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The absorption and adsorption of lithium in silicon nanostructures: silicon 
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studied using density functional theory (DFT) with M06-2X hybrid functional and 6-
31G+(d) basis set. The tetrahedral sites, both Td inner and Tdsurface, are the most 
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lithium absorption and adsorption, SiQDs exhibit a binding energy of 1 eV, SiNWs 
demonstrate a binding energy of 1.28 eV, and SiNPs display a binding energy of 0.73 
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batteries, since the materials can yield high energy density and have small volume 
expansion with reasonable conductivity. 
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CHAPTER I 
INTRODUCTION 

1.1 OVERVIEW 

Lithium-ion (Li-ion) batteries are widely utilized as power source across a broad 

spectrum of applications due to their high energy density, high coulombic efficiencies 

long cycle, fast charging, and environment friendly which makes it the preferred 

technology for portable electronic devices, power tools, and electric vehicles. The 

adoption of Li-ion batteries in a majority of transportation systems, in place of gasoline, 

would result in a significant decrease in greenhouse gas emissions [1-6]. In the past, 

the most commercialized lithium-ion batteries use graphite-based anodes which have 

theoretical capacities of less than 200 mAh/g. To extend the application of Li -ion 

batteries such as in electric vehicles and power tools, its required high capacities of 

batteries (> 200 mAh/g) [7-11]. Silicon-based electrodes can be proposed to achieve 

high capacities of battery due to their high capacity of 4200 mA h/g which is 10 times 

larger than graphite. Furthermore, silicon is non-toxic, low-cost, and high-abundance 

element [12, 13]. However, silicon anodes have several challenges to tackle such as 

changes in volume during intercalation, low electronic conductivity, and slow lithium 

diffusion [10, 14-16]. Addressing these challenges can be accomplished through precise 

manipulation of the geometric arrangement and fabrication of minute porous silicon 

structures, including nanopores. [17-19]. Thus, it is our interest to study the lithium 

absorption and adsorption on low dimensional silicon nanostructures such as silicon 

quantum dots (SiQDs), silicon nanowires (SiNWs), and silicon nanopores (SiNPs). The 

knowledge obtained in this study will lead to the development of high-energy-density 

lithium-ion rechargeable batteries.  

The fundamental process governing the charging and discharging of lithium-ion 

batteries revolves around the absorption and adsorption of lithium atoms/ions onto 

the surface of the anode materials. Using DFT calculation, several studies observed 
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the absorption and adsorption of lithium on graphene and silicon surface. Harismah et 

al. [20] using B3LYP hybrid functional and Pattarapongdilok and Parasuk using M06-2X 

[21] investigated the adsorption of lithium atom/ion on graphene quantum dots (GQDs) 

surface. They agreed that Li and Li+ prefer to adsorb on the central of GQDs at the 

hollow site of the hexagonal carbon ring. While Zheng et al. [22] performed the 

calculation on the GGA level to study the lithium insertion and absorption on the 

graphene sheets. They reported that Li+ was absorbed on the center of the carbon 

ring, and some charge transfers worked from Li+ ion to the graphene surface. Moreover, 

Wan et al. [23] explained the lithium insertion on bulk silicon which has two main 

insertion sites: tetrahedral and hexagonal. Tritsaris performed calculations with PBE 

level to observe the diffusion of lithium in a bulk amorphous silicon [24] and a layered 

silicon (silicene) surface [25]. For bulk amorphous silicon, they reported that energy 

barriers for the diffusion are only one of the factors that control the diffusion process 

while layered silicon has a smaller structural change during lithiation and delithiation 

and lower volume change (<25%) compare with crystalline silicon.  Xu et al. [26] 

investigated the adsorption of lithium on single-layer silicene using the PBE level of 

calculation. They noticed that hollow is the most stable site and the van der Waals 

effect does not play a crucial role in Li and silicene, unlike the interaction between Li 

and graphene. 

SiQDs, or silicon quantum dots, refer to silicon semiconductors with sizes 

ranging from 1 to 10 nm [27, 28]. These nanoscale structures hold immense potential 

for various applications in electronic and optical devices at the nanoscale level [29, 

30]. By reducing the size of silicon nanomaterial to the scale of quantum dots, a 

notable enhancement in electrochemical performance can be achieved [31, 32]. 

Additionally, SiQDs exhibit short lithium diffusion distances, which contribute to 

enhanced battery rates and cycling performances. In their study, Aghajamali et al. [31] 

investigated the electrochemical properties of various nanocomposites consisting of Si 

crystals with different sizes: 3 nm, 5 nm, 8 nm, and 15 nm. They observed that reducing 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

the size from 15 nm to 3 nm significantly improved the cycling stability of the annealed 

Si nanocrystals composite, primarily due to enhanced stress/strain tolerance. 

Furthermore, Choi et al. [32] proposed the utilization of π-conjugated molecule 

bridged SiQDs clusters as anode materials, which exhibit enhanced electrochemical 

performance by modifying the organic structures and introducing different functional 

groups. These findings suggest that SiQDs can serve as a representative model for 

silicon nanostructures as anodes in lithium-ion batteries, offering promising potential 

for improved battery performance. 

SiNWs are one-dimensional nanomaterial that is grown directly on the metallic 

current collector substrate. The geometry of SiNWs gives several advantages such as: 

allowing for better accommodation of the large volume changes without fracture, 

connecting electrically to the metallic current collector (contributing to the capacity), 

and having direct 1D electronic pathways for efficient charge transport [33-35]. This 

model is used by several researchers to study the absorption/diffusion of lithium with 

DFT calculation. Zhang et al. [36] using the GGA level of calculation investigated single 

Li atom insertion in various types of SiNWs with different diameters, growth directions, 

and three model insertion sites. They concluded that Li binding energy increases as 

the diameter grows and the surface site is the highest binding energy while the 

intermediate is the lowest. Salazar et al. [37] performed DFT calculation with LDA 

function to study the mechanical and electronic properties of SiNWs, Young’s modulus, 

and energy gap as a main parameter to show the effect of surface passivation of SiNW. 

In summary, it is possible to simultaneously control the energy gap and Young’s 

modulus by tuning the Li concentration on the surface of SiNWs. Also, Santiago et al. 

[38] with LDA function reported two model absorptions of lithium on SiNW (lithiation): 

surface and interstitial. They presented the effects of surface and interstitial Li atoms 

on the electronic and mechanical properties of hydrogen-passivated SiNWs.  

SiNPs have emerged as a promising material for the development of nano 

anodes in lithium-ion batteries. These nanopores exhibit unique properties such as 
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high surface area, enhanced electronic conductivity, and the ability to accommodate 

large volumes of lithium ions. As a result, they offer the potential to significantly 

improve the performance of lithium-ion batteries, which have become ubiquitous in a 

wide range of applications from portable electronics to electric vehicles [39-42]. Zhu 

et al. [43] showed the SiNP anode with 80% porosity that has a high specific capacity 

(2570 mAh/g) and good cycling performance (>200 cycles) without any electrolyte 

additives. Gonzalez et al. [44] that performed DFT calculation with PBE functional 

reported the absorption of lithium on the porous silicon, it has three model absorption 

sites: tetrahedral-inner, hexagonal, and tetrahedra-surfaces. Thus, SiNPs can be a 

promising, higher-capacity alternative for anodes of lithium-ion batteries. 

In this work, we try to model and simulate the absorption and adsorption of 

lithium on silicon nanostructures e.g., SiQDs, SiNWs, and SiNPs for application as anodes 

in lithium-ion batteries. Binding energy, molecular volume, and energy gap will be 

reported in this study. This knowledge would help us to design materials for the silicon 

anode of Li-ion batteries with better capacity and cycle life. 

