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ABSTRACT 

Rechargeable lithium-ion (Li-ion) batteries are the popular power sources in most of 

portable electronic devices, power tools and electric vehicles (EVs). Moreover, Li-ion 

batteries play an important role in the development of clean and efficient energy, serving 

as prominent energy storage devices for renewable energy sources, such as solar and wind. 

The emerging applications greatly raise the level of demands to batteries performance, 

however, existing Li-ion battery technology is reaching its limit, due to its relatively low 

Li storage capacity. The ever-growing demand for next-generation batteries requires 

electrode materials with larger capacity and higher power density, faster ionic diffusion 

and electronic transfer, lower cost and environmental friendliness. Silicon is among the 

promising novel anode materials for Li-ion batteries. The specific capacity of Si is an 

order of magnitude higher than that of conventional graphite anode, but the large volume 

expansion of bulk Si during lithiation and subsequent poor cycling behavior hinder its 

commercial use. The use of Si nanostructures was shown to be able to provide the means 

to overcome the abovementioned challenges. This thesis aims at the computational design 

and evaluation of novel Si-based nanostructures for their potential use in Li-ion battery 

anodes. 

Firstly, we investigate silicon cluster/carbon nanotube (Si/CNT) hybrid nanostructures, 

where CNTs serve as a buffer and mechanical support for Si. The strength of Si/CNT 

interface is at the main focus here, in order to maintain electric contact and prevent Si 

particles from detachment and agglomeration. Since the interaction of Si cluster with 

pristine CNT is relatively weak, the functional groups (linkers) are introduced, aimed to 

enhance Si-CNT binding. We systematically evaluate the effects of the main components 
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(i.e. Si cluster, CNT support and linker) on the properties of hybrid system, such as 

morphology, interfacial bonding and electronic structure. From our calculations, we 

determine a suitable design strategy of Si/CNT hybrids, which not only increases the 

binding strength between Si clusters and CNT by 3 times under normal conditions, but 

also greatly contributes to the stability of hybrid material during lithiation. 

Secondly, we theoretically study the properties of novel Si nanotubes of two structural 

types – hexagonal and gearlike. From our calculations, SiNTs show higher reactivity 

toward the adsorption of Li adatoms than CNTs and Si nanoclusters. Considering the 

importance of Li kinetics, we demonstrate that the interior of SiNTs may serve as a fast Li 

diffusion channel. The important advantage of SiNTs over its carbon analogues is 7 times 

reduction of energy barrier for the sidewall penetration of Li atoms into the nanotube 

interior. The improvements are attributable to the large void spaces, serving as fast Li 

diffusion pathways. This prepossesses the easier Li diffusion inside the tube and 

subsequent utilization of interior sites, enhancing the Li storage capacity of the system. 

Finally, we use first principles calculations to investigate novel ultrathin silicon 

nanosheets (SiNSs) with a thickness of only few nanometres. Calculations show that 

binding energy of Li shows a strong dependency on the thickness of Si nanosheets; 

meanwhile, in all cases the surface sites are the most energetically favorable for Li 

insertion. Most importantly, our results show that Li diffusion on the surfaces of Si 

nanosheets is very fast (the activation barrier is more than 0.3 eV smaller on the surface 

than in the bulk). In addition, Li diffusion in nanosheets is very sensitive to their surface 

chemistry (e.g. passivation with hydrogen or halogens). Considering the high surface-to-

volume ratio of nanosheets and fast Li surface diffusion, these results show a great 
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potential of these nanostructures as electrode materials for the next-generation Li-ion 

batteries. 

In conclusion, detailed computational studies are performed which may serve as 

guidelines for the development of Si nanostructured anodes in the future. Novel 

nanostructures are investigated, and the correlation between structural features, 

dimensional effects, surface functionalization and Li insertion characteristics are 

established. This study demonstrates the viability of using computations to design novel 

electrode materials with improved properties. Similar computational methodology can be 

applied in the future studies of alternative electrode materials and other battery 

chemistries, such as sodium-ion and magnesium-ion. 
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Chapter 1 

Literature Review 

In this Chapter, the current research trends in rechargeable Li-ion batteries are 

reviewed. The main considerations about the choice of material for anodes are presented. 

Important literature findings from related studies are reviewed in order to show the main 

routes for structural design of Si nanostructures for Li-ion batteries application. The 

possible ways to improve the performance and cycle life of Si anodes are shown. 

 

1.1. Rechargeable Li-ion batteries 

Energy storage and conversion are among the most important challenges in the 

21st century. As technology creates more complex machines and gadgets with increased 

portability, improved functionality and reduced size, there is a strong need in efficient 

energy systems that will power these devices. Thus there is a favor for environmental-

friendly, high-performance and low-cost storage systems. 

Rechargeable (or secondary) batteries are the electrochemical devices that convert 

the energy of chemical reactions into electrical energy.1, 2 Since their invention, batteries 

have become a common power source for the many household and industrial applications. 

Currently, the most common types of rechargeable batteries are: lead-acid, nickel-

cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), lithium-ion (Li-ion) and lithium-air 

(Li-air). 

The first rechargeable Li-ion battery was commercialized by Sony in 1991 and 

now it is the key-part of most portable electronic devices, such as laptops, cell phones, 
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and cameras. It provides several key advantages over other battery technologies (e.g.  

lead-acid and Ni-Cd): high energy density (energy-to-weight ratio), long cycle life, low 

toxicity, low self-discharge, and flexible design. The range of applications of Li-ion 

batteries is rapidly growing, covering new markets and setting higher performance 

demands. In telecommunication applications, rechargeable batteries had powered nearly 5 

billion cellular phones by the end of 2009.3 With respect to the expanded use of 

renewable energy resources, such as solar cells and wind power, the further development 

of this industry will rely on the rechargeable batteries as large scale energy storage. 

Moreover, a renewed interest in electric vehicles (EVs) in the 2000s is largely attributable 

to the technological developments in Li-ion batteries, as well as the reduction of their 

cost.4 For instance, Tesla Motors was founded in 2003 to develop modern electric 

vehicles. By the year of 2009, the company was producing a high-performance sports car 

and planned to build a sedan. Most major automobile companies now have plug-in 

hybrid-electric and all-electric-vehicle programs, and some plan to produce EVs within 

the next few years. It is predicted that plug-in hybrid electric vehicles sales in the USA 

will increase to about 90 000 annually in 2015 and account for 1.7% of the total light-duty 

vehicle stock in 2030. Importantly, all main EV programs plan to use Li-ion batteries.4 

Typical Li-ion battery is composed of the negative electrode (anode), positive 

electrode (cathode) and conducting electrolyte (Figure 1.1). The most popular anode 

material currently is graphite. There are three main choices for the cathode material: 

layered oxides such as LiCoO2, transition metal phosphates such as LiFePO4, or spinels 

such as LiMn2O4.5 The two electrodes are separated by the ion conductive electrolyte, 

which consists of lithium salts, such as LiPF6, LiBF4, or LiClO4, in an organic solvent 

such as alkene carbonates or mixtures of carbonates, amides, or imides.6 Conductive 

additives (e.g. carbon black) are commonly added to the electrodes to enhance the 

electrical conductivity of the materials. A separator is used to prevent short circuit 

between the negative and positive electrodes and to provide abundant channels for the 

motion of Li ions. During the battery charging, Li ions are extracted from the cathode, 

transported through the conducting electrolyte and then inserted into the anode. On 

discharging, the Li ions migrate in the opposite direction (from anode to cathode) under 

the opposite electrical potential gradient. Physical, chemical, electronic properties of 

materials used in anode, cathode and electrolyte effect strongly the performance of the 

battery, its capacity, voltage and safety. 
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Figure 1.1. The schematic construction of Li-ion battery.7 

 

The ever-growing demands for the improved performance of Li-ion batteries have 

motivated an extensive research interest and technological search for the new electrode 

materials and reactions. The main improvements are expected in terms of: (1) larger 

capacity; (2) higher reactivity, reversibility and structural stability during battery cycling; 

(3) faster ionic and electronic transfer; (4) lower cost and environmental friendliness. The 

behavior of any device depends critically on the properties of materials, on which it is 

built; therefore, in order to achieve the improvement in Li-ion battery performance, the 

advances in electrode materials science are strongly important. 

 

1.2. The choice of anode material 

To compare the advantages and disadvantages of different electrode materials, 

some general properties of electrodes are usually discussed. Thus, energy storage ability 

of battery is described with the terms “specific energy” (Wh/kg) and “energy 

density” (Wh/L). It is desirable that the amount of energy stored in a given mass or 

volume is as high as possible. The above properties depend on the cell potential (V) and 
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specific capacity (mAh/g), both of which are linked directly to the chemistry of electrode 

materials. Generally, the cell potential is also a function of the state of charge. 

The specific capacity of an electrode can be calculated from the following 

expression: 

ݕݐ݅ܿܽ݌ܽܥ	݂ܿ݅݅ܿ݁݌ܵ = 	
ݔ∆ ∙ ܨ
ܯ ×

1000
 [݃/ℎܣ݉]	3600

where ∆ݔ is the number of moles of Li that can participate in the electrochemical reaction, 

 ݔ∆ ,is the molar mass of the electrode material. Here ܯ is the Faraday constant and ܨ

indicates how much Li can be stored in the electrode material and it depends on the 

number of Li insertion sites, energetically favorable and available in the crystal structure 

of electrode. 

The rate capability of Li-ion battery is associated with “specific power” (W/kg) 

and “power density” (W/L), i.e. energy density divided by the time of battery discharging. 

The specific power and power density are strongly related to the rate of Li diffusion and 

electrons transport inside electrodes. The fast migration of Li and electrons is desirable to 

achieve high rate capability, and hence rapid charge/discharge rates. 

Cycle life is defined as the number of charge/discharge cycles that can be 

performed before specific capacity of the electrode falls below a certain cut-off limit. To 

maintain a long cycle life, electrode materials should remain stable during insertion and 

deinsertion of Li ions. At the same time, electrode material should be stable in contact 

with electrolyte. 

Reactions on electrodes should be highly reversible to maintain the specific charge 

during many charge/discharge cycles. 



CHAPTER 1 Literature Review 

- 15 - 
 

Finally, good electrode material is expected to have a low cost, easy fabrication 

procedure and be safe. 

While keeping in mind the above requirements, various materials have been 

successfully examined as potential anode materials in Li-ion batteries, such as transition-

metal oxides8 (TiO2,9, 10 Fe2O3,11 Co3O4,12, 13 V2O5
14, 15), lithium alloys,16, 17 chalcogenides 

(TiS2), polymers and others (Figure 1.2). 

 

Figure 1.2. Comparison of different battery materials. Silicon possesses much higher 

theoretical capacity, than commercially used graphite.7 

 

1.3. Silicon versus graphite 

Graphite is currently used as a conventional anode material in Li-ion batteries. It 

has a high Coulumbic efficiency (the ratio of the extracted lithium to the inserted lithium 

is >95%) – which means that many repeatable lithium insertions and removals can occur 

in graphite anode without any significant loss in capacity over cycling.18 However, its Li 

storage capacity is relatively low (372 mAh/g), which is not enough for the rapidly 
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developing Li-ion battery applications. Thus, there is a need to explore and develop 

alternative anode materials. In this respect, various candidates have been examined, such 

as Group IV materials (i.e. Si, Ge, Sn) and their compounds, transitional oxides, 

chalcogenides, etc. 

Silicon is of particular interest as novel anode material for Li-ion batteries, 

because it has a low discharge potential (~370 mV vs. Li/Li+) and it is the second most 

abundant element in the Earth crust. Most importantly, Si has the highest theoretical 

capacity - 4200 mAh/g in Li22Si5 phase at high temperatures (Figure 1.2), and 3579 

mAh/g in Li15Si4 at room temperature.16, 17 Unfortunately, the enormous volume 

expansion (>300%) occurs in Si during insertion and extraction of lithium, which leads to 

the cracking of anode and fade of charge storage capacity with battery cycling. This is 

well illustrated in Figure 1.3a, which shows the change in specific capacity of amorphous 

Si film anodes with time.19 The anodes show near theoretical capacity in the beginning, 

but after several cycles the capacity starts to decrease dramatically. Figures 1.3b-c show 

the evolution of Si anode with time: Si film breaks to the small islands, forming cracks, 

what eventually leads to the loss of electrical contact and severe capacity fading. Several 

strategies were proposed recently to overcome the above-mentioned problems, the main 

being reducing Si particle size to nanoscale dimensions and building Si-based composites. 

Both strategies will be discussed in the following sections of this report. 
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Figure 1.3. Characterization of amorphous Si films as the battery anode. a) Specific 

capacity plotted as a function of cycle number. b-c) Stress-induced cracking of the film 

during cycling.19 

 

1.4. Silicon Nanostructured Anodes 
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Nanostructured electrodes offer a wide range of potential advantages,20-22 as 

compared to the bulk materials: 

(i) Better accommodation of strain/stress associated with the Li insertion, 

improving cycle life; 

(ii) New reactions not possible with bulk materials (as demonstrated on the 

example of nanoparticles of transition metal oxides);  

(iii) Short path lengths for Li diffusion, improving charge/discharge rates of Li-ion 

battery; 

(iv) Enhanced electronic transport; 

(v) Larger electrode/electrolyte contact area, leading to higher Li-ion flux across 

the interface. 

The above benefits motivated extensive research studies, particularly, in the field 

of Si-based anodes for Li-ion batteries. It has to be noted that the capacity, reversibility 

and cycle life can vary widely between nanostructured silicon materials of similar 

morphology and size. The differences may appear from the variations in synthesis 

conditions; binder and conductive additives; the ratio of active/inactive material; 

charge/discharge rates during cycling; voltage cut-offs, etc. The wide variation of 

controllable parameters and, as a result, reported electrochemical performance makes it 

difficult to directly compare and conclude which particular morphology is superior over 

others. Instead, the focus of many recent works has been on the general trends in anode 

performance.23 

1.4.1. Silicon 0-D nanoparticles 
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Electrodes comprised of 78-nm Si powder showed improved reversible capacity 

of 1700 mAh/g over 10 cycles.24 Graetz et al. prepared Si anodes made of nanocrystalline 

particles (12 nm mean diameter), which exhibited specific capacity of 1100 mAh/g with a 

capacity retention of 50% after 50 cycles.25 It has been shown that there is a critical Si 

nanoparticle diameter of ∼150 nm, below which the particles neither cracked nor 

fractured upon first lithiation. In another work, it has been successfully demonstrated that 

10 nm sized Si particles showed higher charge capacity as compared to 20 nm ones. 

