need to work under extreme pressure and 

temperature, higher strength glass composites are greatly needed.  

Carbon Nanotubes (CNTs) are incredibly strong, with an elastic modulus 

~1TPa[4], a high thermal conductivity (~3500W/m/K in longitudinal direction[5]) 

and light weight that conventional materials cannot match. These properties caught 

researchers’ interest in using CNTs as the reinforcing phase for high strength, light 

weight composites. Several applications have already been developed using polymer 

matrices (review of CNT-polymer composites [6]), metal (review of CNT-metal 

composites [7]), ceramic (review of CNT-ceramic composites[8]), etc.  

A recent study[9] showed that small additions of CNTs (1 wt.%) can result in 

a 60-250% increase in the high-cycle fatigue strength of glass fiber-epoxy composite 

laminates for different loading conditions, and that the overall hysteresis level was 

lower than for unmodified glass fiber composites. But there are certain obstacles for 

applications using CNTs for reinforcement in composite materials. The surface of a 

pristine CNT is smooth and rigid. Thus, interfacial slippage[10] occurs when CNTs 

are dispersed in a matrix. Figure 1.3 shows the crack interface on a CNT- 

polystyrene interface[11]: some of the CNTs have been pulled out of the matrix. In 

this case they are no longer under load. This will cause ineffective load transfer 

between the CNTs and the matrix, so the overall mechanical properties are poor. To 

enhance the interfacial properties of nanotubes, the general methods are either to 

attach chemical groups covalently or to modify the nanotube’s surface non-
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covalently, e.g. wrapping surfactants or polymers around nanotubes[10]. Finding 

the most effective way of introducing CNTs to a matrix is still under development.  

 

Figure 1.3 In situ TEM observation of crack nucleation and propagation in 
CNT– polystyrene thin films induced by thermal stresses. The CNTs tend to 

align and bridge the crack wake and then break and/or pull out of the 
matrix.(Reproduced from [11]) 

 

1.4. Thermal conductivity 

The ever increasing demands for heat dissipation in microelectronic circuits, 

which approach power densities of 100 W/cm2 in hot spots[12], add to a challenge 

of sustaining Moore’s law[13]. Traditional heat dissipation remedies rely on forced 

convection through metallic Cu or Al fins, with thermal conductivities on the order 

of a few hundred W/m/K. More efficient cooling solutions rely on novel material 

structures with superior thermal conductivity. The thermal properties of carbon 

nano-materials were reviewed by Alexander Balandin (Nature materials 2011,[14]). 

Recent experiments[15-16] suggest graphene as a good candidate, with measured 
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thermal conductivities 3000–5000 W/m/K for layers of l ~ 10 µm long. This high 

thermal conductivity surpasses graphite and is in part attributed to the long phonon 

mean free path in carbon nanostructures, exceeding 500 nm in nanotubes[17-18] 

and graphene sheets[15]. Therefore, it is expected for thermal transport at the 

nanoscale to be dominated by a ballistic rather than diffusive mechanism. Based on 

phonon spectra obtained from an atomistic description of graphene, two 

independent calculations for the ballistic thermal conductance of a graphene sheet 

have been reported [19-20]. In particular, a low-temperature dependence ~ T1.5 was 

obtained for an infinite graphene sheet[19]. 

In our collaborate work, an elastic-shell based theory for calculating the 

thermal conductance of graphene ribbons of arbitrary width w is presented. The 

analysis of vibrational modes of a continuum thin plate leads to general equation for 

ballistic conductance . At low temperatures it yields a power law  ~ T, where the 

exponent  varies with the ribbon width w, from  = 1 for a narrow ribbon ( ~ T, as 

a 4-channel quantum wire), to  = 3/2 ( ~ wT3/2) in the limit of wider graphene 

sheet. The ballistic thermal conductance per unit cross section (σ/ws) is ploted in 

Figure 1.4 as a function of temperature.  
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Figure 1.4 Ballistic thermal conductance per unit cross section (σ/ws), as a 
function of temperature, does not depend on length l, but varies with width w 

of the ribbon. The curve becomes independent of width for w > 500 nm, 
reaching the limit of an infinite graphene sheet. Also shown for comparison is 

our calculated curve for a (10,10) carbon nanotube[21]. Notice that the 
narrow graphene ribbon displays the same low-T behavior ~T as carbon 

nanotube. Very wide ribbons show a low-temperature dependence ~ T3/2. 

 

Carbon nano-materials are claimed to have extremely high thermal 

conductivities due to the long phonon mean free path and ballistic phonon transport 

in perfect lattices; however, impurities, grain boundaries, defects, and dislocations 

shorten the phonon mean free path and reduce the thermal conductivity. Figure 1.5 

shows how the thermal conductivity will change when the sample size and phonon 

mean free path is changed. The sample size affects the conductivities of nano-
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materials since phonon scattering will happen at the edges of the sample. Thermal 

rectification is an interesting phenomenon found in nanosystems; it is a result of 

asymmetry, non-linear response, and the finite size effect in nano devices. 

 

Figure 1.5 Calculated thermal conductivity (l) for a graphene sheet at room 
temperature, as a function of length. The inset shows the data from direct MD 

simulations (T = 300 K, w = 2 nm) plotted as  versus 1/l.[22] 

 

Hu et al (Nano. Lett. 2009, [23]) explored the thermal rectification in right 

triangular graphene nanoribbons using molecular dynamics simulation. In the 

symmetric rectangular graphene nanoribbon, thermal rectification was not 

observed. They studied the thermal rectifications in graphene nanoribbons with 
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three different vertex angles (30°, 45°, and 60°) from the bottom armchair edge. The 

most significant thermal rectification was found in the 30° right triangular graphene 

ribbon. The thermal rectification effects were also temperature dependent; they had 

a decreasing profile with increasing temperature. The authors thought the thermal 

rectification was related to the structural gradient and lattice heterogeneity. 

However, they did not provide their own suggestion about the mechanisms.  

The Baowen Li group has studied thermal rectifications in a series of systems: 

1D mono chain[24-25], 2D asymmetric lattice[26], 3D lattice[27], carbon nanotube 

junction[28], nanocone [29-30], triangular graphene[31], unzipped carbon 

nanotube[32], etc. Lan and Li (Phys. Rev. B, 2006, [26]) studied the thermal 

rectification in two-dimensional anharmonic lattices. They built a system that had 

two pieces of different lattices connected with each other. Inside each type of lattice, 

the structures are perfect and the atoms oscillate harmonically. The atoms were 

assigned with on-site potential. The Hamiltonian of the system was analyzed. They 

claimed that the thermal rectification is related to the asymmetric interface thermal 

resistance. The governing mechanism is because of the mismatch of the spectra of 

lattice vibrations.  

Wu and Li (J. Phys.: Condens. Matter, 2008, [30]) studied the thermal 

rectification in carbon nanohorns. The carbon nanohorn can be treated as a 

derivative of carbon nanotube; its structure can be understood as rolling a graphene 

sector and connecting the two edges. If the two heat reservoirs are set on the vertex 

and on the base, it was observed that the heat transfer from base to vertex has 
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higher flux than in the reverse direction. Also, the carbon nanohorn which has a 

larger vertex angle, which means higher mass difference, has a higher thermal 

rectification effect. They also tested stretched carbon nanohorns and found the 

thermal rectification effect is also tunable when the horn is stretched. No further 

mechanisms were claimed. 

Alaghemandi et al (Nanotechnology, 2010, [33]) found the opposite trend; 

that the heat transfer is preferable from the light end to the heavy end in their quasi-

1D system. In their system, they used a nanotube structure but assigned artificial 

masses on the atoms: on one end the atoms are the heaviest, and the masses 

decrease along the axial direction of the nanotube to the other end. They used 

reversed non-equilibrium molecular dynamics simulations. They claimed that the 

difference was because of the transverse energy transfer in the tube radial direction, 

which the pure 1D atom chain does not have. 

Zeng and Wang (Phys. Rev. B, 2008[34]) found that the thermal rectification 

is related to the contribution of the high frequency phonons. In their work, they 

used the nonequilibrium Green’s function method to study thermal transport 

through a 1D asymmetric lattice. The results showed that a thermal rectifier filters 

out high-frequency phonons in one direction. 

There are very few examples of experimental evidence for thermal 

rectification. C.W. Chang et al (Science, 2006[35]) built a thermal rectifier using 

carbon and boron nitride nanotubes. They attached heavier molecules on the 

external wall of nanotubes on one end, so that along the axial direction of one 
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nanotube, one end is heavier than the other. Their results showed that the heat flow 

is higher in the direction from the heavy end to the light end. The rectification effect 

for a carbon nanotube sample is 2% at room temperature and the rectification for 

the three boron nanotube samples are 7, 4, and 3% respectively. The authors used 

the presence of stable solitons in nanotubes to explain the asymmetric heat transfer 

in such a heterogeneous medium. 

Recently, another experimental work presented a new milestone for thermal 

rectification study. Tian et al. (Scientific report, 2012, [36]) made a macroscopic 

scale thermal rectifier using reduced graphene oxide (rGO). Before their work, 

research mainly focused on micro-scale sized lattices. The sizes of their samples are 

about 10 mm by 19 mm. They built triangular and two-rectangular shaped rGO. 

Their results show that the thermal rectification depends on the asymmetric shape 

(the width ratio of the two ends) and higher heat flux was observed from the 

narrow end to wide end. They used thermal finite element simulation to validate 

their experimental observations. Using a thermal finite element simulation is 

acceptable since the system sizes are already in diffusive region.  

There currently is no unique agreement on the mechanism of thermal 

rectification. Researchers claimed many possible reasons that cause the thermal 

rectification effect; however, it is not easy to describe the effect analytically and 

quantitatively. In this work, the author built two nanosystems that have the thermal 

rectification effect, and then by analyzing the temperature profiles, two possible 

correlations to present the temperature distributions were obtained. From the 
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analysis of the temperature profiles, the possible mechanisms for thermal 

rectification effect are suggested.  

1.5. Hydrogen storage 

Hydrogen is a source of clean and renewable energy and is considered as an 

alternative to fossil fuel. One of the major hurdles to its practical usage is a lack of 

storage media. This has led to an extensive search for materials, which can store 

hydrogen within a reasonable volume without a significant increase in weight. 

Among the various promising candidates, carbon based nano-materials have 

received special attention [37-40] due to their lightweight and high surface-to-

volume ratio. Additionally, for efficient reversible storage within the achievable 

temperatures and pressures by existing technology, the adsorption energy should 

be in the range of 0.01-0.5 eV/H. Owing to their ability to bind hydrogen both by 

physisorption and chemisorptions, graphitic structures can satisfy the required 

binding energy criterion. 

Table 1.1 and Table 1.2 summarize computational and experimental studies 

of hydrogen storage capacities in carbon nanotubes and other carbon materials. 

Some of the results are very promising. However, the carbon nanotubes tend to 

form bundles; they are not easy to separate or the spacing is not easy to control. 

Similarly, the spacing between two graphene layers is not controllable either. Thus 

it is better to have a novel structure that can have more accessible surface area. In 

Chapter 4, a novel foam structure was designed to satisfy this need, which also 
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showed a tunable pore size and higher hydrogen storage capacities under normal 

temperature and pressure.  