 
 
1.2 RESEARCH OBJECTIVES 

In this study, the effects of lithium absorptions and adsorption on the 

molecular and electronic structures of silicon nanostructures e.g., SiQDs, SiNWs, and 

SiNPs were investigated. In addition, this knowledge would help us to design materials 

for the silicon anode of Li-ion batteries with better capacity and cycle life. 
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CHAPTER II 
THEORETICAL BACKGROUND 

2.1 QUANTUM CHEMISTRY 

Quantum chemistry is based on the principles of quantum mechanics to solve 

the problem in chemistry. It can be used to describe microscopic phenomena such as 

the behavior of electrons in atoms and molecules. These states are described by a 

mathematical function called a wave function which contains all the information that 

can be known about the system, such as its position, momentum, and energy. The 

wave function not only describes the location of the electrons but also the probability 

of finding them in that location. In quantum chemistry, we use the Schrödinger 

equation to solve the wave function and calculate the behavior of electrons in a 

system. There are many applications of quantum calculations in chemistry such as 

thermodynamic properties, spectroscopy, molecular properties, transition states in 

chemical reactions, stability of molecules, reaction intermediate, and mechanism of 

chemical reaction [45]. 

2.1.1. The Schrödinger equation 

Schrödinger equation [46, 47] is a second-order differential equation. The 

equation was formulated by Erwin Schrodinger, an Austrian physicist, who was awarded 

the Nobel Prize in Physics in 1933 for the discovery of new productive forms of atomic 

theory. 

The Schrödinger equation can be characterized as follows: 

Ĥ E =                                                        (2.1) 

In this context, the Schrödinger equation is defined in terms of the following variables: 

 

H  represents the Hamiltonian operator, 
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  represents the wave function, and 

E   represents the energy associated with the state. 

 

The comprehensive expression for the total Hamiltonian of a molecular system, 

represented in atomic units, can be stated as follows: 

       
N e Ne ee NNH = T +T +V +V +V                           (2.2) 

where,       
NT = nuclear kinetic term, 

                = 21

2
A

A AM
−  ,  

       
eT = electron kinetic term, 

                          = 21

2
i

i

−  , 

                     NeV  = electron-nuclear attraction term, 

                          =
| |

A

A jA i

Z

R r−
 , 

eeV  = electron-electron repulsion term, 

                           = 1| |i j

i j

r r −



−  

        and    
NNV  = nuclear -nuclear repulsion term, 
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R R −
 . 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

2.1.2. Born-Oppenheimer approximation 

Because of the considerable complexity associated with solving the 

Schrödinger equation in scenarios involving multiple dimensions, it can become 

extremely challenging. To alleviate this complexity, the Born-Oppenheimer 

approximation is frequently utilized. This approximation assumes that the movement 

of atomic nuclei and electrons can be treated independently, resulting in a 

simplification of the problem. Consequently,    

    
elec e Ne eeH T V V= + +                        (2.3) 

and  ( ; ) ( ; )elec elec elec elecH r R E r R =              (2.4) 

 

The electronic wave function, denoted as ( , )elec r R , represents a function 

that depends on both the nuclear and electronic coordinates ( )r . The energy 

associated with the electronic component is represented as elecE  and is parameterized 

by the molecular coordinate ( )r . Consequently, the total energy, totalE is determined 

by these factors. 

      
total elec NNE E V= +                     (2.5) 

 

2.1.3. Hartree-fock (HF) approximation 

The Hartree-Fock approximation [48] is used to solve the Schrödinger equation 
for many-electron systems specifically in terms of the electron-electron repulsion term 
( eeV )  which is impossible to get the exact solution for (equation 2.3). 

In the Hartree-Fock approximation, the wave function for a molecule is 
described as a product of single-electron wave functions, known as orbitals. These 
orbitals are calculated using the Schrödinger equation, but the interaction between 
electrons is treated in a simplified way. This method allows for fast and efficient 
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calculations of the electronic structure of molecules, making it a popular tool in 
quantum chemistry. 

The interaction between electrons is simplified by the mean-field 
approximation, which approximates the electron-electron repulsion. As a result, the 
Hartree-Fock energy 

HFE  can be expressed mathematically: 
 

 
0 0| |HF elE H=                                     (2.6) 

0   is the HF wave functions or the Slater determinant 

=

11 11 1

2 2 21 2
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 
 
 
 
 
 

                                 (2.7) 

where 1( )j x  = molecular orbital = ( , )i ij r w   

ix = spatial-spin coordinate 

ir = spatial coordinate 

iw =spin coordinate 

1( )j x can be obtained through the Fock equation below: 

  
i i i  =f  , i = 1, 2,…, N               (2.8) 

where f


is the Fock operator and i is the orbital energy. 

In which, 

  21
( )

2
i

N
A

HF

A A

Z
V i

ri
= −  − +f                        (2.9) 

      = ( ) ( )HFh i V i+  
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      ( ( )h i ) = core-Hamiltonian 

  and       ( )HFV i = field potential 

By incorporating basis functions, equation (2.8) can be transformed into a matrix form, 

commonly referred to as the Roothan-Hall equation:  

𝔽𝑐 =𝕤𝑐𝔼                    (2.10) 

where 𝔽 = Fock matrix, 𝕤= overlap matrix, and 𝑐 = matrix of MO coefficient.  

In terms of orbital, the Hartree-Fock energy is  

   
1

| | | ] [ |
2

HF

a a b

E a h a aa bb ab ab= + −                                (2.11) 

In equation (2.11), the first term represents the one-electron integral, while the 

second term represents the two-electron integrals. These two-electron integrals 

consist of the Coulomb interaction term and the exchange interaction term, 

respectively. 

Although the Hartree-Fock approximation provides a good starting point for 

many calculations, it has limitations and is not always accurate. More advanced 

methods, such as density functional theory, have been developed to address these 

limitations and provide a more accurate picture of molecular behavior. Nevertheless, 

the Hartree-Fock approximation remains a widely used and useful method for 

understanding the behavior of electrons in molecules. 

2.1.4. Density functional theory 

Density functional theory (DFT) [49-51] is a method used in quantum chemistry 

to calculate the electronic structure of molecules and solids. It is based not on the 

wavefunction but rather on the electron density. This allows for a more efficient and 

accurate calculation of the electronic structure of molecules and solids, as it considers 
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the interactions between electrons in a more sophisticated way than methods such as 

the Hartree-Fock approximation. 

The key advantage of DFT is that it can accurately predict a wide range of 

properties of molecules and solids, such as their stability, reactivity, and spectra. It is 

widely used in materials science, chemistry, and physics. The principle of DFT is based 

on the Hohenberg-Kohn theorem and Kohn-Sham equation. the exchange-correlation 

functional in DFT is related to the accuracy of DFT. 

The energy of DFT can be expressed in its most basic form as follows: can be 

written in its simplest form as: 

[ ] [ ] [ ]DFT ext eeE T V V  = + +                                       (2.12) 

or in the line of the Kohn-Sham equation  

[ ] [ ] [ ] [ ]DFT s ext xcE T V J E   = + + +        (2.13) 

In this context, the energy of DFT can be written in its simplest form, with the 

following components: 

[ ]T   represents the kinetic energy, 

[ ]sT  represents the kinetic energy of the non-interacting system, 

[ ]eeV   represents the electron-electron repulsion, 

[ ]J   represents the Coulomb interaction, 

[ ]extV  represents the external potential, and 

( )xcE   represents the exchange-correlation functional. 