Moreover, when carbon coating was applied to 10 nm sized Si nanoparticles, both 

Coulombic efficiency and capacity retention were significantly improved, to 89 and 96%, 

respectively.26 It was suggested that electrical contact between the particles can be 

maintained via the use of surface coating (i.e. carbon, aluminum), as well as use of 

conductive additives or binders. The above studies demonstrate improved anode 

performance, however, it has been reported that nanoparticles tend to agglomerate after Li 

insertion/extraction and increase in size, resulting in poor Li kinetics and pulverization 

during cycling.27 An attractive solution to this problem is to disperse nanoparticles on the 

rigid conductive support, such as carbon nanotubes, graphene, etc.28-30 

1.4.2. Silicon 1-D nanowires 

One dimensional (1-D) nanostructures offer a wide range of beneficial properties, 

when used as electrodes in Li-ion batteries. One of the most successful examples has been 

recently reported by Chan et al.31 In their work, the authors reported synthesis and 

subsequent electrochemical testing of Si nanowires (SiNWs), grown directly on current 

collector substrates using the vapor-liquid-solid (VLS) technique. The electrochemical 

performance of SiNWs is remarkable – Chan et al. achieved the theoretical charge 

capacity for Si anodes and maintained a discharge capacity close to 75% of the maximum, 
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with little fading during cycling.31 The average diameter of pristine, unreacted SiNWs 

was ~89 nm, while after charging with Li, it increased to ~141 nm. Despite the volume 

changes, the nanowires remained intact and did not break into smaller particles. In this 

case, the volume expansion of Si can be well accommodated by the space between 

adjacent nanowires. Besides, the 1-D geometry of SiNWs offers several key advantages 

over the bulk and nanoparticle-based counterparts. First, nanowires provide direct 1-D 

electronic pathway, which promotes efficient charge transport. Second, each individual 

nanowire is directly connected to the metallic current collector, ensuring a robust 

electrical contact to be maintained. Third, small diameter of SiNWs allows for a facile 

volume relaxation and deformation without fracturing. Finally, no binders or conducting 

additives are needed, which add extra weight and lower the overall specific capacity of 

the battery.31 

The improved battery performance of Si nanowire-based anodes has been reported 

in many recent studies. For instance, Chockla et al. prepared a nonwoven fabric of 

crystalline SiNWs with a specific capacity of 800 mAh/g after 20 cycles.32 Liu et al. 

presented a method for prelithiating a SiNW anode by a facile self-discharge mechanism, 

which can be further used in pairing with sulfur cathode for the preparation of Li-free 

electrodes in future Li-ion batteries.33 Improved cycling life and capacity retention were 

obtained in electrodes, comprised of highly interconnected SiNWs.34 A high specific 

capacity of 1600 mAh/g after 250 cycles at a current rate of 1C was achieved in porous Si 

nanowires fabricated by Ge et al.35 The studies demonstrate that the electrochemical 

performance of SiNW-based electrodes depends on a wide range of factors, such as 

coating,36-38 size,37 electronic conductivity,39 crystallographic orientation,40-43 etc. The 

tremendous advances in the understanding of lithiation behavior of Si nanostructured 

anodes can be obtained from the recent in situ TEM studies.36, 40, 44-46 
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Figure 1.4. Advantages of using arrays of 1-D nanomaterials vs. their bulk counterparts 

as electrode materials for Li-ion batteries.47 

 

In order to fully enjoy the benefits of 1-D architecture, it is possible to design a 

wide range of possible Si nanostructured anodes. For instance, it was found that Si 

crystalline/amorphous core/shell nanowires show significant improvements in both power 

density and cycle life when used as anodes.48, 49 Generally, amorphous silicon (a-Si) has 

better cycling performance than crystalline (c-Si) since volume expansion in a-Si upon 

lithiation is homogeneous and exhibits less pulverization. Another important feature is 

that a-Si reacts with Li at a slightly higher potential than c-Si does. When limiting the 

charging potential, it is possible to utilize only the amorphous shell as active material 

while using the crystalline core as a mechanical support. To verify this idea, Chan et al. 

tested c-Si/a-Si core-shell NW samples at 150 mV cutoff and achieved a reversible 
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capacity of 1060 mAh/g with a stable NW morphology retention after more than 15 

cycles.48 

1.4.3. Silicon 1-D nanotubes 

Another possibility is designing Si tubular nanostructures as Li-ion battery anodes. 

Si nanotubes (SiNTs) can be fabricated by a chemical vapor deposition (CVD) of Si onto 

a template of dense nanorods (i.e. ZnO, Ge, etc.), following by selective removal of this 

template. By utilizing this method, it is possible to produce silicon nanotubes with 

uniform, well-controllable wall thickness and inner diameter (down to as small as 1.5 

nm).50, 51 The first SiNT anodes have been reported in 2009 by Park et al. and 

demonstrated impressive reversible capacities of 3200 mAh/g and capacity retention of 

89% after 200 cycles at a rate of 1C in practical Li-ion cells.52 The superior performance 

can be rationalized by the fact that SiNTs possess a high surface area accessible to the 

electrolyte, which allows the Li ions to intercalate both at the exterior and interior of the 

nanotubes. Furthermore, Song et al. have developed a theoretical mechanics model, 

describing the stresses that occur in SiNTs during lithiation.53 Theoretical analysis of the 

mechanics suggested that the additional free surfaces at the interior space of nanotubes 

improve the ability of these nanostructures to accommodate Si volume expansion without 

mechanical fracture. Song and co-workers further confirm their theoretical model with 

experimental testing. In their work, arrays of Si nanotubes exhibit high initial Coulumbic 

efficiencies (>85%) and stable capacity retention (>80% after 50 cycles).53 Scalable and 

versatile fabrication of Si nanotubes through surface sol-gel reaction was reported by Yoo 

et al., as well as their further application in Li-ion battery anodes.54 

The idea of using empty space to store the volume changes of Si has been realized 

in hollow or porous Si nanomaterials. For instance, 3D porous Si particles can maintain a 
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specific capacity of more than 2800 mAh/g even at a high rate of 1C due to fast 

intercalation kinetics and transport of Li ions, as well as accommodation of volume 

expansion inside the pores.55 A high initial discharge capacity of 2725 mAh/g with less 

than 8% capacity degradation every hundred cycles for 700 total cycles (which is the 

longest ever for silicon anodes) has been achieved in interconnected Si hollow 

nanospheres.56 Encapsulation of Si nanoparticles inside the rigid carbon matrix has 

proven to be another successful electrode design strategy. In such case, the void space 

between the nanoparticles and the carbon shell allows for Si expansion, meanwhile, 

carbon shell enhances the electronic conductivity of anode without preventing Li transfer 

to Si particles. Cui et al. and Yushin et al. reported easy and scalable fabrication of 

SiNP@carbon yolk-shell57 and Si@carbon nanotube58, 59 based electrodes, exhibiting a 

high stability after 1000 and 200 cycles, respectively. 

1.4.4. Silicon 2-D thin films 

Silicon thin films have also demonstrated improved capacity and reversibility 

during cycling. For instance, Si films with a thickness of 100 nm exhibit stable capacity 

retention of 2000 mAh/g over 50 cycles.25 Maranchi et al. reported the electrochemical 

properties of amorphous 250 nm and 1 µm silicon films deposited by radio-frequency 

magnetron sputtering on copper foil,60 meanwhile, Ohara et al. tested Si films vacuum-

deposited on Ni surface.61 These works revealed an important observation that the 

decreasing the Si film thickness significantly enhances its stability. As shown by 

Maranchi et al., 250 nm-thick films maintain steady capacity for 30 cycles, while thicker 

1 µm films fade substantially just after 12 cycles.60 Li et al. have suggested that there is a 

critical thickness for amorphous Si thin film, below which the material would not crack. 

By reducing the thickness below this critical value, it may be thus possible to create 
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crack-free electrode materials.62 The performance of Si thin films can be further 

improved, if the rigid substrates (e.g. stainless steel current collectors) that constrain the 

“free” expansion/contraction of the Si anodes during charge/discharge are replaced by 

soft substrates. The main mechanism for stress relaxation here is that the volumetric strain 

in Si that is induced by charge/discharge cycling can buckle the flat Si thin films when 

they are on soft, flexible substrates, which in turn releases the stress in the Si films.63 

Although high capacities were reported in Si films, but the above studies also 

demonstrate that it is very necessary to use extremely thin films to achieve reasonable 

cycle lifetimes of Li-ion batteries. Keeping in mind the recent advances in fabrication of 

ultra-thin (from 2 nm down to few-layer) Si nanosheets,64-67 it makes sense to examine the 

possibility of their application as anodes. At the moment, such studies are very rare,68 

nevertheless, the successful implementation of nanosheets of other materials (e.g. MoS2,69 

TiO2,10, 70, 71 SnO2,72, 73 SnS2
74) in Li-ion batteries demonstrate a great potential of these 

nanostructures. In this respect, theoretical density functional theory (DFT) calculations 

can serve as a useful tool for the evaluation of Si nanosheets as future anode materials. 

 

1.5. Silicon Nanocomposite Anodes 

Another attractive strategy towards the performance improvement of Si anodes is 

constructing Si-based nanocomposites and hybrid structures. The basic idea of 

active/inactive nanocomposite is to mix to materials, one (e.g. silicon) reacting with 

lithium, while the other acting as a buffer and mechanical support. Following the concept 

of Wilson and Dahn,75 the nano-Si/C composites have attracted tremendous research 

attention, since they combine the benefits of Li-Si alloy with the reversibility of the 
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carbonaceous hosts. For example, a mixture of pure Si powder (78 nm in size) and carbon 

black exhibited a reversible capacity of 1700 mAh/g after 10 cycles.24 Dispersion of 

nanocrystalline Si powder inside carbon matrix demonstrated a good reversible capacity 

of 1450 mAh/g when used as battery anode.76 Two common strategies for the synthesis of 

Si/C composites have been mechanical ball milling of the active and matrix materials, or 

pyrolysis of silicon and carbon precursors to yield silicon embedded in a carbonaceous 

matrix. The prolonged ball milling and uniform carbon deposition during pyrolysis may 

result in a better contact between carbon and silicon, enhancing electronic conduction and 

surface passivation. The typical reversible capacities of ball milled Si/C nanocomposites 

range from 500 – 1000 mAh/g.77-79 The improved capacities of ball milled composites 

may be attributed to the small particle sizes (typically on the order of a few tens of nm), 

and may also benefit from the dispersion of conductive additives such as graphite, carbon 

blacks, and carbon nanotubes. On the other hand, Si/C nanocomposites fabricated via 

pyrolysis of organic precursors mixed with silicon nanoparticles demonstrate slightly 

lower reversible capacities,80 which may be attributed to the higher percentage of the 

inactive species that does not contribute to the anode capacity. Other factor may be the 

larger size of silicon particles (100 nm or greater in diameter) which then agglomerate 

into even larger particles leading to further fracture and pulverization during cycling. It 

has to be noted that the common problem with the above mentioned Si-composites has 

been the agglomeration of Si particles with the subsequent fracture and pulverization. 

Although the improved reversible capacities have been demonstrated, but the cycle life of 

Si/C composites was still far from satisfactory. From this point of view, a simple mixing 

of large-size Si nanoparticles with carbon may be not the ideal choice, and significant 

research attention was attracted by other morphologies, such as hybrid nanostructures, 

which will be described later. 
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Adding carbon nanotubes (CNTs) as effective conductive additives in anodes or 

using them as a matrix support led to the improvements in overall electrode 

performance.81, 82 Indeed, CNTs possess excellent physical properties, such as superior 

mechanical strength (e.g. Young’s modulus ~1.0 TPa) and electrical conductivity (e.g. 

resistivity <10−4 Ω·cm), and have high aspect ratio (e.g. ratio of length to diameter - up to 

107) and structural flexibility.83 Due to these unique properties, CNTs can form a 

nanoscale matrix, which will buffer the volume changes of Si particles, thus preserving 

the structural integrity of the anode during cycling. Moreover, as electronic conductivity 

of Si is rather low, then the implementation of CNTs is expected to improve the electronic 

conductivity of the anode. All these reasons make CNT to be a good candidate for a 

matrix material in Si-based composites. 

More recently, a new concept was proposed for the design of various kinds of 

heterogeneous electrode materials, such as MnO2/CNT,84 Sn/SnO2,28 CNT/TiO2
85 and 

other. This new design involves the combination of two materials, both at the nanoscale, 

in the form of coaxial nanowire/nanotube, nanotube/nanotube or nanoclusters supported 

on nanowires or nanotubes.47 Such hybrid structures improve the efficiency of the battery 

electrodes, as they, firstly, provide the access to the benefits of 1-D nanostructures and, 

secondly, can fully exploit the functionalities of both component materials. 

Hybrid nanostructures may provide an attractive solution to the main drawbacks 

of Si anodes. For instance, as it was mentioned earlier, agglomeration and further 

pulverization of Si particles may cause a severe capacity fading in particle-based 

electrodes. However, uniform dispersion of Si nanoparticles over a rigid support with 

well-defined spacing between the nanoparticles can effectively circumvent the Si 

agglomeration and improve the cycle life of the battery. This design principle has been 

successfully applied on Sn/SnO2,28 Sn/graphene,86 TiO2/graphene,29 FeF3/CNT,30 
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MnOx/CNT87 systems. Hu et al. prepared Si nanoparticle-decorated Si nanowire networks 

for Li-ion battery anodes, which exhibit good cycling performance and structural 

integrity.88 Novel carbon nanomaterials, i.e. CNTs and graphene, currently attract 

tremendous research attention as possible supports in hybrid nanostructures. That is due 

to the excellent mechanical strength of both CNTs and graphene. Besides, both CNTs and 

graphene are good electronic conductors and can form a fast conduction network, 

improving the anode performance. Si/graphene hybrid nanostructures have been prepared 

by Kung and co-workers.89, 90  

Hybrid nanostructure made of Si-clusters on the CNT surface91 showed high 

capacity of 2050 mAh/g on the first cycle, but also exhibited a rapid fade in capacity 

during 25 and 50 cycles, when the capacity dropped to around 1000 mAh/g. The reasons 

for such behavior were not understood enough, although Wang and co-workers suggested 

that one of the reasons may be the weakening of the Si-CNT interface leading to the 

detachment of Si droplets from the CNT. At the same time the improved performance 

(1500 mAh/g for 30 cycles) was observed for the composite made of silicon nanowires, 

mixed with carbon nanotubes or amorphous carbon.92 

These findings from literature prove the high potential of Si/CNT electrodes, and 

also demonstrate the importance of the further work in this field, both in exploring the 

nature of Si-CNT interface, structural stability and other issues. 

1.6. Summary 

In order to improve the properties of silicon anodes, several approaches have been 

developed, of which the main are nanostructuring and mixing with the secondary phase in 

the form of composite or hybrid nanomaterial. The volume expansion problem can be 
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reduced by using small Si nanoparticles.26 The improved cycle life can be achieved in 

such way, but it is essential to prevent nanoparticles from agglomeration with each other. 

This can be done by dispersing them over a rigid support, such as CNTs or graphene.28 

Strong interfacial interaction between Si and support is essentially important here and 

needs further research efforts. The electronic conductivity of anode can be improved by 

mixing Si nanoparticles with conductive nanomaterials, such as CNTs. Alternatively, one 

may design Si nanostructures in the form of 1-D Si nanowires or nanotubes, providing 

fast 1-D electronic pathways.31 The Li diffusion rates can be enhanced by creating hollow 

or pore nanomaterials.56 
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Chapter 2 

Computational Studies on 

Nanostructured Anode Materials 

First principles calculations can be a useful tool in evaluating the properties of 

potential anode materials for Li-ion batteries. In this Chapter, we provide some examples 

from the recent literature on how theoretical studies are used to gain the insights on 

different nanomaterials, such as carbon- and silicon-based, for their prospective 

application in Li-ion battery anodes. 

 

2.1. Carbon nanotubes 

In search of alternatives to conventionally used graphite electrode, researchers 

firstly looked at other allotropes of carbon. The superior properties of carbon nanotubes 

(CNTs), such as excellent electronic conductivity and mechanical strength, make them 

promising anode materials for Li-ion batteries. Moreover, the unusual tubular structure of 

CNTs is expected to provide more intercalation sites for Li ions, enhancing the total 

anode capacity. Using first principles calculations, Zhao and co-workers studied Li 

intercalation sites,  binding energies and electronic structures of Li-intercalated CNTs.93 

Results of their theoretical work showed that: (1) a strong charge transfer occurs between 
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Li atom and CNT host; (2) the structural deformation of CNT due to Li intercalation is 

very small; (3) both the exterior and the interior of CNT are energetically favorable for Li 

insertion; (4) the Li intercalation energy in CNT is comparable to that in graphite and 

independent of Li density. The above findings suggested that a high Li storage capacity of 

LiC2 can be achieved in CNTs by utilizing sites at both outside and inside the nanotube. 

