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I 

 

Abstract 

Lithium-ion batteries (LIBs) are becoming more and more indispensable for the 

contemporary lives and industrials. Prevailing LIBs tend to be unable to fulfill the 

increased requirements for better performances. Silicon (Si), with the highest 

theoretical capacity (~4200 mAh/g) and abundant reserves in the Earth’s Crust, 

stands out as one of the most promising candidates for electrode material. However, 

Si suffers from great volume expansion during the interaction with lithium (Li) ions, 

leading to a rapid decay of the Si-based electrode and low cycling life of the LIBs. In 

order to alleviate the problem and to develop Si-based LIBs, considerable efforts 

have been devoted. Si electrodes with extraordinary performances have been created 

in laboratory. To date, it is advocated that more attention should be paid to the 

optimization of the Si electrode for higher volumetric/areal capacity and lower 

fabrication cost. This thesis is concentrated on the optimizations of the 

nanostructures of Si electrode. 

Chapter 1 is about the fundamental knowledge concerning the Si-based LIBs, and 

then a literature review on the progress achieved in recent years to improve the 

performances of Si-based LIBs will be presented. Chapter 2 serves as an introduction 

to the methodology implemented in this thesis, including molecular dynamics 

simulations and finite element analysis. 
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In Chapter 3, the methods developed to realize the simulations of dynamic 

processes during the reaction between Li and Si will be elaborated. To simulate the 

dynamic intercalation of Li in Si at room temperature, a slight adaptation of the 

potential is made, and justification of the results derived from the adapted potential is 

given. It is found that the adapted potential is capable of qualitative predictions. For 

the simulation of the dynamic extraction of Li out of Li-Si alloy, a home-made 

algorithm is developed to approximate the natural diffusion process. The results are 

in qualitative agreement with the ones by theoretical derivation based on diffusion 

theory. 

In Chapter 4, a method is developed to visualize the lithiation-induced stress field 

of Si nanowire anode. It is shown that the stress field obtained by molecular 

dynamics simulations is qualitatively consistent with the ones derived from 

theoretical modeling. 

In Chapter 5 molecular dynamics simulations and theoretical deductions are 

conducted to determine the optimal porosity that can endow the porous Si nanosheet 

anode with a long cycle life and high volumetric capacity. Additionally, the evolution 

and survivability of the porous structure in the Si anode during the 

charging-discharging cycles is revealed by simulations. It is found that the anode 

with higher original porosity can survive more cycles before the collapse of the 

nanopores. This work can provide guidelines for the optimal design of the porous 
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structure in Si anode. 

In Chapter 6, we studied the effects of the mechanical constraint from the 

accessory materials in the electrode on the performance of Si nanosheet anode 

material. Intercalation of Li into mechanical constrained Si anode is simulated to 

scrutinize the influence on the capacity and lithiation rate. Results reveal that strong 

mechanical constraint would greatly reduce the capacity and lithiation rate of Si 

active material. Several suggestions are made for improving the performances of Si 

nanosheet anode. 

And finally, in Chapter 7 the conclusions of the thesis will be presented, and two 

pieces of future work will be proposed. 

Our work can not only shed light on the atomistic details in the Si electrode during 

the interaction with Li, but also serve as a guideline for the optimal design of the 

Si-based anode material. We believe that the conclusions of this thesis would 

accelerate the advent of the next generation LIBs.  
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Chapter 1. Introduction 

Passing years have been witnessing the birth, growth and prosperity of 

lithium-ion batteries (LIB). Research on LIBs began in 1960s, and 

commercialization of LIBs is realized in 1990s. Nowadays, LIBs have been widely 

used to drive an enormous number of consumer electronics. With the rise of 

population and development of industrial, prevailing LIBs, consisting of carbon as 

anode material and metal oxide cathode material, cannot meet the increased 

requirement. Next generation of LIBs with high energy density, high charging rate 

and high safety are in demand. 

1.1 Basics of LIBs

Batteries are a kind of electrical devices that have the ability to store chemical 

energy and convert it into electrical energy. If the conversion can be reversed within 

the same batteries, they are categorized as “secondary batteries”. Most prevailing 

batteries, including LIBs, belong to this category. In the following, unless 

specifically indicated, the term “battery” refers to the “secondary battery”. To 

evaluate and characterize the electrochemical performances of a battery, capacity (the 

largest quantity of charges a battery can hold) and cycle life (the number of 

charge-discharge cycles a battery can survive) are the two major indices. 
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The basic operation mechanism of a full LIB is illustrated in Figure 1.1. It is 

composed of a negative electrode (anode), a positive electrode (cathode), two current 

collectors, a separator and electrolyte (not shown in Figure 1.1). When the battery is 

discharging, Li-ions and electrons depart from the anode inside the battery (the 

internal circuit) and outside the battery (the external circuit), respectively. During this 

process, the active materials in the anode lose electrons and are chemically oxidized, 

while those in the cathode receive electrons and get reduced. Chemical energy is 

converted into electrical energy that can do work in the external circuit, and thus the 

total potential of the battery decreases. When the battery is charging, all the above 

processes are reversed. The current collectors are responsible for transporting 

electrons during the charging and discharging processes and are therefore made of 

electrically conductive materials. The electrolyte is used to convey Li ions, which is 

usually liquid and consists of Li salts in an organic solvent. The two electrodes 

contact with the current collectors and electrolyte to form electrical connections. The 

separator is to prevent the direct contact of the anode and cathode, which would 

cause a short circuit. Particularly, the electrodes, including the anode and the cathode, 

are usually composites consisting of active materials, carbon black and binder 

materials. The active materials react with Li during operation, the carbon black 

improves the conductivity of the electrodes, and the binder materials work to hold all 

components as integrity. From the next part, the focus will be concentrated on the 
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active material in the anode.

 

Figure 1.1 (a) Simplified model of a full lithium-ion battery (b) configuration of the 

anode composite 

For simplicity, in the following texts, the insertion process of Li into the anode 

material is termed as lithiation, and the reverse process as delithiation. It should be 

noted that lithiation or delithiation is not necessarily equivalent to charging or 

discharging; the correspondence depends. In a full battery as shown in Figure 1.1, 

lithiation and delithiation correspond to charging and discharging processes, 
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respectively. In a half battery where a Li metal plate is used as the reference 

electrode for electrochemical tests, lithiation is for discharging, while delithiation for 

charging. From the second chapter of this thesis, unless otherwise specified, all the 

batteries discussed are half batteries. 

1.2 Si-based LIBs and the challenges 

In prevailing commercial LIBs, the active material in the anode is carbon, or 

more accurately, graphite. The carbon-based anode has a maximum theoretical mass 

capacity (capacity per unit mass of active material) of ~ 372 mAh/g, which is 

considered insufficient to satisfy the increasing demand. With all the efforts and time 

devoted to the research of novel LIBs, Si, because of its highest capacity (~ 4200 

mAh/g [1] or ~3578 mAh/g [2] based on different calculation method, which will be 

discussed later) and its abundant reserves in the Earth’s Crust [3], is deemed as one 

of the most promising candidates to be the anode material. Other candidates include 

Sb (660 mAh/g [4]), Sn (994 mAh/g [5]) and Li metal (3860 mAh/g [6]). The reason 

for the great difference between the capacities of carbon and Si lies in the interaction 

of the active material with Li. In the interaction between graphite and Li, Li ions 

enter the space between the layers of graphite, forming a compound that has 1 Li 

atom and 6 carbon atoms, as illustrated in Figure 1.2 (a) and Equation 1.1, 

Li + 6C → LiC6            (1.1) 
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In contrast, Si can react with Li by alloying, as illustrated in Figure 1.2(b), resulting 

in a rearrangement of the Si atoms and consequently large capacity. There are 

multiple products of the reaction between Li and Si, and Equation 1.2 shows the 

typical ones. 

 

Figure 1.2 Interaction between Li and (a) graphite and (b) Si 

22Li + 5Si → Li22Si5  or  15Li + 4Si → Li15Si4    (1.2) 

The theoretical mass capacity is calculated based on the form of the resultant by 

Equation 1.3, 

00 / MNeC               (1.3) 

where N is the number of lithium atoms that have been inserted into Si, e0 the charge 

of lithium-ion and M0 the mass of the Si. Hence, the above two theoretical mass 

capacities are obtained from the two typical resultants, respectively. Actually, the two 
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values are both widely accepted. 

However, although Si is a promising anode material, if one simply replaces the 

graphite anode with Si particles, the battery would rapidly degrade upon operation, 

which hampers their wider applications. Next, we will have a discussion on the 

failure mechanisms of the Si-based anode, and the potential strategies to avert the 

failure and to improve the performances. 

 

Figure 1.3 The three failure mechanisms of Si-based anode: (a) pulverization of Si 

active material, (b) detachment from the current collector and (c) growth of SEI film 

There three major failure mechanisms of the Si-based anode. The first one is the 

large volumetric variation (> 300%) caused by the Li ions insertion into and 
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extraction out of the Si anodes, which induces drastic changes in strain and the 

resultant failure of Si anode including fracture and even pulverization. Figure 1.3 (a) 

illustrates this failure. In real cases, no matter what shape the Si anode material is in, 

failure would always occur during cycles. For Si spherical or cylindrical anode with 

curvature, it has been clarified that [7-10], as the particle expands, the anode particle 

experiences a tensile stress in its outer surface, resulting in cracks from the outer 

surface. For Si sheet anode with no curvature, the formation of the crack seems 

controversial. Liu et al. [11] claimed that the crack happens during the lithiation 

stage, due to the combined factors including large volume change, plastic 

deformation and lithiation rate. Xiao et al. [12] maintained that the cracks result from 

the phase transition of the lithiated silicon from amorphous to crystalline. Chon et al. 

[13] examined in-situ the stress evolution of silicon film in lithiation-delithiation 

cycles and believed that crack occurs during the delithiation process. Regardless of 

the causes of the cracks, as the anode material undergoes cyclic charging and 

discharging, the repetitive expansion and contraction of the anode particle will 

eventually cause the propagation of the cracks. Catastrophic pulverization of the 

anode material would ultimately happen after tens of cycles, leading to the loss of the 

capacity. 

The second failure mechanism is the loss of electrical connection of the anode 

material from the current collector, as shown in Figure 1.3 (b). This is also due to the 
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drastic volume variation. On the one hand, the pulverized anode material could 

detach from the current collector and the surrounding conductive additive, and lose 

the path for electron transportation. On the other hand, even uncracked silicon 

particle can be pushed away by the large volume expansion of adjacent particles and 

loses the connection. Figure 1.4 shows a Si film anode attached to the Cu current 

collector. The morphology after 30 cycles can be seen different from that of the one 

after 1 cycle, which indicates a severe detachment of Si from Cu. 

 

Figure 1.4 Comparison between the morphology of Si anode (a) before 

electrochemical tests (b) after 5 cycles (adapted from [14]) 

The third failure mechanism is the unstable solid-electrolyte interphase (SEI) 

films induced consumption of the active material, especially Li-ions. SEI films are 

results of the decomposition of the electrolyte near the anode surfaces (see Figure 1.3 

(c)). They consist of insoluble lithium salts and other non-conductive compounds [1]. 

The formation of SEI causes the reduction of the quantities of the electrochemically 

active material, especially Li, in the battery system. Once the SEI films have been 
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generated, they can separate the anode from the electrolyte and thus cease the 

decomposition of the electrolyte [1, 15, 16]. Therefore, stable SEI films are important 

for the cycle life of batteries. In traditional carbon anode, stable SEI films would 

form in the initial cycles and in the sequent cycles, the existent SEI films could 

remain stable because the volume variation is relatively small during cycling. In 

contrast, Si anodes expand largely during lithiation process, which could break the 

SEI films between the anode and electrolyte. In the subsequent cycles, Si active 

material could continue to contact the electrolyte and create new SEI films. The 

cyclic process progressively reduces the amount of the active material and thus 

causes the decay of the electrochemical performances of the entire battery. 