Table 1.1 Computational studies of hydrogen storage capacities in carbon 
nano-materials 

Material 
Reference 

CNT 
Temperature Pressure 

H2 storage 
capacity 

Ref 

SWCNTs 
 (r=2-10 nm) 

MWCNTs 
 (30,30) 298K 10 MPa 

(30,30) 10.49% 
H/C wt 

[41] 

SWCNTs(r=0.352, 
0.587 ,0.9785nm) 

N/A 293.15K 0.05-10 MPa Up to 1.1% [42] 

SWCNTs N/A 298K 0.1~20MPa 6.5%@16MPa [43] 

SWCNTs  
D=13.3 A 

N/A 
77K, 

150K,293K 
0.1~20 MPa Up to ~6% [44] 

SWCNTs with alkali 
doped 

Mix of 
(8,8),(9,9), 

(11,11), 
(12,12) 

298K Up to 12 MPa 

Bundle with 
alkali doped 

~2% 
Pure bundle 

~1.2% 

[45] 

Charged SWCNTs 
(9,9) 

(18,18) 
298K, 
77K 

Up to 10 MPa 

10-20% 
increase 
15-30% 
increase 

[46] 

SWCNTs (15,15) 300K 12.1MPa 2.5%wt [47] 

SWCNTs N/A 
77K, 

133K, 
300K 

 
At 77K 10MPa 

max 9.6% 
[48] 

 

Table 1.2 Experimental studies of Hydrogen storage capacities in carbon 
nano-materials 

Material Temperature Pressure H2 storage capacity Ref 
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SWCNTs 77K 0.2 MPa 6 wt% [49] 

SWCNTs 
D=18.5 Å 

298 K 10 MPa 4.2wt% [50] 

SWCNTs 298 K 8-10 MPa 0.3-0.4 wt% [51] 

SWCNTs 
295K 
77K 

MPa 
0.1 MPa 

About 1 wt% 
4 wt% 

[52] 

SWCNTs 123 K 2.5 MPa 2.4 wt% [53] 

Graphic 
Nano-fibers 

(GNF) 
298 K Up to 16 MPa Up to 15% [54] 

GNF 273 K Up to 11 MPa Up to 0.08% [55] 
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Chapter 2 

        Glass Composites Reinforced with 

Si-doped Carbon Nanotubes 

2.1. Introduction 

Glass fibers and films are widely used in daily life. Car windshields and 

capacitive touch screens for smartphones and tablet computers consist of many 

glass layers. More than 50% of the weight of the new Boeing 787 Dreamline aircraft 

is glass fiber and carbon composites.(Web report, [56]). Carbon nanotubes(CNT) 

have incredibly high mechanical strength and light weight that traditional materials 

cannot match. Carbon nanotubes have been widely explored as reinforcement to 

build composite materials. In this chapter, first the intrinsic properties of silicon 

dioxide and the obstacles to add CNTs are discussed. Then an effective way to add 

CNTs by doping Silicon atoms is proposed. The load transfer mechanism is analyzed 
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and the experimental evidences of Silicon atoms on carbon system are also provided, 

which indicate the practical synthesization of such Si-doped-CNT glass composites.  

2.2. Empirical potentials for Si-O system in Molecular Dynamics 

Simulations 

In molecular dynamics simulation, several different potentials have already 

been developed to describe silicon and silicon dioxide. As early as 1966, the Keating 

(and Simplified Keating)[57] potential was developed for Silicon-diamond structure. 

There are another potentials for Si/SiO2, e.g. the Wooten, Winer & Weaire 

(WWW)[58] potential and the Morse-Stretch(MS)[59] potential. Two famous 

Buckingham style potentials, TTAM[60] and BKS[61-62], were first developed in 

1988 and 1990 respectively. The format for the Buckingham potential is shown in 

Equation (2.1):  

    
     

   
                 

   

   
  (2.1) 

 where     is the relative displacement between atom i and j,    is the electron 

charge magnitude, and    ,     and      are coefficients usually correlated empirically 

by experimental data or quantum simulation data. The three terms are named the 

Coulomb, Buckingham, and van der Waals terms respectively. 

However, the Buckingham style potential only calculates the two body 

interactions. Another potential format that includes the three body term, the Tersoff 
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potential, has also been widely used since its initial development in 1987. Munetoh 

et al[63] developed the Tersoff potential’s parameters for Si-O systems in 2005. The 

format and the parameters are shown in Equation 2.2 and Table 2.1. 

 

 

Equation 2.2 Equations of Tersoff potential[63] 

where     is also the relative displacement between atom i and j, and      is 

the bond angle between Bond ij and Bond ik sharing the atom i. 

 



 21 

 

Table 2.1 The Tersoff potential parameters for the Si-Si, Si-O and O-O 
interactions [63] 

Although the Tersoff potential contains the three body terms, it only 

calculates the third atom’s influence on the two body attraction. The potential does 

not include the torsion force, which is necessary for the silicon tetrahedral 

structure. In 2001, a more complicated multi-body potential - ReaxFF potential (A. 

van Duin, [64]) was announced. It has already get success in various systems. Its 

force fields have nine partial energy contributions:  

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + Econj + EvdWaals + ECoulomb, 

where each term respectively represents bond order and bond energy, atom 

under/over coordination, valence angle terms, the penalty energy which comes as 

the results of over/under coordination, torsion, the contribution of conjugation 

effects, van der Waals interactions, and Coulomb interactions. Further details for 

each term are discussed in their original paper (van Duin, 2001[64]). Overall 

performance testing shows that ReaxFF has accuracy similar to PM3 but is 100 
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times faster [64]. However, ReaxFF is 10-50 times slower than non-reactive 

potentials, with a single processor storing up to 4000 atoms[65]. 

For carbon in CNT, there are also several well-developed potentials such as 

AIREBO[66], Tersoff-Brenner[67], and ReaxFF[64]. In the system of Si-O-C, a force 

field is needed that can describe the tetrahedral silicon structure and the multi-body 

interactions between CNTs and SiO2. Using the Lennard-Jones potential to describe 

the interaction between CNT and SiO2 is far from sufficient to simulate the bond 

breaking during the mechanical tests. ReaxFF potential had its first parameter set 

for the Si-O system in 2003[68] and had the parameters set for Si-O-C for PDMS (a 

silicon-carbide polymer) in 2005[69]. A recent parameterization of Si-O-C system 

for its application in Silicon Carbide (SiC) oxidation reaction in 2012 [70] best 

matches our needs. It is derived by combining the Si/Si, Si/O, Si/H, and Si/C 

quantum mechanics (QM) training sets, and the Si-C bond, Si-C-O angle and C-Si-O 

angle parameters are determined. It can successfully describe the amorphous 

structure and bond breaking of silica. The QM training set also contained previous 

versions of correlations for SiO2, Si and C/H/O, so this set of parameters can be used 

to describe most Si/O/C/H systems, including silicon carbide, silicon oxides, 

diamond and graphite. 

2.3. The amorphous silica structure  

In this section, the amorphous silica structure is prepared by annealing 

quartz crystal. Then the mechanical properties of quartz and silica are tested, and 
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the carbon-silica interactions are studied. All the molecular dynamics simulations in 

this chapter are done by the open source code package LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator)[71] distributed by Sandia National 

Laboratories. 

2.3.1. Annealing of α-quartz 

First, a cuboid simulation domain of α-quartz is chosen, with dimension 

19.7×17.0×21.6 Å3 and periodic boundary conditions in all three directions (shown 

in the left figure in Figure 2.1, the transparent atoms are further from the screen). 

The structure is then fused at 6000K for 10 ps using a time step of 0.1 fs, and slowly 

quenched from 6000 K to 300 K for a total time 200 ps with 0.1 fs per step. The final 

structure (the right figure in Figure 2.1) serves as a unit structure of amorphous 

silica; it can be replicated to build larger silica when needed. 

The radial distribution function of Si-O (or the pair correlation function) is 

calculated for the amorphous silica. The result is shown in Figure 2.2. It shows how 

the Si-O atom distance is distributed in this structure. The first peak shows the 

nearest Si-O distance, which is the Si-O bond length. The plot reads that the Si-O 

bond length is 1.6 Å, which perfectly matches existing literature. 
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Figure 2.1 The generation of amorphous silica structure(right) from quartz 
crystal(left). 

 

Figure 2.2 The Radial Distribution Function of Si-O for amorphous silica. 
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2.3.2. Stress-strain tests of quartz, silica, and CNT 

The set of ReaxFF Si/O/C parameters published by Dr. van Duin in July 

2012[70] was first used for the SiC oxidation reaction. Following simulations 

verified that this set of ReaxFF Si/O/C parameters can successfully represent and 

predict mechanical properties. 

Three basic materials were chosen for testing: α-quartz, amorphous SiO2, and 

a (10,10) carbon nanotube. These basic materials were chosen because their 

mechanical properties are available from literature for comparison. The dimensions 

for the three samples are: amorphous SiO2:51.1×53.5×61.84Å3; α-quartz: 

9.828×8.511×54.05 Å3; and a (10, 10) carbon nanotube with 44.6 Å length in a 

51.7×54.2×44.6 Å3 box. The simulation box is periodic in the X, Y, and Z directions. 

The strain is in Z direction. 

In each stress-strain simulation, the box was heated to 300 K using the Nose-

Hoover thermostat, and was relaxed at zero pressure in all directions 

independently. The relaxation took 1×104 steps with 0.1 fs per time step. The 

structure reached equilibrium state at 300 K and zero pressure. Then, at the same 

temperature, the structure was deformed in Z direction. The dimension was 

controlled by a “constant engineering strain rate” (erate), that is, the strain 

increased 1×10-5 per step (LAMMPS command: fix deform) with a time step 0.1fs. 

Accordingly, the box length changed as LZ(t) = LZ0 (1 + erate*dt). The pressures in 

the perpendicular directions (X and Y) were kept constant independently.  
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For each step in the deformation with a constant strain rate, the box size was 

scaled up according to the new strain. However, the coordinates of the atoms 

remained same; the velocities of the boundary atoms were tuned to match the new 

boundary condition. Therefore, the load is transferred from the boundary to the 

matrix and then to the reinforcement. 

Figure 2.3 shows the stress-strain curve of pure SiO2 by the molecular 

dynamics simulation. Figure 2.5 shows snapshots of the SiO2 deformation for 

selective steps. Figure 2.5(a) is the initial SiO2 sample before strain. In the elastic 

region, the Si-O bonds were stretched but no bonds broke, as seen in Figure 2.5(b). 

Then some of the bonds began to break, as seen in Figure 2.5(c). Finally, all the 

bonds near the interface broke, and new surfaces formed. The surface structure can 

be studied in Figure 2.5(d). The amorphous SiO2 has a plastic region in the stress-

strain curve because the bonds were breaking gradually and the surface has a 

roughness, while the well-defined crystal, α-quartz, is rather ductile (Figure 2.4). 

The comparison between the Young’s modulus from molecular dynamics simulation 

and from published literature is shown in Table 2.2. The Young’s moduli of quartz, 

silica and CNT match well with values found in literature. In conclusion, the recent 

set of ReaxFF Si/O/C parameters works well for simulating the mechanical 

properties of silica-CNT systems. 
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Figure 2.3 The stress-strain curve of pure SiO2 by molecular dynamics 
simulation 

 

Figure 2.4 The stress-strain curve of α-quartz 
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Figure 2.5 Snapshots from stretching a SiO2 sample 
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Young’s modulus (GPa) Simulation results Literature results 

Amorphous silica 62.5 65-90(glass) 

Quartz 74 ~74 

CNT 1310 ~1000 

Table 2.2 A comparision between simulated Young’s moduli using ReaxFF 
potential with literature values. 

 

2.3.3. The interactions of sp2-carbon and SiO2 

To study how sp2-carbon (e.g. CNT or graphene) interacts with SiO2, a piece 

of quartz and two grephene layers were put together. The quartz crystal was cut 

with the elements ratio Si:O=1:2, giving it two surfaces: one oxygen rich (the top 

surface in Figure 2.6a), the other silicon rich (the bottom surface in Figure 2.6a). 

Then, each surface was covered with a graphene sheet. With both active silicon and 

active oxygen bonds contacting carbon, this specific design can be used to verify that 

if Si or O can bind to carbon in graphene and CNTs. 

This structure (Figure 2.6a) has periodic boundary conditions in all 

directions. First, the structure was annealed from 2500 K to 300 K with barostat in 

three directions at zero pressure. The pressure was controlled independently in all 

three directions. The timestep is 0.1fs/step and there are total 1×106 steps. The final 

annealed structure is shown in Figure 2.6b. It has been found that the graphene 

layers are still isolated from SiO2 and do not form any bonds with the SiO2. Figure 
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2.6c. shows the top view of the SiO2 structure. The ball atoms present the surface 

structure, a bar model is used for atoms in the back. The surface Si and O atoms are 

also fully occupied and keep the same hybridization as in the bulk. The Si-O-Si bond 

angle is slightly adjusted, but does not change much from bond angles in the bulk. 

Typical structures are shown in Figure 2.6d and Figure 2.6e. In Figure 2.6d, two 

oxygen atoms form the bridge between two Si atoms, while in Figure 2.6e there is 

only one oxygen atom connecting the Si atoms. From the geometry, we can see that 

both the Si and O atoms are fully occupied and do not have any more active sites to 

bond with carbon. So next, we need to find a way to build the connection between 

SiO2 and carbon. 

2.4. The CNT-silica structure 

In this section, CNTs are inserted into a silica matrix to make a CNT-silica 

composite material. The interfaces of CNT and silica are studied, and an 

enhancement method is suggested.  

First, an amorphous silica cuboid was chosen and a cylinder void was made 

in the center to fit a (10,10) CNT along the Z axis. A (10,10) CNT was then inserted 

into the void. The structure is annealed for 500 ps from 1000 K to 300 K, and the 

final structure is shown in Figure 2.7(a). The silica surface at the CNT is also self- 

terminated, as shown in Figure 2.7(b). Note that the silicon atoms at the surface 

layer are still sp3 hybridized, accompanying the bond torsion to a certain degree. 