However, the subsequent theoretical simulations demonstrated that penetration of Li 

atoms through the CNT sidewalls is forbidden in pristine, untreated CNTs, because Li 

atom has to overcome the energy barrier of as high as ~10 eV.94, 95 Therefore, for the 

practical application of CNTs in anodes, one has to introduce sidewall topological defects 

or tube open ends (i.e. by ball milling technique), which would reduce the Li diffusion 

barrier (Table 2.1).94, 95 The results of these theoretical studies find an excellent 

agreement with the recent experiments – in particular, the capacity of ball-milled or 

chemically-etched CNTs is nearly two times larger, than that of untreated nanotubes, 

namely, 1000 and 400 mAh/g, respectively. Another possible strategy to reduce the Li 

migration barrier is doping. As reported by Zhou et al.,96, 97 composite nanotubes, such as 

BC3NTs, possess two times smaller energy barriers for Li motion through the sidewall 

six-member ring (in comparison to those in CNTs), namely, ~4.6 eV. Moreover, due to 

the strong propensity of boron to accept electrons from Li, the electron-deficient BC3 

nanotubes adsorb Li very favorably.96, 97 
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Table 2.1. Diffusion barrier for Li penetration through the sidewalls of (5,5) CNT with n-

member ring defects and formation energy of the corresponding defects on (5,5) CNT, as 

calculated by Nishidate et al.95 and Meunier et al.94 

 Diffusion barrier (eV) Formation energy (eV) 

GGA (Ref.95) LDA (Ref.94) GGA (Ref.95) LDA (Ref.94) 

Defect free 

Heptagon (n=7) 

Octagon (n=8) 

Enneagon 

(n=9) 

10.12 

5.72 

3.58 

0.96 

13.5 

7.5 

3.0 

0.5 

0.0 

4.23 

7.60 

9.66 

0.0 

3.5 

6.2 

9.5 

 

2.2. Hybrid Structures: C60/CNT and Sn/CNT 

Besides serving as an active material in Li-ion batteries, CNTs have also been 

widely used as a buffer material, mechanical support in hybrid electrodes, because of their 

excellent strength and electronic conductivity. However, in order to fully enjoy all the 

benefits of hybrid electrode architecture, it is important to ensure a strong connection 

between the active material nanoparticles and CNT support. Strong interaction is 

important due to the following reasons: (i) to prevent the nanoparticles from 

agglomeration and retain the well-defined space between them; (ii) to maintain electrical 

contact and enhance the overall electronic conductivity of the electrode. 

There have been recent theoretical studies on different hybrid nanostructures as 

potential anode materials, such as C60/CNT,98, 99 Sn/CNT,100, 101 SiNW/graphene,102 etc. 

Moreover, there have been extensive studies on the various hybrid nanostructures for 

other applications, such as hydrogen storage, sensing, etc.103-107 For the practical 

application of hybrid structures in Li-ion batteries, it is important to ensure a strong 
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interaction between different components, as well as structural stability. For instance, Ng 

et al. evaluated thermodynamically and energetically stable models for Sn-CNT 

structures, such as Sn nanowire@CNT101 and Sn cluster/CNT.100 In case of SnNW 

encapsulated CNT (SnNW@CNT), it was found that for each SnNW size there is an 

optimal CNT diameter, at which the interaction energy between SnNW and CNT is the 

lowest. However, SnNW@CNT hybrid has to be made ultrathin in order to effectively 

accommodate the volume expansion of SnNW. Importantly, SnNW@CNT has higher 

conductivity than its standalone counterparts, which is beneficial for anode application.101 

The Li adsorption mechanism on hybrid fullerene/nanotube system 

(C60/(5,5)CNT) has been investigated using first-principles calculations by Koh et al.98, 99 

Due to the high electron affinity of C60, the lithium adsorption energy on C60/CNT hybrid 

system (-2.11 eV) is found to be larger than that of the pure SWCNTs (-1.72 eV). From 

the calculations, Li atoms preferably occupy the mid-space between C60 and CNT, then 

C60 side and subsequently the CNT side. Furthermore, the authors also calculate the Li 

adsorption energy, as well as the electronic properties of the C60/CNT system as a 

function of the number of adsorbed Li atoms. 

 

2.3. Silicon: bulk and nanowires 

In order to optimize the performance of Si anodes, it is necessary to establish the 

understanding of interactions between Li atoms and covalently-bonded Si host. In this 

respect, there has recently been a good progress in theoretical studies of energetics and 

dynamics of Li-Si compounds, at both early and late stages of lithiation. In particular, 

Wan et al.108 and Kim et al.109 studied the insertion process of single Li atom into the host 
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Si matrix. Both groups concluded that tetrahedral interstitial (Td site) is the most stable 

position for Li atom inside Si crystal, which agrees well with the early experiments.110 

Figure 2.2 shows the most stable positions for Li atom in Si bulk crystal. The insertion of 

Li atom results in noticeable outward displacement of the four Si first neighbors by ~0.08 

Å109 from their crystalline positions. Calculations demonstrate an accumulation of charge 

in the region of Li-Si bonds with a shift toward the Si atoms. The amount of charge 

transfer from the inserted Li to the Si host is calculated to be 0.83e from the Bader charge 

analysis.109 Importantly, there is noticeable charge depletion nearby Si-Si bonds, 

especially between the first and second nearest Si atoms. The charge depletion in the 

region between two Si atoms indicates the weakening of the corresponding Si-Si covalent 

bonds. The above findings indicate that the Si host can be easily destabilized by Li 

insertion, consistent with experimental studies. 

 

Figure 2.2. Stable Li insertion sites in bulk Si: (a) tetrahedral (Td), and (b) 

hexagonal (Hex). 

 

Lithium insertion in silicon nanowires (SiNWs) follows similar trends as that in 

the Si bulk, but also represents a more complicated picture of Li binding sites and 

energies due to anisotropy between bulk, subsurface and surface states. Recently, Zhang 

et al. reported an ab initio study of Li insertion in small-diameter SiNWs of different size 
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and growth orientation.111 The results of this study suggest that the lithiation in SiNWs 

occurs layer by layer from the outer surface towards the inner region, consistent with the 

Finite Element Analysis (FEA) by Liu et al.40 
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Chapter 3 

Motivation & Objectives 

Silicon is an attractive novel anode material for Li-ion batteries, because of its 

ultra-high specific capacity and large abundance. It has the highest theoretical capacity of 

4200 mAh/g at Li22Si4 phase or 3579 mAh/g in Li15Si4, about ten times larger than that of 

conventional graphite anode (372 mA/g). However, its practical use is hindered by an 

enormous volume change that silicon undergoes during lithiation/de-lithiation (up to 

400%), which leads to cracking of anode and significant fade in specific capacity. 

The early studies demonstrated that nanometer-sized Si powder exhibits improved 

specific capacity and cycle life, as compared to the bulk material.25 However, it has been 

reported that Si nanoparticles tend to agglomerate and increase in size during Li 

insertion/extraction, resulting in poor Li kinetics and pulverization during cycling.27 The 

agglomeration problem can be avoided by dispersion of nanoparticles on the rigid 

conductive support, such as carbon nanotubes, graphene, etc. Recently synthesized hybrid 

Si-cluster/CNT nanostructures were shown to be able to maintain high capacity of more 

than 1000 mAh/g for 25 cycles.91 This result has been very encouraging, however, the 

capacity of Si-cluster/CNT system exhibited a rapid fade during 25 to 50 cycles. The 

reason for such irreversible loss is not well understood yet. One of the possible reasons 

may be the weakening of Si-CNT interface leading to the detachment of Si droplets from 

the CNT. As such, further work is required in this field, especially on the properties of Si-
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CNT interface and the stability of Si/CNT hybrid. In this thesis, we systematically address 

this issue by using first-principles calculations. We introduce and compare several 

functional groups, such as -NH2, -OH, -COOH, in order to find the suitable strategy to 

strengthen the Si-CNT interfacial interactions. 

Nanostructuring has played a fundamental role in the recent advances in Li-ion 

battery science. However, there is still room for improvement in battery performance and 

design of novel nanostructures for the battery application. For instance, there have been 

only few studies on the ultra-thin few nm-thick Si nanosheets as possible anode materials. 

Experimentally, Si nanosheets with a thickness of 2 nm down to a single-layer can be 

synthesized now by CVD process, exfoliation or template-based methods.64-66, 68 They 

possess several important benefits, such as very large surface area, shortened Li 

insertion/deinsertion paths, possibility of carbon coating and constructing of stacking 

structure, etc. The latest studies on nanosheets of other materials (e.g. MoS2, TiO2, etc.) 

for Li-ion battery application are very encouraging. Nevertheless, the study of Si 

nanosheets for Li-ion application remains less explored in the literature to date. In this 

thesis, we use first-principles calculations to evaluate the potential of Si nanosheets as 

anode materials. We study the important Li insertion properties, such as Li binding 

energy and diffusion barriers, as a function of Si nanosheet thickness and surface 

chemistry.  

For certain Li-ion battery applications, such as in hybrid electric vehicles (HEV), 

or power tools, the rate capability of the battery is crucial in addition to the high energy 

density. In turn, the rate capability of the Li-ion battery depends on how fast Li ions and 

electrons can move in the electrode material. Unfortunately, experimental studies of 

intrinsic Li diffusion in materials experimentally is often quite complicated due to many 

external factors involved such as grain size distribution, morphology, and the presence of 
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defects in the structure. Due to these factors, systematic studies of Li diffusion are 

complex. In investigating the intrinsic Li diffusion, first principles calculations have 

proven to be quite successful. By providing accurate and reliable energy surfaces one can 

identify and characterize possible Li motion pathways and their kinetics. In this thesis, we 

theoretically study Li diffusion in Si nanostructures, such as nanotubes and nanosheets. 

We show that Li diffusion rates can be greatly improved by the means of materials 

design, particularly by increasing the void size (in nanotubes) or utilizing fast surface 

diffusion pathways (in nanosheets). 

 

The more specific objectives can be identified as: 

 Evaluate the structural stability of Si/CNT hybrids: Si atoms and clusters, 

adsorbed on carbon nanotubes; explore the effect of Si doping site, nanotube 

diameter, cluster size on the adsorption energy of Si on CNT; 

 Theoretically suggest a suitable strategy to strengthen the Si-CNT interface in 

Si/CNT hybrids; 

 Evaluate the potential of novel Si nanostructures (Si nanotubes and Si nanosheets) 

as potential anode materials for Li-ion batteries; 

 Study Li insertion and diffusion properties in Si nanotubes and Si nanosheets. For 

this purpose, the adsorption energies of Li at different insertion sites will be 

compared, and the diffusion pathways and energy barriers for the diffusion of Li 

will be investigated; 

 Explore the effects of surface modification on the Li diffusion kinetics in Si 

nanosheets. 

 



CHAPTER 4 Computational Methods 

- 38 - 
 

Chapter 4 

Computational Methods 

4.1. Ab Initio Simulations with Quantum Espresso 

First-principles calculations are performed within the DFT framework, as 

implemented in Quantum Espresso package.112 Quantum Espresso is a powerful and 

widely used tool for electronic-structure calculations and materials modelling based on 

density-functional theory, plane waves basis sets and pseudopotentials to represent 

electron–ion interactions. It is free, open-source software distributed under the terms of 

the GNU General Public License (GPL). In the presented work, the exchange-correlation 

potential is approximated by generalized gradient approximation (GGA)113 using Perdew-

Burke-Ernzerhof (PBE) functional generated using the Rappe-Rabe-Kaxiras-

Joannopoulos (RRKJ) method.114 The ultrasoft pseudopotentials are used for the 

description of electron–ion interactions. Before any property calculations, the converging 

tests are performed from which the kinetic-energy cutoffs for valence electron wave 

functions and charge density are set as 37 Ry and 370 Ry, respectively (more details are 

presented in Appendix A). In all calculations, the optimized structures are obtained by 

relaxing all atomic positions using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) quasi-

newton algorithm until the interatomic forces are less than 0.01 eV/Å. 
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For Si/CNT calculations, we use a Monkhorst-Pack mesh with 1×1×6 k-point 

sampling. A denser k-point mesh of 1×1×12 sampling is performed in the case of density 

of states (DOS) calculations. Periodic boundary conditions and a tetragonal supercell 

approximation are used in this study. The unit cell dimensions of the CNT are 

25Å×25Å17.22Å, with the CNT lying along the c-axis. The vacuum spaces along a- and 

b-axes are set to be larger than 15 Å, which are large enough to ensure that Si/CNT 

system does not react with its periodic images though the periodic boundary in the a- and 

b-axes, while the c-axis dimension is determined by the length of the CNT. Large cells of 

(5,5) CNTs with 140 carbon atoms are used in our calculations in order to reduce 

interactions between the adsorbate and its periodic images. We chose metallic (5,5) CNT 

rather than semiconducting CNT because we are interested in its electron conduction 

capability. In case of Sin/graphene, the unit cell dimensions are set to 

17.22Å×17.22Å20Å. 

For calculations on Si nanotubes (SiNTs), a Monkhorst-Pack 1×1×6 k-point 

sampling is used for geometry optimizations, and 1×1×12 sampling is performed for 

density of states (DOS) calculations. Periodic boundary conditions and a 

25Å×25Å×15.58Å tetragonal supercell approximation with a vacuum spacing of about 15 

Å in lateral directions are used to prevent the interaction of SiNT with its periodic images. 

For calculations on Si nanosheets (SiNSs), the Brillouin zone is sampled by 661 

and 666 Monkhorst-Pack k-points grid for the 2-D Si nanosheets and bulk Si, 

respectively. All structures are treated with periodic boundary conditions, and Si 

nanosheets in the periodic supercells are separated by a vacuum spacing greater than 12Å. 

The accuracy of used pseudopotentials has been carefully checked. The calculated 

bulk lattice constants for Si and Li are 5.48 and 3.52 Å, respectively, which are in good 
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agreement with the experimental values of 5.43 and 3.49 Å. For the Li2 molecule, the 

bond length and binding energy are 2.75 Å and 1.07 eV, respectively, close to the 

experimental data (2.67 Å and 1.03 eV). 

 

4.2. The Nudged Elastic Band Method 

Activation barriers for Li diffusion are calculated using the climbing-image 

nudged elastic band (CI-NEB) method.115, 116 The NEB method is an efficient technique 

to find the minimum energy path (MEP) between given initial and final states of a 

transition. The MEP describes the mechanism of diffusion, and the energy barrier along 

this path can be used to calculate the diffusion rate. This path passes through at least one 

first-order saddle point. The MEP has the property that any point on the path is at an 

energy minimum in all directions perpendicular to the path. 

In the NEB method, a set of images (i.e. geometric configurations of the system) 

is constructed to describe a diffusion pathway. The number of images is typically of the 

order of 8-20. The initial guess of the diffusion trajectory is generated by linear 

interpolations between initial and final points of the pathway. When an intermediate state 

of the diffusion is known, an initial path can be constructed considering this particular 

intermediate. A spring interaction between neighboring images is added to ensure 

continuity of the path, thus mimicking an elastic band. An optimization of the band, 

including the minimization of the forces acting on the images, brings the band to the MEP. 

The images along the NEB are relaxed to the MEP through a force projection scheme in 

which potential forces act perpendicular to the band, and spring forces act along the band. 

To make these projections, the tangent along the path is defined as the unit vector to the 
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higher energy neighboring image. An efficient strategy to find a saddle between known 

states is to roughly optimize a NEB calculation and then perform a following saddle point 

search from the highest energy image to find the transition state. Alternative approach, 

which avoids running two separate optimizations or interpolating to find the saddle, is the 

climbing-image NEB (CI-NEB), which is used in our study. 