Apart from the above two problems, there are other obstacles to be cleared before 

the commercial usage of the Si anode, such as the failure of the binder material, the 

low electronic conductivity of Si and the high cost in large-scale production. Great 

efforts have been devoted to addressing the aforementioned problems of Si-based 

anode material. In the next parts, we will focus on the above problems and present a 

literature review on the strategies to these problems

1.3 Nano-structured Si to resolve the problems 

For the purpose of resolving the aforementioned problems accompanied with Si 

anodes, a great number of papers have been proposed their solutions. The solutions 

can be derived by experimental or theoretical (including calculations) approaches; 
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the experimental solutions can be further sub-divided: the one focused on the 

structure of anode material and the other one concerning the surrounding material 

including binder material and current collector. The literature review in this part will 

concern the experimental attempts with the respect of Si anode. In the next two parts, 

the experimental research on the surrounding material and theoretical investigations 

are reviewed, respectively. 

 

Figure 1.5 Various nanostructures for Si anode: (a) particle, (b) nanowire, (c) 

nanosheet, (d) core-shell composite, and (e) porous structure 

Since the amount of literature relative to Si anode is enormous, based on the 

morphology of the anode material, the Si anode materials reported are divided into 

five categories: particle (0D); wire, beam and rod (1D); film, sheet, flake and plate 

(2D); composite and core-shell; and porous structure. In the next parts, a literature 

review of these nanostructures will be presented. 
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1.3.1 Particle (0D) 

Dating back to the year 1995, Wilson and Dahn [17] attempted to prepare anode 

material which has Si nanoparticles dispersed in carbon by chemical vapor 

deposition (CVD), and successfully improved the capacity 500 mAh/g. Moreover, 

they even obtained a quantitative relationship between silicon atomic fraction in 

carbon and the reversible capacity of the anode material. Ten years later, Holzapfel 

and coworkers [18] fabricated silicon/graphite composite as anode material, also by 

CVD. Demonstrated by SEM image, the silicon nanoparticles obtained were in the 

size of around 20 nm, and distributed homogeneously on the graphite surfaces. The 

capacity, with respect to the whole composite, can exceed 700 mAh/g within the 

initial cycles, and keep around 500 mAh/g after 150 cycles. If the capacity was 

calculated based on the mass of Si alone, the initial capacity can even exceed 2000 

mAh/g. In 2010, using a bottom-up assembly methods, Magasinski and coworkers 

synthesized rigid nanoscale silicon particles, which show an electrochemical capacity 

of 1950 mAh/g. The synthesis process was believed to be simple, low-cost and 

broadly applicable. 

It was in the year 2012 that a significant discovery was made by Liu and 

coworkers that crystalline Si particles with diameters under a critical value of 150 nm 

are unlikely to crack or fracture during the first lithiation, while those that have 

diameters larger than 150 nm will fracture upon the first lithiation due to the 
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lithiation-induced drastic swelling [19] (see Figure 1.6). The size-dependent effect of 

fracture in the silicon particles manifests the importance to develop nanoscale Si 

anode. One year later, McDowell and coworkers [20] utilized in situ TEM to observe 

the lithiation behavior of amorphous silicon particles. They found that a clear 

interphase forms between the lithiated and unlithiated parts in the first lithiation. 

They discovered that amorphous silicon particle that has a diameter under 870 nm 

would not fracture upon lithiation. 

 

Figure 1.6 Size-dependent fracture of crystalline Si particles. (a) Schematic 

interpretation of this phenomenon; (b) and (c) in situ TEM images show that a Si 
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particle with an initial diameter of 940 nm would fracture upon lithiation. (Adapted 

from [19]) 

Iwamura and coworkers [21] fabricated a wrinkled silicon particle that can be 

used as anode material in Li-ion batteries. They further reported that the morphology 

of the wrinkled silicon particle can be tuned by controlling the lithiation degree. If 

the Si particles are implemented in the cell for electrochemical tests after coated with 

a nanoscale carbon shell, they exhibit a capacity of 1500 mAh /g and a cycle life of 

over 100 cycles. It should be noted that the authors utilized commercially available 

Si nanoparticles, which indicates that the fabrication of Si nanoparticles is not 

difficult from then on. Zhu and coworkers [22] demonstrated that low-cost silicon 

nanoparticle anode can be produced from two low-grade silicon sources: 

metallurgical silicon and ferrosilicon. The silicon nanoparticle anodes exhibit more 

than 1200 mAh/g in capacity and 100 cycles in life. Their work might further 

decrease the cost of the production of Si nanoparticles. Lawes and coworkers [23] 

fabricated anode material consisting of Si particles and conductive binder 

PEDOT:PSS, by means of inkjet-printing. This anode material can have an excellent 

performance of 1000 mAh/g and over 1000 cycles. The fabrication method proposed 

by this study may also contribute to the reduction of the cost of Si nanoparticles. 

Jeong et al. [24] fabricated carbon stiff sphere framework which has large void 

pores inside. Then they integrated silicon nanoparticles into the carbon framework to 
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develop anode material. By dispersed X-ray spectroscopy images, it was 

demonstrated that, although fracture and pulverization of the silicon particles still 

happen during the lithiation process, the robust carbon framework could prevent the 

consequent loss of the active material, and provide electrical connection for the 

silicon pieces. This mechanism led to a capacity retention of over 1000 mAh/g over 

500 cycles. 

Although the review only covers a small portion of work about Si nanoparticle 

anode, the papers mentioned above are typical studies that are believed to represent 

the development of these years.  

1.3.2 Wire, beam, and rod (1D) 

 

Figure 1.7 SEM image of Si nanowires on a substrate (adapted from [25]) 

Apart from the Si nanoparticles, 1D Si anodes have been extensively researched, 

because it is believed that the void spaces between the wires can absorb the 
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lithiation-induced volume expansion. Ten years ago, Chan and coworkers [26] 

reported silicon nanowire anodes by CVD on stainless steel substrate, which exhibit 

a capacity of more than 3000 mAh/g but the cycle life is about 10 cycles. This work 

immediately caused an extensive investigation on the silicon nanowire as anode 

material. Peng et al. [25] proposed a different synthesis method from that in Chan’s 

work. In their work, they prepared silicon nanowire array by using metal-assisted 

chemical etching (see Figure 1.7), which was believed to be a low-cost synthesis 

method. Cui et al. [27] fabricated a core-shell structured Si nanowire that has 

crystalline Si as core and amorphous Si as a shell. The nanowires are directly grown 

on the stainless steel. In this core-shell structure, the crystalline core acts as a 

mechanical support and electrical path while the amorphous shell stores the lithium 

ions. The electrode can have a capacity of 1000 mAh/g over 100 cycles. In the year 

2010, Chan et al. [28] developed another method for synthesizing Si nanowire anode. 

This time, the anode material was grown from solution and was reported to have 

1500 mAh/g in capacity with 30 cycles in life. 

Song et al. [29] developed a silicon nanotube array which is able to accommodate 

the lithiation induced expansion during cycles. The tubular silicon anode exhibits a 

relatively small axial expansion during lithiation due to the anisotropic expansion of 

silicon. Liu et al. [30] synthesized silicon nanowire with enhanced electron and ion 

conductivity by heavy phosphorus doping and carbon coating. The nanowire had an 
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increase in charging rate by 1 order of magnitude. Moreover, the authors observed a 

two-stage phase transformation during the lithiation of silicon, that is, crystalline 

silicon to amorphous lithiated silicon, then to crystalline lithiated silicon. Lee et al. 

[31] and Liu et al. [32] independently observed the anisotropic expansion of 

crystalline silicon nanowire during the first lithiation process. It was showed that the 

lithiation along <110> directions is much faster than <100> and <111> directions, 

which causes a preferential volume expansion along <110> directions. This 

phenomenon was believed that this discovery may help explain the failure of silicon 

nanowire anode. Moreover, this finding makes the Si crystalline nanowires less 

competitive as anode material. Gohier et al. [33] studied by experiments the 

influence of the diameter of silicon nanowire anode on its performance. Due to the 

limited number of samples for experiments, only a weak conclusion can be drawn 

that nanowire anode with smaller diameter possesses higher capacity. 

 

Figure 1.8 (a) TEM image showing the peeling-off mechanism during lithiation 

(adapted from [34]); (b) Atomistic details simulated by molecular dynamics (adapted 



Chapter 1 Introduction 

17 

 

from [35]) 

Atomic details in the lithiation of a single crystal silicon nanowire were obtained 

by TEM in 2012 [34]. It was observed that the amorphous LixSi alloy is produced by 

layer-by-layer peeling of the {111} planes from the silicon crystal (see Figure 1.8). 

They also discovered a sharp interface of ~1 nm in thickness between crystalline 

silicon and amorphous lithiated silicon. 

Liu et al. [36] clarified the kinetics of the lithiation process in silicon nanowire by 

in situ TEM manipulation. By measuring the growth rate of the amorphous LixSi 

shell, they observed a self-limited lithiation and ascribed it to the retardation of the 

lithiation induced stress, which contradicts the theoretical predictions that claim that 

the stress assists the lithiation. This might result in more difficulty in the 

implementation of Si nanowire as anode material. But later in the year 2014, Wang et 

al. characterized the lithiation of the silicon nanowire by means of in situ TEM and 

proved that the phenomenon of the self-limiting lithiation is size-dependent. It was 

found that silicon nanowire with a diameter below 38 nm can be fully lithiated. 

Noting the various weakness of the Si nanowire, Luo et al. did a comparative 

investigation on the effects of the coating material, Al2O3 and alucone, on 

performances of silicon nanowire. Alucone is an aluminum-based polymer. It was 

found that the morphology of the lithiated silicon nanowire is dictated by the 

difference of lithium diffusivity along the surface and in bulk silicon, which is 
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effectively affected by the coating material. Stokes et al. [37] attempted to construct 

the silicon-germanium alloy nanowires as anode material by chemical synthesis. The 

alloy anode is reported to have both high capacity and high rate performance. The 

anode with the optimal atomic ratio (Si2Ge1) showed over 1300 mAh/g after 250 

cycles. 

There are additional investigations on the Si nanowire anode [38-40]. Despite all 

these efforts, the size-dependent self-limiting lithiation and costly fabrication process 

of Si nanowire might indicate that there is still a long way to go before the 

application of Si nanowire as anode material. 

1.3.3 Film, sheet, flake, and plate (2D) 

Compared with other Si nanostructures, 2D Si anodes have some special 

characteristics. Firstly, 2D structures usually have large exposed surface area and 

small thickness, which can shorten the path of Li diffusion and electron 

transportation, and hence promote the lithiation/delithiation rate [41, 42]. Secondly, 

the small lateral area of film stabilizes the SEI layers [43]. This is because, during the 

lithiation process of the Si anode, the expansion the in-plane directions is negligible 

compared to that along the thickness directions. The area of the SEI layers on the two 

surfaces of the film would, therefore, remain invariable during the swelling of the 

anode [43]. These intrinsic properties of films would not only contribute to the rate 

capability of Si anode, but also prolong its cycle life. 
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Figure 1.9 Illustrations for (a) Single-sided Si film and (b) double-sided Si film. (c) 

The cross-section of a 250 nm thick single-sided Si film (adapted from [44]). (d) 

SEM image of double-sided Si films (adapted from [45]). 

There are basically two types of Si film anode. One is fabricated by deposition, 

including chemical vapor deposition and/or physical vapor deposition (PVD), and the 

resultant film is attached to a substrate, as can be seen in Figure 1.9 (a). The other is 

usually fabricated by direct chemical synthesis and the product needs not to be 

supported by a substrate, shown in Figure 1.9 (b). As the morphology of this film is 

like powders, it can be collected and preserved in a container [43]. There exist many 
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differences between the two films when they are prepared to be anode materials. First 

of all, the Si film with the substrate can be directly assembled into a battery without 

the usage of any conductive additive and binder material [26]. The substrate, which is 

usually metal or graphite, can act as the current collector. In contrast, the film 

powders must be mixed with binder material and carbon black to form a composite 

anode. Second, during the lithiation and delithiation processes, Li can interact with 

only one surface of the film if it is attached to the substrate, while for the film 

powder mixed with additives, the insertion and extraction of Li can happen on both 

sides. Therefore, we will use “single-sided film” and “double-sided film” to represent 

the two film anodes in the next paragraphs, and the literature review of the two will 

be presented respectively. 