The exchange-correlation functional of DFT can be classified into five 

generations, each representing a different level of sophistication and accuracy as 

shown in Figure 1 [52]. These generations are: 
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1. Local density approximation (LDA) 
LDA functional depends only on the (local) density which can be treated as a 
uniform electron gas. The LDA expression for Exc involves only the electron 
density ( ) . 
Examples: S-VWN 
 

2. Generalized gradient approximation (GGA) 
GGA is an improvement functional over LDA to approach a non-uniform 
electron gas which makes the exchange-correlation energies dependent not 
only on the electron density but also on derivatives of the density, therefore 
GGA expressions for Exc involve electron density ( ) and gradient density ( )

. 
Examples: PBE, BLYP and PW91 

 

3. Meta-GGA (MGGA) 
MGGA is an extension functional of GGA which allows the exchange and 
correlation functionals to depend on high-order derivatives of the electron 
density, with the Laplacian 2( ) being the second-order term. The MGGA 
expression for Exc involves electron density ( ) , gradient density ( ) , and 
second gradient density 2( )  
Examples: M06-L, SCAN, TPSS, PKZB, and M11L. 
 

4. Hybrid functionals or Hyper-GGA (HGGA) 
HGGA mixes functionals between exchange and correlation energy 
components. This functional was first proposed by Axel Becke who combined 
LYP and PW91 to be B3LYP (Becke3-LYP) and B3PW91 (Becke3-PW91). HGGA 
adds the exact exchange ( )exact

xe , hence it involves ( ) , ( ) , and ( )exact

xe . 

Examples: B3LYP. B3PW91, M06-2X, ωB97X-V and PBE0. 
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5. Double-Hybrid Functionals (DHDF)  
DHDF is a functional which employed KS orbitals not only the occupied orbitals 
but also the virtual (unoccupied) orbitals. This functional was first proposed by 
Stefan Grimme with improving DFT energy results by using the MP2 second-
order energy-correction formula and uses this functional to self-consistently 
solve for KS orbitals (both occupied and virtual). 
Examples: B2PLYP, mPW2PLYP, PWPB95, B2GPPLYP, and DSD-PBEB95 
 

 

Figure 1. Jacob’s ladder diagram of DFT hybrid functionals. 
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2.1.5. Basis set 

Basis set [50] is a set of mathematical functions that are used to construct 

wavefunction according to the linear combination of atomic orbital-molecular orbital 

(LCAO-MO) approximation. It is very important as input data for the computational 

model in chemistry, physics, material science, and biology that is calculated by 

quantum calculation. The choice of basis set can affect the accuracy of quantum 

chemical calculations. There are two main types of basis sets: minimal and extended 

basis sets. These basis sets utilize different types of orbitals, including Slater-type 

orbitals (STOs), Gaussian-type orbitals (GTOs), as well as various expansions such as 

double-zeta, triple-zeta, quadruple-zeta, split-valence, diffuse, and polarized basis 

sets. These basis sets play a crucial role in approximating the wave functions and 

describing the electronic structure of molecules in quantum chemical calculations.  
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2.2 RECHARGEABLE LITHIUM-ION BATTERY 

The fundamental rechargeable Li-ion battery of portable electronic technology 

was first introduced in 1991 with Sony Corporation’s [53] that employed graphite host 

anode, LiCoO2 cathode, and LixC6/non-aqueous liquid as electrolytes. The Li-ion 

battery achieved a high voltage (~3.7 V). The electrochemical process involves the Li -

ion migration from cathode to anode and vice versa and released the electron [54] as 

shown in Figure. 2. 

 

 

Figure 2. A schematic drawing illustrating the mechanism of rechargeable Li-ion 
batteries during the discharge and charge processes 
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In the discharge process of a lithium-ion battery, there is a migration of lithium 

ions from the lithiated graphite anode to the delithiated Li1-xCoO2 cathode. This 

migration is accompanied by oxidation and reduction reactions taking place at the 

respective electrodes. These reactions are described by equations (2.14-2.16). 

Conversely, during the charging process, the reverse mechanism occurs, with lithium 

ions migrating from the cathode back to the anode, and the corresponding oxidation 

and reduction reactions are reversed. 

 

Positive electrode reaction (with charging being forward): 

 LiCoO2 Li1-xCoO2 + xLi+ + xe-     (2.14) 

 

Negative electrode reaction (with charging being forward): 

6C + xLi++ xe- LixC6       (2.15) 

 

Total reaction: 

6C + LiCoO2 LixC6 + Li1-xCoO2      (2.16) 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 16 

CHAPTER III 
DETAILS OF THE CALCULATION 

3.1 LITHIUM ABSORPTION ON BULK SILICON 

A bulk silicon structure was utilized, with determination based on the analysis 

of the X-ray diffraction (XRD) pattern in the BIOVIA Materials Studio [55] as shown in 

Figure 3. Two model sites, namely Tetrahedral (Td) and Hexagonal (Hex), were adopted 

for the lithium absorption sites, based on the study conducted by Wan et al. [23]. The 

DFT calculations were performed using the PBE0 hybrid functional [56] and the valence 

triple- zeta polarization (TZVP) basis set [57] within the CRYSTAL17 package [58]. 

 

 

 

 

 

 

Figure 3. The structure of (a) bulk silicon with two absorption sites:  
(b) Tetrahedral and (c) Hexagonal. 

 

3.2 LITHIUM ABSORPTION AND ADSORPTION ON SILICON QUANTUM DOTS  

To facilitate a comparison with the bulk structures, ten different sizes of silicon 

quantum dots (SiQDs) were employed: Si10H16, Si14H20, Si18H24, Si22H28, Si26H30, Si30H34, 

Si35H36, Si39H40, Si44H42, and Si48H46 as a model for zero-dimensional (0D) silicon 

nanostructures. The sizes of these SiQDs were adopted from previous works by Xu et 

al. [59] and Li et al. [60], as illustrated in Figure 4. Two different lithium absorption 

sites: Tetrahedral (Td) and Hexagonal (Hex) and three different lithium adsorption sites: 

Si

 

Li 

(a)       (b)             (c)
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hollow (H), bridge (B), and on-top (T) were considered. Illustrations structures were 

displayed in Figure 5. Also, apart from single Li atom adsorption double and triple 

adsorptions of Li atom were considered. All calculations were conducted using the 

density functional theory (DFT) method with the M06-2X hybrid functional [61] and 

the 6-31G+(d) basis set. The Gaussian16 software [62] was employed for these 

calculations. Following geometry optimization, we assigned the label "Tdinner" to the 

tetrahedral absorption site and "Tdsurface" to the hollow adsorption site, aligning with 

the nomenclature used in the previous study by Gonzalez et al [44]. 

 
Figure 4. Ten models of silicon quantum dots (SiQDs) 

Figure 5. Two absorption sites, (a) Tetrahedral and (b) Hexagonal and three 
adsorption sites (c) hollow, (d) bridge and (e) on-top 

(a)    (b)          (c)           (d)       (e) 
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3.3 LITHIUM ABSORPTION AND ADSORPTION ON SILICON NANOWIRES AND NANOPORES 

Clusters of silicon nanowires with three different diameters (1 nm, 1.5 nm, and 

2 nm) displayed in Figure 6 were investigated as models for one-dimensional (1D) 

nanostructures. The absorption sites (Tdinner) and adsorption sites (Tdsurface) were 

evaluated using single, double, and triple lithium atoms. To assess the impact of 

porosity in the silicon nanostructure, we introduced a pore into the SiNWs model. In 

Figure 7, it can be observed that the Li atom appears to be surrounded by numerous 

silicon atoms, creating the impression of being covered by them (a). However, the 

absence of silicon atom coverage on the Li atom can be attributed to the porous 

nature of the silicon nanowire structure (b). Additionally, we conducted single and 

multiple lithium adsorption experiments at this stage. The binding energy, energy gap, 

and molecular volume were utilized as parameters to assess the stability of the 

structure, electronic conductivity, and the life cycle of both SiNWs and SiNPs anode 

batteries. All calculations were performed using the DFT method with the M06-2X 

hybrid functional and the 6-31G+(d) basis set level. 