NEB method has been used successfully in the previous studies to determine Li 

diffusion rates in silicon nanostructures,109, 117 as well as other electrode materials.118-121 
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Chapter 5 

Silicon/Carbon Nanotube Hybrids 

5.1. Introduction 

Nanostructuring provides an elegant and efficient way of producing Li-ion battery 

electrodes with unique properties and improved performances. A variety of Si 

nanoparticles (SiNPs) have been tested as anode materials and showed improved specific 

capacities and cycle life. However, agglomeration of SiNPs during battery cycling and a 

need to maintain good electric contact between them represents important technological 

challenges. Dispersing nanoparticles on a rigid and conductive support affords promising 

means to overcome the above issues. Recently, Wang and co-workers have reported the 

successful synthesis of Si/CNT hybrid, which is comprised of Si-clusters adsorbed on the 

outer surface of carbon nanotube (CNT), by a two-step CVD process.91 In this 

nanostructure, the spacing between Si clusters is required to accommodate the volume 

changes of Si during the lithiation in order to prevent Si from agglomeration. On the other 

hand, CNT serves as a mechanical support and fast electronic pathway due to its excellent 

mechanical strength and good electrical conductivity,83 while both Si clusters and CNT 

provide Li intercalation sites, which should enhance the total Li uptake. 

The interface chemical engineering in hybrid materials has recently become the 

subject of both experimental and theoretical studies.122-124 Tailoring the interfacial 
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interactions can lead to novel properties and functionalities,125-127 as well as the promotion 

of various applications. For instance, Li et al. fabricated optoelectronic devices, which 

can switch between two distinct and reversible photosensing behaviors (relative increase 

and decrease of the hybrid conductivity under illumination) by simple chemical 

modulating of the CdS/CNT interface.127 More recently, Zhou et al. demonstrated that it 

is also true for Li-ion battery materials and enhancing the interfacial interaction between 

Fe3O4 nanoparticles and graphene nanosheets has a direct impact on the specific capacity 

and cycling life-time of hybrid metal oxide anodes.128 In the light of the above studies, it 

is desirable to address the properties of Si-CNT interface in the design of hybrid Si/CNT 

anodes. Understanding the interaction between Si and CNT surface is an important step 

towards improving the Li-ion battery performance. 

We perform a study on the Si cluster/CNT nanostructures for their application as 

anode material in Li-ion batteries using density functional theory (DFT) calculations. We 

first investigate the adsorption characteristics of Si clusters on CNT in terms of the 

structural stabilities and electronic properties. We aim to predict the main trends in Si 

adsorption and explore the possible reaction mechanism between Si clusters and nanotube 

support. Then, we take into account the interfacial properties of such hybrid material upon 

chemical functionalization on CNT, i.e. to compare the interactions between Si 

cluster/pristine CNT and Si cluster/functionalized CNT. Finally, we explore the Li uptake 

ability of Si/CNT system by calculating the adsorption energy of Li on this hybrid 

nanostructure. The effects of Li insertion on the strength of Si-CNT interface with and 

without surface functionalization are also examined. Our results support the recent 

experimental findings129 and suggest that tuning the interfacial interaction between Si and 

CNT may lead to the improved anode’s stability under both normal and lithiated 

conditions. 
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5.2. Results & Discussion 

5.2.1. Single Si atom Adsorption on CNT 

We begin with the study of single Si adatom adsorption on the carbonaceous 

supports (e.g. armchair, zigzag CNTs and graphene). We use these results for the 

comparison with the respective properties of adsorbed Si clusters and also for the 

judgment about the validity of our model and pseudopotentials. The four high-symmetry 

adsorption sites on the surface of CNTs have been considered as shown in Figure 5.1: 

center of hexagon (H); the midpoint of C-C bond 1 (B1); the midpoint of C-C bond 2 

(B2) and top of C atom (T). It has to be noted that B1 and B2 sites on graphene are 

equivalent to each other, and, therefore, can be joined into one B site. From our 

calculations, the interaction between (5,5) CNT and single Si atom, adsorbed on its outer 

surface, is found to be quite strong. The most favorable adsorption sites is B1, consistent 

with the previous study.130 For the adsorption of single Si atom on the graphene support, 

the most favorable site is found to be bridge (B), while the center of hexagon (H) is the 

least stable for Si adsorption, which agrees well with the trends, observed for Si and Ge in 

the recent studies.131, 132 The consistency of the above results with existing literature 

supports the validity of our model and chosen pseudopotentials. 
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Figure 5.1. High-symmetry adsorption sites on metallic (5,5) CNT: center of hexagon 

(H); the midpoint of C-C bond 1 (B1); the midpoint of C-C bond 2 (B2) and top of C atom 

(T). 

 

5.2.2. Si Cluster Adsorption on CNT: Size and Orientation Effects 

The small Sin clusters (n=2-20) have received remarkable attention in past years, 

because of their potential applications in silicon-based nanoelectronics and photovoltaic 

cells. Theoretical133-138 and experimental studies139-141 have gained important advances in 

the knowledge about geometrical shape and structural properties of gas-phase silicon 

clusters. It has been reported that the 2D – 3D transition in Sin clusters occurs very early - 

the clusters, having five or more atoms prefer three-dimensional shape.142 This happens 

due to the preference for sp3 hybridization in silicon, and, as a result, Si favors formation 

of 3D, compact structures. 

In the present work, we use small Si clusters adsorbed on CNTs and graphene as 

models of Si/CNT and Si/graphene hybrid nanostructures. In literature, similar Mn/CNT 

(n < 10) models have been successfully employed in computational investigations of 

metal nanocatalysts, hydrogen media, sensors, etc.100, 143, 144 We study the possible short 

range ordering of Si clusters, allowing us to predict the main trends in Si adsorption and 
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explore the possible mechanism of interactions between Si clusters and nanotube support. 

In order to consider different possible ways of covering the support surface, we study 

both planar (2D) and three-dimensional (3D) Sin cluster shapes. We investigate the 

relaxed structures of Sin/(5,5) CNT by setting up various starting configurations, 

considering both parallel and perpendicular Si cluster orientations towards the CNT 

surface. The possible adsorption configurations of CNT-supported Si clusters can be 

summarized into the three different types: (i) one Si atom in direct contact with the CNT 

support labeled as Sin-Per1, (ii) two Si atoms in direct contact with the CNT support 

labeled as Sin-Per2, (iii) three Si atoms in direct contact with the CNT support labeled as 

Sin-Par. The initial configurations are further optimized without any symmetry 

constraints.  

The adsorption energy (Ea) of Sin-cluster on CNT is calculated from the following 

equation: 

௔ܧ = ௡݅ܵ)ܧ + (ܶܰܥ − (ܶܰܥ)ܧ −  (5.1)    (௡݅ܵ)ܧ

where ܧ(ܵ݅௡ +  is the (ܶܰܥ)ܧ ,is the total energy of the hybrid system (Sin+ CNT) (ܶܰܥ

total energy of pristine CNT, and ܧ(ܵ݅௡) is the total energy of free silicon cluster. In this 

equation, ܧ௔ < 0 represents an attractive interaction between Sin and CNT. While ܧ௔ > 0 

corresponds to the adsorbed structures, which are unstable thermodynamically relatively 

to the host CNT and separated Si cluster. The low-energy structures of Sin/(5,5) CNT and 

the respective adsorption energies obtained from our calculations are shown in Figure 5.2. 
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Figure 5.2. Optimized adsorption configurations of small Si clusters on the outer 

(5,5) CNT surface. The most stable configurations are shown in bold. The adsorption 

energies are shown in red. 

 

We start with the adsorption of the smallest Si clusters (i.e. Si2 and Si3) on CNT 

support. Our calculations suggest that free-standing Si2 dimer has a bond length of 2.23 

Å, in agreement with previous literature.135 The ground structure of free-standing Si3 

cluster is isosceles triangle with two equal Si-Si bond lengths of 2.18 Å, and the Si1-Si2-
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Si3 angle of 80º. When adsorbed on (5,5) CNT, both Si2 and Si3 clusters prefer the 

orientation parallel to CNT surface (Si2-Par and Si3-Par, respectively). For Si2/CNT, the 

configuration with both Si atoms adsorbed at the bridge sites is the most energetically 

favorable with the adsorption energy of -1.16 eV and minimum Si-C distance of 2.11 Å. 

Interestingly, the initial perpendicular (Si2-Per) configuration of Si2-dimer eventually 

transforms into parallel (Si2-Par) after geometry optimization. When Si3 cluster is 

adsorbed on (5,5) CNT, it energetically favours parallel orientation (Si3-Par) with all 3 Si-

atoms of Si3 located on the top of C atoms in the same C6 ring of (5,5) CNT. The 

adsorption energy is equal to -0.52 eV, which is lower than that of Si2 cluster, indicating 

the decreasing stability. The Si-C bond lengths are about 2.3 Å, which are larger than 

those for the single Si atom and Si2 adsorptions. Si cluster changes its shape to equilateral 

triangle with the Si-Si-Si angles at 60º and Si-Si bond length of 2.29 Å. The C atoms in 

the underlying hexagonal ring move up, which leads to the increase of the average C-C 

bond length from 1.426 to 1.476 Å. 

The character of binding between the cluster and the CNT has been examined by 

calculating the charge-density difference. For the fully relaxed, minimum total-energy 

configuration, we calculate the charge-density difference: 

ߩ∆ = ௡݅ܵ)ߩ + (ܶܰܥ − (ܶܰܥ)ߩ −  (5.2)   ,(௡݅ܵ)ߩ

where ௡݅ܵ)ߩ	 + (ܶܰܥ , 	ρ(CNT) , and 	ρ(Si୬)  are charge densities of Sin/CNT system, 

pristine CNT, and Sin cluster with C and Si atoms in the same positions as they occupy in 

Sin/CNT system. Taking Si3 as an example as presented in Figure 5.3, our results indicate 

that charge is generally transferred from Si to CNT, which can be easily understood by 

the electronegativities of the two elements145 (1.90 and 2.55 on Pauling scale for Si and C, 

respectively). The electrons transferred from Si to C atoms mainly distribute in the region 
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nearby Si–C bonds. Note the slight charge depletion in the CNT region nearby Si cluster, 

suggesting a possible weakening of the corresponding C-C bonds, consistent with their 

aforementioned elongation. 

 

Figure 5.3. Contour plots of charge-density difference in Si3/CNT nanostructures. Yellow 

color indicates positive regions (charge accumulation), while blue – negative (charge 

depletion). 

 

The ground-state structure for Si4 cluster is planar rhombus, formed by edge-

capping the Si3 triangle. Such planar shape is considerably more stable in the gas-phase 

than the 3-D Si4. Nevertheless, we considered both of these forms as the initial 

configurations for the adsorbed Si4 clusters on the carbonaceous support (Figure 5.2). The 

calculated adsorption energies of 2-D Si4 layer on the outer surface of (5,5) CNT lay in 

the range of -0.11 to -0.13 eV with the minimum Si-C distance of 3.67-3.92 Å. In its most 

stable adsorption configuration four Si atoms are located above the C atoms. Meanwhile, 

initially three-dimensional Si4 cluster after adsorption transforms into the planar form. In 

this aspect, the adsorption of Si4 cluster represents an interesting case, since the flat 2-D 

layer with such number of Si atoms has a poor stability on the CNT surface, however, on 

the other side, the 2-D – 3-D transition in Si clusters has not taken place yet. Therefore, 



CHAPTER 5 Silicon/Carbon Nanotube Hybrids 

- 50 - 
 

Si4 cluster has smaller adsorption energy than both of its neighbors in the size space (Si2, 

Si3 and Si5). 

Next, we study the adsorption of Si6 clusters on the outer surface of (5,5) CNT as 

a model of stable supported 3D Si cluster. Here, Si6 was chosen because it is especially 

stable among small Sin clusters (n=2 to 13)146 and alongside Si10, it is found abundantly in 

experimental mass spectra.141 Due to its high stability compared to the other small silicon 

clusters, Si6 is characterized as one of the “magic-number” clusters.141 In our study, Si6 

cluster initially has a shape of tetragonal bipyramid (D4h symmetry) and the interatomic 

distances of six Si atoms are chosen in accordance with the Si6 gas phase equilibrium 

structure.135, 140 

After adsorption, Si6 cluster preserves its 3D structure. Parallel cluster orientation 

Si6-Par is generally the most stable with the adsorption energies in range of -0.25 to -0.28 

eV. Meanwhile, configuration Si6-Per1 with only one Si atom attached to CNT is the least 

stable one. The above suggests that Si6 cluster prefers to adsorb on the CNT with three 

CNT-adjacent Si atoms. At the most stable Si6-Par position, three Si-atoms of Si-Si-Si 

face in contact with CNT are located on the top of C atoms in the same C6 ring. In such 

case, the adsorption energy is equal to -0.28 eV and the minimum Si-C distance is 3.17 Å, 

which is larger than that in the Si2 dimer adsorption of 2.11 Å. The adsorption process 

slightly changes the geometrical shape of Si6 cluster: the Si-Si bond lengths in the 

triangular face just above the CNT are enlarged from 2.34, 2.34, 2.70 to 2.37, 2.37, 2.86 

Å, respectively, which indicates the slight weakening of the corresponding Si-Si bonds. 

Adsorption energy of Si6 cluster on the outer surface of (5,5) CNT is smaller than 

those of Si2 dimer and Si3 trimer (-1.16 eV and -0.52 eV, respectively). This result shows 

that increasing the cluster size would reduce the adhesive strength, and hence Si may be 
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unable to produce continuous coatings on the outer surface of pristine CNT, most likely 

forming discrete particles.147 Nevertheless, interaction between Si particles and CNT can 

be enhanced via preliminary functionalization (pre-treatment) of pristine CNT surface 

with chemically active groups. 

 

5.2.3. Support Dependent Adsorption: CNTs vs. Graphene 

Adsorption on carbonaceous supports is greatly affected by the dimensionality and 

electronic properties of nanocarbon. Our calculations show that Si clusters produce 

stronger interaction with CNTs, than with graphene (for instance, -0.52 and -0.10 eV for 

Si3 on (5,5) CNT and graphene, respectively). Keeping in mind that nanotubes differ from 

graphene sheet by curved and non-planar sp2 bonding configuration, this makes curvature 

as one of the main factors affecting Si adsorption. As the curvature of CNT decreases (i.e. 

CNT’s diameter increases), the adsorption energy of Si clusters becomes smaller. 

Therefore, adsorption energy of Si clusters on graphene has the smallest value, compared 

to CNTs. Moreover, this trend holds for all studied cluster sizes. Such behavior is 

expected since curvature effect has been observed in the other systems (e.g. Ti/CNT, 

Al/CNT, etc.) in literature.130, 148-150 The enhanced adsorption on the CNT surface may be 

attributed to the enhanced hybridization between the molecular orbitals of C and 

adsorbate at small tube radius.150 For instance, as described by Ciraci et al,148 Al atom is 

not bound to the graphite surface, but its binding on the nanotube surface is relatively 

strong. 
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5.2.4. Functionalization of CNT: the Linker Effect on Si Adsorption 

Our results indicate that increasing the Si cluster size would reduce the adhesive 

strength between Si clusters and CNT support. In practical applications (such as in Li-ion 

batteries), mechanical integrity and stability of Si/CNT hybrid anodes play an important 

role. Therefore, it is highly necessary to establish ways to strengthen the Si-CNT binding. 