Single-sided Si film 

In 2003 and 2004, Ohara and coworkers [44, 46] explored the potentiality of 

silicon to be exploited as anode material. They deposited Si films of different 

thicknesses onto nickel foils and then used them for electrochemical measurement. 

They found that the electrochemical performances of the deposited films anode were 

substantially dependent on the thickness and the current density. Particularly, the 150 

nm thick film exhibited ~2500 mAh/g after 200 cycles, while the 50 nm thick film 

could have more than 3500 mAh/g in capacity. Maranchi et al. [44] also reported the 

electrochemical performances of a 250 nm thick silicon film anode deposited on 
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copper substrate (see Figure 1.9 (c)). Results show that this anode material could 

have a capacity of 3500 mAh/g after 50 cycles. In order to obtain better 

charging/discharging rate for Si film anode, Takamura et al. [47] studied the 

influence of the interfacial condition between nickel current collector and the 

deposited Si film on the rate capability. Results showed that roughened surface of the 

nickel current collector would enhance the performance of the anode material. The 

reported silicon anode had a capacity over 2000 mAh/g after 1000 cycles at a rate of 

10 C. 

Li and coworkers [48] investigated the fracture behavior of amorphous silicon 

film anode deposited on stainless steel current collector. With experimental and 

theoretical studies, they predicted a critical thickness below which the amorphous 

silicon film anode would not be cracked into patterns during cycling. However, due 

to the limitations of their theoretical manipulation, they could only determine that the 

critical value is in a range between 100 and 200 nm. In order to tackle the 

delamination of the interface between deposited Si film and the current collector, 

Haftbaradaran and coworkers [12, 49] developed a theoretical model to describe the 

mechanics of the interface during electrochemical cycling, based on the classic 

plastic theory. They predicted that the deposited Si films below a critical in-plain size 

of 7-10 um are less likely to detach from the Cu current collector within many cycles. 

The prediction was then demonstrated by their experiments. Suresh and coworkers 
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[50] deposited silicon film anode on a macrofilm of carbon nanotube (CNT) as a 

current collector. Graphene was also used as coating material. The anode composite 

had excellent performance: 800 mAh/g with 1000 cycles. It should be noted that this 

composite anode also possessed a high volumetric capacity of 2821 mAh/cm
3
 after 

1000 cycles, which is reported to be 2 to 5 times higher than silicon 

nanoparticle-based anode materials do.  

So far, we have the knowledge that the key factors that concern the long-term 

stability of the single-sided Si films should be: 

i. The geometry of the Si film. The thickness and/or the in-plain size would have 

an influence on the electrode performances. As has been demonstrated by the 

Ref. [12, 48, 49], Si film with dimensions smaller than critical values would 

not be beneficial for the cycling life of LIB. 

ii. The property of the interface between the Si film and the current collector. The 

adhesion energy between deposited, single-sided Si film and Cu current 

collector is estimated to be ~7.7 J/m
2
 [51] by experiment and ~2 J/m

2
 [52] by 

calculation, respectively, which indicate a weak interaction [51]. Moreover, it 

was suggested by Ref.[53, 54] that the interfacial strength would be impacted 

by the insertion of Li. Therefore, modification of the surface of the substrate 

[47] to strengthen the interfacial adhesion would be favorable to the long-term 

behavior of LIB. 
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In addition, the fabrication method of the deposited films, i.e. CVD or PVD, 

might be another issue that hampers the wider application, because deposition often 

involves stringent vacuum condition and/or severely toxic Si precursors. Therefore, 

cautiously positive views are taken about the methods to fabricate the single-sided Si 

films. 

Double-sided Si film 

Double-sided Si films often have thickness smaller than 10 nm, and therefore, in 

contrast with the single-sided films, the benefits to the rate capability can be further 

magnified. In the year 2011, Lu and coworkers [45] found a facile method to 

fabricate free-standing double-sided silicon films (see Figure 1.9 (d)). They first 

coated graphene oxide (GO) templates with SiO2 and then removed the GO 

templates. The resultant SiO2 films were reduced by magnesium powders in the 

ambiance of inert gases at a temperature of ~650 
o
C to produce pure Si films. It was 

shown that the Si films anode had a capacity of at least 500 mAh/g in 100 cycles. 

Recently, this method was improved by replacing the sacrificial templates with NaCl 

crystals [55], which should diminish the cost of the fabrication process. 

In 2014, Yu et al. [56] developed another method to fabricate Si nanosheet 

powders. The sample was synthesized by DC arc discharge in an atmosphere of H2 

and Ar, where the excited H
+
 and Ar

+
 cooperate to control the evaporated Si atoms to 

grow into nanosheets. Used as anode material of lithium ion battery, the nanosheets 



1.3 Nano-structured Si to resolve the problems 

24 

 

powders exhibited over 500 mAh/g in capacity with about 50 cycles. Kim et al. [57] 

reported the synthesized Si film converted from natural sand. They also implemented 

magnesiothermic reduction like Ref. [45], but they did not resort to any sacrificial 

template material. Following a similar strategy, Ryu et al. [58] and Zhang et al. [43] 

utilized cheap natural clays and silica fume (a byproduct of silicon industry), 

respectively, to synthesize silicon films. In 2017, it was reported that crystalline 

Li4Si13 powders were commercially available and utilized to synthesize Si film anode 

and showed good electrochemical performances [59]. This would make the 

synthesized Si films more competitive as a candidate of anode material.  

From the literature, it can be seen that, compared with the deposited Si films, the 

fabrication method is relatively inexpensive and much more environment-friendly. 

What is more, low-grade Si sources have been demonstrated available for the 

synthesis. Therefore, it is believed that 2D synthesized Si film might have great 

potential as the anode material for LIBs of next-generation. 

1.3.4 Composite and core-shell 

In finding solutions to alleviate the degradation of the Si anodes, researchers 

suggested constructing protective, stiff shells to suppress the volume expansion or to 

separate the Si anode from the electrolyte to stabilize the SEI layers. Carbon material, 

including graphene and carbon nanotubes, is a usually utilized to build the shell [6, 

60-84], because it is chemically stable, conductive, and has enough stiffness to 
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suppress the volume expansion of Si. Other coating material includes metals [6, 85] 

and oxides [86, 87]. 

 

Figure 1.10 (a) Si nanotube sandwiched by two carbon layers (adapted from [61]). (b) 

Si particle coated by crumpled graphene sheets (adapted from [64]). 

In 2004, Wang et al. [70] successfully dispersed silicon nanoparticles into carbon 

matrix to form a composite. TEM image demonstrated that the nanostructure of the 

composite should be silicon particles surrounded by amorphous carbon. The 

Charging-discharging cycles to this composite anode were repeated over 50 cycles 

and it gave a capacity of ~1500 mAh/g. Hu and coworkers [86] fabricated silicon 

particle anode material coated with carbon and silicon oxide shell. During the coating 

process, the carbon layer was constructed by hydrothermal carbonization of glucose, 

which is thereafter widely used for the fabrication of the silicon core-shell anode 

structure [6]. 
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In the year 2011, Hwang et al. [78] electrospun core-shell fibers for the use as 

anode material. The fibers were composed of commercially available silicon particles 

with carbon shell. This fiber anode had a mass capacity of 1384 mAh/g over 300 

cycles. Their method may decrease the cost of fabricating the composite Si anodes. 

One year later, Wu and coworkers [79] synthesized Si-CNT composite anode. They 

claimed to address the failure problems of silicon anode by introducing a void space 

between Si particles and carbon tubes. It should be pointed out that their choice of 

the low-cost silicon nanoparticles as source material and electrospinning was able to 

largely reduce the synthesis cost. The anode material gave a capacity of 1000 mAh/g 

and a cycle life of 200 cycles. 

In 2014, Sun et al. [80] developed another graphene-wrapped silicon anode 

material. The anode was synthesized using plasma assisted milling method, which 

was reportedly able to simultaneously transform the graphite into graphene and to 

integrate the graphene with the silicon particles during the milling process. 

Electrochemical tests showed that this anode had ~900 mAh/g in capacity with over 

50 cycles. In 2016, Li et al. [83] encapsulated micrometer-sized silicon particles with 

graphene cages for anode material. As a strong, flexible, conformal and conductive 

membrane, graphene can always maintain an electrical connection with the Si 

particles when they are expanding and contracting during cycles. In 2017, Chen et al. 

[84] embedded carbon-coated Si nanoparticles into carbon nanofibers. The void 
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spaces between the silicon core and carbon shell could act as a buffer material to 

absorb the lithiation-induced expansion, while the carbon shell can help to form a 

stable SEI layer. The electrode had a capacity of 1020 mAh/g after 100 cycles. Zhao 

and coworkers [72] used large graphene sheets to encapsulate a pack of active 

material in nanoparticles as anode material. The active material consisted of 

nanoparticles of various Li alloys. What should be highlighted was that the graphene 

wrapped composite can be exposed in air ambient, owing to the protection of the 

stable graphene sheets. The composite anode could maintain the structural integrity 

within 400 cycles, with a volumetric capacity of ~1800 mAh/cm
3
, close to that of Li 

anode (~2000 mAh/cm
3
). 

It can be seen that as time goes by, the technology to fabricate composite Si 

anode is improving, but the electrochemical performances are not. The underlying 

reason might be due to the complicated fabrication methods. 

1.3.5 Porous structure 

In recent years, porous Si nanostructures have attracted increasing attention 

because of their superior capability to accommodate the volume expansion of Si and 

the consequently enhanced cycling stability. Moreover, the porous structure can 

create efficient channels for the rapid transport of Li ions and facilitate the transport 

of electrons and ions throughout the electrode. Indeed, void spaces that can 

accommodate the expansion also exist in other structures such as one-dimensional 
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material and core-shell composite. Hence in this part, the porous-structured anode is 

defined as those whose void spaces are deliberately and elaborately designed. 

 

Figure 1.11 (a) and (b) “Yolk-shell” porous structure (adapted from [88]). (c) Si film 

with the pores created by laser-beam (adapted from [89]). (d) Three-dimensional 

porous Si particles (adapted from [90]). 

In 2011, Yao et al. [91] designed hollow silicon nanospheres as anode material. 

The diameter of the nanosphere is about several hundred nanometers, while the 

thickness of the shell is several ten nanometers. Electrochemical tests showed that 

the anode can survive ~700 cycles with at least 1500 mAh/g in capacity. One year 

later, Liu et al. [92] designed a “yolk-shell” silicon anode structure for LIBs. This 
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innovative structure consists of a silicon active material as the yolk, a thin carbon 

coating as the shell and a void space between them. The structure is well-defined so 

that the void space can not only accommodate the volume expansion of the silicon 

particle but also protect the carbon coating from breaking. Moreover, the carbon shell 

isolates the Si core from the electrolyte and stabilizes the SEI layer. When assembled 

as a battery, the anode can have a high capacity of ~2800 mAh/g and long cycle life 

of 1000 cycles. Later, a facile fabrication method of the yolk-shell structured Si 

anode was also reported [88]. In the same year, Ge et al. [93] developed porous 

silicon nanowires as anode material. Nanopores were created by chemically etching 

the doped boron in the Si nanowire, and observed in SEM and TEM images. The 

anode material exhibited a capacity of ~1000 mAh/g after 2000 cycles of repeated 

charging and discharging. 

In 2014, Li et al. [94] devised porous silicon “sponge” to address the 

pulverization problem of silicon anode material. The dimension of the sponge is of 

tens of micrometers but void takes 80% of the total apparent volume. It was shown 

that the anode material could cycle over 1000 times, with the capacity being around 

500 mAh/g. In 2015, Xiao et al. [95] developed porous silicon nanospheres that have 

a hierarchical porous structure. That is, the spheres possess a hollow core of several 

hundred nanometers and shells that have pores of several nanometers. During the 

lithiation process, pores inside the shell and the hollow core can cooperate to absorb 
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the lithiation induced expansion, leading to an inward swelling of the particles with 

negligible variation in the apparent volumes. The anode material had at least 1200 

mAh/g in capacity and 600 cycles in life. In 2017, Ma and coworkers [96] fabricated 

another yolk-shell structure which has SnO2 as the yolk and silicon as the shell. As 

both the yolk and shell were high capacity anode material, the composite exhibited 

good capacity, with 778 mAh/g over 500 cycles. [89] Samann and coworkers created 

porous silicon film deposited on a stainless steel substrate. They used laser beams to 

increase the local temperature and melt the neighboring Si atoms to create pores. The 

anode gave a performance of 932 mAh/g for more than 600 cycles. 