 

 

 

 

 
Figure 6. The surface of silicon nanowires with diameter of  

(a) 1 nm, (b) 1.5 nm and (c) 2 nm 
  

(a)      (b)       (c)          
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Figure 7. The structure of (a) silicon nanowires/SiNWs and (b) porous silicon 
nanowires/SiNPs with a diameter of 1 nm (top view) and length of 0.5 nm (side view). 
 

 

  

(a)            (b)          
Top view 

 

 

 

 

 

Side view 
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3.4 Structural and electronic properties of lithium-silicon nanostructures (Li-SiNS) 

To measure the interaction between lithium and silicon nanostructures, the 

binding energy per Li adsorption (Ebind) was calculated according to this equation: 

  Li SiNs total

bind

Li

nE E E
E

n

+ −
=    (3.1) 

where Ebind is the binding energy between Li and SiNS, ELi is the total energy of the Li 

atom, ESiNS is the total energy of silicon nanostructures and Etotal is the total energy of 

the Li-SiNS complex. According to this definition, a positive value of Ebind denotes a 

favorable adsorption process. 

Then, we measure the percentage of SiNS molecular-volume change (ΔMV) 

to monitor the volume expansion after Li adsorption using this equation: 

     [ ]
100Li SiNs SiNs

SiNs

MV MV
MV

MV

− −
 =     (3.2) 

where MVSiNS and MVLi-SiNS are molecular volumes of the silicon nanostructure, before 

and after lithium adsorptions, respectively. 

  

The energy gap (Eg) is defined using: 

            
g LUMO HOMOE E E= −     (3.3) 

In this context, ELUMO refers to the energy of the lowest unoccupied molecular orbital 

(LUMO), while EHOMO represents the energy of the highest occupied molecular orbital 

(HOMO). 
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CHAPTER IV 
RESULTS AND DISCUSSION 

4.1 LITHIUM ABSORPTION ON BULK SILICON 

4.1.1 Binding of Li to silicon bulk and volume expansion 

The first model of silicon anodes with bulk silicon was examined using periodic 

calculations. As shown in Table 1, the results indicate that the binding energies of the 

absorption sites were measured to be 1.58 eV and 1.12 eV for the tetrahedral (Td) and 

hexagonal (Hex) configurations, respectively. This suggests that the tetrahedral 

structure is more thermodynamically stable compared to the hexagonal configuration, 

which aligns with previous findings [23, 44]. Additionally, we quantified the molecular 

volume changes in the bulk silicon, revealing values of 2.36% and 5.56% for the Td 

and Hex configurations, respectively. This observation suggests that lithium absorption 

on the hexagonal site has a greater impact on the volume expansion of the silicon 

anode material compared to the tetrahedral site. Therefore, the tetrahedral site can 

be recommended due to its favorable structural stability and lower volume expansion 

compared to the hexagonal site. 

Table  1. Binding energy per Li adsorption (Ebind), the change of molecular volume 
(ΔMV), and the band gap energy (Eg) of Li-Si bulk structures. 

 

 

 

 

  

Structure Ebind (eV) ΔMV (%) Eg (eV) 
Li-Td 1.58 2.36 2.00 
Li-Hex 1.12 5.56 0.84 
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(a) 

4.1.2 Effect of Li absorption on the band gap of silicon 

The electronic properties of silicon nanostructures were investigated. The band 
gap energy of silicon as a semiconductor was determined to be 2.2 eV through 
calculations, aligning with previous research findings [23, 25]. Allowing lithium 
absorption, lithium is preferred to occupy the interstitial site, exhibiting characteristics 
of a shallow donor. This was observed in two distinct models: the tetrahedral (Td) and 
hexagonal (Hex) sites. For the Td configuration, the band structures exhibit minimal 
changes, with the band gap value remaining at 2.0 eV. However, the presence of 
interstitial Li causes a downward shift of the Fermi level towards the lower edge of 
the conduction band, resembling the behavior of n-type doping. This shift suggests 
that Li donates a portion of its 2s electron to Si. This observation is further supported 
by the density of states (DOS) spectra, which display the shifted Fermi level and an 
increased abundance of electrons in each orbital level. 

In contrast, the hexagonal site exhibits a narrower band gap of 0.84 eV. 
Moreover, the Fermi level shift towards the edge of the conduction band is more 
pronounced compared to the Td configuration, as evident from Figure 8. This indicates 
that the choice of interstitial/absorption site has a significant impact on the alteration 
of the Fermi energy. Consequently, we can conclude that different absorption sites 
have a varying influence on the Fermi energy change.  
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(b) 

 

 

 

 

 

 

 

(c) 

 

 

 

 

 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8. Band gap and DOS profile of (a) Bulk structures of silicon with two 
absorption sites: (b) Td and (c) Hex 
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4.2 LITHIUM ABSORPTION AND ADSORPTION ON SILICON QUANTUM DOTS 

4.2.1 Binding of Li to SiQDs 

Absorption and adsorption of lithium on silicon quantum dots (SiQDs) were 
investigated, and a total of 43 structures representing different configurations of Li 
interacting with the SiQDs were analyzed. These structures were categorized based on 
the specific absorption and adsorption sites, as summarized in Table 2. The binding 
energies for each complex were also reported. Specifically, the complexes consisted 
of 10 tetrahedral (Td), 9 hexagonal (Hex), 10 hollow (H), 7 bridge (B), and 7 on-top (T) 
structures. Upon comparing the adsorption at hollow, bridge, and on-top sites, we 
observed that the adsorption at the hollow sites exhibited stronger binding energies 
for the same SiQD. This finding is consistent with previous studies [14, 15] that have 
reported similar trends, indicating the preferential stronger binding of Li at the hollow 
sites. Therefore, our focus was primarily on the hollow site as an adsorption site, along 
with the Td and Hex configurations as absorption complexes. Consistent with the 
nomenclature employed in the previous study by Gonzalez et al. [44], we designated 
the tetrahedral absorption site as Tdinner and referred to the hollow adsorption site as 
Tdsurface. 

The binding energies of single Li absorption and adsorption in the hollow site 
of SiQDs range from -0.57 to +1.00 eV, as presented in Table 2 and Figure 9. These  
binding energies can be classified into three categories. "Strong" interactions,  
characterized by binding energies above 0.5 eV, indicate a favorable and stable  binding. 
"Weak" interactions, with binding energies between 0.2 and 0.5 eV, suggest a relatively 
weaker but still present interaction. Conversely, binding energies with negative values 
represent an "unstable" binding, signifying a decrease in system stability after Li 
absorption, making it unlikely for Li to be absorbed in those sites. Figure 9 reveals that 
the absorption of Li on the Tdinner site exceeds 0.75 eV, while adsorption on the Tdsurface 
site remains below 0.5 eV but remains positive  across all SiQDs. In contrast, Li 
absorption on the Hex site exhibits negative binding for the same SiQDs. Consequently, 
it can be inferred that the Tdinner site offers strong absorption, whereas Tdsurface and Hex 
provide weak adsorption and unstable  absorption, respectively. Therefore, Tdinner 
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emerges as the most preferred absorption site for Li in all SiQDs. Additionally, it is 
noteworthy that the binding energy of Li to  SiQDs varies with the absorption and 
adsorption positions, rather than the cluster size. 