The interfacial adhesion is almost negligible according to our study, which means 
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that pure CNT does not form chemical bonds with a silica matrix, but only has a 

weak Vander Waals interaction. 

The next goal is to build a strong connection between CNTs and silica. The 

first challenge is creating direct binding. A CNT with point defects was designed, as 

can be seen in Figure 2.8(a). There were also dangling bonds remaining on the 

cylinder void surface in the silica phase. Then, the defected-CNT-silica structure was 

annealed to see if there would be any bonding. The final structure is shown in Figure 

2.8b. The structure shows that there are a few bonds between carbon and silicon, 

but the increase is far from sufficient to support a strong connection. Additionally, 

introducing a lot of point defects will significantly decrease the mechanical strength 

of CNTs.  
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Figure 2.6 The graphene-SiO2 interaction (Red:Oxygen, yellow: Silicon, grey: 
graphene) 
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Figure 2.7 Structures of CNT/Si-CNT and Silica composites, green-carbon, red-
oxygen, yellow-silicon: (a). The interface of CNT and silica; (b). The surface 

layer structure of silica at the interface with CNT; (c). The interface of Si-CNT 
and silica. 
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Figure 2.8 Introducing point defects on CNTs 
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2.5. The idea of Si-doping 

According to the tetrahedral silicon structure of SiO2 and SiC, a new method 

is proposed using extra silicon atoms to build the connection between CNT and 

silica. The procedure consists of doping a certain amount of Si atoms on CNTs; the 

doped Si atoms may open the possibility of forming chemical bonds with oxygen 

atoms from the silica matrix, as seen in Figure 2.7(c). Actually, the Si-doped 

structure has been observed in some experiments [72].  

Figure 2.9 shows a sample structure of Si-doped-CNT. This structure only has 

a single substitution, which is that one Si atom replaces one carbon atom from the 

CNT. However, because the Si atom is much larger than a carbon atom (considering 

the Van der Waals radius), the carbon atoms on the CNT have to adjust their 

positions to make space for it. As more silicon atoms are doped, a larger space for Si-

doped-CNT is needed. Thus, the Si-CNT’s diameter increases when the Si 

concentration is high, as shown in Figure 2.11. The silicon atoms may also locate off 

the carbon plane, as shown in Figure 2.9. Mavrandonakis, A., et al[73] studied the 

structural and electronic properties of silicon-carbon nanotubes. Their results show 

that Si-CNTs lose stability as the ratio of Si to C increases. The tube structures 

remain stable until the ratio reaches 50:50, after which the Si-rich tubes either 

collapse to nanowires or to clusters with solid interiors. 

Figure 2.10(a) and (b) show the radial pair correlation functions of doped Si 

with carbon on the CNT and oxygen atoms in the matrix respectively. The first peak 

on the plot shows the average distance from the nearest neighboring atom, which is 
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equal to the bond length of Si (doped)-C and Si (doped)-O. The bond length of Si 

(doped)-C is slightly longer than that of Si (doped)-O. For the comparison of Si 

(doped)-O, Figure 2.10(c) shows the pair correlation function of Si-O in the silica 

matrix. The Si-O bond length in the bulk silica is about 0.1 Å shorter than that of the 

Si(doped)-O. This is probably because the doped Si atoms no longer have the 

symmetric sp3 tetrahedral structure. Further research about the chemical 

environment of doped Si atoms is conducted and discussed in the following section. 

 

 

Figure 2.9 Si-doped-CNT. This sample has ~7.1 bonds/nm formed between Si-
CNT and SiO2 matrix. Bonding Si atoms are highlighted by yellow balls. 
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Figure 2.10 The radial distribution function of doped Si bonding with carbon, 
oxygen. Comparision with Si-O pairing in the silica matrix 
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Figure 2.11 CNT diameter changing with increasing amounts of doped silicon  

2.6.  First principle energy analysis 

In order to verify the feasibility of doping Si atoms on CNT, first-principles 

simulations were carried out and binding energies of Si dopants with OH (which 

mimics the dangling oxygen atom in glass matrix) were calculated, as shown in 

Figure 2.12. For comparison, the binding energies of pristine graphene and CNT 

with OH were calculated to be 0.93 eV and 1.15 eV respectively. These relatively 

small binding energies confirm that pristine CNTs cannot easily bind with the glass 

matrix. Two types of substitutions were therefore studied: in one configuration, one 

Si atom substitutes a single carbon atom, forming a 3-fold coordinated silicon defect; 

in the other configuration, one Si atom substitutes a C-C dimer, forming a 4-fold Si 

defect. Both these two substitutions were studied on graphene and CNT.  

13.9 

14 

14.1 

14.2 

14.3 

14.4 

14.5 

14.6 

14.7 

0 0.02 0.04 0.06 0.08 0.1 0.12 

N
an

o
tt

u
b

e 
d

ia
m

et
er

 (
Å

) 

Si% 



 39 

All DFT calculations are performed with VASP (Vienna Ab-initio Simulation 

Package) using plane wave basis sets, an energy cutoff of 400 eV, Projector 

Augmented Wave (PAW) potentials, and the generalized gradient approximation. 

Large supercells are chosen to eliminate the interaction of Si atoms between 

supercells with distance to neighboring Si atoms 12.82 Å for graphene and 9.84 Å 

for CNT. The K-meshes were 4×4×1 for the graphene supercells and 1×1×2 for the 

(10,10) CNT supercells. All the structures are fully relaxed with the conjugate 

gradient method setting the convergence threshold on forces to 0.01 eV/Å. 

The binding energy of Si-O bonds is calculated using 

                                     

for both pristine and Si-doped structures (graphene or CNT), where EC-Si-OH is 

the total energy of Si-doped structures bonded with –OH, EC-Si is the total energy of 

the Si-doped structure, Egraphene/CNT is the energy of pristine graphene or (10,10)CNT 

and EOH is the energy of -OH. 

The binding energies of 3-fold and 4-fold Si on graphene with OH are 4.77 eV 

and 3.91 eV, and are 4.71 eV and 3.64 eV on a (10,10) CNT. If only one carbon atom 

is substituted, the Si dopant forms an sp3 hybridization binding with three carbon 

atoms on the CNT and one oxygen atom in the matrix; Si dopants can have an sp3d 

hybridization on graphene where two sides of the Si dopant are active. If two carbon 

atoms are substituted by one Si atom, the Si atom forms an sp3d2 hybridization 

binding with four carbon atoms and one atom to the matrix (the latter bond is 

perpendicular to the carbon plane). These defects have been also observed in 
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experimental images. Ramasse et al. [74] and Zhou et al. [72, 75] discovered these 

two types of configurations on graphene, which further confirmed that it is 

achievable to dope Si atoms on graphene or CNTs. From first-principles calculations, 

the relatively larger binding energies of Si substituting one C with OH indicate that 

surrounding O atoms energetically prefer to bind with this type of Si dopants. As a 

result, CNTs with Si atoms substituting one carbon are chosen as reinforcements to 

form a new glass composite: Si-CNT-glass composite. These new Si-O bonds 

significantly enhance the interfacial strength between the reinforcement and the 

matrix of this new composite. 
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Figure 2.12 Structures(a’)-(d’), charge density isosurfaces(a)-(d), and binding 
energies of OH group with Si dopant: (a)(a’)-one Si substitues one C atom on 
graphene; (b)(b’) one Si substitutes two C atoms on graphene; (c)(c’) and 

(d)(d’) are the same structures on a (10,10) CNT. (Red:O, yellow: Si, green:C, 
white:H) 
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2.7. Results and discussions 

2.7.1. Si-CNT-glass composites’ Young’s modulus 

With the validation from our first principle calculations, the structural 

properties of Si-CNT-silica composites are now explored via molecular dynamics 

simulations. For the case that CNTs are in continuous phase in the composite, Ci et al 

reported that in a continuous millimeter long CNT running through a matrix [76], 

the strength in the longitudinal direction increased by 3300%. However, due to the 

limited length that the current CNTs’ massive production can achieve, we still model 

our system as a “short fiber composite”, which means that the CNTs are discrete and 

have finite length when dispersed in the glass matrix. In this work, in each unit cell, 

a (10, 10) CNT with caps is inserted into a glass cuboid. The length of the CNT is 

about 55 Å. The unit cell of this glass composite, for example with 5 vol % CNTs, has 

the dimension as 51.1 × 53.5 × 61.8 Å3, with a total of 11,000 atoms, as shown in 

Figure 2.13. Periodic boundary condition is applied in all directions. This is 

equivalent to repeating the unit cell in all directions, and therefore the structure can 

represent a CNT bundle with cubic packing in a glass matrix. In MD, stress-strain 

simulations along the longitudinal direction of the CNTs/Si-CNTs were carried out 

with engineering strain rate at         . The engineering strain and the stress was 

recorded every certain time steps. The Young’s modulus is calculated as the slope of 

the linear regime of the stress-strain curve.  

Four doping concentrations of Si-CNTs are designed: 1%, 2%, 5% and 10% 

substitutions of carbon atoms on CNTs respectively. Silicon atoms are randomly 
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distributed on each CNT, and each structure is optimized by annealing. However, 

compared to a pristine CNT, Si-CNT has lower Young’s modulus because each silicon 

dopant is a point defect. More defects on CNT reduce the mechanical performance 

dramatically, as shown by the blue squares in Figure 2.15. The Young’s modulus of 

Si-CNTs drops almost 40% for a 10% doping Si-CNT. A doping concentration higher 

than 10% is not recommended since Si-CNTs will have high chance to fail. 

Three sets of Si-CNT-glass composites were tested with Si-CNT volumetric 

percentages: 5%, 17%, and 17% but twice longer CNTs. The Young’s modulus 

results from simulations are shown as the triangular, circular, and diamond markers 

in Figure 2.15. As a reference, the Young’s modulus of pure glass is also simulated 

in the same way, and listed for comparison (the black dashed horizontal line in 

Figure 2.15). In Figure 2.15, the first triangle point represents perfect CNTs in the 

glass matrix. The Young’s modulus of such a structure is even smaller than that of 

pure glass because the CNTs and the glass are in two isolated phases with very weak 

van der Waals interactions. In this case, CNTs do not reinforce the matrix but 

introduce defects in the glass. However, when the same piece of CNT is doped with a 

certain amount of Si atoms, the composite’s Young’s modulus increases with the 

doping level because a portion of the Si dopants bind with oxygen atoms in the glass 

matrix. Consequently, with more Si atoms on the CNT, there are more active sites to 

bind to the glass matrix; the interfacial strength is higher and the load transfer is 

more efficient. Figure 2.15 shows the overall Young’s modulus can increase up to 

11.3%, 40.8%, and 56.3% for these three sets. 
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Figure 2.13 A CNT-silica composite configuration 

 

2.7.2. The new model to calculate composite’s Young’s modulus 

Ideally, in iso-strain condition, the composite’s Young’s modulus is 

proportional to each individual Young’s modulus and the volume fraction: 

                          . In this case, the CNT is considered to be 

infinitely long, and the load is considered to be directly applied on the CNT.  The 

expression shows that for a fixed volume fraction, if the reinforcement’s Young’s 

modulus ECNT decreases, the total Young’s modulus    should also decrease, which 

contradicts with the trends shown in Figure 2.15. For a finite length CNT, the 

external force is transferred through the glass matrix to the CNT, so the interface 

load transfer and interfacial strength are very important. Also, for the same 

volumetric fraction, the Young’s modulus is higher for composites with longer CNTs.  

This indicates that the aspect ratio along the load direction may affect the total 

strength.  Here a new shear-lag model is derived to describe how the interfacial 
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strength and the aspect ratio affect the total Young’s modulus of the composites 

reinforced by a finite length fiber.  

As shown in Figure 2.14, a fiber has the radius r and length L, the distance 

between two fibers is 2R. uf is fiber’s displacement, ur is the matrix’s displacement 

near the fiber surface, and uR is the displacement of the matrix bulk. So uR and ur are 

related by the interface strength    and matrix’s shear modulus   : 

 
      

   

  
  

 

 
 

(2.3) 

Existing models from the literature for describing Young’s modulus of finite 

length fiber composites all consider the interface between the reinforcement and 

matrix has perfect bonding, which means the fiber and the matrix has the same 

displacement near fiber surface, uf = ur . However, if the interface is not strong 

enough and slippery happens, uf ≠ ur . In this work, we assume  

          (2.4) 

The parameter   describes the ratio between CNT displacement and matrix 

displacement near the CNT surface when the slippery happens.   has the value from 

0 to 1:     when there is no connection between CNT and matrix and     when 

the interface has perfect bonding.  