Except for the above literature, there are other methods to obtain porous structure 

[90, 97, 98]. Besides, researchers have started to attempt reducing the fabrication 

cost of porous structured Si anodes [99-103]. From this perspective, the porous 

structure also appears to be promising for Si-based LIBs. 

1.3.6 Binders, current collector, and electrolyte 

On top of the efforts on the Si anode material itself, researchers are also 

dedicated to finding other approaches that can improve the electrochemical 

performances of the Si anode. Because binder material, current collector, and 

electrolyte are indispensable in most batteries, extensive studies on these components 

that benefit the performances were carried out. In this part, we will briefly review the 

recent progress on the three components, respectively. 
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Binders 

Conventional binder material Polyvinylidene fluoride (PVDF) is used in the 

traditional carbon-based electrode, but it was shown incapable of accommodating 

large expansion of Si anode and results in poor cycling performances [2]. New binder 

materials that have various new characteristics were presented since more than 10 

years ago. 

In 2007, Li and coworkers [104] developed sodium carboxymethyl as a binder 

material for Si-based lithium ion batteries. It was demonstrated that CMC could 

improve the electrochemical performances of Si-based lithium-ion battery, but the 

authors failed to give an explanation on the mechanisms. Several years later, it was 

shown [105] that the Si-CMC hydrogen bonding is rather strong and self-healable so 

that it can accommodate the stress resulted from the expansion of silicon anode, 

which was believed to be the key reason. Besides, it was found that the high elastic 

modulus, compared with traditional binder PVDF, did not impair the capacity, which 

was not consistent with the intuitive knowledge [2]. This issue is to be explained in 

this thesis. In 2011, Kovalenko and coworkers [106] found alginate to be an excellent 

binder material for silicon anode in lithium-ion battery. It was determined that 

alginate has more carboxylic groups so that the binder and Si are more likely to bond. 

Besides, it was shown that Li ions can penetrate through the film of alginate. 

Moreover, the alginate would not interact with electrolyte. These properties 
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contribute to the stability of silicon anode with only limited impact on the 

electrochemical performances. Indeed, Na-CMC and Na-alginate have a similar 

positive impact on the performances of Si anode, but the relative amount needed of 

Na-alginate is smaller than that of Na-CMC, which might be the reason why 

Na-alginate outperforms Na-CMC. Nowadays sodium alginate has become a 

prevailing binder material.  

In 2013, Wang et al. [107] reported a self-healing polymer binder. This polymer 

finder was demonstrated to be highly stretchable and to sustain a tensile strain of 

~300%. Based on this property, it was shown that this polymer binder can maintain 

the electrical connectivity between fractured Si particles and prevent the capacity 

decay. In the same year, Ryou et al. [108] reported a binder by conjugating catechol 

functional groups to poly(acrylic acid) (PAA) and alginate. This binder exhibited 

exceptional adhesion on substrates even in a liquid environment, which is believed to 

be suitable for electrode material that functions in liquid electrolyte. In 2015 and 

2016, Park et al. [109] and Zhao et al. [110, 111] developed a series of conductive 

polymer binders based on pyrene, respectively. Conductive binders can eliminate the 

use of carbon black and decrease the total mass of the electrode material. In 2017, 

Lawes et al. [23] presented a comparative investigation on the effects of the 4 

polymer binders: poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) 

(PEDOT:PSS), polyvinylpyrrolidone (PVP), carboxymethyl cellulose (CMC), and 
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Na-alginate, on the electrochemical performances of silicon nanoparticles. They 

showed that PEDOT:PSS gave better cycling performances than others, and ascribed 

the results to its conductive nature. 

Current collector 

It has been stated that the interface between the current collector and anode plays 

a significant role in maintaining the electrical contact. Therefore, to modify the 

morphology of the current collector could reinforce the mechanical integrity of the 

interface and thus enhance the performances [112-114]. 

For example, Zhang and Braun [115] developed a 3-D porous nickel metal 

scaffold current collector for silicon anode. It was proved that the scaffold can 

simultaneously maintain the electrical connectivity with silicon and accommodate 

the lithiation-induced volume expansion. The nickel scaffold had a porosity of more 

than 95%, and was thus very light. Moreover, the authors believed that this versatile 

scaffold was applicable for other electrode materials like sulfur, a cathode material 

that also suffers from huge expansion during lithiation. Cho et al. [116] improved the 

capacity of silicon anode by creating trenches to the surface of Cu current collector. 

Si film anode was then deposited onto the trench-structured surface. With additional 

processing, the Si film exhibited at least 1000 mAh/g in capacity within 100 cycles. 

Cui et al. [117] replaced the heavy metal current collector with lightweight CNT as the 

current collector. The performance was ~2000 mAh/g for 50 cycles. 
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Figure 1.12 Trenches on Cu current collector. (a) Surface morphology. (b) 

Cross-sectional view. (adapted from [116]) 

Electrolyte 

The electrolyte is another necessary component in conventional batteries. It was 

revealed that the performances of the Si anode can be promoted by means of 

modifying the ingredient of the conventional electrolyte. The commonly used 

electrolyte was usually comprised of ethylene carbonate (EC), diethyl carbonate 

(DEC) and/or dimethyl carbonate (DMC) as the solvent, fluoroethylene carbonate 

(FEC) as an additive for more stable SEI, and LiPF6 as the lithium salt. However, 

LiPF6 has many disadvantages including, for example, extreme water-sensitivity and 

thermal instability. Philippe et al. [118] utilized lithium bis(fluorosulfonyl)imide 

(LiFSI) to substitute LiPF6 in the electrolyte and acquired better long-term cycling 

performances of Si. The underlying reason was that LiFSI is more stable with the 

existence of trace of water than LiPF6. Similarly, Choi et al. [119] discovered lithium 

bis(oxalato) borate (LiBOB) and Dalavi et al. [120] found lithium 
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difluorooxalatoborate (LiFOB). Both can be substitutions of LiPF6 in the electrolyte. 

Recently the concepts and designs of all-solid-state LIBs have been advocated 

[121, 122]. For example, Le Cras et al. [122] presented an all-solid-state lithium ion 

battery, using silicon nano sheets as anode material, LiPON as electrolyte and 

Li1.2TiO0.5S2.1 as the cathode material. All solids were prepared by sputtering. It was 

said that the advantages of all-solid-state LIBs included the vacuum deposition 

process that is widely employed in microelectronics industry and the absence of the 

liquid electrolyte that might lead to danger. 

So far we have had a literature review on the experimental investigations on the 

Si-based LIBs. In the next section, the theoretical and simulation studies will be 

reviewed. 

1.3.7 Theoretical and atomistic-simulation work 

In the experimental research for the optimal nanostructure of Si anode and the 

additive materials, the fundamental trial-and-error methods are often implemented, 

which is expensive and time-consuming. In order to expedite the optimization of the 

Si-based LIBs and reduce the cost by experiments, many researchers investigated the 

behaviors of Si anode during the lithiation and delithiation processes from theoretical 

and/or simulation perspective. As a result, insight into observed phenomena and 

guidelines for optimization of the Si anode are provided. In this part, we will have a 
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literature review on the theoretical and simulation work about the lithiation process. 

Theoretical studies 

In 2005, Yang [123] developed a theoretical model in combination with the 

classical elastic theory and the diffusion theory to generally describe the interaction 

between diffusion and the induced stress field. The model was then used to predict 

the concentration distribution of certain salute atoms in a thin film on condition that 

the concentration outside the film is constant. As this model was not specifically 

intended for the lithiation process in Si, it is unable to explain the phenomena such as 

the sharp interphase during lithiation [111] and self-limiting lithiation [36]. 

Nevertheless, it is a representative of a series of theoretical work that simplified the 

lithiation process into the model that couples diffusion with elastic deformation 

[124-131].  

Three years later, Cheng and Verbrugge [132] took surface tension and surface 

modulus into consideration and build a model for the diffusion-induced stress in a 

spherical particle, due to the fact that surface effects become evident as the size of 

particles decreases into nanoscale. Their model proved nanoparticles may avoid 

fracture with the existence of surface stress. In 2010, Haftbaradaran et al. [133] 

proposed a theoretical model that includes activation energy of diffusion for 

lithiation process of Si. Based on this model, the authors predicted that the lithiation 

may be abruptly locked spontaneously due to the compressive surface stress. What is 
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more, this surface-locking effect was proved to be dependent on the size of the 

electrode particle and charging rate. In 2011, Yang [134] reported another model to 

discuss the failure modes of Si film anode on a substrate during Li insertion: 

buckling or cracking. Results showed that during lithiation process, cracking, instead 

of buckling, would happen after the detachment of the film from the substrate. In 

2013, Hao and Fang modeled the lithiation process in a core-shell tubular [135] and 

spherical [136] Si anode. From this model, it could be deduced that the diffusivity of 

Li in spherical and tubular anodes may be increased by the compressive hydrostatic 

stress, which contradicts the conclusion of Ref. [133] and experimental observations 

[36]. This conflict may indicate that a fundamental flaw may exist in these models so 

that they might not be suitable for depicting the lithiation process in Si anode. 

In 2012, Gao and Zhou [137] found that diffusion of Li atoms in thin-film 

electrodes on rigid substrates is much slower than that in free-standing ones, and 

attributed such decrease in diffusivity to the lithiation-induced plastic softening; in 

contrast, the diffusion would be enhanced when the deformation is purely elastic. 

This comparative study clarified that plasticity, which had been long overlooked in 

modelling, plays an important role in lithiation. Therefore, more complicated models 

in combination with the elasto-plastic theory were proposed [9, 10, 138-144]. 

In 2012, Zhao et al. [7] reported a theoretical model to describe the sharp phase 

boundary observed in experiments. According to the model, the plastic deformation, 
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which comprises the large volume expansion, happens concurrently with the 

evolution of the sharp phase boundary, indicating that there is no elastic intermediate 

region. This model was able to explain many phenomena during the lithiation 

process, including the size-dependent fracture and the anisotropic swelling. In 2015, 

Jia and Li [145] developed a theoretical model for the lithiation process of solid and 

hollow Si nanowire anode, respectively. Based on the assumption that the reaction 

and plastic deformation happen concurrently, the model quantified the driving force 

of the reaction front, i.e. the sharp phase boundary, and predicted that an incomplete 

lithiation may happen in a solid Si nanowire due to the increasing stress, but this 

would not happen in a hollow nanowire. There is another model [9] that involved 

plasticity and showed significant impacts of stress gradient on the diffusion and 

distribution of the Li concentration. In 2016, by using finite-element-based analysis, 

Xu and Zhao [146] found that the evolution of lithiation-induced stress in a single 

particle anode embedded in a matrix is quite different from that in a free-standing 

one. 

However, it should be pointed out that in the above theoretical models, there are 

still various simplifying assumptions. For example, the mechanical and chemical 

properties of electrodes were presumed constants and do not change during the 

lithiation process. These presumptions actually are not supported by experimental 

facts. Silicon electrodes, for instance, were found to undergo a transition in 
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properties with increasing Li concentration, including a decrease in Young’s modulus 

and ductility and degradation in strength [147-149]. In pursuit of an extreme 

consistency with the physical nature, theoretical models with a large number of 

concepts and parameters were established [150-156]. Admittedly, these models might 

capture the physical essence of the phenomena, but the construction of such models 

complicate or even deviate from the problem, and make them too difficult to 

understand and apply. 

Atomistic simulation studies 

In comparison to the theoretical modeling which provides a global interpretation 

of the lithiation problem from the perspective of continuum, atomistic simulations 

appear more potent in visualizing the fundamental details in the lithiation process in 

electrode materials, which, at present, are still quite difficult, if not impossible, to be 

observed in experiments. There are two major approaches to simulating the atomic 

movements: first-principles calculation and molecular dynamics (MD) simulation. 