One of the strategies is through chemical functionalization, which is performed by 

attaching active groups at the sidewalls of CNTs, so that these groups would serve as a 

link between the cluster and CNT. The choice of optimal functionalization strategy plays 

a crucial role, since different functional groups on the CNT surface show significantly 

distinct interface chemistry, as well as cluster-support binding. For instance, Au 

nanoparticles actively decorate thiol-treated CNTs, while carboxyl treatment leads only to 

small adsorbed Au amounts, as observed by Chopra et al.151 In their work, thiol-

functionalized end of CNT had an estimated Au nanoparticle density of ~526 

nanoparticles μm-1, in contrast to only 80 particles μm-1 at the carboxyl-functionalized 

CNT end.151 These results suggest that in order to sufficiently tailor the hybrid materials, 

it is desirable to develop the understanding of interfacial cluster-support interactions, as 

well as to investigate the role of different chemical elements inside the functional 

groups.152 

We modify the CNT surface with three functional groups, namely, amino (-NH2), 

hydroxyl (-OH) and carboxyl (-COOH). Amine molecules and amino-based groups have 

been used to link CdS127 and Fe2O3
153 nanoparticles to the CNT surface for optoelectronic 

and magnetic applications. Meanwhile, hydroxyl and carboxyl groups are the main 

products in oxidative acid treatment of carbon nanotubes.154 Such pre-treatment of carbon 

nanotubes in oxidative acids (e.g. nitric acid) increases the solubility of CNTs, creating 
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the possibility of further development of nanocomposites.155 In order to find the 

minimum-energy atomic configuration for functionalized CNTs, we considered different 

initial adsorption sites and various initial orientations of each functional group with 

respect to (5,5) CNT. Each starting structure was further optimized without any symmetry 

constraints. The most stable configurations of (NH2)-(5,5)CNT, (OH)-(5,5)CNT and 

(COOH)-(5,5)CNT are shown in Figures 5.4a-c, respectively. We found the each 

functional group prefers to bind to (5,5) CNT at the on-top C site with the bond lengths of 

1.49, 1.47 and 1.57 Å for (-NH2), (-OH) and (-COOH) radicals, respectively. The 

adsorption leads to a change in local geometry, and the C atom underneath the functional 

group is pulled out of its initial position. As a result, the C-C bond lengths between the C 

atom at an adsorption site and its neighbors increase from 1.42 to ~1.52 Å. 

 

Figure 5.4. Adsorption of Si6 cluster on the CNT surface, functionalized with (-NH2), (-

OH) and (-COOH) active groups. 

 

We then introduce the Si clusters to the functionalized CNTs in order to study the 

effect of functionalization on the interfacial interactions. The comparison of the 

adsorption of Si3 and Si6 clusters on the pristine and functionalized (5,5) CNTs is given in 

Table 5.1. The interaction of Si6 with (-NH2)-functionalized (5,5) CNT (Figure 5.4) is 

found to be weak with the adsorption energy of -0.30 eV (Table 5.1), almost the same as 
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on the pristine nanotube. The minimum Si-H distance is 3.25 Å, which lies beyond the 

range of chemical bonding and represents only a little improvement over the pristine 

(5,5) CNT case. The pre-treatment of CNT with hydroxyl (-OH) group gives a slightly 

stronger adsorption, although still weak. The minimum Si-H distance is 3.21 Å in Si6-

(OH)-(5,5) CNT. 

 

Table 5.1. Adsorption Energies (Ea), Minimum Distances (dmin) for Si3 and Si6 Clusters 

Adsorption on Pristine and Functionalized (5,5) CNT 

Configuration Ea, eV dmin, Å 

Si3-(5,5)CNT -0.52 2.05 

Si3-(NH2)-(5,5)CNT -0.55 2.00 

Si3-(OH)-(5,5)CNT -0.56 2.00 

Si3-(COOH)-(5,5)CNT -1.32 1.66 

   

Si6-(5,5)CNT -0.28 3.50 

Si6-(NH2)-(5,5)CNT -0.30 3.25 

Si6-(OH)-(5,5)CNT -0.30 3.21 

Si6-(COOH)-(5,5)CNT -0.88 1.67 

 

In contrast, the strongest binding has been achieved after the functionalization of 

CNT surface with the carboxyl molecule (-COOH) (Figure 5.4). The adsorption energy of 

Si6 cluster on the outer surface of (COOH)-(5,5) CNT is -0.88 eV, which is ~3.1 times 

improvement over the adsorption energy on pristine (5,5) CNT. Similar results are 

obtained for the adsorption of Si3 cluster - the introduction of (-COOH) contributes to the 
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~2.5 times increase in binding strength (from -0.52 to -1.32 eV). Si clusters in the 

Si/(COOH)-CNT structure prefer to adsorb on the carbonyl (-C=O) side of the carboxyl 

group. The minimum Si-O distance is ~1.67 Å, suggesting that Si-O bond has been 

formed. The enhanced interaction due to functionalization is further confirmed by Bader 

charge analysis. The amount of electron transfer from the Si atom of Si6 in contact with (-

COOH) radical is estimated to be 0.85e, much larger than that of 0.08e in case of Si6 

cluster on pristine (5,5) CNT. Therefore, the oxygen in carbonyl side promotes more 

active charge transfer from the adsorbed Si to the CNT, enhancing the binding at Si-CNT 

interface. These results show the different role of the elements in carboxyl group: with 

oxygen being the main element responsible for strong Si-support binding. The hydrogen 

side is less active, which explains the weak interaction of Si clusters with amino (-NH2) 

and hydroxyl (-OH) functionalized CNTs. Moreover, although oxygen is also present in 

hydroxyl molecule, its chemical activity is hindered by the electron deprivation by 

hydrogen. The above results show the importance of oxygen for the strong binding of Si 

with CNT. From our studies, we suggest that carboxyl groups may be used in the 

preparation of Si/CNT hybrids. 

 

5.2.5. Li Uptake in Si Cluster/CNT 

Both CNTs and Si are known for the ability to store large amounts of Li ions 

(theoretical capacities of CNT and Si are >1116 mAh/g,7, 93 and 4200 mAh/g,17 

respectively). The use of hybrid Si/CNT anodes, possessing two different lithium storage 

mechanisms simultaneously, may enhance the total specific capacity of the Li-ion battery. 

In order to study the interaction of Li atoms with Si/CNT complex, we first investigate 

where Li atoms “sit” in the Si/CNT. The Si6 cluster, adsorbed on the outer surface of (5,5) 
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CNT with three CNT-adjacent Si atoms, was used as Si/CNT model, since Si6 is 

especially stable among small Sin clusters (n=2 to 13)146 and it is found abundantly in 

experimental mass spectra.141 We consider 5 typical initial positions for Li atom insertion 

(Figure 5.5): face (F), long Si-Si bridge (~2.70 Å) (LB), short Si-Si bridge (~2.34 Å) 

(SB), Si atom (A), hollow site on CNT (N). The adsorption energy (ܧ௔) of Li at these 

sites is defined as follows, 

௔ܧ = ݅ܮ)ܧ + ܵ݅଺/ܶܰܥ) − (ܶܰܥ/଺݅ܵ)ܧ −  (5.3)   ,(݅ܮ)ܧ

where ݅ܮ)ܧ + ܵ݅଺/ܶܰܥ) is the total energy of optimized system (Li-Si6/CNT), ܧ(ܵ݅଺/

 .is total energy of Li atom (݅ܮ)ܧ is the total energy of Si6/CNT, and (ܶܰܥ

 

Figure 5.5. Li adsorption sites on Si6/CNT: face (F), long Si-Si bridge (LB), short Si-Si 

bridge (SB), Si atom (A), and hollow site on CNT (N). 

 

The Li adsorption energies and geometrical parameters of Li-Si6/CNT system are 

listed in Table 5.2. From our calculations, all adsorption positions are found to be 

energetically favorable for Li insertion. The rich Li adsorption sites indicate that Si/CNT 
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anodes can potentially achieve high energy densities. The adsorption energy depends on 

the number of Si atoms neighboring to Li atom. The triangular face of Si cluster is 

preferable for Li adsorption, while Li atom in contact with only one Si atom is 

energetically the least favorable. The adsorption energies of Li in all considered positions 

vary from -1.41 to -1.60 eV, which is close to the respective values in bulk Si and Si 

nanowires.111 Next, we increase the number of Li atoms by putting one Li atom at each 

Si-Si-Si face of the Si6 cluster, except the face that connects cluster to the CNT. This 

gives a stoichiometry of Li7Si6. The average adsorption energy per Li atom in optimized 

Li7Si6/CNT is -1.56 eV, which is slightly smaller than that of a single Li atom, indicating 

the decreased thermodynamic stability with the increase in Li concentration. 

 

Table 5.2. Adsorption Energies (Ea) and Minimum Li-Si (dLi-Si) Distances for One Li 

Atom Adsorption on Si6/CNT Hybrid Nanostructures 

Li Adsorption 

Site 

Adsorption 

Energy (eV) 

Li-Si Distance 

(Å) 

Face (F) -1.60 2.55 

Long Si-Si 

bridge (LB) 

-1.53 2.58 

Short Si-Si 

bridge (SB) 

-1.51 2.61 

Si atom (A) -1.41 2.66 

Nanotube (N) -1.53 dLi-C = 2.24 

 

When Li is adsorbed on the hollow site on CNT far from the Si cluster, the 

adsorption energy is found to be -1.53 eV. Energy values from our calculations are close 

to the experimental binding energies156 of 1.70±0.14 eV in Li-C6H6 system. This indicates 
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that the Li uptake ability of CNTs is preserved in Si/CNT hybrid structure. Thus CNTs 

not only serve as buffer material, accommodating Si expansion, but also provide 

additional intercalation sites for Li. 

 

5.2.6. Effect of Li Insertion on the Strength of Si Cluster/CNT Interface 

One more important issue is: how does insertion of lithium affect the strength of 

Si/CNT interface? To answer this question, we compare the adsorption energies of Si6-

cluster and lithiated Si6-cluster on the outer surface of pristine and (COOH)-

functionalized (5,5) CNTs, i.e. (1) Si6/CNT, (2) LiSi6/CNT, (3) Si6/(COOH)-CNT and (4) 

LiSi6/(COOH)-CNT systems. 

From our calculations, the adsorption energy of pure Si6 on the outer surface of 

(5,5) CNT (E1-pristine) is -0.28 eV, while the adsorption energy of the corresponding Li-Si6 

complex (E2-pristine) is -0.14 eV. This result indicates that the insertion of lithium into the 

system (alloying of Li with Si) would weaken the adhesion of Si on the pristine CNT 

surface. The decrease in adsorption energy becomes even more obvious when more Li 

atoms are added. The adsorption energy of the optimized Li7Si6 alloy is only -0.12 eV, 

which is lower than the both cases above (E1-pristine and E2-pristine). Such behavior may lead 

to the detachment of Si droplets from the pristine CNT during cycling, which, in turn, 

may lead to the agglomeration of free Si particles and contribute to the capacity fade in 

practical Si/CNT anodes. In contrast, the adsorption energy of the pure Si6 cluster on the 

outer surface of (COOH)-functionalized (5,5) CNT (E1-func) is -0.88 eV, and the 

adsorption energy of the corresponding Li-Si6 complex (E2-func) is -0.86 eV. The change 

of adsorption energy in this case is not critical, and functionalized hybrid system still 

preserves its integrity upon lithiation. This significant improvement in stability upon 



CHAPTER 5 Silicon/Carbon Nanotube Hybrids 

- 59 - 
 

lithiation in functionalized Si/CNT hybrids, as compared to the pristine case, may result 

in the improved cycle life of battery anode. 

 

5.3. Summary 

In summary, we reveal that in all adsorbed Sin clusters, the structure of free-

standing cluster is preserved, although slightly distorted. The smallest Sin clusters (n = 2 –

 4) energetically prefer to form planar, parallel to the support surface orientations with all 

Si atoms bonded to CNT. Both Si2 and Si3 clusters form strong Si-C bonds with the 

underlying CNT support. Once Sin cluster becomes larger, the Si-C interactions are 

weakened and the adsorbed Si cluster starts to favour 3D structures. The Si4 cluster can be 

treated as a transition size between 2D and 3D adsorbed configurations. Moreover, the 

interaction between Si clusters and CNT support shows a strong dependence on the CNT 

surface chemistry. From our calculations, the interfacial bonding between Si and pristine, 

ammonia- or hydroxyl-functionalized CNTs is quite weak. In contrast, the bonding can be 

significantly improved by carboxyl-functionalization of the CNT. 

The Li adsorption energy depends on the number of Si atoms neighbouring to Li 

atom, namely, the triangular faces of Si clusters are energetically preferable for Li 

insertion over edges and corners. Both CNT and Si cluster in the resulting Si/CNT 

structure preserve their Li uptake ability with the Li adsorption energies (-1.4 to -1.6 eV) 

close to those in bulk Si and Si nanowires. More importantly, we show that Li insertion 

leads to the weakening of Si/CNT interface, which could be a main reason for the 

experimentally observed capacity fade in hybrid Si/CNT anode. Nevertheless, the 

structural integrity of Si/CNT hybrid upon lithiation is improved after the 
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functionalization of CNT surface, potentially leading to the longer cycle life of the hybrid 

anode. Our findings reveal the importance of surface engineering in the design of hybrid 

nanomaterials for potential applications in Li-ion batteries and other fields, such as 

supercapacitors, catalysis and sensing. 
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Chapter 6 

Silicon Nanotubes 

6.1. Introduction 

Silicon nanostructures exhibit many unusual properties as compared with bulk 

material, such as direct band gap, reduced thermal conductivity, etc.157-160 Silicon 

nanoclusters (SiNCs) and nanowires (SiNWs) have long been in the mainstream of 

nanoscience, serving as important building blocks of functional devices.161, 162 The 

discovery and success of C60, CNTs and graphene in the past decades inspired a strong 

interest in developing their silicon-based analogues, Si being the next group IV element in 

the periodic table after carbon. For instance, silicon fullerenes have been theoretically 

studied as promising hydrogen storage media.163, 164 

A two-dimensional honeycomb lattice of Si, named silicene, is proven to be stable 

with a characteristic low-buckled (LB), puckered structure.165 Silicene monolayer has a 

graphenelike electronic band structure with charge carriers behaving as massless Dirac 

fermions.165-168 As reported by Chen et al., quasiparticle interference (QPI) patterns have 

been observed in silicene suggesting both intervalley and intravalley scattering of charge 

carriers, and a large measured Fermi velocity of 106 m/s has been derived.168 Compared 

with that of graphene, a stronger spin-orbit coupling in silicene may lead to a detectable 

quantum spin Hall effect (QSHE) and other attractive properties.169-174 Importantly, 
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compatibility of silicene with existing silicon-based nanotechnology favors its potential 

device applications. Experimentally, single-layer silicene sheet has been grown on 

Ag(111) by chemical vapor deposition method.175-177 Functionalized Si monolayers have 

been produced by by the exfoliation of layered polysilane (Si6H6) precursor.65, 66 

Silicon nanotubes (SiNTs) represent another interesting nanostructure, which drew 

attention of the scientific community in recent years. The possibility of the existence of 

tubular shapes of silicon has been firstly suggested theoretically. On the experimental 

side, successful synthesis of SiNTs has been reported by several groups in recent years 

utilizing hydrothermal process,178, 179 dc-arc plasma method,180 laser ablation181 and 

plasma treatment.182 These studies report the experimental observations of SiNT features, 

which resemble those observed in CNTs, such as rounded tips,182 multiple walls,178 

different chiralities or atomic arrangement compatible with a puckered structure,180, 181 

suggesting the possible formation of helical tubes of Si. Although the exact experimental 

atomic arrangement of SiNTs remains controversial, the theoretical studies have proposed 

stable structural models for Si nanotubes (SiNTs), and their electronic properties have 

been carefully tested.183-187 In many studies, Si nanotubes exhibit semiconducting or 

metallic behavior depending on the tube diameter, chirality, similar to CNTs.187, 188 

Importantly, the nanostructures of Si can gain extra stability by puckering (buckling)165 or 

metal encapsulation.189 A significant interest has been paid to various potential 

applications of single-wall SiNTs in magnetic nanodevices,190 nanoelectronics,191 

hydrogen storage192 and chemical sensors.193 These studies also inspire us to investigate 

the Li intercalation behavior in Si nanotubes, especially taking into account the great 

promise of silicon as high-performance anode material in Li-ion batteries. 

In this Chapter, we present our density-functional-theory calculations on Li 

insertion behavior in Si nanotubes of two structural types – hexagonal and gearlike. The 
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Li adsorption energies for single and multiple Li atoms insertion are calculated, while the 

mechanism of Li-SiNT interaction is studied by charge-density and density of states 

analysis. We address the Li diffusion in SiNT by calculating the energy barriers along 

several diffusion pathways. Importantly, we make a comparison between SiNTs and their 

structural analogues (e.g. CNTs, Si nanowires and Si nanoclusters) in terms of the main 

Li insertion properties. The predicted advantageous properties of Si nanotubes, such as 

large Li adsorption energy and low Li diffusion barriers, demonstrate great potential of 

these nanomaterials as Li-ion battery anodes. 