The full development is based on the modified shear-lag model and the 

derivation details are shown in Supplemental Information. The stress on the fiber is 

not constant but a hyper cosine distribution along the fiber: 
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(2.5) 

   is the fiber stress near the end. In this work, we assume it is close to 

matrix bulk stress       : 

                and            
(2.6) 

 

 

Figure 2.14 Schematic illustration of displacement definition and stress field 
in the modified Shear lag model. 

 

The final expression of the composite’s Young’s modulus    is a function of 

each individual Young’s modulus, the volumetric fraction of CNT  , the interface 

coefficient  , and reinforcement’s aspect ratio  
 

 
  , as shown here:  
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           (2.7) 

in which, 

 

   
  

                  
 

 
 

 (2.8) 

and 

             
(2.9) 

The value of   reflects the interfacial strength.  The interfacial force between 

the Si-CNT and the glass has two parts revealed by Eq. (2.9): the first part is from 

the chemical bonds formed by Si dopants; the second part is from Van der Waals 

interactions.  If we use a spring model to describe the bond strength at the interface, 

the total bond strength will be proportional to the number of bonds.  If every Si 

dopant builds a link with the glass, the total bond strength will be proportional to 

the number or concentration of Si dopants, Si%.  The van der Waals force is 

proportional to the interacting area.  In MD simulations, the value of    can be 

measured by analyzing the atoms’ trajectories. Several groups of atoms on Si-CNTs 

and glass near the interface are anchored and the trajectories are recorded.  The 

displacements and the ratio   can therefore be calculated.  With the measured   

values, we did the regression analysis of the   values with respect to the 

concentration of Si dopants, Si%.  We used the linear relationship as shown in Eq. 

(2.9) to model it. The values used for the coefficients are:     and         . 
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Thus, the Young’s moduli of Si-CNT-glass composites with different Si doping levels 

can be obtained from Eq. (2.9) which is shown in lines in Figure 2.15.  

 

Figure 2.15 Young’s modulus of Si-CNT-glass composites with different 
doping levels. Blue square points are the simulated Youg’s moduli of Si-CNTs 

with different doping levels. Black triangulars, green circles and red diamonds 
show the simultion results of composites for three different sets. The black, 
green and red lines are the predicted Young’s modulus for these three sets 

from modified shear-lag model Eq. (2.9).  
 

Following are the further discussions about how the interfacial strength and 

fiber’s aspect ratio will affect the composite’s Young’s modulus. First, the interface 

factor   reflects the interfacial strength. Figure 2.16 shows an example how the 
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interface property will affect the composite’s Young’s modulus   . This figure was 

calculated using a fix aspect ratio(L/r), as the fiber’s volumetric fraction increases, 

   will increase when   is higher than a critical value, as shown by the group of blue 

lines; however,    will decrease when   is very low, as shown by the group of red 

lines. The black dash line is the isostrain condition as a comparison. Presented here 

are several extreme conditions to test the model: 

Case 1: if CNT does not bond with matrix,    , 

 

      
     

  
 

 

  
 

         
   
            (2.10) 

 

In this case, the reinforcement does not contribute to the composite’s 

strength but makes a void in the matrix, thus composite strength is reduced. 

Case 2: if the interface has perfect bonding,    , the composite Young’s 

modulus    is roughly proportional to the volumetric fraction of each phase, but the 

aspect ratio of the reinforcement along the load direction, 
 

 
, plays an important role: 
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with  

 

   
  

                 
 

 
 

 

(2.12) 
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Case 3: if it is in isostrain condition:      
 

 
    

   
 
 
  

 
     

  
  

  
 

    

thus,              , which is consistent with the traditional isostrain 

estimation. 

 

Figure 2.16 Composite’s Young’s modulus with respect to the change of 
interface parameter   . 
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Second, the reinforcement’s aspect ratio along the load direction is also 

important in short fiber composites. In another words, it reflects how far the 

geometry structure is from isostrain condition. From Figure 2.16 we can see that 

there is a gap between the dark blue line and the black dash line even when    . 

This is just because the finte length of the reinforcement along the load direction 

and the stress is reduced in the discontinuous region. When aspect ratio along the 

load direction increases, the composite’s Young’s modulus will increase and the gap 

mentioned above wil be smaller. Figure 2.17 shows how the composite’s Young’s 

modulus increases as the aspect ratio increases. A critical  
 

 
  is identified above 

which Ec is higher than 95% of the value in isostrain case. In the left regime where 

 
 

 
   

 

 
 
 

, Ec is very sensitive to the aspect ratio change, and a higher aspect ratio 

is desired when the composite is being designed. The right regime where  
 

 
   

 

 
 
 

 

can be treated as very closed to isostrain condition. In this regime, the composite’s 

Young’s modulus has reached 95% of that in an isostrain case and the effect of 

aspect ratio can be negelected.  
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Figure 2.17 The composite’s Young’s modulus v.s. reinforcement’s aspect ratio 

 

Figure 2.18 shows the validation of this model using MD simulation results. 

These are same Young’s modulus v.s. volume fraction curve as in Figure 2.16 but are 

plotted in logarithmic axes. The measurements from MD results show that for the 

four different reinforcement CNT/Si-CNTs with a 55 Å in length, the values of   are: 

CNT,           ; Si-CNT with 1% Si,            ; Si-CNT with 5% Si, 

          ; Si-CNT with 10% Si,           . The red and blue markers 

represent two composites varied by CNT’s volumetric fraction: the red one has a 

5vol% and the blue one has 17vol%. The CNT/Si-CNT in the composite has the same 

type and length, so the aspect ratio is fixed. The four panels represent the glass 

composites with pure CNT, Si-CNT with 1% Si-doped, Si-CNT with 5% Si-doped, and 
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Si-CNT with 10% Si-doped, from left to right and from top to bottom respectively. 

The analytical results are calculated by using the suggested   values. The red lines 

mean that the interface contact is weak and the reinforcement has negative 

contribution. The black dash lines are for isostrain conditions. The analytical 

predictions align very well with the MD results.  

 

Figure 2.18 Validation of Equations (2.7) and (2.8) by MD simulation results 
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2.7.3. Interface strength 

In order to quantitatively characterize the interface strength, pulling the 

CNT/Si-CNT out of the silica matrix was simulated, and the pulling force was chosen 

as the characterization parameter. The tubes are pulled at a constant velocity 0.001 

Å/fs. Figure 2.19 shows the pulling process of a Si-CNT. The green balls on the Si-

CNT are doped Si atoms. The one with a white circle is tracked to demonstrate the 

bond with the silica matrix breaks when the tube is pulled, and the new bond forms 

when it finds the next matching oxygen. In Figure 2.19, (a) the Si atom was initially 

bonded to one oxygen atom in the matrix; (b) the bond was stretched and later 

began to break as the tube was pulled; (c) the bond was broken, and the Si atom 

actively sought the next available oxygen site; (d) a new bond was formed. The 

initial structure has the most bonds formed between Si dopants and the matrix. 

When pulling begins, the conditions that new bond can be formed are: (1) there is 

oxygen dangling bond along the Si atom’s pathway; (2) the oxygen dangling bond is 

within a certain distance that the Si can reach. On the other hand, since the pristine 

CNT does not have bond with silica, there will not be a bond breaking and rebonding 

process during the pulling. In the direction the tube is moving, a periodic boundary 

condition is set; once the tube moves outside of one surface, it will enter from the 

other side, so the contact area remains constant throughout the pulling in order to 

keep the same level of resistance. The overall calculation results of the pulling force 

reflects the interfacial resistance; the larger the pulling force, the higher the 

observed interface strength will be. The force for pulling a CNT is related to the van 

der Waals force between the two bodies, while the force for pulling a Si-CNT is 
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related to the binding strength of the interface plus van der Waals force. In Figure 

2.20, the average force pulling on the Si-CNT is about 8.3 times larger than that for 

pulling a CNT, indicating Si-CNT forms a significantly stronger interface with the 

silica matrix. 

 

Figure 2.19 Snapshots of bond breaking and rebonding between Si dopants 
and the silica matrix 
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Figure 2.20 Pulling force comparision for different composites. Blue:pulling a 
Si-CNT; red: pulling a CNT. 

 

2.8. Probing the synthesis of Si-CNT 

Besides the first principle verification of Si-C structure, there have been 

already several experiments providing evidence for the substitution of Si atoms in 

carbon frameworks.  

In Sun’s work about the synthesis of SiC carbon nanotubes (Sun et al. JACS 

2002[77]), they use SiO gas to react with multi-wall carbon nanotubes. First, SiO 

powder was heated above 1200 C, then was blown by argon and H2 to react with 

MWCNTs downstream. The SiO gas has the disproportionation reaction with 

MWCNTs, in which various SiC nanotubes, shown in Figure 2.21 were for the first 
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time observed. The authors introduced Si atoms onto the surface of MWCNTs. As 

discussed in previous section, Si-C structures with a Si:C ratio close to or larger than 

50:50 are more likely to be collapsed to a nanowire instead of becoming a nanotube. 

Therefore, to achieve a stable nanotube structure, the Si% should be less than 50%. 

Rather than SiC nanotubes, the structure is more likely to be a Si doped CNT. 

 

Figure 2.21 The HRTEM image of an SiC nanotube structure with 3.8 Å 
spacing[77]. 

 

Ramasse et al.[74] and Zhou et al.[36]identified two types of Si-doping 

structure configurations on graphene, almost simultaneously. Figure 2.22 shows 
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Zhou’s direct experimental images [36]. One type of configuration is where one Si 

atom substitutes a single carbon atom, forming a 3-fold coordinated silicon defect; 

the other type is where one Si atom substitutes a C-C dimer, forming a 4-fold Si 

defect. These defects are not synthesized, but occur during the film growth process 

as defects from the chemical vapor deposition. The 3-fold Si defect is found to be 

more stable, and appears more often. Ramasse et al.[74] performed the first 

principle calculations to verify these structures. With the calculations, they were 

able to prove that the 3-fold structure is distorted with Si-C bond length 1.740 Å and 

that the Silicon atoms are a distance of 0.950Å off the plane. The calculated spectra 

also closely match the experimental ones. Zhou et al.[36] also claimed that the 4-fold 

Si structure is sp2d hybridized rather than sp3. 
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Figure 2.22 Atomic structures for threefold and fourfold coordinated Si 
impurities in monolayer graphene. (Reproduced from [78]) 

 

The examples above provide enough evidence that Si atoms can stay stable 

on carbon nanomaterials, and can also be synthesized through experimental 

processes such as CVD (Chemical Vapor Deposition), using carbon materials as 

substrates. 
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Chapter 3 

Thermal Properties and Thermal 

Rectifications of Carbon Nano-

Materials 

3.1. Introduction 

Thermal conductivity is a key property of any material. Carbon nano-

materials have significantly different thermal properties compared to that of bulk 

materials. In this chapter, molecular dynamics simulation is chosen to predict the 

thermal behavior of the carbon nano-materials and different MD simulation 

methods are reviewed and compared. Thermal rectification effects are discovered in 

some special carbon nanosystems, and this chapter also suggests the underlying 

mechanisms.  
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3.2. Molecular dynamics simulation for the thermal properties 

of nano-materials 

Classical force-field molecular dynamics simulation serves as a powerful tool 

for calculating thermal conductance. Molecular dynamics simulation deals with the 

systems in the atomic level compared to other simulation methods such as ab initio 

quantum mechanics simulation in the micro-scale or finite element simulation in the 

macro-scale. There are limitations to the use of finite element simulation and ab 

initio quantum mechanics simulation: for finite element simulation, the basic 

thermal conductivities of the materials are input variables for the simulation. These 

conductivities need to be obtained from either experimental results or from 

fundamental simulations like MD or quantum mechanics simulations. Therefore, 

finite element simulation is not valid for predicting the thermal behavior of new 

materials. Ab initio quantum mechanics simulation has the most accurate results for 

calculating a material’s properties because it deals with the fundamental 

information from the electronic structure of each individual atom. However, due to 

the complexity of ab initio simulation and its high computational cost, the size of the 

simulation system is limited to typically only a hundred of atoms. Because of this, 

MD simulation is the preferred tool for predicting the thermal behavior of a system 

in nano-scale. 

In molecular dynamics simulation, the interactions between atoms are 

described by the empirical interatomic potential. The simulation procedure 

integrates the Newton’s classical equations of motion. Each atom has the properties 
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of mass    , velocity     , and position          . The temperature of the system T is 

defined by the energy equipartition theorem, 

   
 

    
     

 

 

   

 (3.1) 

where N is the total number of the atoms,    is the Boltzmann constant, and 

   and    are the mass and the velocity of atom i, respectively. 