The first-principle calculation is based on the theory of quantum mechanics and 

usually implemented to predict chemical and/or physical behaviors of bulk materials 

at the atomic level. However, due to the fact that it consumes enormous 

computational resources, the dimensions of simulated systems are limited to no more 

than few hundred atoms, and the timescale is about hundreds of picoseconds; both 

are several orders of magnitude smaller than the real cases. Therefore, particularly in 
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order to simulate the processes of the lithiation and delithiation of Li and Si, a 

suitable protocol should be developed. There are, as far as we know, 3 protocols to 

create lithiated Si. In the year 2009, Chevrier and Dahn [157] presented a protocol 

that can be used to simulate the volume change of the LixSi alloy as the lithiation 

proceeds. In the protocol, the dynamic lithiation and delithiation processes are 

decoupled into several individual stages; during each stage, either quasi-static energy 

optimizations or the seeking for an optimal position to insert a Li atom are conducted. 

This protocol might be, if there are not any better techniques, the most appropriate 

way to simulate the dynamic lithiation/delithiation processes, and was later widely 

implemented to simulate the behaviors of LixSi as the function of x. The second 

protocol is to increase the temperature (~ 700 K) to accelerate the lithiation process 

[54, 158]. The third protocol is the melt-quench method [159, 160], i.e. to melt the Li 

and Si into a liquid at a very high temperature (> 3000 K) and then rapidly quench 

the liquid into solid. It eliminates the dynamic process of the Li finding its way into 

Si, and thus can only be used to estimate the properties of the product LixSi. 

A number of physical properties of lithiated Si were obtained by using 

first-principle calculation. Wan et al. [161] computed the diffusion energy barrier of 

Li in bulk Si crystalline cell to be ~0.58 eV, which is in agreement with experiment. 

Johari et al. [162] displayed the phase transfer, during the lithiation process, from 

crystalline unlithiated Si to amorphous lithiated Si, and the intermediate details of the 
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Li-Si interaction. They also obtained the diffusion coefficients of Li in crystalline Si 

and amorphous Si to be 4.88 × 10
-9

 cm
2
/s and 3.69 × 10

-8
 cm

2
/s, respectively. Shenoy 

et al. [160] calculated the mechanical properties of different crystalline and 

amorphous Li-Si alloys. It was shown that, as x in LixSi increases, Young’s modulus, 

Poisson’s ratio and shear modulus of the LixSi alloy all decreases. Stournara et al. 

[158] determined the open circuit voltage (OCV) between Li and LixSi with different 

x. Kushima et al. [163] obtained the stress-strain curve of Li15Si4 under uniaxial 

tension, and Young’s modulus and fracture stress of Li15Si4 are computed as 33.5 

GPa and 6.5 GPa, respectively, which, however, deviated from experimentally 

obtained ones (7.9 GPa and 0.72 GPa). They attributed the deviations to the 

morphology and flaws of the real lithiated nanowires. 

 

Figure 1.13 The process of the transferring from unlithiated Si to lithiated Si; the 

unlithiated Si is (a) crystalline and (b) amorphous (adapted from [162]). 

Apart from the properties obtained, a series of phenomena were reproduced, 
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explained or revealed by using first-principle calculation. Lang et al [164] 

reproduced the self-stopping lithiation in silicon nanowire. Huang et al. [165] 

revealed the energetically favourable position of Li atoms in the amorphous Si at the 

early stage of lithiation. Zhao et al. [166] found the microscopic mechanism for the 

large plastic deformation of lithiated Si electrode. Stournara et al. [54] found that Li 

would insert into the space at the Si/Cu interface, which reduces the interfacial shear 

strength and leads to easy failure of the interface. Wang et al. [53] also did the 

calculation about the Si/Cu interface, but they suggested that it is the weak Li-Cu and 

Si-Cu bonds that facilitates sliding of this interface. Qi et al. [158] revealed that in a 

carbon-coated core-shell Si particle, fracture tends to happen inside the lithiated Si, 

rather than at the Si/C interface. 

Compared with first-principle calculation, molecular dynamics (MD) simulation, 

which is based on classical mechanics and empirical potentials to predict the 

positions of the atoms, has the ability to deal with up to millions of atoms at a 

reasonable expense. Therefore, by means of MD simulations, details of 

lithiation/delithiation processes of various Si nanostructures can be visualized. The 

key to MD simulations is the potential; there are only two potentials available to 

describe the Li-Si interactions: Reactive Force Field (ReaxFF) [35] and Modified 

Embedded Atom Method (MEAM) [167, 168]. Both of them have been applied to 

study the interactions between Li and Si. For example, independently and 
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respectively, Jung et al. [169], Lee et al. [170] and Sitinamaluwa et al. [171] 

simulated the lithiation and delithiation process and rendered various Li 

concentration-dependent mechanics of lithiated Si. Especially, Wang and Chew [172] 

did a comparative study regarding the deviation of the results obtained by ReaxFF 

and MEAM from the ones by first-principle Calculation. It was found that at 0K the 

elastic moduli predicted by the two MD potentials are in good agreement with the 

first-principle calculation value; but at 300 K deviations in various mechanical 

properties start to occur. This study indicates that there exist inherent flaws with both 

potentials and the quantitative results determined by the MD simulation should be 

cautiously treated. 

 

Figure 1.14 Lithiation process of Si with various crystal orientations, shown by MD 
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simulation. The sharp phase boundary can be clearly seen. (adapted from [173]) 

Using MD approach and ReaxFF potential, S. Kim et al. [173] simulated 

lithiation process at the temperature of 1200 K, and showed from atomistic 

perspective the evolution of the phase boundary between crystalline, unlithiated Si 

and the amorphous, lithiated Si. In addition, they revealed the charge distribution in 

the lithiated Si. Fan et al. [174] obtained the evolution of stress in a Si film subject to 

lithiation, and measured multiple mechanical properties of the amorphous Li-Si alloy. 

K. Kim et al. [175] studied the effects of delithiation rate on the structural evolution 

of a core-shell Si nanowire. They found that the Li/Si atomic ratio in the Si anode at 

the end of delithiation is dependent on the delithiation rate, and the delithiated Si 

with low delithiation rate would exhibit faster rate if it is re-lithiated. They [176] also 

found that to introduce vacancies into Si can significantly improve the lithiation rate, 

which may provide a method to increase the ion conductivity of crystalline Si. S. 

Kim et al. [177] did a comparative study between SiO2 and Al2O3 as coating material 

of Si nanowire anode. They found that Al2O3 is more preferable to SiO2 as coating 

material because unlike SiO2, Al2O3 can hardly break upon lithiation. Their 

simulation reproduced the layer-by-layer peeling effect [34] during the lithiation of 

crystalline Si. Lang et al. [59] revealed the formation mechanisms of Si film by 

delithiation of Li-Si alloy. Ding et al. [178] qualitatively gave the dependence of the 

migration speed of phase boundary and the diffusivity of Li on the external stress 
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during the lithiation process of crystalline Si. Furthermore, they claimed that in order 

to acquire the accurate diffusivity of Li by simulation, both the spatial and temporal 

scales of the simulated system should be sufficiently large.

By means of MD simulations and MEAM potential, Vrankovic et al. [179] 

unveiled the atomic details of lithiation and delithiation of a porous Si particle in a 

core-shell structured anode. Ding et al. [180] investigated the atomistic mechanisms 

of the fracture of amorphous lithiated Si. They found that in lithiated Si, Li 

concentration significantly affects the fracture behavior of the lithiated Si. A critical 

transition value of x in LixSi was estimated to be around 2; the fracture mechanism of 

LixSi appears brittle for x < 2, and ductile for x > 2. Their conclusions were 

supported by another MD investigation done by Wang et al. [181] and Khosrownejad 

et al. [182]. Sitinamaluwa et al. [183] also simulated the mechanical properties of 

lithiated Si with the variation of the Li content. Their findings showed that the 

amorphous Si after a complete lithiation-delithiation cycle has reduced Young’s 

modulus, strength, and an improved ductility.  

However, the validity of the obtained MD results especially those without 

experimental proof is still under debate due to the lack of widely-accepted potentials 

describing the inter-atomic interactions. Finding more proper inter-atomic potentials 

is still a challenge for the application of MD simulation in anode materials. 



1.4 Summary 

46 

 

1.4 Summary 

It can be seen that tremendous efforts have been devoted to the development and 

improvement of the Si anode. Within all the above literature that is as far as we know, 

anodes with an ultra-long cycle life [87] or an ultra-high capacity [82] have already 

been reported. Nevertheless, challenges still remain in multiple issues on the 

nanostructures. First of all, although high mass capacity can be achieved by 

implementation of a specific nanostructure, the anode may still show low volumetric 

or areal capacity [184-186]. This is particularly important regarding the porous 

structure. Hence sole mass capacity is insufficient to describe the electrochemical 

performances, and attentions on volumetric/areal capacity or mass loading of the 

anode material should be paid [187]. Furthermore, as pointed out by Ref. [43, 57, 58], 

CVD techniques are too complicated, expensive and environment-unfriendly. So 

those methods containing CVD techniques are not suitable to be applied to 

large-scale production unless the drawbacks of CVD techniques are overcome. 

Despite all the efforts made to improve the performances of the Si anode in LIB, 

there is still a long way to go before it becomes commercially available. In the next 

part, we will present the major contents of this thesis, which may contribute to the 

advance of the LIB for the future.
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1.5 Contents of this thesis 

The main theme of the thesis is to develop optimal parameters for the Si anode 

and its accessory materials by utilizing MD simulations through the investigation of 

lithiation and delithiation processes in Si nano anode, and, ultimately, to promote the 

performances of LIBs. So the main content of the thesis is arranged as follows. Since 

the investigations are mainly conducted using MD simulations, in Chapter 2, the 

fundamental knowledge of MD simulations is presented. As the investigation also 

involves finite element analysis, a brief introduction about this method will also be 

given. Then Chapter 3 introduces the techniques to realize the simulation of dynamic 

lithiation and delithiation of Si anode. In Chapter 4 a method to visualize the stress 

field of a partially lithiated Si nanowire is presented. In Chapter 5, a simulation study 

about the evolution of the porous Si nanosheet anode during cyclic lithiation and 

delithiation processes is delivered. An optimal design on the porosity of the porous 

anode is presented. In Chapter 6, a computational investigation concerning the 

effects of mechanical constraint on the electrochemical performances of Si nanosheet 

anode is reported. Guidelines to optimize the performances are proposed. Finally, in 

Chapter 7, the conclusions obtained in this thesis are summarized and the future 

work is given. 
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Chapter 2. Research methodology 

In this chapter, the research methodology of the thesis will be introduced. As the 

research of this thesis is mainly done by means of molecular dynamics (MD) 

simulations, the basic knowledge of MD simulations is briefly presented, and the 

applicability of the potential invoked in the research is to be ascertained. In addition, 

as finite element analysis (FEA) is also implemented in the research, a brief 

introduction to FEA will also be given.

2.1 MD simulation

MD simulation is a tool to predict the positions and velocities of atoms and 

molecules under the framework of Newton’s laws of motion. Physical parameters, 

such as pressure, temperature, and stress, are calculated based on the positions and 

velocities, with the laws of thermodynamics. Atoms and molecules are treated as 

particles; interactions between the particles are described by empirically obtained 

potential functions. Therefore, it is a powerful instrument to visualize the atomistic 

details, such as trajectories of atoms, field of temperature, or propagation of cracks, 

in the interaction processes that are difficult to observe by experimental means at 

present. MD simulation has been widely applied to explain atomistic phenomena or 

predict properties of new material in many research fields. In the next part, 

mathematical manipulations of MD simulations are briefly introduced. 
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2.1.1 Mathematical manipulations of MD simulations 

Mathematically speaking, to conduct MD simulations is to solve partial 

derivative equations (PDEs) of motion, with initial and boundary conditions, by 

finite difference methods. Solutions to the PDEs are the positions and velocities of 

the particles. Considering a system consisting of n particles, at any time, the i-th 

particle has mi as the mass, qi as the charge, ri as the current position, vi as the current 

velocity, and Ai as any other certain attributes. In the meanwhile, the total potential 

energy of the system, E, is the function of the attributes of all particles, 

),,,,,,,,,,,( 212121 nnn AAAqqqEE  rrr     (2.1) 

Then the total energy of the system can be expressed as, 

WEU               (2.2) 

where W is the amount of work done from the environment to the system.  