 

6.2. Results & Discussion 

6.2.1. Structural Properties of Si Nanotubes 

Single-wall SiNTs can be viewed as the rolled-up single layers of Si, similarly to 

CNTs. Rolling the hypothetical 2-D graphite-like silicon sheet will form a hexagonal 

SiNT (h-SiNT) with a structure identical to CNT (Figure 6.1a). On the other hand, by 

rolling the Si (1 1 1) sheet of diamond structure one can obtain the gearlike SiNTs (g-

SiNTs) (Figure 6.1b). The unique feature of the latter type of SiNTs is that its sidewalls 

are not smooth, but exhibit “gearlike” distortion, resulting from the initial non-flat shape 

of Si (1 1 1) sheet. Therefore, the local coordination of each atom in g-SiNT is not planar 

but slightly pyramidalized, with mixed sp3-sp2 hybridization. The presence of sp3 

configuration (which is more natural for silicon) results in the higher stability of g-SiNTs 

over smooth-walled h-SiNTs, as confirmed by previous theoretical studies.183, 188 

Moreover, Zhang et al. showed that armchair g-SiNTs are more stable than zigzag ones 

due to the efficient overlap of pz orbitals and delocalized π bonds.186 
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Figure 6.1. Optimized structures of (a) hexagonal and (b) gearlike (5,5) SiNTs. 

 

We compare the structural and energetic properties of h-(5,5)SiNTs and g-

(5,5)SiNTs by fully relaxing the supercells containing nanotubes with 80 Si atoms. The 

optimized structures are shown in Figure 6.1. The formation energy per atom of SiNTs in 

our study is defined as follows, 

௙௢௥௠ܧ = /(ܶܰ݅ܵ)௧௢௧௔௟ܧ ௔ܰ௧௢௠௦ −  (6.1)   ,(݅ܵ)ܧ

where ܧ௧௢௧௔௟(ܵ݅ܰܶ)/ ௔ܰ௧௢௠௦ is the total energy of SiNT per atom and ܧ(ܵ݅) is the total 

energy of the isolated single Si atom. The formation energy per atom for g-(5,5)SiNT is 

found to be 0.003 eV lower than that for h-(5,5)SiNT, consistent with previous studies for 

Si nanotubes of this diameter.188 The sum of bond angles at each Si atom in h-(5,5)SiNT 

is nearly equal to 360°, corresponding to sp2 planar configuration. The Si-Si bond lengths 

in g-(5,5)SiNT are 2.28 Å for the bonds perpendicular to the axis and 2.30 Å for the 

bonds in other directions. There are two types of local configurations for the Si atoms in 
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g-(5,5)SiNT, labeled as “α” and “β”. The calculated sums of angles surrounding atoms 

of types “α” and “β” are 355° and 329°, respectively, close to the idealized values of 

360° and 328.4° for planar (sp2) and tetrahedral (sp3) structures, respectively. The latter 

suggests the presence of mixed sp3-sp2 hybridization in g-SiNTs. Thereby, puckering in 

g-SiNTs induces the dehybridization of sp2 hybrid orbitals and subsequent formation of 

sp3-like orbitals, which, in turn, enhance the stability of nanotubes, similarly as in 2-D 

honeycomb silicon nanoribbons.165, 194 

 

6.2.2. Stability of Si Nanotubes upon Li-insertion 

Next, the structural stability of nanotube host during Li insertion is tested. We 

place one Li atom at the initial Li-Si distance of 2 Å and perform a full relaxation of all Si 

and Li atomic positions. As shown in Figure 6.2a-b, the optimized structures of Li/h-

(5,5)SiNT show significant local distortions after the introduction of Li atom. After 

relaxation, Li atom hardly changes its initial coordinates, while the local Si atoms are 

“pressed” inside of the nanotube. Therefore, if hexagonal CNT-like SiNTs are 

synthesized, the pristine nanotubes could not be used as battery anodes due to the host 

instability and structural changes upon reaction with Li, leading to the limited cycling life. 

However, the stability of h-SiNTs may be potentially improved via doping or 

encapsulating metal atoms.189 

In contrast, the optimized structures of g-SiNTs preserve its local order after the 

insertion of Li atom (Figure 6.2c-d). Such result is logical, since g-SiNTs are more stable 

over disturbance.188 The nanotube preserves its shape and the maximum deformation of 

the tube radius (ΔR/R) is only 1.72% from our calculations. From the prospect of host 
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stability, g-SiNTs are much more suitable than h-SiNTs for the Li-ion battery application. 

Based on this conclusion, we focus on the study of the properties of g-(5,5) SiNTs. 

 

Figure 6.2. Optimized structure of (a, b) Li-h-(5,5) SiNT and (c, d) Li-g-(5,5) SiNT. Only 

g-SiNT preserves its structure during Li insertion. 

 

6.2.3. Lithium Adsorption Energies 

The adsorption energy of Li at the outer/inner surface of g-SiNT is defined as 

follows, 

௔ܧ = ݅ܮ)ܧ + ܵ݅ܰܶ) − (ܶܰ݅ܵ)ܧ −  (6.2)   ,(݅ܮ)ܧ

where ݅ܮ)ܧ + ܵ݅ܰܶ) is the total energy of optimized system (Li + SiNT), ܧ(ܵ݅ܰܶ) is the 

total energy of gearlike Si nanotube, and (݅ܮ)ܧ is the total energy of single Li atom. By 
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definition, ܧ௔ < 0 corresponds to exothermic reaction and attractive interaction, while 

௔ܧ > 0  indicates the system that is thermodynamically unstable compared to its 

standalone parts. 

The adsorption of Li atom both outside and inside of g-(5,5)SiNT is exothermic 

with the negative adsorption energies of -2.28 and -2.45 eV, respectively. The minimum 

Li-Si distances in these cases are 2.67 and 2.68 Å, respectively. The average Si-Si bond 

length in the Si6 ring underneath the Li atom is slightly enlarged from 2.29 to 2.30 Å, 

indicating the slight weakening of the respective Si-Si bonds. Most importantly, the Li 

adsorption energies on g-(5,5)SiNT are much larger than in (8,8) CNT (-1.46 eV) and 

even other nanostructured forms of silicon – Si6 nanoclusters (-1.68 eV) and [1 1 0] Si 

nanowires (-1.73 eV).111 We found that Li adsorption is more favorable on the faces of Si6 

nanoclusters rather than its edges and corners. Therefore, Li should adsorb even stronger 

on the six-member Si ring. The large adsorption energies in g-(5,5)SiNT represent an 

advantage, because the strong interaction between Li and host tube can effectively 

compensate the electrostatic repulsions among adsorbed Li ions. Hence, the stability of 

the host system may be enhanced under high Li concentrations during battery cycling. 

We further study the Li insertion at different densities by gradually increasing the 

Li concentration in the system. We begin with placing the second Li atom at various 

positions with respect to the first adsorbed Li atom. The initial configurations include: (1) 

two Li atoms located above the centers of the nearest neighboring Si6 rings (NN site); (2) 

above the centers of the next nearest neighboring Si6 rings (NNN site); (3) from the 

opposite sides of g-(5,5) SiNT (Far site). The respective Li adsorption energies at the 

above sites are listed in Table 6.1. The computed average Li adsorption energy per Li 

atom shows a clear dependence on the distance between Li atoms. The configuration with 

the smallest Li-Li distance (NN) has the smallest adsorption energy, being the least 
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energetically favorable. As the distance between two Li atoms increases, the adsorption 

energy becomes larger and approaches that of a single Li atom on g-(5,5)SiNT (-2.23 eV). 

The adsorption behavior of Li atoms is quite similar for both inside and outside the SiNT, 

showing the same trends. In all configurations, the Li adsorption energy is larger than the 

binding energy in Li2 dimer (-1.07 eV). Therefore, we can assume that Li clustering is not 

expected at low Li concentrations in SiNT. The above findings confirm that the overall Li 

adsorption energy in g-(5,5)SiNT results from the repulsive forces between the adsorbed 

Li atoms and the interaction between Li and the nanotube host. 

 

Table 6.1. Li Adsorption Energies (Ea) and Nearest Li-Li Distances (dLi-Li) for Multiple 

Li Insertion in g-(5,5)SiNT 

Configuration 
Adsorption 
Energy (eV) 

Li-Li 
Distance (Å) 

Outside: 
2 Li atoms – NN 
2 Li atoms – NNN 
2 Li atoms – Far 
10 Li atoms 
 
Inside: 
2 Li atoms - NN 
2 Li atoms -NNN 
2 Li atoms - Far 
10 Li atoms 

 
-2.12 
-2.17 
-2.23 
-2.02 

 
 

-2.34 
-2.37 
-2.41 
-2.17 

 
3.89 
7.79 
13.51 
7.79 

 
 

3.89 
7.79 
8.98 
3.95 

 

The g-(5,5) SiNT with 10 adsorbed Li atoms was constructed by placing Li atom 

above each next nearest neighboring (NNN) Si6 ring. After optimization, Li atoms outside 

the g-SiNT rearrange over the cylindrical surface of radius 7.34 Å (while the outer/inner 

radius of g-(5,5)SiNT is 5.60/5.06 Å) (Figure 6.3a). The average adsorption energy per Li 
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atom is -2.02 eV, decreasing with the increase of number of Li atoms. Similarly, when all 

10 Li atoms are placed in the interior of the SiNT, they relocate over the cylindrical 

surface of radius 3.37 Å (Figure 6.3b). In the stable structure, all Li atoms remain isolated 

and keep their positions above the centers of hexagons. The insertion of 10 Li atoms 

changes the shape of nanotube to a greater extent than in the case of single Li atom 

adsorption. Herein, the maximum deformations (ΔR/R) are 2.71 and 4.16 % for the 

outside and inside adsorption, respectively. Both exterior and interior are nearly equally 

favorable for Li insertion, as the energy difference of 10 Li atoms all outside or inside the 

g-(5,5)SiNT is only 0.15 eV per Li atom. 

 
Figure 6.3. Front and diagonal views of optimized g-(5,5)SiNT structures with 10 Li 

atoms, adsorbed (a, c) outside and (b, d) inside the nanotube. 

6.2.4. Electronic Properties of g-SiNTs 

Next, the binding mechanism between Li atom and g-(5,5)SiNT is examined. 

Figure 6.4 shows charge density difference plot for Li-g-(5,5)SiNT system, where Li 
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atom is adsorbed above (Fig. 6.4a) or below (Figure 6.4b) the center of hexagonal ring. 

The charge density difference (∆ߩ) is defined as 

ߩ∆ = ݅ܮ)ߩ + ܵ݅ܰܶ) − (ܶܰ݅ܵ)ߩ −  (6.3)   ,(݅ܮ)ߩ

where ݅ܮ)ߩ +  are the total electron densities of the Li-SiNT (ܶܰ݅ܵ)ߩ ,(ܶܰ݅ܵ)ߩ ,(ܶܰ݅ܵ

system, pristine SiNT and single Li atom, respectively. Our analysis shows that there is a 

charge transfer from the Li atom towards the Si nanotube. This can be understood by the 

larger electronegativity of Si compared to Li (1.90 and 0.98 on the Pauling scale, 

respectively).145 The chemical binding between Li and SiNT has a positive ionic 

character. Bader charge analysis confirms that the Li atom stays as a cation. Note that the 

slight charge depletion on the Si6 ring underneath the Li atom can be associated with the 

weakening of the corresponding Si-Si bonds. 

 

Figure 6.4. Charge density difference plot for the g-(5,5) SiNT with Li atom adsorbed (a) 

outside and (b) inside the nanotube. The blue and yellow isosurfaces represent charge 

depletion and accumulation, respectively. 

The total density of states of pristine and Li-adsorbed g-(5,5) SiNTs are shown in 

Figure 6.5. Previous theoretical studies concluded that pristine armchair g-(n,n) SiNTs are 

semiconductors with the small band gap of 0–1 eV.166, 183, 188 From our calculations, g-

(5,5) SiNT is semiconductor with a gap of 0.15 eV, as shown in Figure 6.5a. It has to be 
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noted that standard GGA calculations usually underestimate the band gap of 

semiconductors as in the case of bulk Si. The TDOS of Li-g-(5,5) SiNT (Figure 6.5b) 

closely matches that of the pure nanotube, showing that it mainly comes from the Si 

states. 

 

Figure 6.5. Total density of states (TDOS) of the g-(5,5)SiNT with (a) no Li, (b) 1 Li 

atom, (c) 2 Li atoms, and (d) 10 Li atoms. The grey vertical line indicates the Fermi level. 

Adsorption of Li atom raises the charge transfer, shifting the Fermi level into the bottom 

of conduction band – from -3.32 eV in pristine to -3.08 eV in Li-adsorbed g-SiNTs. The 

adsorbed Li atom transfers its partial charge to Si but does not create an extra level inside 
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the band gap. Li makes two main contributions to the total DOS: one is located in the 

valence band while the other is around the Fermi level. Increasing the number of Li atoms 

also increases the amount of total charge transfer. Therefore, the Fermi level is shifted 

further, as shown in Figure 6.5c-d. These results suggest that Li-adsorbed g-SiNT 

becomes metal-like. 

 

6.2.5. Lithium Diffusion in g-SiNTs 

A critical issue that has to be addressed in the design of nanotubular anodes is how 

easy Li ions can penetrate into the nanotube interior, and hence fully utilize intercalation 

sites at both the outer and inner tube surfaces. For instance, the specific capacity of 

pristine CNTs is only 450 mAh/g,195 barely larger than that of graphite. It is not surprising 

since the penetration of Li ions through the sidewalls of pristine CNT meets very high 

energy barriers of about 10 eV,94, 95 suggesting that very few Li ions can actually reach 

the tube interior. Nevertheless, the experiments have shown that the specific capacity can 

be increased twice (up to 1000 mAh/g) after chemical etching or ball-milling 

treatment,195, 196 which introduce sidewall defects and open ends into the nanotube. 

Subsequent theoretical calculations by Meunier et al.94 and Nishidate et al.95 demonstrated 

the significant reduction of energy barrier for Li motion through the created defective 

rings, which allows Li ions to enter the nanotube interior. Besides defect engineering, 

another strategy to reduce the penetration barrier is doping, as it has been shown in boron-

carbon nanotubes.96, 97 The above works highlight the effect of Li ion kinetics and, 

particularly, sidewall penetration barrier on the performance of practical nanotubular 

anodes. Therefore, it is highly necessary to address these issues in the design of SiNTs 

anodes. 
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The ability of Li ions to penetrate easily into the nanotube interior (and hence 

occupy more adsorption sites) greatly determines the Li storage capacity of nanotube 

anodes. Besides, fast Li diffusion is desirable for high charge/discharge rate in practical 

Li-ion batteries. 

Herein, we investigate the energetics of two diffusion pathways in g-(5,5)SiNT: 

(1) movement of Li atom in the channel inside the nanotube; 

(2) penetration of Li atom into the interior through the center of sidewall Si6 rings. 

The energy barrier is defined as the difference in energy between the saddle point 

(i.e. the most unstable Li position) and the equilibrium state along the diffusion pathway. 

We firstly consider the movement of Li atom through the open-ended SiNT and 

subsequent diffusion inside the tube. In this case, we use the SiNT consisting of 80 Si 

atoms, having a length of 13.5 Å. All edge silicon atoms at both the nanotube ends are 

saturated by hydrogen atoms. From our calculation, we find that Li atoms tend to stay 

near the ends of nanotube after entering its interior. Interestingly, there is no energy 

barrier for Li atom to penetrate into the hydrogen-saturated SiNT due to the capillary 

action, likewise to the case of Li atom entering the CNT.94, 197 The calculated energy 

barrier for the diffusion of Li atom inside the nanotube is 0.10 eV, implying that once Li 

atom can get into the interior of SiNT, the diffusion will become facile. 