Thermal conductivity   is calculated from the Fourier law, 

 
   

  

  
   

  

  
 

(3.2) 

where    is the heat flux in heat transfer direction z;    is total amount of 

heat transported;    is the cross section area; and 
  

  
 is the temperature gradient 

along that direction. Thus the thermal conductivity   can be determined by the heat 

flux and temperature profile obtained from molecular dynamics simulation.  

 

There are three different approaches in molecular dynamic simulation to 

calculate thermal conductivity: Nonequilibrium molecular dynamics method 

(NEMD), Green-Kubo method, and direct method. These methods are discussed in 

the following sections. 
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3.2.1. Nonequilibrium molecular dynamics method (NEMD) 

NEMD is a reversed cause and effect method compared to the traditional 

experimental method for heat transfer. In a traditional experimental approach, the 

heat flux is generated when there is a temperature difference. The hot and cold 

temperatures can be set but the heat flux is difficult to measure. Muller-Plathe et 

al([79], Phys. Rev. E, 1999) invented this reversed method, in which a certain 

amount of heat flux is introduced to the system first, and then the temperature 

difference and temperature profile are measured. The simulation box is divided into 

N slabs along the heat dissipation direction, as shown in Figure 3.1 below. The two 

red slabs in the middle are chosen as “hot” slabs and the two blue ones are chosen as 

“cold” slabs. In each step the velocities of the coldest atom in the hot slab and the 

hottest atom in the cold slab are exchanged. In this way the heat is artificially 

transferred from the hot slabs to the cold slabs. The temperature difference is 

induced, and when the system reaches steady state, the temperature profile can be 

measured since the temperature is related to the kinetic energy of the atoms. The 

final thermal conductivity can be calculated as in Equation (3.3) below: 

 
   

 
 
    

    
           

          
 

(3.3) 

where   
  and   

  are the exchanged velocities, h and c refer to the hot and 

cold atoms; m is the mass of an atom; A is cross-sectional area;         is the 

temperature profile; and t is the overall time for the system from initial state to the 

equilibrium state. 
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Figure 3.1 Sketch of the slabs definition in the simulation box. The system has 
to be periodic in the heat transfer direction (horizontal direction in this 

sketch). Slab 0 and Slab N-1 are the “cool” slabs; Slab N/2 and Slab (N/2+1) are 
hot slabs. The heat is transferred artifically from the cold to the hot slab. The 

tempreature profiles are symmetric for the one from Slab 0 to N/2 and the one 
from Slab (N/2+1) to (N-1). 

 

From this approach the energy is conserved absolutely, since there is no heat 

exchange with the environment. Also, there is no external thermostat needed. The 

system is periodic; there are no artificial walls. All these parameters in Equation 

(3.3) are either known exactly or easy to calculate. However, there are certain 

restrictions for this method: the system has to be mirror symmetric, which makes 

the original system twice as large to build a symmetric system; the exchanged atom 

pair must have the same mass; and the steady state is difficult to define since the 

heat exchange is enforced and there are always cold and hot atoms to exchange. All 

these above are the weaknesses of this method. 

 



 65 

3.2.2. Green-Kubo method 

The Green-Kubo method is an equilibrium molecular dynamic method. It 

generally calculates the system’s macroscopic properties (thermal conductivity, 

viscosity, diffusivity, etc) from the microscopic atoms’ fluctuations (e.g. velocity-

velocity autocorrelation function).  

In the Green-Kubo method, there is no hot source or cold sink in the system. 

In MD simulation, the system first reaches an equilibrium state at a certain 

temperature. In this state, the atoms still vibrate around the equilibrium position. 

The trajectories of atoms are monitored and the fluctuations of velocities are 

calculated. Then, from Fourier transform of the velocity-velocity autocorrelation 

function, the vibrational density of states and the important vibrational systems are 

obtained. For a solid this is the vibrational density of states of the phonon modes.  

The Green-Kubo formulae calculate the thermal conductivity κ by relating 

the ensemble average of the auto-correlation of the heat flux J (from LAMMPS 

manual, [80]):  
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Where ei is the per-atom energy (potential and kinetic); iS  is the per-atom 

stress tensor; v is the velocity of an atom; V is the volume of the system; T is the 

temperature; and kB is the Boltzmann constant. Expressing the total potential 

energy        as a sum of the binding energies    of the individual atoms, then 

         , where    is the gradient with respect to the position of atom i.  

The finite-size effects bring restrictions for the direct method of simulating 

thermal conductivity. Schelling et al [81] gave a deep discussion and comparison of 

the direct method and the Green-Kubo method. When the system size is less than 

the phonon mean free path, there will be scattering near the materials interfaces 

and the boundaries, reducing the final thermal conductivity due to the system size. 

This is called the Casimir limit. On the other hand, since there are no hot and cold 

reservoirs in the Green-Kubo method, the system size effect is less significant than 

in the direct method.  

3.2.3. Direct method 

The direct method presented here is analogous to the traditional 

experimental way to measure thermal conductivity by setting the hot and cold 

reservoirs and then measuring the heat flux. By using Eqn (3.6), the thermal 

conductivity can be calculated from the temperature gradient and heat flux. Using 

the hot and cold heat reservoir temperatures, the temperature profile is assumed to 

be linear and the temperature gradient is the slope of the temperature profile. The 

definition of each parameter in Eqn (3.6) is the same as in Eqn. (3.2). 
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(3.6) 

In a molecular dynamics simulation, the two hot and cold reservoirs are set 

at two constant temperatures in a canonical ensemble (NVT). In the molecular 

dynamics simulation software package LAMMPS[82], the heat flux can be obtained 

by the output of the “fix nvt” command: the command itself performs time 

integration on the Nose-Hoover style non-Hamiltonian equations of motion; this 

output gives the value of work that the system needs to keep the constant 

temperature in the canonical ensemble (NVT). 

3.3. Molecular Dynamics simulations of thermal rectification in 

carbon nano-devices 

In this work, thermal rectification phenomenon in carbon nano-systems are 

studied in classical molecular dynamics simulations. The LAMMPS software package 

[82] developed by Sandia National Laboratory is used. AIREBO potential [66] is 

applied to describe the carbon-carbon interactions.  

 

3.3.1. Trapezoidal graphene ribbons 

The thermal rectification phenomenon is reviewed in Chapter 1. In a 

graphene sheet, it is very easy to cut a ribbon with asymmetric shape. Here we study 

the thermal rectification in isosceles trapezoidal graphene ribbons. Size and 
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dimensions are shown in Figure 3.2. The red and blue regions represent the two 

different thermostats. Both of the two isosceles trapezoidal graphene ribbons are 

about 21.2 nm long including the two heat reservoirs. The two reservoirs are about 

2 nm wide. For the first trapezoidal graphene, the two bases are 2.5 nm and 15.5 nm 

in length. The angle formed by the two sides is 40°. The second trapezoid graphene 

has two bases that are 2.5 nm and 8.4 nm long and the angle of the two sides is 20°. 

The temperatures of the two heat reservoirs are defined as             .     is 

the average temperature and varies from 100 K to 1500 K.  

In each simulation, the whole system was first heated up to the temperature 

   . The system was equilibrated in the canonical (NVT) ensemble for 500 ps at 0.5 

fs per time step. Then the wide reservoir was set in the NVT ensemble at the 

temperature        . The narrow reservoir was also set in the NVT ensemble, but at 

the temperature        . Between the two heat reservoirs, the central part of the 

trapezoidal graphene was set in NVE ensemble. This setting was run for 2500 ps at 

0.5 fs per time step. The cumulative work of the two heat reservoirs to the 

environment was recorded. The hot end needs to gain energy from the environment 

to maintain the temperature; this amount of energy is transferred to the cold end as 

the heat flux; at the same time, the cold end needs to release the same amount of 

energy to the environment to stay at its cool temperature. The two thermostats 

were operated by the Nose-Hoover style non-Hamiltonian equations of motion. This 

heat flux was recorded, and the conductance      was then calculated. 
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The other simulation was carried out, following the same procedure. 

However, the two reservoir temperatures are switched: the wide end has the hot 

temperature         and the narrow end was set as the cold temperature        . 

The heat flux was recorded and the conductance     was calculated. A series of 

simulations were run at different average temperatures <T>. 

For an infinite pristine graphene sheet, the heat transfer is ballistic rather 

than diffusive when its dimension is smaller than the phonon mean free path. For a 

finite size graphene ribbon, its thermal conductivity is reduced due to the phonon 

scattering at the boundaries. For the trapezoidal graphene ribbon, the width and 

temperature also affect the local conductance. Therefore, the thermal property of 

the trapezoidal graphene ribbon is not actually homogeneous. Thus in this work, the 

ribbon is modeled as a combination of multiple layers of different materials along 

the heat propagating direction, as shown in Figure 3.3. 
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Figure 3.2 The configurations of the trapezoid graphene ribbons. 

 

 
 

Figure 3.3 Multi-layers model of the trapezoid graphene ribbon.  

 

κ (x) 
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Evans et al (Appl. Phys. Lett., 2010, [83]) showed the width dependence of 

thermal conductivity for a finite size graphene ribbon by Molecular Dynamics 

simulation. They discussed the effects of ribbon width, edge roughness, and 

hydrogen termination. In Figure 4 of their work, the thermal conductivity increases 

linearly as the ribbon width increases; though after a certain width, the thermal 

conductivity changes very little. Here the simple relationship of     is taken from 

their work, where   is the thermal conductivity and w is the width of the ribbon.  

For the temperature dependence, our collaborated work [84] showed the 

thermal conductance of different widths of graphene ribbon for varying 

temperature. The thermal conductance 
 

  
 has a dependence of        at low 

temperature region. If 
 

  
   is chosen, then   

 

  
    , where L is the length of 

the ribbon in the heat flux direction. Finally, a simple solution of calculating effective 

thermal conductivity is set as                      , where C is a constant 

which is related to other effect factors of     . 

The heat flux    through each layer is constant. Thus we have:  

 
           

  

  
             

  

  
 

(3.7) 

The width of the layer at position x is described as below,    and    are the 

width of the top and bottom of the trapezoid: 

                
 

 
 (3.8) 

In steady state,    is constant. Integrating Eqn. (1.7) from x=0 to x yields: 
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(3.9) 

Then, 

 
 

 
        

   
   

        
 

 

          
 
 

 
 

  
  

(3.10) 

Also, integrating Eqn. (1.7) from x=0 to x=L yields: 

  

 
     

    
   

   

        
 
 

  
 

 

  
  

(3.11) 

Divide Eqn. (1.10) by Eqn. (1.11). The constant C, the heat flux    and the 

thickness s are canceled out, and the temperature profile becomes: 

 

     
     

    
  

 

   
  
  

   
 
 

  

  
  

  
 

(3.12) 

The temperature profiles for the 40° GNR and 20° GNR at <T>=500 K are 

plotted in Figure 3.4. The diamond and triangular dots are results from MD 

simulation. During the MD simulation, the trapezoid is divided into about ten slabs 

along the heat flux direction. The solid and dashed lines are calculated results by 

Eqn. (3.12). The local temperature is averaged within each slab. The temperature 

profile is not linear compared to the linear profile as is usually seen in a bulk 

material; nor is it logarithmic as is usually found for a bulk material in the radial 

direction in a cylindrical system. Thus the trapezoidal GNR should not be treated as 

a homogeneous material, although some other properties, such as local density, are 
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homogeneous. The calculated results match well with the results from MD 

simulations, which support the assumptions for calculating      .  

The thermal rectification effect is defined as   
           

    
. For each 

average temperature <T>, α(T) is calculated. The data are fitted as the power law of 

   , where the power is close to (-1), as shown in Figure 3.5. Higher thermal 

rectification is observed at low temperature. At the temperature 100K, the factor α 

goes up to 0.75. As temperature increases, the rectification becomes less significant, 

and α goes below 0.1 at 1500 K. This is because the phonon scattering at the GNR 

edge is more sensitive at low temperatures.  
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Figure 3.4 Temperature profiles in 20° GNR (a) and 40° GNR (b) at the average 
temperature <T>=500 K. The diamonds and triangules are results from MD 

simulation, for the temperature profile from wide to narrow edges and from 
narrow to edges respectively. The solid lines and dash lines are calculated 

results from Eqn.(3.12). 
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Figure 3.5 The thermal rectification factor α as a function of temperature. Red 
squares and blue diamonds are simulated results from MD for 20° and 40° 

trapezoidal graphene ribbons respectively. The red and blue lines are fitted 
curves, with α(40°) = 80.51/T and α(20°) = 19.43/T 

 

3.3.2. Carbon Nanocones 

A carbon nanocone shell is also an asymmetric structure as from folded 

graphene sector. The heat reservoirs are set at the base and the vertex. Two cone 

shell structures are designed in which the thermal rectification effect was studied. 