Table  2. The 43 structures of the absorption and adsorption complex of Li-SiQDs 

 

 

Figure 9. Binding energy of single Li for three sites: Tdinner, Tdsurface, and Hex 

SiQDs 
Binding energy value (eV) 

Tdinner Hex H (Tdsurface) B T 
Si10H16 0.95 H 0.22 T 0.11 
Si14H20 1.00 -0.57 0.22 0.13 0.10 
Si18H24, 0.81 -0.51 0.26 0.11 0.08 
Si22H28 0.83 -0.47 0.26 T 0.12 
Si26H30 0.81 -0.44 0.25 0.14 B 
Si30H34, 0.80 -0.40 0.26 0.17 0.20 
Si35H36 0.86 -0.41 0.28 0.23 B 
Si39H40 0.97 -0.42 0.23 0.15 0.18 
Si44H42 0.89 -0.33 0.30 0.09 B 
Si48H46 0.90 -0.35 0.22 H 0.17 
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In addition to single Li adsorptions, our study also investigated the multiple 

adsorptions of Li on SiQDs. This property provides insights into the charge density or 

capacity of SiQDs and tells how much charge can be stored in a battery. Specifically, 

we focused on double (2Li) and triple (3Li) adsorptions by adding second and third Li 

atoms to the single Li adsorption complexes and conducting subsequent geometry 

optimization. We only considered adsorptions in the Tdsurface site since it was the only 

site obtained after geometry optimization. Binding energies per Li adsorption for 

double and triple adsorptions of Li were then compared to the corresponding single 

Li adsorptions.  

Table  3. Binding energy (Ebind) of single and multiple Li adsorption on SiQDs 

Si number 

Ebind (eV) 

Li-Tdinner Li-Hex 
Li-Tdsurface 

Li  2Li 3Li 
Si10H16 0.95 - 0.22 0.65 0.74 
Si14H20 1.00 -0.57 0.22 0.65 0.98 
Si18H24, 0.81 -0.51 0.26 0.65 0.78 
Si22H28 0.83 -0.47 0.26 0.65 0.78 
Si26H30 0.81 -0.44 0.25 0.60 0.97 
Si30H34, 0.80 -0.40 0.26 0.62 0.72 
Si35H36 0.86 -0.41 0.28 0.61 1.05 
Si39H40 0.97 -0.42 0.18 0.62 1.12 
Si44H42 0.89 -0.33 0.30 0.61 1.11 
Si48H46 0.90 -0.35 0.23 0.61 1.07 

 

Table 3 provides the binding energies for double and triple Li adsorptions on 

different SiQDs. It is observed that the double Li adsorption exhibits binding energies 

around 0.60 eV, whereas the triple Li adsorption ranges from 0.72 to 1.12 eV. This 

indicates that the binding energy per Li adsorption increases as more Li atoms are 

adsorbed onto the SiQDs. Consequently, multiple Li adsorptions enhance the overall 
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binding energy and stability of the structures, suggesting a potential improvement in 

charge density and capacity for SiQDs in battery applications.  

Among the SiQDs studied, Si39H40, Si44H42, and Si48H46 exhibited the highest Ebind 

for triple Li adsorption. This finding contrasts with the results reported by 

Pattarapongdilok and Parasuk [12], who studied multiple Li adsorptions in Graphene 

Quantum Dots (GQDs) and found that the binding of Li atoms to GQDs weakened with 

the addition of more Li atoms. Additionally, the study by Hu and Zhou [22] revealed 

that the average binding energy for multiple Li adsorptions on GQDs was smaller than 

that of single Li atom adsorption. 

Our study suggests that SiQDs, as an anode material, can provide a higher 

charge density compared to graphene-based anodes. While the Tdinner site is the most 

preferred for single Li adsorption, the Tdsurface site becomes more advantageous in the 

case of multiple Li adsorptions. This preference for the Tdsurface site in multiple 

adsorptions could be attributed to the limited space within the SiQDs, as our largest 

Si cluster consisted of only 48 Si atoms. In such cases, Li tends to adsorb on the surface 

(outside) rather than being accommodated within the cluster. It is worth considering 

that larger SiQDs may be capable of accommodating more Li atoms inside the cluster, 

thereby favoring the Tdinner site.  
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4.2.2 Effect of Li absorption and adsorption on the volume expansion 

To investigate the potential volume expansion resulting from Li absorption and 

adsorption on SiQD anode materials, we monitored the molecular volume of the SiQDs 

before and after lithiation. Volume expansion is a critical factor that can impact the 

overall performance and cycle life of batteries, particularly in the case of silicon 

anodes. By comparing the molecular volumes of SiQDs before and after lithiation, we 

can assess whether there is a significant change in volume. This analysis provides 

valuable insights into the expansion behavior of SiQDs upon Li interaction and helps 

us understand the potential challenges associated with volume expansion in silicon 

anodes for lithium-ion batteries. The molecular volume of a molecule refers to the 

space it occupies, which is non-penetrable to other molecules under normal 

conditions. The van der Waals volume is commonly employed as an approximation, 

determined by considering the outer surface of the interpenetrating spheres 

surrounding the molecule. This approach, based on the concept of intermolecular 

forces, allows for an estimation of the molecular volume, and is commonly used in 

scientific studies [63, 64]. By utilizing this method, we can assess the changes in 

molecular volume of SiQDs before and after lithiation, providing insights into the 

volume expansion effects associated with Li absorption and adsorption on the SiQD 

anode material [63, 64]. Molecular volumes for ten bare SiQDs (Si10H16, Si14H20, Si18H24, 

Si22H28, Si26H30, Si30H34, Si35H36, Si39H40, Si44H42, and Si48H46) and those with Li absorption 

and adsorption at three sites, i.e., Tdinner, Hex, and Tdsurface were calculated. The 

percentage change in molecular volume (ΔMV) was used to justify the volume change 

of SiQDs after lithiation.  
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Figure 10. The percentage change in molecular volume of SiQDs after Li adsorption 

In Figure 10, the percentage change in molecular volume after lithiation of 

various SiQDs is illustrated. For single Li absorption and adsorption, the percentage 

change in molecular volume of SiQDs ranged from 0.42% to 2.15% for absorption in 

the Tdinner and Hex sites. In contrast, much smaller changes were observed for 

adsorption in the Tdsurface site, with percentage volume changes ranging from 0% to 

0.29%. Notably, the percentage change in volume did not vary with the number of Li 

adsorptions in the Tdsurface site.  

For Li absorptions in the Tdinner and Hex sites, the percentage change in volume 

exhibited variation based on the size of the SiQD. Specifically, larger volume changes 

were observed for smaller SiQDs. For instance, Si10H16 showed a percentage volume 

change of 2.15%, while Si48H46 exhibited a change of 0.42%. Therefore, lithiation in the 

Tdsurface site resulted in less volume change compared to the Tdinner and Hex sites. 