To evaluate the energy barriers for Li to enter through the nanotube sidewalls in g-

(5,5) SiNT, we gradually moved the Li atom from the position outside the nanotube (A) 

through the ring (O) to the inside of nanotube (B), and monitor the total energy changes 

along the diffusion path A→O→B by means of nudged elastic band (NEB) method. The 

calculated energetics of this pathway is shown in Figure 6.6. The diffusion path has two 
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local minima positions, which correspond to the equilibrium positions of Li atom from 

both sides of the Si nanotube wall. Most importantly, even when Li is placed precisely at 

the center of the Si6 ring, the adsorption energy still has a negative value, revealing that 

such situation is energetically accessible. The calculated energy barrier for Li to actually 

pass the sidewall ring is 1.41 eV. On the other hand, the computed energy barrier for Li 

penetration through the sidewall of (8,8) CNT is as large as 9.68 eV. The impressive 7 

times reduction of the barrier in Si nanotubes in comparison to CNTs would result in the 

enhanced penetration rates into the interior through the sidewalls. Although the energy 

barrier remains higher than the optimal value for Li diffusion (0.4 – 0.8 eV) in the Li-ion 

batteries, we expect that it may be further reduced by doping96, 97 or topological defects. 

 

Figure 6.6. Energetics of the diffusion pathway A→O→B for Li penetration through the 

sidewall of g-(5,5) SiNT. Zero value of the distance corresponds to the center of the Si6 

ring. 

 

The significant reduction of the energy barrier for Li penetration into g-

(5,5) SiNT, as compared to (8,8) CNT, can be explained by the difference in the sizes of 

Si6 and C6 rings. As mentioned above, the Si-Si bond lengths are ≈1.6 times longer than 
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the C-C bonds, due to the larger atomic size of silicon. As the area of a regular hexagon 

with side length a is given by, 

ܣ = ଷ√ଷ
ଶ
ܽଶ,      (6.4) 

it makes Si6 ring nearly 2.56 times larger than C6, which facilitates Li diffusion through 

the ring. Moreover, when Li atom is located just at the center of the Si6 ring, the 

minimum Li-Si distance is 2.34 Å, which is close to the equilibrium Li-Si value of 2.67 

Å. For comparison, the minimum Li-C distance for Li atom, located at the center of the 

C6 ring, and the equilibrium Li-C distance are 1.45 and 2.22 Å, respectively. 

 

6.3. Summary 

From the prospect of host stability, g-SiNTs are much more suitable than h-SiNTs 

for the Li-ion battery application. From our calculations, gearlike (g-) SiNTs remain 

stable with the deformations of only 1.72%; meanwhile, hexagonal (h-) SiNTs exhibit 

poor structural stability during Li insertion. Si nanotubes show higher reactivity toward 

the adsorption of Li adatoms than CNTs and Si nanoclusters. During multiple Li 

insertions, Li adsorption energy shows a dependence on the distance between adsorbed Li 

atoms, revealing the competition between Li-Li repulsions and attractive Li-host 

interaction. The binding between Li and g-SiNT has a positive ionic character with the 

electrons transferred from Li to the nanotube. This charge transfer subsequently leads to 

the shifting of the Fermi level to the conduction band in the total DOS, indicating that 

SiNT becomes metal-like, while the magnitude of the shift is proportional to the number 

of adsorbed Li atoms. 
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As fast Li diffusion is desirable for high charge/discharge rate in practical Li-ion 

batteries, we find that SiNT interior may serve as a fast diffusion pathway because of the 

low barrier of 0.10 eV, which is also true for CNTs and BC3NTs. However, the important 

advantage of g-SiNTs is the significant reduction of energy barrier (nearly 7 times) for the 

penetration of Li atoms through the sidewall rings. Considering one of the key indications 

of a high performance anode is how easily Li atoms can move into the tube interior, the 

above findings favorably distinguish Si nanotubes from its carbon-based counterparts. 

Overall, the obtained results suggest that g-SiNTs are promising candidates as the anode 

material for Li-ion battery application. We expect that this work will promote the new 

applications of SiNTs, as well as contribute to the fundamental knowledge about novel Si 

nanostructures. 
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Chapter 7 

Silicon Nanosheets 

7.1. Introduction 

Two-dimensional nanosheets (2-D NSs) with a thickness of only few nanometers 

have attracted tremendous attention recently because of their unusual properties, 

originating from the quantum size effects. For example, graphene – a famous 2-D 

material – exhibits high electron mobility, quantum Hall effect and remarkable 

mechanical strength.198 The latest experimental advances have led to the exploration of 

ultrathin 2-D compounds of many materials, such as metals (e.g. Pd),199 oxides (e.g. 

CeO2, TiO2),200, 201 chalcogenides (e.g. MoS2, WS2, MoSe2, TiS2, CdSe, etc.),202, 203 which 

have shown promising applications in catalysis, plasmonics, energy storage and high-k 

nanodielectrics. 

Silicon has been a fundamental material in nanotechnology for many years, owing 

to its key role in modern nanoelectronics industry. Very recently, some methods for the 

synthesis of free-standing 2-D silicon nanosheets (SiNSs) have been reported.64-66, 68, 204-

206 For instance, using CVD technique, Kim et al. have prepared SiNSs with a thickness 

of just 2 nm,64 which exhibit certain unique optoelectronic properties such as 

photoluminescence blue emission at 435 nm and the enhanced direct band gap transition. 

Moreover, Nakano and co-workers have prepared and investigated functionalized single-
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layer nanosheets by the exfoliation of layered polysilane (Si6H6) precursor.65, 66, 204-206 

Furthermore, the synthesis of Si nanosheets with a thickness of ~3 nm using graphene 

oxide (GO) as the template has also been reported.68 Nanosheets prepared by all these 

methods exhibit unique characteristics such as controllable thickness (single or few 

atomic-layers), crystalline structure with large surface area and the potentials of being 

functionalized by a wide range of molecules. 

One of the emerging areas, where Si nanosheets can find its potential application, 

is the field of energy storage, particularly, as the anode of lithium-ion (Li-ion) batteries. 

Silicon itself is an attractive novel anode material with ultra-high Li storage capacity 

(4200 mAh/g), which has been suggested to replace the conventional graphite. However, 

the alloying reaction with Li leads to the enormous volume changes (>400%) for Si, 

resulting in the pulverization of the active material and large capacity fading with 

cycling.207 Nevertheless, the improved anode performance has been achieved in 

nanostructured forms of Si, such as nanoparticles,26, 208 nanowires,31, 48, 209 nanotubes,52, 53 

thin films25 and nano-composites.24, 88, 90, 210, 211 A better understanding of the effects of 

size, surface structure, strain distribution, Li diffusion anisotropy, electrical conductivity 

is critical for further development of nanostructured Si anodes. 

In this Chapter, the study on the 2-D form of Si – Si nanosheets – for its 

application as the anode material for Li-ion battery is presented. The large active surface 

area and shortened Li insertion/deinsertion paths make it attractive for such application. 

In fact, recent implementation of 2-D nanosheets of MoS2,69 TiO2,10, 70, 71 SnO2,72, 73 

SnS2
74 and graphene212 as electrode materials have demonstrated a significant 

enhancement of lithium storage as compared to bulk or cluster counterparts. Owing to the 

unique structural features, the storage of lithium in these nanosheets mainly takes place 

on surface, which is different from the insertion mechanism of lithium in bulk materials. 
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More importantly, the effective surface storage provides remarkable improvement in 

high-rate charging and discharging.71 The study of Si nanosheets for Li-ion application 

remains less explored in the literature to date. 

We use first-principles calculations to study the ultrathin Si nanosheets as 

potential anode materials for Li-ion batteries. With the availability of synthesized Si 

nanosheets, theoretical studies can further enhance our knowledge about its properties and 

potential as the electrode materials. We first study the thickness dependent properties of 

Si nanosheets, ranging from single-layer up to 2 nm. Then, we determine the favorable 

binding positions of Li towards the nanosheets and more importantly, the Li diffusion 

rates within. In addition, we study the effect of different chemical passivations such as H, 

Cl, F, and I on SiNS in order to understand how the chemical surfaces affect the Li 

diffusion rates. Considering the high surface-to-volume ratio of nanosheets and fast Li 

surface diffusion rates, our results show a great potential of Si nanosheets as electrode 

materials for the next-generation Li-ion batteries. 

 

7.2. Results & Discussion 

7.2.1. Model of Energetically Stable (111) SiNS 

The atomic structure of silicon nanosheets (SiNSs) was initially constructed by 

cleaving the surfaces of the bulk diamond structure of Si. Using this technique, it is 

possible to get nanosheets with a wide range of surface orientations and thicknesses. The 

thickness of the studied nanosheets varies from 0.1 to 2.0 nm, which corresponds to the 

thicknesses obtained in experiments.64, 65, 68 The dangling bonds on the surfaces are 

passivated by hydrogen atoms. During geometry optimization, all atoms in the 
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constructed nanosheets are allowed to relax freely to their new equilibrium positions in 

order to obtain the lowest-energy configuration. A series of calculations is performed to 

find the equilibrium in-plane lattice constant for each Si nanosheet, corresponding to its 

minimum total energy. The optimized structures of SiNSs with the thickness of one, four 

and seven atomic layers are shown in Figure 7.1. After geometrical optimization, the 

atomic arrangements in the relaxed Si nanosheets preserve the features of sp3 

hybridization. The Si-Si bond lengths at the core of SiNSs are ~2.34 Å, while they are 

~2.36 Å near the surfaces. The slight bond length difference is attributed to the surface 

relaxation effect. The Si-H bonds are ~1.50 Å. Our surface energy analysis reveals that 

SiNS with the (111) surface orientation has the lowest surface energy as compared to the 

(110) and (001) SiNSs. Therefore, the (111) orientation is expected to be the most 

favorable for Si nanosheets, in good agreement with experimental studies.64, 65 Since the 

stability of the (111) SiNSs is confirmed by both experiment and theory, then we will 

focus on the nanosheets with this surface orientation in our study. 

 
Figure 7.1. (a-c) Side views of optimized structures of hydrogenated (a) single-layer 

SiNS, (b) 1nm-SiNS, (c) 2nm-SiNS. (d) top view of single-layer SiNS. Blue and white 

balls represent Si and H, respectively. 

7.2.2. Lithium Insertion Sites and Binding Energies in SiNS 
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To determine the preferred Li insertion sites, we calculate the binding energies of 

Li within Si nanosheets. The Li binding energy (ܧ௕) is defined as: 

௕ܧ  = ௌ௜ேௌା௅௜ܧ − ௌ௜ேௌܧ − ௅௜ܧ     (7.1) 

where ܧௌ௜ேௌା௅௜, ܧௌ௜ேௌ and ܧ௅௜  are the total energies of Li-inserted SiNS, pristine SiNS and 

Li atom, respectively. By definition, ܧ௕ < 0  corresponds to exothermic reaction and 

attractive interaction, while ܧ௕ > 0  indicates the system that is thermodynamically 

unstable compared to its standalone parts. 

From the previous literature,108, 109 it has been concluded that tetrahedral (Td, see 

Figure 7.2a) interstitial is the most stable position for Li atoms inside the bulk silicon. Our 

first-principles calculations on 64-atoms Si crystal further confirm that. Tetrahedral site 

represents the total energy minimum with the calculated binding energy of -1.62 eV, 

while Li binding energy in hexagonal (Hex, see Figure 7.2b) site is -1.01 eV. The 

description of Li insertion in Si nanosheets is more complicated, because it involves non-

equivalent Li positions between bulk and surface regions. We have tested all typical Li 

insertion sites in Si nanosheets and divided them into the following groups, as shown in 

Figure 7.2c: (1) surface (S); (2) sub-surface (SS), and (3) core (C). The calculated Li 

binding energies in optimized Li-inserted Si nanosheets of different thickness are 

summarized in Table 7.1. 
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Figure 7.2. Li interstitial sites in Si: (a) tetrahedral (Td), and (b) hexagonal (Hex). 

(c) Typical Li insertion sites inside Si nanosheet: surface (S), sub-surface (SS) and core 

(C). Blue, green and white balls are Si, Li and H, respectively. 

 

 

Table 7.1. Li binding energies (in eV) in (111) SiNS 

Site type Single-layer 1 nm 2 nm 

Surface 

Sub-surface 

Core 

-0.86 

- 

- 

-1.47 

-1.20 

-1.28 

-1.77 

-1.43 

-1.57 
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The calculated Li binding energies in all nanosheets are negative, denoting the 

favorable interaction between Li and the Si host. The most stable position for Li insertion 

is at the surface (S) site, and this trend holds for all nanosheet thicknesses. The higher Li 

binding energy at the surface site can be rationalized by a larger available space for Li 

atom at the surface, as compared to the core and sub-surface sites. In fact, the minimum 

Li-Si distances at the S site are ~2.66 Å, close to the sum of the Li and Si radii (i.e. 2.7 Å) 

and larger than those of 2.44−2.45 Å in C and SS sites. The more effective stress 

relaxation is responsible for the enhanced stability of Li atom at the SiNS surface. Li 

atoms will try to occupy all possible surface sites before proceeding to the sites in the 

core of nanosheet. The preference for Li insertion at the surface sites agrees well with the 

experimental studies, in which lithiation near the outer surface of Si nanowire proceeded 

faster than that near the core.40 

We also observe a difference of 0.08-0.14 eV between the Li binding energies in 

core and subsurface regions of Si nanosheets (see Table 7.1). Our analysis shows that Li-

Si bond lengths in the C and SS sites are identical and equal to 2.44-2.45 Å, suggesting 

similar stress and volume relaxation conditions. In such case, the binding energy 

difference is attributed to charge transfer and local environment of Si atoms. Interstitial Li 

atom forms four Li-Si bonds in both C and SS sites. At C site, all four Si neighbors 

belong to core Si atoms (Sicore). Meanwhile, at SS site, some of Si neighbors are surface 

Si atoms (Sisurface), which are passivated with hydrogen. Since H has larger 

electronegativity than Si, there is a charge transfer from Sisurface to H. Charge 

redistribution reduces the electron density around Sisurface atoms, which leads to weaker 

Li-Si interactions in the subsurface sites, as compared to core region. To confirm this 

idea, we use Bader charge analysis. We find a charge transfer of 0.24e and 0.12e in Li-

Sicore and Li-Sisurface atom pairs, respectively, suggesting weaker Li-Si bonds in the 
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subsurface sites. The above results show the important role of local environment of Si 

atoms in Li insertion process. 

We also note that the thickness of the Si nanosheet has an effect on the Li binding 

energy. There is a trend of decreasing of Li binding energy with the decrease of nanosheet 

thickness. The smallest in magnitude Li binding energy has been obtained in single-layer 

(111) SiNSs. Moreover, the deformations of SiNS, caused by Li insertion, are also the 

largest in single-layers, as compared to thicker nanosheets. 

 

7.2.3. Lithium Diffusion in SiNS: Penetration vs. Surface Pathways 

Examination of the intrinsic Li ion mobility in SiNSs is of vital interest when 

considering its use as an anode material in lithium batteries. Simulations of such process 

can greatly enhance our understanding of ion diffusion pathways by evaluating the 

activation energies for various possible mechanisms at the atomic level. 

As noted above, tetrahedral site is the most stable position for Li interstitial in 

bulk silicon structure. The diffusion of Li in bulk silicon occurs in the form of jumps 

between tetrahedral sites, while hexagonal position serves as the saddle point. The 

activation barrier along this diffusion pathway, calculated by the NEB method, is equal to 

0.57 eV. 

We now explore possible diffusion pathways for a single Li atom on Si nanosheet. 