Based on the Newton’s second law of motion, the force experienced by each 

particle, Fi, can be obtained, 
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At the same time, according to the relationship between force and potential energy, 
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Ui F               (2.4) 

The PDEs can be then constructed, 

U
dt

d
m i

i 
2

2
r

            (2.5) 

The solution of Equation 2.5 is the positions of the particles at any time during the 

interaction process. To solve the PDEs by finite difference methods, a commonly 

used algorithm proposed by Verlet [188] can be expressed as follows: 
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where Δt is the timestep, which is usually 1 femtosecond (10
-15

 s). 

The key to solving Equation 2.5 is to know the expression of the potential 

function in Equation 2.1, which is later denoted as the potential.  

To solve Equation 2.5, initial and boundary conditions need to be identified. 

Initial conditions are normally the coordinates and velocities of particles and external 

forces at the beginning of simulations. Boundary conditions include periodic 

boundary conditions, ensemble, external forces, and displacements. If periodic 
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boundary condition is applied in a direction, a particle that moves out of the 

boundary in this direction will be replaced by a duplicate that moves in from the 

opposite boundary. In the meanwhile, interactions among particles can wrap through 

boundaries. Therefore, by using periodic boundary conditions, a small typical cell 

can be a representative volume element that comprises an infinitely-large system, 

which, to some extent, can reduce calculation consumption. But to use periodic 

boundary conditions is to impose a translational periodicity to the system, which 

leads to violation of the definition of amorphous material, and sometimes is 

responsible for the deviation of the simulation results from the experiments [178]. To 

diminish the effects caused by periodicity, the simulation system should be 

sufficiently large, which, in turn, scales up the calculation consumption. There is thus 

a trade-off between accuracy and cost. 

Ensemble defines the behaviors of a large group of particles. By tuning the 

ensemble, the pressure, temperature, volume and/or other thermodynamic parameters 

of this particle group can be controlled. Here are some examples of commonly used 

ensembles.  

Microcanonical ensemble (NVE): this ensemble defines a system with constant 

number of atoms, constant macroscopic volume, and constant total energy. It is often 

used to describe a system with an exact total energy. 

Canonical ensemble (NVT): it gives a system which has constant number of 
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atoms, constant macroscopic volume, and constant temperature. Note that the total 

energy is not constant, so this system can have heat exchange with the environment, 

which in MD simulations is achieved by place the system in a heat bath. 

Isothermal–isobaric ensemble (NPT): the macroscopic volume of the system in 

this ensemble can vary, because the ensemble only keeps the number of atoms, the 

pressure and the temperature as constants, respectively. It is often used during the 

relaxations of the system. 

The ensembles used in this thesis will be described in specific simulations, 

respectively. In the next part, the software employed in this work will be delivered; 

after that, a comprehensive introduction of the potential used to simulate the Li-Si 

interaction in this thesis will be presented. 

2.1.2 Software for MD simulations 

In this work, all simulations are performed by Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) [189], which is developed and distributed 

by Sandia National Laboratories. Post-processes and visualization of the simulation 

results are realized by the Open Visualization Tool (OVITO) [190]. 

2.1.3 Introduction of the ReaxFF potential 

In describing the interactions between Li and Si atoms, there are two major 

potentials, reactive force field (ReaxFF) [35] and modified embedded-atom method 
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(MEAM) [167]. Both of them are recently developed and have the ability to predict the 

properties and behaviors of Li-Si alloy. But only ReaxFF potential is able to simulate 

transfer of charges during interactions. As transfer of charges occurs in the alloying 

processes between Li and Si, ReaxFF simulations should offer results that are closer to 

those of experiments. Hence, ReaxFF potential is used in this thesis. Because in this 

study the focus is concentrated on the interaction between Si and Li, only brief 

introduction is provided in this chapter. A detailed introduction can be accessed from 

Ref. [191]. 

Generally, in ReaxFF potential, the overall system potential energy, Esystem, is 

calculated according to Equation 2.6 [191]: 

correctionbondnontorsionanglebondsystem EEEEEE      
(2.6) 

where the right-hand side is the sum of the energy resulted from chemical bonds, bond 

angles, torsion of bonds, non-bonded interactions and energy corrections, respectively. 

Energy corrections include the energies resulting from a series of minor effects such 

as over- and under-coordination of an atom and the lone pairs around an atom. The 

non-bonded energy normally consists of three portions: hydrogen bond, van der Waals 

interactions, and Coulomb interactions. In this study, hydrogen bond energy is not 

included in the Li-Si potential due to the absence of hydrogen atoms. The van der 

Waals interactions included in the potential are not computed according to the 

classical Lennard-Jones equation, but by the Morse equation 
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where D0, α, r0 are parameters and rij is the distance between two atoms. The Coulomb 

interactions are calculated by the following equation, 
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where C is a parameter, qi and qj are the charges of the particles, and rij is the 

distance. In order to obtain Coulomb energy, the charge on each particle is computed 

by the charge equilibration (QEq) method [192]. This method adjusts the partial 

charge on each individual particle according to the electronegativity of the element to 

minimize the electrostatic energy of the system, so it may give non-integer charges on 

the atoms [173]. 

In order to obtain the energies that can match those calculated based on quantum 

mechanics, ReaxFF potential utilizes a large number of corrections, which contains 

phenomenological functions and parameters bearing little physical meaning. 

Therefore, it should be a huge effort to develop such a potential file, and a minor 

modification of any of the parameters would lead to unpredictable consequences. 

Despite this, in order to obtain reasonable simulation results, slight modifications are 

necessary, and comprehensive justifications should be accompanied
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2.2 Finite element analysis 

This section serves as a brief introduction to FEA that is implemented in this 

thesis. FEA is a method to give numerical solutions to partial different equations. 

During the analysis, the entity being investigated is meshed into a large number of 

blocks, called elements. Each element shares nodes with the adjacent ones, and 

undergoes deformation when external forces and displacements are exerted on the 

entity. By analyzing the deformation of each element, the local reaction, such as 

stress, strain, temperature etc. to the external loads can be obtained, which can be 

integrated to render a global picture displaying the distribution of these reactions. 

Information such as the failure of the entity or mechanical properties can be revealed 

by means of FEA. In this thesis, FEA is used to estimate the elastic modulus of a 

composite material. Details involved will be discussed where FEA is used. 

2.3 Summary 

In this chapter, the fundamental knowledge of the MD simulations and FEA used 

in the investigation of this thesis is introduced. In the next chapter, the details to 

simulate the dynamic processes of lithiation and delithiation will be introduced. 
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Chapter 3. Realization of lithiation and delithiation in MD 

simulations 

3.1 Introduction 

In the last chapter, a brief introduction was made about the potential, ReaxFF, 

which describes the interatomic relationships between Si and Li atoms. However, the 

potential is only a static description. To obtain the intermediate details of the 

chemical reaction during lithiation and delithiation, dynamical processes are 

preferred. Here in this chapter, the techniques to simulate the dynamic lithiation and 

delithiation by Molecular Dynamics (MD) simulations processes will be elaborated. 

The methods developed in this chapter are then implemented in the later chapters for 

the optimization of the Si-based anode. Moreover, it is believed that these methods 

may be generalized to other scenarios for Li-Si interactions. 

3.2 Filling the gap between simulation and reality 

Atomistic simulation is a powerful tool to investigate the detailed processes 

during the intercalation of Li into Si. But a gap exists between simulations, as are 

based on theoretical and ideal models, and real nature. What fill the gap are a series 

of assumptions and approximations, and the reasonableness of them. Therefore, not 

only should the assumptions and approximations implemented be declared, but they 

are also necessary to be justified, if possible, from both theoretical and experimental 
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perspectives. 

Particularly, the MD simulations of the Li-Si system are subject to the following 

assumptions and/or approximations that are dispensable and/or unavoidable.  

First, the electrochemical interactions between Li and Si are reduced to the 

collisions between rigid balls based on the Newton’s theories of motion, which is 

inherited from one of the properties of MD simulation. Therefore, the quantum 

effects during the interaction, if any, are unable to be simulated. Second, the motion 

of electrons, which is relative to the transfer of charges, can hardly be simulated due 

to the systematic simplifications of MD simulation. In fact, this charge transfer 

indicates the occurrence of reduction-oxidation reaction. Along the reaction between 

Li and Si (see Equation 1.2), Si is reduced and Li is oxidized, so charges (carried by 

electrons) move from Li to Si. Hence in order to reproduce the movement of charges 

during the Si-Li interaction, the transfer of charges is realized by adjusting the partial 

charges on each atom so that the total electric potential energy is minimized. This 

will lead to a non-integer number of charges on an atom. Third, due to the limitation 

of the calculation capability, typically, the spatial scale of the Li-Si system is in 

nanoscale. For the purpose of simulating a system with a larger scale, a feasible 

method is to investigate a typical unit cell with periodic boundaries conditions 

(PBCs). PBCs are frequently adopted for a crystalline system based on the spatially 

periodic structure. However, the implementation of PBCs in an amorphous system 
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such as lithiated Si is questionable, because this will exert an extra boundary 

condition to the system and the system is actually postulated to be in long-range 

order. In this thesis, the method to avoid the effects of the long-range order is to 

utilize as large dimensions of the unit cell as possible. Fourth, the simulation time 

scale for the Li-Si interaction is in nanoseconds, resulting in a number of large 

time-related parameters such as strain rate and reaction rate compared with the real 

cases. In spite of this fact, concerning the interaction between Li and Si, the typical 

time-related physical parameter, diffusivity of Li in Si, shows good agreement 

between simulation and experiment. Experimentally obtained Li diffusivity in 

amorphous Si ranges from 10
-14

 to 10
-10

 cm
2
 s

-1
 [193], while the one calculated by 

MD simulation also lies in this range [178]. Therefore the reaction rate given by MD 

simulation is reasonable. Finally, in most atomistic simulations of Li-Si system, the 

effects of the molecules of electrolyte and accessory materials such as binder and 

carbon black are not included (see Part 1.3.7), due to the limitation of the 

implemented potential and/or the limited calculation capability. Therefore, based on 

these assumptions and approximations, results and conclusions obtained by this 

thesis should be regarded as qualitative references. 

3.3 Simulation of lithiation 

There are basically two methods to display the dynamic interaction between Si 

and Li. In the first method, atoms are artificially and directly inserted into the 
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interstitial spaces among Si atoms, and then the system is relaxed until equilibrium 

state, as illustrated by Figure 3.1. This method was first proposed by Chevrier and 

Dahn [157], and will be denoted as “Chevrier-Dahn lithiation” in the following text. 

This process can be viewed as a quasi-static lithiation, but it cannot deliver the 

intermediate state of Li atoms diffusing through the Si phase. The details of Li 

diffusing through the Si atoms are thus inaccessible. It was implemented by many 

first-principle calculations (see Part 1.3.7). 

 

Figure 3.1 Chevrier-Dahn lithiation algorithm 

The second method is based on the in-situ TEM setup (shown by Figure 3.2), 

where Li and Si are in direct contact, as shown by Figure 3.4. It must be pointed out 

that liquid electrolyte, binder and conductive additive or other battery components 

are not included in the in situ TEM experiments. Thus in the simulation model of 

lithiation, the reactants only include Li and Si. In addition, the current density in the 

in-situ experiment is far greater than that in a real battery. Hence anodes materials are 

actually in different environment from they are in real batteries. However, as our 

focus is on the interaction solely between Li and Si, it is reasonable to neglect the 

effects from the accessory materials. Lithiation would be triggered if the temperature 
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of the simulation system is increased to a specific value, which is consistent with the 

real cases [20]. This method was first reported in Ref. [173] and in their work the 

temperature to trigger the lithiation was 1200 K. However, the applicability of this 

method as well as the result is limited because normally LIBs function in room 

temperature.  