These findings shed light on the extent of volume expansion experienced by SiQDs 

upon lithiation, with implications for the performance and stability of Si -based anode 

materials in lithium-ion batteries. 
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This observation can be explained by considering the location of the Tdinner and 

Hex sites inside the SiQD cluster. When Li atoms are absorbed in these sites, they 

require space within the cluster, resulting in expansion of the molecular framework. In 

larger SiQD clusters, there is more available space inside, which allows for 

accommodating Li atoms without significant volume expansion. This explains the 

smaller volume expansion observed for absorption in larger clusters. On the other 

hand, the Tdsurface site, where adsorption takes place outside the SiQD cluster, has a 

limited effect on the molecular framework. As a result, only a very small volume 

expansion was observed, and this expansion did not depend on the cluster size or the 

number of Li adsorptions. Based on these findings, we recommend using larger-sized 

SiQDs as anode materials for Li-ion batteries. This is because the integrity of their 

structures can be maintained upon Li deposition, with minimal volume changes. Using 

larger-sized SiQDs ensures that the batteries can effectively accommodate Li without 

significant expansion, enhancing the stability and overall performance of the anode 

material.  
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4.2.3 Effect of Li absorption and adsorption on the energy gap 

The electrical conductivity of silicon anode is considered a drawback when 
compared to carbon-based anodes. This is primarily due to the intrinsic nature of 
silicon crystal, which is a semiconductor with a band gap of approximately 1.2 eV [65]. 
In contrast, graphite, which is commonly used in carbon-based anodes, exhibits 
conductivity as it is a conductor. In the case of non-periodic systems, such as SiQDs, 
the concept of a band gap is not directly applicable. Instead, the energy difference 
between the highest occupied molecular orbital (EHOMO) and the lowest unoccupied 
molecular orbital (ELUMO) is employed to estimate the energy gap (Eg). This energy gap 
helps to address the conductivity characteristics of these materials, providing insights 
into their electrical properties. By considering the energy gap (Eg) as an indicator of 
conductivity, it becomes evident that silicon anodes face challenges due to their semi-
conducting nature compared to the conductive nature of carbon-based anodes. 
Understanding these differences in electrical conductivity is crucial in assessing and 
optimizing the performance of Si-based anodes in lithium-ion battery systems. 

Table  4. Energy gaps (Eg) of various sizes of SiQDs and nLi-SiQDs 

SiQDs 
HOMO-LUMO Energy gap (eV) 

without Li Tdinner Hex 
Tdsurface 

Li  2Li 3Li 
Si10H16 8.09 4.12 - 3.29 3.34 2.63 
Si14H20 7.43 3.96 3.05 3.11 3.18 2.76 
Si18H24, 7.06 3.63 2.84 3.06 3.20 2.47 
Si22H28 6.90 3.52 2.73 2.98 3.16 2.40 
Si26H30 6.73 3.36 2.62 2.73 2.83 2.62 
Si30H34, 6.69 3.30 2.54 2.67 2.80 2.16 
Si35H36 6.55 3.17 2.47 2.55 2.68 3.48 
Si39H40 6.25 3.32 2.40 2.40 2.64 3.47 
Si44H42 6.08 3.13 2.37 2.39 2.74 2.94 
Si48H46 5.95 3.11 2.38 2.33 2.49 2.81 
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Figure 11. Energy gaps of various sizes of un-adsorbed and nLi-adsorbed SiQDs 

Table 4 and Figure 11 provide information on the energy gaps (Eg) of bare SiQDs, 

as well as SiQDs with absorbed and adsorbed Li. The energy gaps of bare SiQDs range 

from 5.95 eV (Si48H46) to 8.09 eV Si10H16), and it is evident that the Eg varies with the 

cluster size, with larger SiQDs exhibiting smaller Eg values. Notably, there is a significant 

difference of 2.34 eV in Eg between the smallest and largest values, highlighting the 

influence of cluster size on the energy gap. After the absorption and adsorption of Li, 

a substantial reduction in the energy gap is observed, indicating increased conductivity 

of the SiQDs. Figure 11 demonstrates this reduction in Eg. For single Li absorption, the 

energy gaps range from 2.33 eV to 4.12 eV, resulting in a reduction of approximately 4 

eV compared to the bare SiQDs. These findings indicate that the lithiation process 

leads to a significant decrease in the energy gap of SiQDs, making them more 

conductive. This reduction in energy gap is crucial for improving the electrical 

conductivity of Si-based anodes, addressing one of the limitations of Si as an anode 

material compared to carbon-based alternatives. Furthermore, it should be noted that 
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the energy gap (Eg) is not only influenced by the cluster size but also by the specific 

absorption and adsorption sites, as well as the number of Li atoms adsorbed.  

However, the differentiation of the energy gap based on these factors is not as 

pronounced. When comparing different absorption and adsorption sites, SiQDs with Li 

absorption on Tdinner exhibit the largest Eg, followed by adsorption in Tdsurface and 

absorption in Hex sites. For the adsorption in Tdsurface, the presence of double Li 

adsorption increases the Eg of SiQDs by values ranging from 0.05 to 0.35 eV, depending 

on the cluster size. On the other hand, the triple Li adsorption results in a reduction 

of Eg for small SiQDs (n=10-30) with values ranging from -0.66 to -0.11 eV, while medium 

to large SiQDs (n=34-46) experience an increment in Eg ranging from 0.48 to 1.03 eV. 

These observations indicate that both single and multiple Li absorptions and 

adsorptions have an impact on the energy gap. 

This phenomenon demonstrates the ability of SiQDs as semiconductor 

materials to accept and release electrons, which aligns with previous studies [14, 15]. 

The variations in the energy gap highlight the influence of Li absorption and adsorption 

on the electronic properties of SiQDs, further emphasizing their potential as functional 

materials for energy storage applications. 

 

 

Figure 12. HOMO, LUMO energies (eV) of SiQDs, (a) single and (b) multiple Li adsorbed 
on SiQDs (Li-SiQDs and nLi-SiQDs) 
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We present the energies of the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) for bare SiQDs, as well as Li-absorbed 

and Li-adsorbed SiQDs in various sites in Figure 12a. The changes in HOMO and LUMO 

energies provide insights into the electronic structure of SiQDs upon Li absorption and 

adsorption. The figure 12b specifically focuses on the effect of single, double, and 

triple Li adsorptions on the HOMO and LUMO energies of SiQDs. This analysis allows 

us to observe the impact of multiple Li adsorptions on the electronic properties of 

SiQDs. By monitoring the changes in HOMO and LUMO energies, we gain a deeper 

understanding of how Li absorption and adsorption influence the electronic structure 

of SiQDs, providing valuable information for the design and optimization of Si -based 

anode materials in lithium-ion batteries. 

We observe that the LUMO energies of SiQDs remain relatively unchanged upon 
Li absorption and adsorption. However, the HOMO energies of bare SiQDs show a 
significant increase after lithiation, resulting in a decrease in the energy gap. This 
reduction in the energy gap is primarily driven by the increment of HOMO energies 
associated with Li absorption and adsorption. The HOMO energies for bare SiQDs are 
within the range of -10 to -7.5 eV, whereas for Li-absorbed and Li-adsorbed SiQDs, they 
are around -5 eV. Notably, the HOMO energy of the Li atom itself is measured at -4.16 
eV. Hence, the increase in HOMO energies can be attributed to the energy level of the 
Li atom upon absorption. 

Interestingly, the increment in HOMO energies is predominantly influenced by 
the specific absorption and adsorption sites (Tdsurface and Hex), rather than the cluster 
size. Among the sites, Tdsurface and Hex exhibit the most significant changes in HOMO 
energies, while Tdinner shows a comparatively smaller effect. Moreover, the adsorption 
of second and third Li atoms does not significantly alter the HOMO energy of SiQDs, 
indicating that their impact on the electronic structure is limited in this context.  