When a Li atom adsorbs on the surface of (111) SiNS, two possible scenarios are 

considered: (1) Li atom penetrates inside the SiNS (penetrating diffusion); (2) Li atom 

moves along the surface of SiNS (surface diffusion). During the penetrating diffusion, Li 

atom motion occurs in the form of jumps between Td and Hex stable positions, similarly 
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to the bulk case. However, in SiNS, the Li sites are non-equivalent to each other, 

depending on the position inside the crystal. Figure 7.3 shows the variation of relative 

total energy along the diffusion pathway for penetrating Li diffusion in (111) SiNS. While 

moving from the Td site at the surface of (111) SiNS (the most stable Li position) to Hex 

site at the sub-surface (the most unstable), the Li atom has to overcome the maximum 

energy barrier along the diffusion pathway. Our calculated value of the energy barrier is 

0.90 eV, close to the result of 0.88 eV for Si (100) surface reported by Peng et al.213 

However, once Li atom is inside the core region of nanosheet, then the diffusion barrier 

becomes smaller (~0.53 eV) and close to that during bulk Li diffusion. 

 
Figure 7.3. Li Penetration (surface-to-core) Diffusion. Diffusion barrier profile for Li 

penetrating diffusion from position 1→ position 7 as denoted above. 
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As the particle size is reduced to nanoscale, the ratio of surface atoms/bulk 

increases rapidly, and thus, the importance of the surface chemistry and surface processes 

becomes tremendous. Surface diffusion can play much more important role due to the 

increasing surface area in nanostructures (in CVD-synthesized SiNSs64 the thickness is 

only few nanometers, while the width may reach several micrometers). Therefore, the 

impact of Li surface diffusion rates on the overall performance of SiNS-based anode 

material is critical. Previous theoretical studies on the Li diffusion in bulk Si,108, 109 Si 

nanowires111, 117 and Si thin films213, 214 have mainly focused on the penetration of single 

Li atom into the bulk and subsequent bulk diffusion. The Li surface diffusion, on the 

other side, remains less explored. 

The most stable positions for Li atom on surface of (111) SiNS are S1 and S2 sites 

(Figure 7.4). In S1 site, Li atom sits on the top of a second-layer Si atom. Meanwhile, in S2 

site, Li sits on top of a first-layer Si atom. Both sites have equal Li binding energies with 

a difference of only 0.002 eV. The minimum Li-Si distances are 2.66 Å. We have 

investigated the Li surface diffusion path between two adjacent S1 and S2 sites on the 

outer surface of hydrogenated (111) SiNS. Li motion between S1 and S2 sites occurs 

through the neighbouring bridge (B) site. The Li surface diffusion path and the 

corresponding energy profile along this pathway are shown in Figure 7.4. The calculated 

energy barrier for Li diffusion on the nanosheet is only 0.13 eV, which is a significant 

improvement over that during bulk diffusion (0.57 eV). The difference of 0.44 eV 

between the energy barrier on (111) nanosheet and bulk may have a great effect on Li 

transport rates. Li diffusion coefficient is proportional to activation energy (energy 

barrier) according to Arrhenius equation: 

ܦ  ∝ ௕௔௥௥௜௘௥ܧ−൭݌ݔ݁ ݇஻ܶൗ ൱,    (7.2) 
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where ݇஻ is the Boltzmann constant and ܶ is the temperature. The decrease of 0.44 eV in 

energy barrier for Li diffusion would result in the increase of diffusivity by a factor of 107 

at room temperature. 

In fact, an enhancement of diffusion rates in nanostructured anodes with 2D 

dimensionality has been demonstrated experimentally in ultrathin TiO2 nanosheets.71 Liu 

and co-workers71 have achieved remarkable improvement in high-rate 

charging/discharging in the stacked TiO2 NSs. In this structure, the storage of lithium 

mainly takes place on surface, maintaining rapid Li surface diffusion and electron 

transport and the elimination of the Li diffusion process in TiO2 bulk. Therefore, due to 

large surface area of ultrathin Si nanosheets and low activation energy for Li surface 

diffusion, we can also expect a significant improvement of Li diffusion rates in Si 

nanosheets as potential anode materials for Li-ion batteries. 
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Figure 7.4. Li Surface Diffusion. Li diffusion pathway and corresponding diffusion 

barrier profile on the (111) SiNS-X (X = H, F, Cl, I). 

 

7.2.4. Surface Functionalization of SiNS on Li Diffusion 

In most theoretical studies of silicon nanostructures, the dangling bonds are 

passivated with hydrogen atoms. However, in real experiments silicon surface may also 

be capped with other species, such as oxides, metals, or organic molecules. Moreover, 

numerous studies have shown that surface passivation can tremendously change the 

structural and electronic properties of Si nanocrystals, nanowires or single-layer sheets. 
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In this respect, it is highly desirable and necessary to investigate and understand 

how surface chemistry may affect the properties of Si nanomaterials in Li-ion battery 

anodes, particularly, Li transport rates. We have modified the surface of Si nanosheets 

with halogen atoms (F, Cl, I) and evaluated the Li diffusion barrier in the modified 

nanosheets. The choice of these passivation elements has been motivated by the fact that: 

(1) passivation Si surfaces with halogens is an established experimental technique,215 

(2) it has been investigated in the recent model theoretical studies.174, 216, 217 

The effect of surface species on Li surface diffusion rate is examined on the basis 

of Li-inserted (111) SiNS–X (X = H, F, Cl, I). The surface modification is performed by 

substituting the hydrogen atoms with different surface species and the resulting geometry 

is fully relaxed. In all the modified nanosheets, the diffusion path between two adjacent S1 

and S2 sites on the outer surface of SiNS is investigated by CI-NEB method with 7 

intermediate images. The variation of relative total energy along this diffusion path in 

(111) SiNS–X is plotted in Figure 7.4. We found that the energy barrier for Li diffusion is 

affected significantly by the surface modification. All the energy profiles corresponding 

to Li motion in (111) SiNS–X show a maximum at the middle between initial and final 

positions as in the case of hydrogenated SiNS. The value of energy barrier (activation 

energy for Li diffusion) changes with the change of surface species. We find that energy 

barrier increases with the increase in ionic radius of passivation atoms, being the lowest 

(0.13 eV) in (111) SiNS–H and the highest (0.27 eV) in (111) SiNS–I. The difference of 

0.14 eV may result in a notable change in Li diffusivity by a factor of ~260 at room 

temperature since Li diffusion coefficient is exponentially proportional to activation 

energy as shown in eq. (7.2). Our results suggest that H passivated SiNS has the fastest Li 

diffusion rate. This study reveals the important effect of surface engineering on the Li 

transport rates in Si-based anode materials. 
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7.3. Summary 

First-principles study on 2-D ultrathin silicon nanosheets (SiNSs) for their 

potential application as anode materials for Li-ion batteries is presented. From our 

calculations, Li binding energy is negative in all studied Si nanosheets, and it shows a 

strong dependence on the thickness of nanosheets. Li insertion is energetically the most 

favourable at the surface of Si nanosheets. As a result, lithiation near the outer surface of 

Si nanosheet would proceed faster than near the core. Using nudged elastic band 

technique, we investigate possible Li diffusion pathways and the respective activation 

barriers in Si nanosheets. Our results show that Li diffusion on the surfaces of Si 

nanosheets is very fast as compared to the bulk case (the activation barrier is 0.4 eV 

smaller on the surface than in the bulk). Moreover, we find that surface passivations (H, 

Cl, F, and I,) has a strong effect on the Li surface diffusion rate in Si nanosheets. Our 

results suggest H passivated SiNSs have the fastest Li diffusion rate. Considering the high 

surface-to-volume ratio of nanosheets and fast Li surface diffusion rates, the above results 

show that SiNSs are the potential electrode materials for Li-ion batteries application. 
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Chapter 8 

Conclusions & Outlook 

To summarize, detailed computational studies are performed which may serve as 

guidelines for the development of Si nanostructured anodes for Li-ion batteries. The 

calculations on total energy, atomic arrangement and electronic properties of Si clusters, 

Si/CNT hybrids, Si nanotubes and Si nanosheets offered detailed information about their 

structure and can be interesting to a general reader. The calculations on Li binding 

energies in the above nanomaterials provide knowledge about the occupied Li positions 

and Si host stability, and give insights, which are hard to get through experimental 

studies. As fast Li diffusion is desirable for high charge/discharge rate in practical Li-ion 

batteries, we studied the energy barrier for Li motion along typical diffusion paths in Si 

nanostructures. We reveal that Li mobility can be greatly enhanced in Si nanostructures 

and suggest the possible ways to control Li diffusivity through chemical modifications. 

The correlation between structural features, dimensional effects, surface functionalization 

and Li insertion characteristics are established. This study demonstrates the viability of 

using computations to design novel electrode materials with improved properties. 

More specifically, in Chapter 5, the theoretical study on the structure and 

electronic properties of Si/CNT hybrids, as well as their ability for Li uptake, is presented. 

We reveal that in all adsorbed Sin clusters, the structure of free-standing cluster is 

preserved, although slightly distorted. Once Sin cluster becomes larger, the Si-C 
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interactions become weaker and the adsorbed Si cluster starts to favour 3D structures. The 

interaction between Si clusters and CNT support shows a strong dependence on the CNT 

surface chemistry. From our calculations, the interfacial bonding between Si and pristine, 

ammonia- or hydroxyl-functionalized CNTs is quite weak. In contrast, the bonding can be 

significantly improved by carboxyl-functionalization of the CNT. Both CNT and Si 

cluster in the hybrid Si/CNT structure preserve their Li uptake ability with the Li 

adsorption energies close to those in bulk Si and Si nanowires. More importantly, we 

show that Li insertion leads to the weakening of Si/CNT interface, which could be a main 

reason for the experimentally observed capacity fade in hybrid Si/CNT anode. 

Nevertheless, the structural integrity of Si/CNT hybrid upon lithiation is improved after 

the functionalization of CNT surface, potentially leading to the longer cycle life of the 

hybrid anode. The strengthening of Si/CNT interface through chemical functionalization 

may be very important in further practical applications. 

In Chapter 6, we present the first-principles study on the structural and electronic 

properties of hexagonal and gearlike Si nanotubes (SiNTs). From the prospect of host 

stability, g-SiNTs are much more suitable than h-SiNTs for the Li-ion battery application. 

The binding between Li and g-SiNT has a positive ionic character with the electrons 

transferred from Li to the nanotube. This charge transfer subsequently leads to the 

shifting of the Fermi level to the conduction band in the total DOS, indicating that SiNT 

becomes metal-like, while the magnitude of the shift is proportional to the number of 

adsorbed Li atoms. We find that SiNT interior may serve as a fast diffusion pathway 

because of the low barrier of 0.10 eV, which is also common for CNTs and BC3NTs. 

However, the important advantage of g-SiNTs is the significant reduction of energy 

barrier (nearly 7 times) for the penetration of Li atoms through the sidewall rings. 

Considering one of the key indications of a high performance anode is how easily Li 
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atoms can move into the tube interior, the above findings favorably distinguish Si 

nanotubes from its carbon-based counterparts. 

In Chapter 7, the results of first-principles calculations on 2-D ultrathin silicon 

nanosheets (SiNSs) are presented. We find that the Li binding energy is negative in all 

studied Si nanosheets, and it shows a strong dependence on the thickness of nanosheets. 

Li insertion is energetically the most favorable at the surface of Si nanosheets. As a result, 

lithiation near the outer surface of Si nanosheet would proceed faster than near the core, 

in good agreement with the experimental studies. Using nudged elastic band technique, 

we have investigated possible Li diffusion pathways and the respective activation barriers 

in Si nanosheets. Our results show that Li diffusion on the surfaces of Si nanosheets is 

very fast as compared to the bulk case (the activation barrier is 0.4 eV smaller on the 

surface than in the bulk). Moreover, we have found that surface passivations (H, Cl, F, 

and I,) has a strong effect on the Li surface diffusion rate in Si nanosheets. Our results 

suggest H passivated SiNSs have the fastest Li diffusion rate. Considering the high 

surface-to-volume ratio of nanosheets and fast Li surface diffusion rates, our results show 

that SiNSs are the potential electrode materials for Li-ion batteries application. 

 

Future Outlook 

The search for alternative electrode materials for Li-ion batteries is necessary from 

the perspective of their emerging applications in electric vehicles and portable electronics. 

The theoretical studies, presented in this thesis, are novel and important. Below we would 

like to highlight potential future implications related to this thesis. 
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This thesis develops an understanding of Si/CNT interface interactions and 

suggests the use of rational interface functionalization for enhancing the properties, 

important for Li-ion battery application, such as structural stability. We expect that 

suggested functionalization strategy may be used to improve hybrid anodes in 

experimental studies. 

Although the improved performance of 2D anode materials has been recently 

demonstrated, the studies on Si ultrathin nanosheets and nanotubes are still very rare. We 

expect that our theoretical study may inspire and guide further experimental 

investigations in this field.  

Similar computational methodology can be applied in the future studies of 

alternative electrode materials (i.e. Ge, Sn, etc.). In the future research, we plan to add 

important dimensions to the research work, including other battery chemistries, such Na-

ion and Mg-ion. 
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Appendix A 

Benchmark Calculations 

To determine the optimal simulation parameters, we firstly perform a series of 

benchmark ab initio investigations on Si and C. To determine the lattice constant in 

Quantum Espresso, the total energy of the given structure is calculated as a factor of the 

unit cell size. The lattice constant is then defined as a unit cell size, for which the total 

energy is minimal. We consider the effects of main simulation parameters, such as 

number of k-points, kinetic energy cutoffs for wavefunctions (ecutwfc) and charge 

density (ecutrho). 

For the diamond crystal structure of Si, the experimentally measured lattice 

constant is 5.43 Å. Our simulations on Si diamond are performed in cubic simulation cell 

with 64 atoms. The k-points mesh is varied between 2x2x2, 5x5x5 and 8x8x8; ecutwfc is 

set as 28 Ry, 32 Ry, 37 Ry and 45 Ry; ecutrho is defined as 320 Ry and 370 Ry. 

We perform benchmark calculations on two distinct C structures – diamond and 

graphene (sp3 and sp2 hybridizations, respectively). The experimental lattice constants of 

diamond and graphene are 3.57 and 2.46 Å, respectively. In our calculations, we use 

cubic diamond cell with 64 C atoms and graphene cell with 8 C atoms. For diamond, we 

set k-points mesh as 2x2x2, 5x5x5 and 8x8x8; ecutwfc is set as 28 Ry, 32 Ry, 37 Ry and 

45 Ry; ecutrho is equal to 320 Ry and 370 Ry. For graphene, k-points mesh varies 
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between 3x3x1, 6x6x1, 12x12x1 and 20x20x1 with the choice of ecutwfc and ecutrho 

parameters, same to C diamond. 

The obtained results (Figures A.1-A.6) demonstrate that a change of the 

simulation parameters (k-point mesh, ecutwfc and ecutrho) affects the numerical values 

of all total energies, but has no influence on the calculated lattice constants. The results of 

our calculations are in very good agreement with the experimental values, supporting our 

choice of pseudopotentials. 
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Figure A.1. Total energy of Si crystal as a function of k-points mesh. 

Simulation parameters: ecutwfc=37 Ry, ecutrho=370 Ry. 

 

 
Figure A.2. Total energy of Si crystal as a function of kinetic energy cutoffs. Simulation 

parameters: 5x5x5 k-points mesh. 
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Figure A.3. Total energy of C diamond as a function of k-points mesh. Simulation 

parameters: ecutwfc=37 Ry, ecutrho=370 Ry. 

 

 
Figure A.4. Total energy of C diamond as a function of kinetic energy cutoffs. 

Simulation parameters: 5x5x5 k-points mesh. 
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Figure A.5. Total energy of graphene as a function of k-points mesh. Simulation 

parameters: ecutwfc=37 Ry, ecutrho=370 Ry. 

 

 
Figure A.6. Total energy of graphene as a function of of kinetic energy cutoffs. 

Simulation parameters: 12x12x1 k-points mesh. 
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