The geometries are shown in Figure 3.6 below. The upper structure in Figure 3.6 is 

rolled by a graphene sector with a 120° vertex angle. The diameter of the base is 4.7 

nm and the diameter of the vertex is 0.6 nm. The total height is 5.4 nm. The bottom 

structure is rolled by a graphene sector with a 60° vertex angle. The diameter of the 

base is 2.4 nm and the diameter of the vertex is 0.2 nm. The total height is same. The 
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heat reservoirs are shown in the red and blue colors. The heat flux is in axial 

direction.  

 

Figure 3.6 The configurations of the Carbon nanocones. The top one is folded 
from a 120° sector. The bottom one is folded from a 60° sector. The 

dimensions are marked in the figures. 

 

The similar simulation procedure is followed as we did in the trapezoidal 

graphene ribbons. The temperatures of the two heat reservoirs are also defined as 

            . The system is first heated up in an NVT ensemble and then the 

thermostats are set and the heat fluxes were calculated. The settings of 

temperatures, time step and total time are the same as that in trapezoidal graphene 

ribbons. Several sets of simulations at different average temperatures <T> from 100 
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K to 1500 K were carried out. The results of thermal rectification factor are shown 

in Figure 3.7 below. The thermal rectification effect in carbon nanocones has the 

same trend as thant in trapezoidal GNRs. However, the magnitude is about half that 

of the trapezoidal GNRs. This is probably because the cone structure is more similar 

to the carbon nanotube structure, and there is no edge scattering in the cones.  

 

Figure 3.7 The thermal rectification factor α as a function of the average 
temperature <T> in carbon nanocone shells. Red squares and blue diamonds 
are the simulated results from MD for 60° and 120° graphene-sector-rolled 

cone shells respectively. The red and blue lines are fitted curves. 

 

Back to the temperature profiles along the longitudinal direction of the cones, 

they are slightly different than those in trapezoidal GNRs. The equations used to 

describe the temperature profiles in trapezoidal GNRs do not match with the 

temperatures from the MD simulations in nanocone systems, because the effective 



 78 

thermal conductivity      includes the effect of the edge scattering in GNRs and 

there is no edge scattering in nanocones, the      for the carbon nanocone systems 

should be considered differently.  

As a first approach, an average value is assumed,           . The heat flux    

through the cone is:  

 
                  

  

  
 

(3.13) 

The cross-section area A(x) of the cone layer at position x is described as 

below,    and    are the radius of the top and bottom of the cone, s is the thickness of 

the cone shell, L is the height of the cone: 

                    
 

 
  (3.14) 

In steady state,    is constant. Integrating Eqn. (1.13) from x=0 to x yields: 

 
             

 

  

    
 

              
 
  

 

 

   
(3.15) 

Then, 

 

 
                 

  

   
 

       

              
 

 
        

(3.16) 

Also, integrating Eqn. (1.7) from x=0 to x=L yields: 
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(3.17) 

Dividing Eqn. (1.16) by Eqn. (1.17), the           , the heat flux    and the thickness 

s are canceled out, and the temperature profile becomes: 

 

            

   

  
     

     

   
  

    
 

(3.18) 

The temperature profiles for the 40° GNR and 20° GNR at <T>=500 K are 

plotted in Figure 3.8. As with the plots for GNRs, during the MD simulation, the cone 

structure is also divided into ten slabs along the longitudinal direction. The 

temperature in each slab is recorded. The diamond and triangular dots are the 

results from MD simulation; the solid and dashed lines are calculated results by 

Eqn.(3.18). The temperature profile is not linear; it is more close to the logarithmic 

profile in radial direction of a cylindrical system.  
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(a)

(b) 

Figure 3.8 Temperature profiles in 120° carbon nanocone (a) and 60° carbon 
nanocone (b) at the average temperature <T>=500 K. The diamonds and 

triangulars are results from MD simulation, for the temperature-profiles from 
wide to narrow edges and from narrow to wide edges respectively. The solid 

lines and dashed lines are calculated results from Eqn.(3.18). 
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By now the analytical approximations to describe the temperature profiles 

from MD simulations (both for trapezoid GNRs and carbon nanocones) have been 

successful. The real expressions for      are not clear yet. The constant C for 

trapezoid GNRs need to be determined. The            in the cones may have weak 

dependence on the temperature. The temperature dependences of the thermal 

rectification effect α need to be determined.  
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Chapter 4 

Hydrogen storage capacity of carbon-

foams: Grand canonical Monte-Carlo 

Simulations 

4.1. Introduction 

In this chapter, carbon nano materials are explored to be used as a hydrogen 

storage media according to their light weight and high hydrogen absorption 

capability. New carbon nano-foam structure is designed based on the welding of 

carbon nanotubes. The new material shows promising storage capacity from the 

results of Grand Canonical Monte Carlo Simulation.  

4.2. Grand Canonical Monte Carlo simulations 

In theoretical approaches, the storage capacities are usually calculated using 

grand canonical Monte Carlo (GCMC) simulations, with empirical interatomic 
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potentials. GCMC is a powerful technique to estimate the ambient condition storage 

by explicitly accounting for density fluctuations at fixed volume and temperature. 

This is achieved by means of trial insertion and deletion of molecules, H2. At first, a 

random trail attempt is made for choosing between the particle insertion and 

deletion. In the case of insertion, a particle is placed with uniform probability 

density, whereas for deletion one out of N particles is randomly deleted. The trial is 

accepted or rejected according with their grand canonical weighting. 

The simulations in this chapter are all carried out in 3D cells, with the 

periodic boundary conditions employed to exclude the surface effects. The positions 

of the C atoms of the foam are fixed. The energies of the H2 adsorption sites were 

calculated classically. A typical simulation consists of 106 steps to ensure that an 

equilibrium configuration was reached, followed by 2×106 steps to evaluate the 

number of hydrogen molecules 



NH2
 in the considered volume. The simulations are 

performed at three different temperatures of 77, 150, and 298 K and in a pressures 

range of 0.01 MPa to 10.24 MPa (divided into 11 points). The center of mass of 

molecule is used to describe the position of H2. 

For the hydrogen storage the total capacities include also the hydrogen that 

would be there even in absence of the sorption materials. In order to get the more 

instructive metric of material-related adsorption storage, one defines excess 

capacity, which is the stored hydrogen in the system minus the storage in the same 

volume in absence of any sorption media. Resulting number of hydrogen molecules 

used to calculate the wt% and vol %. 
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4.2.1. Interaction Potentials 

The storage capacity depends on the choice of C-H2 interaction potential, and 

is sensitive to the C-H2 binding energy. Such empirical potentials are obtained by 

fitting either experimental adsorption data or ab initio adsorption energy. There is a 

clear lack of consensus regarding the potential, which reproduces the experimental 

results flawlessly. Our aim here is to estimate the storage potential of the 3D-foams 

as reasonably close to experiments as possible. In this work, we have selected two 

different C-H2 potentials[85-86], which are used extensively in the literature. This 

allows us to analyze how much the variability in the potential affects the storage. 

Results obtained by choosing only one type of model would have been not very 

reflective of the actual storage in the foam. One of the interaction potential was 

proposed by Wang et al [86]. It has a 12-6 Lennard-Jones form, with parameters 

chosen to fit the energy spectra from scattering experiments of H2 physisorbed on 

graphite, 

u(r) = 4ε[(σ/r)12 – (σ/r)6] (4.1) 

here ε = 3.7 meV/molecule, σ = 3.0 Å. The other potential has an empirical 

Buckingham form proposed by Patchkovskii et al.,[85] 

u(r) = A e-αr + C6r-6 (4.2) 

where A = 1100 eV/molecule, C6 = −17 eV Å6/molecule and α = 3.6/ Å. 

In spite their similar forms, the potential of Patchkovskii et al. [85] gives a 

stronger C-H2 binding, and results in higher absorption compared with the more 

conservative results obtained with the potential of Wang et al. [86] Accordingly they 
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are named as strong (Patchkovskii) and weak (Wang) potentials, and the storage 

capacities obtained by using these two potentials offer the upper and the lower bond 

for expected realistic experimental range. This range arises solely because of the 

differences of the C-H2 interaction potentials; and it is not related to the intrinsic 

actual storage capacity, which will be a constant number. For H2-H2 interactions we 

use the Silvera-Goldman potential[87], which treats hydrogen molecule as single 

particle with no rotational degrees of freedom. In a recent study[88] it has been 

shown by first-principles calculations, that the configurations with different H2 

orientations have comparable absorption energy, which—together with rapid 

thermal rotational motion—justifies approximating the H2 molecule as a single 

particle. 

4.2.2. Quantum corrections 

For the light molecule like hydrogen at low temperature the quantum effects 

can be significant. By considering the quantum effects in hydrogen isotopes it has 

been shown that heavier isotopes are adsorbed stronger than lighter ones[89]. By 

comparing the thermal de Broglie wavelength of a particle of mass m, Λ= 

(βh2/2πm)1/2 where β = 1/kBT, kB being the Boltzmann constant and T the 

temperature with the mean pore size a, the validity of classical treatment can be 

tested. The classical treatment is justified only for the cases, where the ratio Λ/a << 

1. 

The quantum effects can be incorporated by elegant Feynman and Hibbs 

variational treatment[90], where a quantum particle of mass m is characterized by a 
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Gaussian spread with a thermal quantum width Λ, around the particle center of 

mass. The corresponding partition function of an assembly of N such particles can 

be expressed as 

 

(4.3) 

where 

 

(4.4) 

is the average effective potential between a pair of particles (reduced mass 

μ=m/2), incorporating the spread in position due to the uncertainty principle. An 

expansion of Equation (4.4) leads to the accurate expression of the quadratic 

Feynman–Hibbs (QFH) potential[90]: 

 
(4.5) 

where the prime and double prime are the first and second r-derivatives, 

respectively. C-H2 and H2-H2 corrections depend on temperature, with the QC in C-

H2 being less significant. Effectively, quantum corrections add some repulsion as 

shown in Figure 4.1. 
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Figure 4.1 C-H2 and H2-H2 interaction potentials, purely classical (black), and 
incorporating the quantum effects at T = 77 K (red), 150 K (green) and 298 K 

(blue). The strong[85] and weak[86] potential choices for C-H2 are shown 
separately. The quantum effects weaken the binding by the amount inversely 

proportional to T. 

 

4.2.3. Accessible surface area 

Surface area is an important and commonly used parameter, related to the 

adsorption capacity of the media. Generally, surface areas are measured by 

Brunauer, Emmet, and Teller (BET) method via N2 adsorption isotherms. The BET 

method via N2 may introduce errors because it assumes multilayer adsorption that 

is not the case for H2. Furthermore, there are pores with small size where N2 cannot 

enter when H2 still can due to the differences in their effective size. Therefore BET 

surface area calculated via N2 adsorption cannot be very precise for the evaluation 

of hydrogen storage. We calculate the accessible surface area (ASA), which is 

geometrically obtained by “rolling” a probe molecule along the surface of the porous 

media[91]. By choosing the diameter of the probe molecule same as of adsorbent a 

more relevant estimate of surface area can be obtained. We choose H2 as probe 
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molecule to estimate the ASA, which are given in the Figure 4.7. The error obtained 

by "rolling" method is practically negligible. 

4.3. Hydrogen storage capacity in simple carbon structures 

First, GCMC simulations with quantum correction of the inter-atomic 

potentials were applied in fullerene C720 and graphene layers. C720 can be treated as 

a sphere carbon shell; only hydrogen molecules inside the fullerene will contribute 

to the total storage capacity. The simulation conditions (unit cell boundaries, 

pressure, temperature, and trial times etc.) are same as that in Session 1.2. Figure 

4.2 shows the hydrogen storage capacity inside a C720 shell. These are results for the 

GCMC simulations using Patchkovskii and Wang potentials with and without 

quantum correction, respectively. The excess hydrogen storage capacities are 

simulated in different temperatures and pressures. Both potentials have got the 

same trend. Patchkovskii’s potential predicates a higher capacity because it has 

higher bond energy. For all cases, storage capacities are better in low temperature. 

For low pressure range, it will increase first, then goes down when higher pressure 

is applied.  