 

Figure 3.2 The simulation model of lithiation is based on the in-situ TEM setup. (a) A 

schematic illustration of the setup (adapted from [194]). (b) The in-situ TEM image 

(adapted from [195]) . 

In order to broaden the applicability of the simulation results, it is necessary to 

decrease the temperature needed activate lithiation to around 300 K. But with the 

default parameters of the potential, lithiation cannot start spontaneously at 300 K. 

After much effort, it is found that modifying the “upper cut-off of the Taper 

correction” is a possible and appropriate way to trigger lithiation at 300 K, because 

this does not significantly affect other simulation results. The upper cut-off of the 
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Taper correction is a parameter implemented in the charge equilibration (QEq) 

method (see Part 2.1.3 and Ref. [192]). By default its value is 10 Å; it should be 

modified to 9 Å to realize the 300 K lithiation. The Taper correction is a constant 

function; when multiplied by the functions of the potential, it can eliminate the 

discontinuities of the functions near the cut-offs. 

The next is the justification of the modified potential. Unless otherwise specified, 

all systems are relaxed to equilibrium state before Li-Si interaction happens. The 

justifications are done by comparing the results with those derived from the 

first-principle calculations and/or experiments. 

As this parameter would influence the calculation of the charge of each particle, a 

charge distribution is first simulated to exhibit the effects of the modification of the 

value. An amorphous Li4.4Si simulation sample containing 475 Si atoms and 2092 Li 

atoms is established. Periodic boundary conditions are used along the three directions. 

Energy minimization is conducted to obtain the stable static charge distribution. The 

results are shown in Figure 3.3 (b) and (c), in which the upper cut-offs used are 9 Å 

and 10 Å respectively. Figure 3.3 (a) is the corresponding atomic configuration. The 

two charge distributions appear to be similar, and the net charge of both samples is 0, 

which is guaranteed by QEq method. The total positive charges are slightly and 

negligibly different: 504.9 e0 (cut-off = 9 Å) and 508.6 e0 (cut-off = 10 Å), where e0 

is the charge of an electron. It can be seen that the modification of the parameter 
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would not induce large difference in the calculated charges of particles. 

 

Figure 3.3 (a) Atomic configuration and (b) and (c) the charge distribution of 

amorphous Li4.4Si, with the cut-offs of Taper correction being (b) 9 Å and (c) 10 Å, 

respectively. (e0: the charge of an electron) 

 

Figure 3.4 Simulation models for orientation-dependent lithiation 

1. Orientation-dependent lithiation in crystalline Si and lithiation in amorphous Si. 

It has been reported that [34], during the first lithiation of crystalline Si, the 

migration speed of the sharp phase boundary along <110> and <112> is greatly 
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larger than that along <111>. We carried out simulations at 300 K and compare the 

results with the experimental facts. Representative volume cells for different Si 

orientations are created, respectively. As shown in Figure 3.4, along z direction, the 

Si cells are orientated to [100], [110], [111], and [112], respectively. Additionally, an 

amorphous Si cell is also constructed. PBCs are utilized along x and y directions to 

simulate an infinitely large film spreading in xy plane. The simulations are performed 

in NVT ensemble, with a temperature of 300 K with Berendsen thermostat [196]. 

During simulations, the leftmost Si atoms are fixed to avoid a rigid-body 

displacement. 

 

Figure 3.5 (a) Snapshots of atoms after lithiation for 200 ps. (b) The position of the 

Li front as the MD time increases. 

The snapshots of the atoms after 200 ps (in MD time) are displayed in Figure 3.5 

(a). Obviously, it can be seen that, for all crystalline Si a sharp phase boundary exists 
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between the unlithiated Si and lithiated Si. One the other hand, the lithiation process 

can be divided into two sequential stages: 1) Li atoms jump between void spaces in 

the lattice of crystalline Si and 2) Si-Si bonds are broken and amorphous LixSi phase 

forms. Figure 3.5 (b) plots the position of the front of Li atoms in crystalline Si. The 

stair-like curves manifest the jumps of Li atoms in the crystal. It can be also seen that 

the advancing velocity of the front in each directions follows [110] and [112] > 

[100] > [111], which is consistent with the experiments. The anisotropic lithiation 

speed can be attributed to the fact that Si atoms in {111} or {100} planes are denser 

than they are in {110} and {112} planes. Lithiation speeds in crystalline Si are all 

much smaller than that in amorphous Si, as is shown, which is also in qualitative 

agreement with experiment [197]. 

2. Volume variation of LixSi with different x. It has been widely accepted that, 

when Si is lithiated to amorphous Li4.4Si, the volume expansion is ~420%. The 

volume variation of lithiated Si is considered to be in a linear relationship with Li 

concentration, based on the experimental measurements [198, 199]. So the simulation 

results should be close to the observations at room temperature (300 K). Therefore, 

we conducted simulations to justify the capability of the modified potential to predict 

the volume change of amorphous lithiated Si with different Li content. A 

representative volume cell including 475 Si atoms and 2090 Li atoms is first 

constructed with dimensions of 3×3.5×3.8 nm
3
. Periodic boundary conditions (PBCs) 
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are used in three directions. Each 1 ps one Li atom is removed from the cell to 

simulate a quasi-static delithiation at a temperature of 300K. During the simulation, 

the pressure applied to the cell is kept at 0, so the volume of the cell shrinks. The 

relative volume is defined as the ratio of the volume of LixSi to the volume of pure 

amorphous Si. Results are shown in Figure 3.6 with black line. It can be seen that the 

volume of the full lithiated Si is 414% of the volume of the pristine Si. Meanwhile, 

the relative volume can be linearly fitted (shown in red dashed line), with R-squared 

being ~0.993. This result indicates that the volume change of lithiated Si with Li 

concentration can be treated as linear relationship, which is consistent with the 

results from first-principle calculation [162]. 

 

Figure 3.6 Relative volume of lithiated Si as a function of x in LixSi. 

3. Young’s modulus of pristine and lithiated Si. Young’s modulus is a critical 
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property in modeling the mechanical behaviors of lithiated Si. To obtain the Young’s 

modulus, we conduct simulations of uniaxial tensile tests on various amorphous 

Li-Si alloys Li4.4Si, Li2Si, LiSi, and amorphous Si and crystalline Si at 300 K. The 

calculated Young’s moduli are listed in Table 3.1. In fact, ReaxFF potential gives 

smaller Young’s moduli of the above materials, though in the same order of 

magnitude, than first-principle calculations [160] or experiments [200] do. This 

might impact the quantitative prediction of the potential.  

Table 3.1 Young’s modulus of typical phases in lithiated Si anode 

Materials Young’s modulus (GPa) 

Crystalline Si 85.6 

Amorphous Si 41.5 

LiSi 40.8 

Li2Si 11.3 

Li4.4Si 5.0 

4. Saturation of Li in Si solid solution. As is introduced in Section 1.2, fully 

lithiated Si has two forms: Li15Si4 or Li22Si5, both of which are widely accepted. 

Here we will identify that whether or not the modified potential can predict the 

solubility of Li in Si solid. The formula of the saturated Li in Si solid solution could 

be either of the forms.  

A model consisting of 7596 Si atoms and 51241 Li atoms was constructed (See 

Figure 3.7). The number of Li is far more than 4.4 times the number of Si. To 

simulate the lithiation of an infinitely large Si sheet, PBCs are applied along the 
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in-plane directions. The simulation was performed at 300 K with NVE ensemble. 

After a 100 ps lithiation, the Li-Si ratio in the anode reaches 4.93 and is still 

increasing, resulting in a capacity exceeding the theoretical value 4200 mAh/g. This 

result infers that the modified potential is unable to predict the saturation of Li in Si 

anode. Therefore, in this thesis, full lithiation is considered to be achieved once the 

atomic ratio of Li-Si reaches 4.4. 

 

Figure 3.7 Simulation of over-lithiation of Si 

5. Open circuit voltage. Another simulated electrochemical property to be 

justified is the open circuit voltage (OCV) of Si anode. The OCV is calculated based 

on the formation energy, which is defined as [157] 

)()( SiLiSiLi ExEExE
xf           (3.1) 

where x is the ratio of the number of Li atoms to that of Si, ELixSi is the free energy 
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LixSi structure divided by the number of Si atoms, and ELi and ESi are the free energy 

per single atom of Li crystal and Si crystal, respectively. Note that in order to 

calculate the OCV, all energies in Equation 3.1 should be in the unit of eV. Then the 

OCV could be obtained from 

dx

xdE
V

f )(
              (3.2) 

Following the above procedure, we calculated the formation energy and OCV 

with the variation of x in LixSi using the modified ReaxFF potential, and the results 

are plotted in Figure 3.8. The black squares are the simulated results, which are fitted 

with an exponential function (the dashed line) 

 

Figure 3.8 Formation energy and open circuit voltage calculated by the ReaxFF 

0yAey t

x




             (3.3) 

where A = 3.645 V, t = 3.938 and y0 = -3.767 V. The red curve shows the derivative 
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of Equation 3.13. These results are slightly different those from first-principle 

calculations [157, 158]: the formation energy (-2.5~0 eV) is lower than the result of 

Ref. [157] (-0.8 ~ 0.2 eV), and the OCV (0.3 ~ 0.9 V) is higher than that in Ref. [158] 

(0.05 ~ 0.5 V). Despite the inconsistency, the results from both the modified potential 

and first principle calculation are in the same order of magnitude. Therefore, the 

modified potential may be reliable to qualitatively predict the energy variation during 

the lithiation and delithiation. 

To summarize, the modified potential is able to simulate the lithiation processes 

qualitatively and predict the volume variation during the mixing of Li and Si. 

However, cautions must be taken if the modified potential is employed for 

quantitative analysis, because Young’s modulus of lithiated Si, solubility of Li in Si 

solid and the open circuit voltage obtained by the modified potential deviate from 

those derived from first principle calculations and/or experiments.

3.4 Simulation of delithiation 

 

Figure 3.9 Chevrier-Dahn delithiation algorithm 

There have been two methods to simulate the delithiation process of LixSi. The 



Chapter 3 Realization of lithiation and delithiation in MD simulation 

71 

 

first method is, simply speaking, a random removal of Li atoms out of Li-Si alloy, 

which has been introduced in Part 1.3.7. As this method was first proposed by 

Chevrier and Dahn [157], it will be denoted as “Chevrier-Dahn delithiation” in the 

following text. As a reverse of the Chevrier-Dahn lithiation, this procedure is 

effectively quasi-static and either cannot capture the natural dynamic diffusion of Li 

out of the alloy, and hence the accuracy of this method is limited. The second one, 

which was proposed in Ref. [175], is to harness Al2O3 to extract Li out of LixSi, 

according to Equation 3.4: 

SiOAlLiOAlSiLi 3232  xx         (3.4) 

But there are several problems with this method. First, since an extra Al2O3 phase is 

necessary to simulate delithiation, this method can only be applied to coated Si anode, 

and can hardly simulate delithiation in pure Si that has no coating phase. Moreover, 

the reaction in Equation 3.4 is possible in virtual scenarios because according to the 

potential Li-Al-O compound has lower potential than Li-Si alloy; but whether this 

chemical reaction can happen in reality or not is questionable. In fact, it has been 

proved by experiments that Al2O3 can be a candidate of coating material for Si anode 

[201-203]. If Equation 3.1 is, in reality, possible, then the Al2O3 coating layer would 

heavily influence the electrochemical performances of the tested battery samples, 

which, however, is not supported by the experiments [202]. 

In order to approximate the nature diffusion, we developed a novel algorithm 
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which dispenses with any extra phases and is able to simulate the dynamic 

delithiation processes. The algorithm is developed based on the method of 

Chevrier-Dahn delithiation and currently only applicable to the Si sheet anode, but it 

can be easily generalized to other morphology of Si anode. Here the details and 

justification of our new algorithm are shown as follows. 

 

Figure 3.10 Simulation of delithiation process. (a) Illustration of the algorithm to 

simulate delithiation. (b) Snapshots of Si anode before and after delithiation. 