These findings highlight the role of Li absorption and adsorption in modifying 

the electronic properties of SiQDs, specifically through the modulation of HOMO 
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energies. Understanding these changes is crucial for enhancing the performance and 

design of Si-based anode materials in lithium-ion batteries. Hence, the presence of 

multiple Li adsorptions is unlikely to have a significant impact on the energy gap of Li -

adsorbed SiQDs. Consequently, based on our research findings, we can deduce that 

large-sized SiQDs exhibit favorable characteristics as anode materials for Li -ion 

batteries. This is primarily attributed to their notable capacity for Li adsorption, minimal 

volume expansion, and satisfactory conductivity. 
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4.3 LITHIUM ABSORPTION AND ADSORPTION ON SILICON NANOWIRE AND NANOPORE 

4.3.1 Binding of Li to SiNWs with diameters of 1 nm, 1.5 nm, and 2 nm 

We observed that adsorptions in Tdinner and Tdsurface sites give the most stable 

binding from section 4.2. With this information, we proceeded to investigate the 

adsorption on both sites for silicon nanowires (SiNWs). In Table 5 and Figure 9, it is 

evident that the binding energies of Tdsurface are consistently larger than those of Tdinner 

for all SiNW models with 1 nm, 1.5 nm, and 2 nm diameters. The results also suggest 

that the diameter of the SiNWs has minimal influence on the binding energy. The 

binding energy depends more on the adsorption site and type of materials (SiNWs or 

SiNPs). The Li binding in SiNWs at Tdsurface (1.28 eV) is stronger than that at Tdinner 

(0.40 – 0.52 eV) and SiNPs (0.68 – 0.73 eV). However, the binding is weaker than in bulk 

(1.58 eV) but larger than SiQDs (~1 eV). 

Table  5. Binding energy (Ebind) and energy gap (Eg) of Li absorption and adsorption on 
SiNWs and SiNPs 

Structures Ebind (eV) Eg (eV) 
SiNWs-1nm - 5.92 
Li-Tdinner-SiNWs-1nm 0.52 2.59 
Li-Tdsurface-SiNWs-1nm 1.28 3.10 
Li-Tdsurface-SiNPs-1nm 0.73 2.29 

   
SiNWs-1.5nm - 5.44 
Li-Tdinner-SiNWs-1.5nm 0.42 2.29 
Li-Tdsurface-SiNWs-1.5nm 1.28 2.91 
Li-Tdsurface-SiNPs-1.5nm 0.68 2.62 

   
SiNWs-2nm - 5.14 
Li-Tdinner-SiNWs-2nm 0.40 2.16 
Li-Tdsurface-SiNWs-2nm 1.28 2.78 
Li-Tdsurface-SiNPs-2nm 0.68 2.39 
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Figure 13. Binding energy of Li-SiNWs and Li-SiNPs 

4.3.2 Effect of Li absorption, adsorption, and porosity on the energy gap  

Subsequently, our investigation focused on examining the impact of Li 
absorption and adsorption on the electronic conductivity of SiNWs. We observed a 
significant decrease in the Eg of SiNWs after lithiation, indicating a substantial 
enhancement in their conductivity. In contrast to Li -Tdinner-SiNWs, Li-Tdsurface-SiNWs 
exhibit a higher energy gap, suggesting lower conductivity. To enhance the conductivity 
of Tdsurface structures, one potential solution could be the creation of surface pores on 
SiNWs. By introducing porosity, the conductivity of Li-Tdsurface-SiNWs is effectively 
increased. Based on our calculations, the results indicate that SiNPs have a lower 
energy gap (2.29 eV) compared to SiNWs (3.10 eV). This observation suggests that the 
introduction of porosity in the material has a positive impact on enhancing 
conductivity. The porous structure appears to contribute to the increased conductivity 
of silicon nanowires. 

Furthermore, we investigated the multiple adsorptions of Li on SiNWs. As 
demonstrated in Table 6, the binding energy of multiple adsorptions was found to be 
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lower than that of single adsorptions. Specifically, the binding energy of SiNWs 
decreases upon adsorption of the second Li atom, but it experiences a slight increase 
after the third Li atom is adsorbed. The highest binding energies recorded were 1.28 
eV for the first Li atom, and 1.21 eV for both the second and third Li atoms. However, 
it is worth noting that porosity tends to increase the binding energy of Li2-Tdsurface-
SiNWs-1nm (0.67 to 0.79 eV), Li3-Tdsurface-SiNWs-1nm (0.72 to 0.91 eV), Li2-Tdsurface-
SiNWs-1.5nm (0.68 to 0.74 eV) and Li3-Tdsurface-SiNWs-1.5nm (0.72 to 0.91 eV). 
Conversely, it decreases the binding energy of Li2-Tdsurface-SiNWs-2nm (1.21 to 0.82 eV), 
and Li3-Tdsurface-SiNWs-2nm (1.21 to 0.94 eV). 
 

Table  6. Binding energy (Ebind) and energy gap (Eg) of multiple Li adsorptions on 
SiNWs and SiNPs 

Structures Ebind (eV) Eg (eV) 
Li2-Tdsurface-SiNWs-1nm 0.67 2.49 
Li2-Tdsurface-SiNPs-1nm 0.79 2.59 
Li3-Tdsurface-SiNWs-1nm 0.72 1.87 
Li3-Tdsurface-SiNPs-1nm 0.91 1.99 

   
Li2-Tdsurface-SiNWs-1.5nm 0.68 2.26 
Li2-Tdsurface-SiNPs-1.5nm 0.74 2.74 
Li3-Tdsurface-SiNWs-1.5nm 0.72 1.72 
Li3-Tdsurface-SiNPs-1.5nm 0.91 1.87 

   
Li2-Tdsurface-SiNWs-2nm 1.21 2.91 
Li2-Tdsurface-SiNPs-2nm 0.82 2.54 
Li3-Tdsurface-SiNWs-2nm 1.21 2.91 
Li3-Tdsurface-SiNPs-2nm 0.94 1.97 
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The introduction of the second and third Li atoms in SiNWs has a noticeable 

impact on reducing the energy gap and enhancing their electronic conductivity. For 

instance, in SiNWs with a diameter of 1 nm, the energy gap values are as follows: 3.10 

eV for the first Li atom, 2.49 eV for the second Li atom, and 1.87 eV for the third Li 

atom. Furthermore, the influence of porosity on the electronic conductivity in the case 

of multiple adsorptions is not significant. The presence of porosity tends to slightly 

increase the energy gap: from 2.49 to 2.59 eV for Li2-Tdsurface-SiNWs-1nm, from 1.87 to 

1.99 eV for Li3-Tdsurface-SiNWs-1nm, from 2.26 to 2.74 eV for Li2-Tdsurface-SiNWs-1.5nm 

and from 1.72 to 1.87 eV for Li3-Tdsurface-SiNWs-1.5nm. However, it does have an impact 

on decreasing the energy gap: from 2.91 to 2.54 eV for Li2-Tdsurface-SiNWs-2nm and from 

2.91 to 1.97 eV for Li3-Tdsurface-SiNWs-2nm.  

4.3.3 Effect of Li absorption and adsorption on the volume expansion 

In our latest investigation, we closely monitored the changes in molecular 

volume of both SiNWs and SiNPs, following the methodology outlined in our previous 

report. The obtained results, as presented in Fig.4.7., reveal the following trends: ΔMV 

(%) of Tdinner > Tdsurface-SiNWs > Tdsurface-SiNPs. This suggests that the Tdsurface sites 

exhibit less pronounced effects during lithiation compared to the Tdinner. The length of 

SiNWs also influences ΔMV (%), since this value is further reduced as the length of 

SiNWs is extended. Moreover, it is observed that the second and third Li adsorptions 

lead to a reduction in ΔMV (%), indicating that the molecular volume changes less as 

more Li is added. Compared to SiNPs, all SiNPs have small values of ΔMV (%). Thus, 

introducing porosity in the structure causes the volume to change less. As a result, it 

is possible to achieve minimal volume changes upon lithiation by increasing the size 

of silicon nanostructures and introducing pores. These modifications help maintaining 

the structural integrity and stability of the silicon nanostructures during the lithiation 

process. 
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Figure 14. The percentage change in molecular volume of SiNWs  
and SiNPs after Li adsorption 
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CHAPTER V 

CONCLUSION 

We investigated the absorption and adsorption of lithium in silicon 

nanostructures, including silicon quantum dots (SiQDs), silicon nanowires (SiNWs), and 

silicon nanopores (SiNPs), while analyzing their structural and electronic properties in 

comparison to bulk silicon. Our findings reveal that the binding behavior between 

lithium and silicon nanostructures is strongly influenced by specific absorption and 

adsorption sites. Notably, we observed a strong binding on the  Tdinner site for 

absorption and the Tdsurface site for adsorption.  