For the hydrogen storage capacity in Few Layer Graphene, similar tests were 

done and also the optimal inter-layer distance was studied. Figure 4.3 shows the 

absolute capacities at 298 K and different pressures, for both potentials with 

different graphene interlayer distances. The system has 1760 carbon atoms and 

graphene layers are A-A stacking. The results show that an inter-layer distance of 
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6.5 Å gives the best hydrogen storage capacity. The results agree well with Aga’s 

[88]. 

Although carbon nano-materials are considered promising for hydrogen 

storage [37, 92-93], the spacing of the graphene layers appears so far unfeasible for 

experimental realization. Similar to carbon nanotubes(CNT), CNTs almost always 

form bundles thereby reducing the hydrogen uptake. The shorter tube-tube 

distances (3.4 Å) in the bundles hinder the hydrogen molecule from the accessing 

the space between tubes, while the interior is also usually blocked. It has been 

shown theoretically that wall-to-wall separation close to 0.8-1.0 nm [94-96] would 

be best for the hydrogen storage in CNT bundles [95, 97]. However, synthesizing 

and stabilizing bundles with such separation is challenging if at all possible. Thus, a 

new carbon structure is needed that can overcome the disadvantages of traditional 

carbon nano-materials. In the next session, the noval carbon nano-foam structure is 

introduced which is derived from two perpendicular single wall CNTs. 
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Figure 4.2 H2 storage capacity of C720. Each plot shows the hydrogen wt% 
changing with the pressure. The blue, red, and green colors mean the 

temperatures at 77K, 150K, and 298K respectively. The first row of the figure 
matrix is the result without quantum correction; the second row is the result 

with quantum correction. The first column is the result by Patchkovskii 
potential and the second row is the result by Wang potnetial. 
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Figure 4.3 H2 storage capacities in few-layer graphenes. The first row is result 
by Patchkovskii potential; the second row is result by Wang potential. The 
first column is the H2 storage capacity changing with pressure; the second 

colume shows the capacity chaning with the interlayer spacing. The 
temperature for all the conditions is 298K. 
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4.4. Generation of foam structures 

In case of 3D carbon nano-porous materials, it has been shown that the pore 

size ~1 nm could be ideal for storage [88, 97-98]. There were several 3D carbon 

foams [95-96, 99-101], both experimentally [99, 101-102] produced and 

theoretically [95-96, 103-106] proposed. However, the experimentally synthesized 

foams often have very large pore sizes whereas theoretically discussed foams often 

lack any suggested way of making them. Recently we discussed[95] a carbon foam 

achievable via a known welding technique[103, 107-108] from crossed carbon 

nanotubes. These foams are almost isotropic, stable, and mechanically as stiff as 

steel in all directions[95]. The abundance of pores in these foams makes them ideal 

for hydrogen storage, while their architecture is well defined and can be designed in 

a systematic manner. Even if not made directly, such foams can be useful as a 

representative model-system for studying storage in practical nanoporous materials 

with usually known making-recipe and measured surface area but very little data 

about their atomic makeup (activated carbons, aerogels, nanoporous and 

amorphous carbons[102]). 

Here a series of 3D carbon foams have been designed using different CNTs, 

aiming to assess the volumetric and gravimetric capacities and to find the optimum 

storage. Carbon foams are designed by welding single-wall carbon nanotubes, 

SWNT.[95] In order to obtain foam an armchair and a zigzag SWNT of similar 

diameters are chosen as shown in Figure 4.4a. While the similarities in diameters 

ensure the uniformity of foams in x- and y-directions, the choice of different 
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chiralities ensures the A-A stacking at the crossing interface-contact, when in the 

starting configuration the tubes are placed perpendicular to each other. The facing 

C-C pairs in the central part of the interface are brought to 1-1.5 Å, to the C-C bond 

length (that is pressed to each other, to initiate the welding-coalescence). If the 

spacing is too large, the connection cannot be built, while at too small distances the 

tubes fuse very quickly leading to a non-uniform “fat” neck, which is also 

undesirable. 

As a next step a unit cell of foam is constructed via welding process. In each 

step, the most energetically preferred bond in the tube junction is rotated by 90° via 

Stone-Wales (SW) transformation[109], followed by relaxation of the whole 

structure. During the relaxation process, the tubes’ edges are fixed to prevent them 

from becoming parallel to each other. The process continues until the neck becomes 

thick and a smoothly curved junction is formed. For the optimization process 

conjugate gradient method with the Tersoff-Brenner interaction potential for 

carbon is used[110]. These calculations are computationally too demanding to be 

handled by quantum mechanical methods such as density functional theory based 

methods. At the same time, the structural properties obtained from using Tersoff-

Brenner potential agrees very well with the DFT results. The snapshots of welding 

process are shown in Figure 4.4a-h. 

The computed energies of the structures at each step of the welding process 

are plotted in Figure 4.5. The letters mark the local minima and correspond to 

structures in Figure 4.4a-h. Clearly, the junction formation is thermodynamically 
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favorable, provided sufficient pressure, and should be kinetically achievable at 

elevated temperature and especially when irradiated. 

It is noted that while topology does require no less than 12 heptagons upon 

the neck formations, a few excessive defects (pentagons and accordingly extra 

heptagons) emerge in the welding process. As an example a pentagon-heptagon pair 

as 5|7 dislocation is highlighted in Figure 4.6. In such cases a balls-end bond 90°-

rotation moves the dislocation (to Figure 4.6a), until the pentagon-heptagon pair 

meets another heptagon (Figure 4.6b), thereby removing the excess-dislocation and 

leaving only a heptagon (Figure 4.6c). The process is continued until all the extra 

defects are removed and the junction with 12 heptagons is formed[111], following 

the Euler’s rule.  

In order to attempt a systematic comparison of the storage capacities of 

different foams, two families of foams were generated as shown in Figure 4.7: one 

isodensity, with constant mass density, and another one geometrically-similar, 

where tubes, pores and channels all scale up roughly in proportion. 



 95 

 

Figure 4.4 (a)-(h) are representative configurations during the welding 
process of (5,5) and (9,0) nanotubes; (a) shows the starting configuration. 

 

 
Figure 4.5 Total energy of the structure during the welding process of 

(5,5)+(9,0) tube. Letters mark the structures shown in the  
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Figure 4.6 Example sequence of extra 5|7 removal process from the junction of 
(5,5)+(9,0) tubes. 

 

 

Figure 4.7 The structures of the foams belonging to the two families, 
isodensity (top) and geometrically-similar (bottom). The corresponding 

precursor-nanotube types, density (g/cm3) and accessible surface area (ASA, 
m2/g) are marked. 
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4.5. Hydrogen storage capacity of carbon nano-foams 

In this session, the storage capacity of such foams is compared with the well-

separated CNT bundles. The mass densities and pore sizes are optimized for the 

hydrogen uptake. Due to lightweight of H2 and low storage temperature, the 

quantum effects on the C-H2 as well as H2-H2 interaction potentials are considered 

and their consequences on the storage are evaluated. 

First, we compare the storage capacity of selected foam with the well-spaced 

same-diameter nanotube bundles. For this, we choose one foam previously 

generated by Ding et al.[95] from the crossed (5,5)+(10,0) nanotubes (we use 

symbol “+” resembling the cross-orientation of the precursor-tubes). The bundles 

are generated by packing the (10,0) nanotubes in a triangular lattice, and varying 

the wall-to-wall distance (D) within a bundle series. The excess volumetric and 

gravimetric capacities of these bundles are shown in Figure 4.9. The gravimetric 

fraction increases monotonically with the increasing tube-tube separation; however, 

the volumetric capacity peaks at D = 9 Å. The metrics for the foam are also shown in 

Figure 4.9. The maximum of volumetric ratio in the foam is obtained at T = 77 K and 

1 MPa, which compares very well with the corresponding maxima of the tube 

bundles as shown in Figure 4.8. Although they have similar storage capacity, to 

synthesize a bundle of well-aligned tubes with uniform spacing of 9 Å is unfeasible. 

Normal tube-tube distances in the bundles are ~3.4 Å, and the storage capacity is far 

below than the foams, Figure 4.9. The superiority of foams over the tube bundles is 

due to the better architecture, which ensures the accessibility and uniformity of the 
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pores. Partial advantage is also from the availability of better attraction sites for 

hydrogen around the neck area of the foams, due to enhanced curvature. Figure 4.9 

also demonstrates the effect of the two interaction potentials used in this study. 

Clearly, due to weaker C-H2 binding strength in the Wang potential, the wt% and 

density of adsorbed hydrogen is systematically lower than the corresponding 

adsorption result from the “strong” Patchkovskii potential. In the lack of 

experimental data for adsorption of H2 molecules on foams the accuracy of these 

potentials cannot be easily validated. However, the results obtained from these two 

potentials can serve as range in which the experimental value will lie. Therefore 

here we report the storage data obtained for both potentials. 

Besides being a good media for hydrogen storage, 3D carbon foam offers an 

opportunity of generating structure with the desired pore sizes. This can be 

achieved by the adequate choice of the tube diameter and the separation between 

the necks. A series of foams can be obtained by the varying these parameters. Here 

two different foam families were chosen as discussed above and shown in Figure 

4.7. 

The storage capacities of the foams with the same mass density are evaluated 

and shown in the Figure 4.10. In this isodensity family the diameters are varied 

while keeping the mass density of the foam material constant. Three such foams 

were generated namely (5,5)+(10,0), (6,6)+(12,0), and (8,8)+(14,0). The choice of 

chiralities minimizes the difference in the diameter of the crossing tubes, to ensure 

the uniformity of the pores. The gravimetric and volumetric storage capacities peak 
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for different types of the foams, respectively. The maximum gravimetric capacities 

obtained for these foams at different temperatures and pressures are shown in the 

Figure 4.10. Gravimetric capacity peaks for the (6,6)+(12,0) foam as shown in Figure 

4.10, right-bottom. This must be due to the optimal distances between walls of the 

precursor-tubes as well as between the formed necks. These parameters are close to 

1 nm, which is optimal for storage capacities. 

 

Figure 4.8 The green circles in the plot represent the maxima of the 
volumetric capacity for the tube bundles as a function of the wall-to-wall 
distance D at P = 1.28 MPa and T = 77K. The solid square represents the 

corresponding maximum for the (5,5)+(10,0) foam. The values are obtained 
using strong potential. 
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Figure 4.9 The excess gravimetric and volumetric % calculated for the (10,0) 
nanotube bundles (the numbers D = 3.4, 5, 7, 9 and 11 are the tube-spacing, in 

Å) and a (5,5)+(10,0) foam. 
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Figure 4.10 The gravimetric % and volumetric measure of H2 in the nano-
foams with the constant densities, obtained by GCMC. The left and right plots 

are obtained using weak[86] and strong[85] C-H2 potentials. Rightmost 
bottom corner shows the maxima of gravimetric % of H2 in the foams at 

different temperatures and pressures obtained by GCMC. The red, yellow, and 
blue colors show the wt% calculated at 77, 150, ad 298 K respectively. The 

band within a color show the range of storage obtained with the use of weak 
and strong interaction potentials. 

 

Next the adsorptions of H2 molecule in the other family of the foams were 

studied, where the pore sizes were varied in the geometric proportion. Four such 

foams were generated by the method described in the previous section. The 

structures are shown in the lower panel of Figure 4.7, and the corresponding 
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storage capacities are shown in the Figure 4.11. The storage capacities show 

systematic behavior. The trends for maximum gravimetric and volumetric capacity 

are shown in Figure 4.12. The gravimetric % increases monotonically, however, the 

volumetric measure peaks again at the (6,6)+(10,0) foam. The volumetric as well as 

gravimetric capacities follow the similar trend as ASA/volume and ASA/g, 

respectively, the upper panel of Figure 4.12. This is an important connection as the 

foams can be optimized by measuring surface areas per volume before doing actual 

adsorption experiments. 

Finally, for the lighter molecules where the de-Broglie wavelength could be 

significant, inclusion of the quantum effects are necessary. The quantum effects 

were incorporated in the interaction potentials. With the inclusion of the quantum 

corrections the effective interaction potentials become temperature dependent, as 

seen in Figure 4.1. The quantum corrected C-H2 (both strong and weak) as well as 

H2-H2 Silvera-Goldman potentials are shown in the Figure 4.1. The effective radius 

of the H2 molecule increases at lower temperatures essentially reducing the depth of 

the attractive part of the potential. This reduces the storage capacity of the foams 

(or any other adsorbing carrier). 
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Figure 4.11 Storage capacity of the family of foams with the proportionate 
pore size (that is geometrically-similar family). Results again are presented 
for the weak and strong choice of potential and for three different T = 77 K, 

150 K, and 298 K. 
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Figure 4.12 Upper panel, accessible surface area per volume and per gram of 
foam material with the proportionate pore size (family of geometrically 

similar). Lower panel, corresponding maxima of volumetric and gravimetric 
capacity of foams. 