In the case of SiQDs, we found a stronger binding on the Tdinner site with binding 

energies ranging from 0.80 to 1.00 eV, while adsorption on the Tdsurface site resulted in 

weaker binding energies between 0.18 and 0.30 eV. Interestingly, the binding of Li in 

the Hex site was consistently negative (unstable) for all SiQDs. Therefore, the Tdinner 

site emerges as the preferred site for SiQDs. Furthermore, we observed that the binding 

energy increases with the addition of more Li atoms to SiQDs, indicating their potential 

for accommodating a higher number of Li atoms per structure and enabling high-

capacity anodes.  

In SiNWs models with diameters of 1 nm, 1.5 nm, and 2 nm, we observed that 

the binding energies of Tdsurface consistently exceeded those of Tdinner. The diameter of 

the SiNWs structure showed minimal influence on the binding energy  values. 

Interestingly, unlike SiQDs, multiple adsorptions in SiNWs resulted in lower binding 

energies compared to single adsorption. Additionally, our investigation revealed that 

porosity (SiNPs) did not significantly affect the binding energies in SiNWs  structures. 

To address the life cycle challenges of silicon anodes, we evaluated the  change 

in molecular volume of various SiQDs after lithiation. Our results showed that  the 

volume change did not vary with the number of Li adsorptions but depended on the 

site and cluster size. Larger SiQDs exhibited smaller volume changes, indicating that 
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they are less susceptible to volume expansion during lithiation. Furthermore, SiNWs 

and SiNPs showed minimal volume changes, with values below 0.5%. Larger diameters 

of SiNWs and SiNPs were associated with smaller volume changes. Multiple adsorptions 

further mitigated volume expansion. Hence, larger silicon nanostructures are 

recommended to avoid volume expansion during lithiation.  

We also investigated the impact of lithiation on the electronic properties of  

silicon anode materials. Consistently, our results demonstrated that the presence of 

lithium decreased the resistivity of various silicon structures, including bulk silicon, 

SiQDs, SiNWs, and SiNPs, indicating increased conductivity. Moreover, the presence of 

pores in SiNWs led to a decrease in the energy gap, enhancing conductivity. 

Consequently, SiQDs, SiNWs, and SiNPs exhibit favorable characteristics as anode 

materials for Li-ion batteries, including high capacity, minimal volume expansion, and 

improved conductivity. 
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APPENDIX 

 

Table A1. The change of molecular volume of various sizes of nLi-SiQDs 

 

Si number 
ΔMV % 

Li-Tdinner Li-Hex Li-Tdsurface 2Li-Tdsurface 3Li-Tdsurface 

10 2.147 - 0.073 0.195 0.288 

14 1.400 1.192 0.012 0.119 0.210 

18 0.899 1.085 0.089 0.154 0.093 

22 0.817 0.785 0.006 0.001 0.024 

26 0.792 0.784 0.055 0.057 0.073 

30 0.720 0.694 0.156 0.130 0.148 

35 0.541 0.433 0.063 0.082 0.045 

39 0.449 0.422 0.045 0.008 0.121 

44 0.459 0.444 0.041 0.055 0.025 

48 0.416 0.431 0.006 0.053 0.145 
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Table A2. The change of molecular volume after lithiation on SiNWs and SiNPs 

 
a. Lithium absorbed and adsorbed on silicon nanowires (Li-SiNWs) 

diameter (nm) 
ΔMV (%) 

Li-Tdinner Li-Tdsurface 2Li-Tdsurface 3Li-Tdsurface 

1 0.495 0.27 0.157 0.158 

1.5 0.258 0.138 0.045 0.095 

2 0.164 0.099 0.003 0.091 

 
 

b. Lithium absorbed and adsorbed on silicon nanopores (Li-SiNPs) 

diameter (nm) 
ΔMV (%) 

Li-Tdsurface 2Li-Tdsurface 3Li-Tdsurface 

1 0.074 0.013 0.022 

1.5 0.017 0.087 0.03 

2 0.025 0.01 0.017 
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a= 5.37Å 

b= 5.37Å 

c= 5.37Å 

α= 90° 

β= 90° 

γ= 90° 

 

a= 5.43Å 

b= 5.43Å 

c= 5.43Å 

α= 90.11° 

β= 89.64° 

γ= 90.28° 

 

a= 5.46Å 

b= 5.46Å 

c= 5.46Å 

α= 88.53° 

β= 91.47° 

γ= 88.53° 

 

Figure A1. Optimized geometries of lithium absorption on bulk silicon (a)  

on tetrahedral (c) and hexagonal site (c) 
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Li- Tdinner-Si22H28     Li-Hex-Si22H28         Li-Tdsurface-Si22H28        

 

 

 

Li- Tdinner-Si26H30          Li-Hex-Si26H30      Li-Tdsurface-Si26H30        

 

 

 

Li- Tdinner-Si30H34        Li-Hex-Si30H34     Li-Tdsurface- Si30H34        

 

 

 

Li- Tdinner-Si18H24     Li-Hex-Si18H24       Li-Tdsurface-Si18H24      

 

 

 

Li- Tdinner-Si10H16      Li-Tdsurface-Si10H16     Li- Tdinner-Si14H20     Li-Hex-Si14H20     Li-Tdsurface-Si14H20   
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Li- Tdinner-Si35H36        Li-Hex-Si35H36  Li-Tdsurface-Si35H36 

 

 

Li-Tdinner-Si39H40        Li-Hex-Si39H40  Li-Tdsurface-Si39H40 

 

 

 

Li-Tdinner-Si44H42      Li-Hex-Si44H42  Li-Tdsurface-Si44H42 

 

 

Li-Tdinner-Si48H46     Li-Hex-Si48H46  Li-Tdsurface-Si48H46 

 

 

 

Figure A2. Optimized geometries of lithium absorption and adsorptions on SiQDs  
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2Li and 3Li adsorbed on Si18H24  2Li and 3Li adsorbed on Si22H28 

2Li and 3Li adsorbed on Si26H30  2Li and 3Li adsorbed on Si30H34 

2Li and 3Li adsorbed on Si35H36  2Li and 3Li adsorbed on Si39H40 

 

 

 

  

 

 

 

 

  

2Li and 3Li adsorbed on Si10H16   2Li and 3Li adsorbed on Si14H20 
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Figure A3. Second and third lithium adsorptions on SiQDs 

 

2Li and 3Li adsorbed on Si44H42   2Li and 3Li adsorbed on Si48H46 
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Li-Tdsurface-SiNWs-1nm   Li-Tdsurface-SiNPs-1nm       Li2-Tdsurface-SiNWs-1nm   Li2-Tdsurface-SiNPs-1nm    

(a) 

Li-Tdinner-SiNWs-1nm   Li-Tdsurface-SiNWs-1nm   Li2-Tdsurface-SiNWs-1nm   Li3-Tdsurface-SiNWs-1nm 

Li-Tdsurface-SiNPs-1nm         Li2-Tdsurface-SiNPs-1nm           Li3-Tdsurface-SiNPs-1nm 

(b) 

Figure A4. Optimized geometries of lithium absorption and adsorptions on 

silicon nanowires and nanopores, (a) top view and (b) side view 

 

Li3-Tdsurface-SiNWs-1nm      Li3-Tdsurface-SiNPs-1nm    
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