The storage capacities of foams with the quantum corrected potentials are 

shown in the Table 4.1. The quantum corrections reduce the storage capacity 

particularly at low temperatures. The table shows the overestimation of the storage 

due to neglect of the quantum effects. As expected the decrease is most significant 

with the decreasing temperature and increasing pressure. The hydrogen uptake can 

be reduced as much as by 22% at 77K. The classical results are more accurate at 

increasing temperature, but the consequences of the quantum effects still should not 

be neglected. Even at room temperature the storage is classically overestimated by 

as much as 7%. Furthermore the sole effect of neglecting the quantum correction in 
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H2-H2 potential was also analyzed. It was found that the major corrections are due to 

quantum effects in H2 –H2 interaction potentials. Therefore, inclusions of quantum 

corrections are important to make realistic comparisons with the experimental 

storage capacities. 

Table 4.1 Storage capacity overestimates (in %) of purely classical simulations 
relative to the corrected for quantum effects, for (10,10)+(17,0) foam. 

Classical overestimates by (%) (2.56 MPa) 
T weight total weight excess 

298 K 2.45 (weak)-3.18 (strong) 4.55- 7.01 

150 K 9.35-9.84 10.63-12.89 

77 K 17.47-19.35 19.44-22.34 

 

4.6. Carbon nanofoams and 3D-Graphene Oxide for CO2 capture 

The efforts to capture carbon dioxide (CO2, the green house gas) from the 

atmosphere are of great importance to the protection of our environment and 

prevention of global warming. However, effective ways of performing this task have 

not yet been developed. One of the major hurdles is to find a good storage medium, 

with high capacity and selectivity, and which is also cost effective. Among various 

candidates, carbon based nanomaterials have received special attention, because 

they are lightweight and have high surface-to-volume ratios. Owing to their ability 

to selectively bind CO2 both by physisorption and chemisorption, graphitic 

structures are prime candidates for a potential storage medium. Here similar 

procedure was applied to study the CO2 adsorption in 3D carbon foams, graphene, 
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and graphene oxide (GO), aiming to assess their gravimetric capacities and to find 

the optimum storage conditions. 

Different than the GCMC simulation for H2 molecular which can be treated as 

a sphere ball, CO2 molecular has a linear structure and is axisymmetric; its 

rotational mode has to be considered besides the normal add, delete, and move 

trials for H2. GCMC simulations for CO2 storage were performed using MUSIC code 

developed by Gupta et al[112]. In MUSIC code, CO2 is treated as a three-site rigid 

molecule with partial charge on each C and O atom. Lennard Jones potential with 

Coulomb interaction was employed in the simulation. The three-site rigid molecular 

model in MUSIC applied for simulating CO2 adsorption can predict more precise 

results than the sphere molecular model. The CO2 adsorption behavior is shown in 

Figure 4.13. The CO2 concentration near the matrix surface is much higher than in 

the bulk space. Thus excessive storage capacity is used to compare the storage 

capacities for different materials and under different conditions.  
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Figure 4.13 CO2 adsorption phase behavioirs in carbon nanofoam, graphene 
oxide, and graphene, under different ambient pressures 0.04 MPa, 1.5 MPa, 

and 7.1 MPa. 
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Figure 4.14 CO2 storage isotherms(Excessive storage capacity) in carbon 
nanofoam, graphene oxide, and graphene under high pressure range (1-7 MPa) 

and low pressure range (<1 Mpa) at the temperature 298 K. 
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The CO2 storage isotherms in carbon nanofoam, graphene oxide, and 

graphene are shown in Figure 4.14. The isotherms were taken at 298 K. For both 

low pressure (<1MPa) and high pressure (1-7 MPa) range, graphene oxide and 

graphene have better storage capacities than carbon nanofoams, this is probably 

because the pore size designed in carbon foam structure for H2 storage is not 

favorateble for CO2 moleculars. Graphene Oxide has better performance at low 

pressure range while graphene is better in the high pressure range.  
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Chapter 5 

Conclusions 

In general, Molecular Dynamics (MD) simulation works well in the systems 

with several hundred atoms to tenth of thousands of atoms. It provides necessary 

computing speed and accuracy that first principle or macro scale simulations such 

as finite element method cannot match. The examples in this thesis demonstrate its 

successes in multiple fields.  

5.1. Si-CNT-glass composites 

A novel glass composite reinforced by Si-CNTs is designed. Si dopants on 

pristine CNTs provide a smart way to enhance the interfacial connection between 

CNTs and the glass matrix.  

The empirical potentials to describe Si/O/C are reviewed and compared. The 

ReaxFF potential for Si/O/C/H fits well for the need in this work. Basic tests have 
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been done to validate the potential that can produce the right stress-strain curve 

and bond-breaking.  

The local tetrahedral Si-O structure in silica is analyzed. The obstacle for 

adding CNTs as reinforcement is that the silicon or oxygen atoms do not like to bond 

with sp2 carbon atoms on the CNT. This makes the reinforcement of CNTs less 

effective. Void defects on CNTs can provide certain reactive bonds; however, the 

strength of the CNT will be highly reduced. 

Experimental evidence [72, 74-75] and first principles analysis strongly 

support the existence of Si-CNT. The Si-CNT-glass samples tested in this work show 

up to ~60% increase of the Young’s modulus, and one sample shows the interfacial 

strength of the Si-CNT in the glass matrix is 8.3 times higher than that of CNT in the 

glass matrix. Finally, a new theoretical model is developed to estimate the 

composite’s Young’s modulus with finite length reinforcement.  Besides the volume 

fraction and Young’s modulus of the reinforcements, the interfacial strength and 

reinforcements’ aspect ratio on the load direction also contribute the Young’s 

modulus of composite. The model is validated by MD simulation results. This model 

can also be applied to any other short fiber reinforced composites. 

5.2. Thermal rectifications 

In this thesis, molecular dynamics approach to simulate thermal behavior in 

carbon nano-systems is discussed. Three different MD methods were discussed and 

compared: the direct method is more common and is used for this work.  
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The thermal rectification effect is studied. Both theoretical and experimental 

approaches to study thermal rectification in carbon nano system are reviewed. As a 

general condition, thermal rectification happens when the system is smaller than 

the phonon mean free path. Two systems were studied in this work: the trapezoidal 

graphene nanoribbons and the carbon nanocones. Both systems have strong 

thermal rectification effects observed. The suggested analytical temperature profiles 

match well with the temperature distributions in MD results. The analysis of the 

temperature profiles indicate that there is significant edge scattering in the 

trapezoid GNR systems while the scattering effect is less significant in carbon 

nanocones. The thermal rectification effect also shows temperature dependence: 

lower temperatures have a higher thermal rectification effect because edge 

scattering is much more sensitive at low temperatures. The theoretical solution to 

describe the thermal rectification effect and its temperature dependence is under 

development for the future. 

 

5.3. Hydrogen Storage in Carbon Nano-Foams 

A series of the 3D-foams is designed using welding algorithm-process, which 

has its analogues in experiments. The storage capacities of such foams were 

computed using classical GCMC simulations. These simulations were performed 

with the two selected types of C-H2 interaction potentials (weak and strong), which 

set the range for the storage capacity prediction.  
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Storage parameters depend sensitively on the choice of the interaction 

potentials. For comparison, the storage capacities of the idealized open nanotube 

bundles with varying tube-tube distance were simulated. The storage capacities of 

the foams are comparable to the similar diameter nanotube bundles. Two families of 

foams are generated, one with constant mass density (isodensity) and another of 

nearly unvarying shape (geometrically similar). The foams are optimized for best 

storage capacity within both of the families.  

Furthermore, the consequences of quantum effects on storage capacities 

were studied. The quantum effects are incorporated in the interaction potentials via 

Feynman-Hibbs formulation. The quantum effects noticeably reduced the storage 

capacity and must be incorporated in order to make realistic predictions for the 

experimental systems.  

The foams can serve as a model for various nanoporous materials whose 

atomic structures are often poorly defined while their making-recipes and the 

surface areas are known. Model foams with the desired surface area can be readily 

generated and then their storage capacity can be quantitatively evaluated at 

arbitrary pressure and temperature.  

Similar procedure was performed to study the CO2 capture and storage in 

carbon nanofoams, graphene oxide and graphene. Carbon nanofoam’s pore size 

needs to be optimized to capture CO2 since the molecular geometry is different and 

the size is larger than H2. In general, carbon nano-materials show promising ability 

for gas storage.  



 114 

Appendix A Modified shear-lag model 

First, we define several variables as below: 

r is the tube radius, R is the half of the tube separation;  

 

Shear strain:    
  

 
 

 

 
, the deformation is only along the tube’s longitudinal 

direction; 

Local shear strain:   
  

  
; 

Local shear: τ; 

Interface shear: τi. 

Thus we have,  

 
  

  

  
 

 

  
 

  
  

 
 

 
 

(A.1) 

Integrating Eqn (A.1) yields 

 
   

  

  

 
   

  
 

  

 

 

 

 
(A.2) 

thus, 
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 (A.3) 

Force balance on fiber:                , so: 

    

  
  

   
 

 

 

(A.4) 

If assume perfect interfacial adhesion and no shear strain in the tube, the 

displacements of tube and matrix are the same,      ; however, when slip 

happens on the interface, the displacements will not be simultaneous. Here we 

assume in the linear regime,  

        

 

(A.5) 

Also: 

 
   

  

       
 

 

(A.6) 

 

Substituting Eqn (A.5) into Eqn (2.3):    
  

 
 

   

  
   

 

 
  

 
   

  

 
 

       

  
        

 

 
  

(A.7) 

So the interfacial strength is : 

 
       

  

 
  

  

       
 
 

 
 

 

   
 
  

 
(A.8) 

Eqn (A.4) becomes 
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(A.9) 

The tube local strain is  

    

  
     

  

  
  

(A.10) 

The matrix local strain at location y=R is treated as the matrix bulk strain and 

it is same along x direction: 

    

  
        

(A.11) 

Derivative of Eqn (A.9) is 

     

   
 

 

  
 

  

             
 
  

                
(A.12) 

Define:    
  

             
 
 
 
 

 

 

, 

Then Eqn (A.12) becomes 

     

   
 

  

  
                

(A.13) 

It has the solution as form of 

                     
  

 
         

  

 
  (A.14) 

The stress    distribution along the CNT is asymmetric,               Thus 

B=0, Eqn (A.14) can be written as: 
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  (A.15) 

1. For very few cases, we observed the glass matrix is lift off the CNT caps, 

there are voids between CNT caps and glass. Thus, we assume there is no load 

transfer through CNT ends as the boundary condition: 

 
             

(A.16) 

The solution becomes 

 
                           

  

 
       

  

 
  

(A.17) 

The average stress along the tube is 

 

      
 

  
     

 

  

                        
     

  
 

 

  
 

 

(A.18) 

The mixing rule: 

                        (A.19) 

The composite Young’s modulus: 

 
   

  

      
 

     

      
  

      

      
     

             
     

  
  

  
 

           

(A.20) 

Assumption: volume fraction   
   

    

Thus 
 

 
 

 

  
 

The variable n can be rewritten as 
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(A.21) 

 

2. For most cases, the glass matrix is not lift off the CNT caps. Thus there is 

load transfer from the CNT ends to the matrix and it is not negligible. Now the stress 

at the end    is not zero and it should have the value between the maximum stress 

on the CNT and the stress of the bulk matrix, but it is more close to the matrix stress: 

                and            (A.22) 

Following the same derivation from Eqn (A.17) to Eqn (A.21), we have: 

 
                                

  

 
       

  

 
  

(A.23) 

The average stress along the tube is 

 

      
 

  
     

 

  

                          
     

  
  

  
 

 

(A.24) 

The composite Young’s modulus: 

 

         
      

      
      

     
  
  

  
 

          

               
     

  
  

  
 

           

(A.25) 

 or in the form that is as a function of   : 
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         (A.26) 

 

 

As a conclusion, this model is for calculating the Young’s modulus of a 

composite with finite length fibers in the matrix and with the consideration of 

interfacial slippery. Comparing to the isostrain case, in which the composite Young’s 

modulus is a function of the fiber and matrix individual Young’s modulus and 

volume fraction:               , this model also include the interfacial 

strength (related to  ) and fiber’s aspect ratio (L/r). This model can be degenerated 

to isostrain condition, in which     and 
 

 
  . 
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