Different from the Chevrier-Dahn delithiation method, in our algorithm 

delithiation is achieved by random removal of the Li atoms from the free surface of 

the sheet, not from the entire alloy as the old method does. Figure 3.10 (a) illustrates 

the algorithm of the simulation: the shaded region represents the surface where Li 

atoms are removed, and Li atoms cannot move in or out of the left bound. The 
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thickness of the shaded region is much smaller than the total thickness. This 

algorithm would induce a Li concentration gradient that can drive the Li atoms far 

from the surface to move towards it. The delithiation rate can be tuned by adjusting 

the rate of removing the atoms. Delithiation stops when the number of Li atoms on 

the surface reaches zero. 

Based on the algorithm, an amorphous Li22Si4 model was established for 

delithiation (see Figure 3.10(b)). PBCs are used along x and y directions to represent 

an infinitely large sheet, and delithiation would happen along z direction, that is, the 

thickness direction. The simulation is performed at a temperature of 300 K. Figure 

3.10 (b) depicts the atomic configuration after delithiation, in which Si atoms 

predominate on the surface of the model. This indicates that the amount of Li atoms 

moving to the surface in the anode is smaller than that departing from the surface. In 

other words, the preset delithiation rate cannot be satisfied, which leads to the stop of 

the delithiation, with a portion of Li atoms remaining in the anode. It can be inferred 

that the atomic configuration of the delithiated Si should be dependent on the 

delithiation rate. 

We further carried out simulations at different delithiation rate. As shown in 

Figure 3.11, the distribution of Li atomic fraction in the anode with relative position 

in the thickness direction reveals that a Li concentration gradient still exists in the 

delithiated anode. Additionally, the number of Li atoms left in the anode after fast 
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delithiation is larger than that after slow delithiation, indicating that slower 

delithiation rate induces a higher delithiation capacity. This is qualitatively in 

consistency with experiments. It should be pointed out that the delithiation rate in the 

simulation is far larger than that in real experiments: in the two simulation cases the 

rates are 1.5×10
13

 A/g and 1.5×10
14

 A/g, respectively. The underlying mechanism is 

similar to the high strain rate used to simulate deformation processes [175]. 

 

Figure 3.11 The Li atomic fraction in the delithiated anode at different delithiation 

rate. Dashed lines are exponential fits of the corresponding dots and only used for 

more clarity reason. 

To justify the delithiation simulation, a theoretical model based on diffusion is 

presented. As shown in Figure 3.10 (a), when Li atoms move out of the boundary at x 

= L, the normalized concentration of Li, c, along x-axis should satisfy 
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where D is the diffusivity of Li in Si. The initial condition for the system should be 

0cc   for t = 0 and 0 < x < L         (3.6) 

The boundary at x = 0 should be impermeable, which leads to 

0
0






xx

c

              

(3.7) 

Upon the delithiation, Li atoms depart from the surface at x = L, which gives another 

boundary condition 

0c  for x = L            (3.8) 

The solutions to Equation 3.5 with different t are plotted in Figure 3.12, where 

the position and concentration are normalized with L and c0, respectively. The curves 

are qualitatively similar to those in Figure 3.11, which proves that the delithiation 

simulation is theoretically reasonable. Two issues may contribute to the deviation: 1) 

energy barrier of diffusion, which is responsible for the stop of the delithiation, is not 

included in Equation 3.5; 2) classic diffusion theory postulates the volume variation 

induced by solute atoms to be infinitely small, which is actually not appropriate to 

describe the diffusion in atomistic scale. 

In this thesis, this method would be employed to simulate the evolution of the 
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morphology of Si anode during lithiation-delithiation cycles (see Chapter 5). 

 

Figure 3.12 Solution to Equation 3.2, the evolution and the distribution of the 

concentration 

To summarize, a new algorithm to simulate the dynamic delithiation is developed 

to approximate the natural diffusion process. By classical diffusion theory, the 

reasonableness of this algorithm is also manifested. 

3.5 Summary 

In this chapter, the techniques to realize the simulation of dynamical lithiation 

and delithiation at room temperature have been elaborated. The justifications of the 

simulations suggest that the results obtained by these techniques are only 

qualitatively applicable. Cautions must be taken if any quantitative decisions are to 

be made based on the results. Nevertheless, we believe that the techniques proposed 

here are generalizable for more complicated morphologies of Si anodes, and will be 
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useful for the comprehensive understanding of Li-Si reaction in atomistic scale. 
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Chapter 4. Visualization of lithiation-induced stress field 

in Si nanowire anode 

4.1 Introduction 

Understanding the stress field upon lithiation will shed light on the mechanisms 

for the lithiation-induced failures of Si based anode. Considerable theoretical models 

have been established to reveal the stress field of Si during lithiation (see Part 1.3.7). 

However, the complicatedness impedes the wider application of the models. What is 

more important is that the stress fields obtained by different researchers are even in 

conflict. For example, the hoop stress in the unlithiated core of a partially lithiated Si 

nanowire is tensile in Ref. [19, 156], but is compressive in Ref. [7, 145]. As a 

bottom-up method, MD simulations can provide evidence from a different 

perspective. In 2015 Ostadhossein et al. [35] studied the stress evolution during the 

lithiation of bulk Si by MD simulations, but they failed to provide any detail used to 

compute the stress along with the paper. Hence in this part, we will develop a method 

to visualize the stress field in crystalline Si nanowire during the first lithiation.

4.2 Construction of simulation model 

Crystalline Si nanowire models with an original radius of ~ 4 nm are constructed, 

as shown in Figure 4.1. The axial direction of the nanowire is orientated along [100], 

[111], [110] and [112], respectively, with periodic boundary condition applied in the 
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axial direction. Plane strain analysis is used and thus the deformation in the axial 

direction is constrained. The outer surface of the nanowire is covered with Li atoms. 

This model consists of ~26000 Li atoms and ~10000 Si atoms in total. The lithiation 

is simulated at 300 K in NVT ensemble. Before the onset of lithiation or delithiation 

process, the system is relaxed for at least 250 ps until the maximum relative change 

in the system potential energy of the last 1000 steps does not exceed 10
-4

. 

 

Figure 4.1 Simulation model for the lithiation of Si nanowire: (a) view from the axial 

direction, (b) view from the radial direction.

4.3 Calculation of the stress in atomic scale 

In MD simulations, the stress tensor of the i-th atom, σi
virial

, is computed based on 

the definition of virial stress [35] 
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where Ω is the volume of the atom, mi the mass, vi the velocity vector, rij the distance 
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vector between the i-th atom and the j-th atom, and fij the force between them (see 

Equation 2.3), and ⊗ stands for the tensor product. In the right hand side of Equation 

4.1, the first term is contribution of kinetic energy and the second term is 

contribution of interatomic energy with all other atoms. In order to take advantage of 

Equation 4.1, two issues are necessary to be clarified. On the one hand, it must be 

admitted that, whether or not the virial stress can be equivalent to the classic Cauchy 

stress is controversial [204, 205]. In fact, in Ref. [205] it was maintained that in order 

to equate the virial stress with the Cauchy stress, the velocities of particles should be 

excluded from the calculation of virial stress. Following this suggestion, the effects 

of velocity, that is, the first term of Equation 4.1, are excluded. On the other hand, 

the volume of the atom, Ω, is difficult to define in this problem. There are two 

reasons. First, there are multiple non-equivalent definitions of the radius of atoms, 

such as Van der Waals radius, ionic radius, and covalent radius. Different definitions 

lead to different values of the atomic volume. Second, the atomic volume should be a 

constant throughout all atoms of the same element; otherwise the stress field would 

be overestimated or underestimated for compressive or tensile stress state, 

respectively. But because lithiated Si is usually amorphous, if the radius of atom is 

calculated according to a conventional definition, for example, covalent radius, the 

volume for each single atom might be different. Hence we cannot follow the 

conventional definition of atomic volume; in instead, we propose another method to 
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compute the stress field of the nanowire based on the atomic stress. 

The lithiated Si nanowire is first partitioned into multiple chunks with 

approximately equal volume, as illustrated in Figure 4.2 (a). In this way, we can 

obtain the stress field of the nanowire by calculating the stress tensor of each chunk 

instead of atoms. Inside the k-th chunk, a “characteristic stress tensor” for the i-th 

atom, σi
*
, is calculated as, 

 

Figure 4.2 Illustration of the method to calculate stress tensor. (a) The simulated 

model is divided into several chunks whose volumes are approximately equal. (b) 

The transformation of the stress tensor from Cartesian coordinates to polar 

coordinates. 
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Note that for each atom σi
*
 = Ωσi

virial
 when the effect of the velocity of atom is 

excluded. The difficulties in the definition of the atomic volume can thus be avoided. 

Then the stress of this chunk can be expressed as 
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where Vk is the volume of the k-th chunk. It should be pointed out that at present the 

obtained stress tensor is in Cartesian coordinates. To obtain the stress tensor in polar 

coordinates (see Figure 4.2 (b)), a transformation of the stress tensor is conducted, 

AAT '               (4.4) 

where A is the 2-D transformation matrix, 








 






cossin

sincos
A            (4.5) 

and φ is the angular position of this chunk (see Figure 4.2 (b)).

4.4 Results and discussions 

Following the above mathematical operation, by home-code the hoop stress in 

lithiated silicon nanowire after lithiation for 100 ps is displayed in Figure 4.3. The 

lithiation extent, shown as the percentage below each panel, is characterized by the 

ratio of the number of inserted Li
+
 to that at full lithiation when fully lithiated Si is 

assumed to have formula Li4.4Si with the corresponding mass capacity equal to 4200 

mAh g
-1

. The orientation-dependent lithiation can be obviously observed: the 

nanowire with (111) cross section has the largest lithiation rate because it is 

surrounded by (110) and (112) surfaces that have a higher lithiation rate than (100) and 

(111) surfaces do. The hoop stresses of all cases are tensile in the central unlithiated 
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core and the outermost lithiated layer, and are compressive in the phase boundary 

between the lithiated and unlithiated part. 

 

Figure 4.3 Stress fields after lithiation for 100 ps 

The stress field qualitatively supports some theoretical predictions [19, 156] but 

disagrees with some other models based on the plasticity theory [7, 145]. Particularly, 

the simulated hoop stress is in the same order of magnitude as the model proposed by 

Ref. [156]. As a bottom-up approach, MD simulation is different from the continuum 

mechanics which is based on the assumption of continuity. Therefore, we believe that 

the simulated results are more reasonable because it reflects the natural diffusion 
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process. 

4.5 Summary 

In this chapter, MD simulations are utilized to calculate the atomic stress. Then 

the atomic stress is spatially averaged and used for the visualization of the hoop 

stress of the lithiated Si nanowire. The results support the predictions of the stress 

fields obtained by Ref. [19, 156]. We believe that MD simulations would be an 

important tool to reveal details during lithiation and delithiation, and helpful to 

understand the complicated environment in the Li-ion batteries. 
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Chapter 5. Two-dimensional porous Si nanosheets as 

anode materials for high-performance lithium-ion batteries 

5.1 Introduction

Fabrications of Si nano-structured anode often involve chemical vapour 

deposition (CVD) [29, 32, 60, 76, 91, 94, 206], which entails of toxic chemicals as 

precursors and costly high-vacuum condition [57, 92]. An environmentally friendly, 

cost-effective and scalable synthesis method of Si nanostructures with acceptable 

electrochemical performances is challenging. Recently a new Si anode material was 

chemically synthesized. Characterized by the SEM and TEM imaging (Figure 5.1 (a) 

and (b), respectively), the nano structure of the anode is identified as porous Si 

nanosheets (Si-NSs). The pore structure of Si-NSs is further investigated by nitrogen 

adsorption-desorption isotherm measurement. The results are shown in Figure 5.1 (c). 

Figure 5.1 (d) plots the distribution of pore size and cumulative pore volume. Based 

on the Barrett-Joyner-Halenda (BJH) theory, the average pore size and the pore 

volume per unit mass can be estimated as about 21 nm and 0.8 cm
3
 g

-1
, respectively. 

In the electrochemical tests, the anode exhibits a mass capacity of ~1000 mAh/g and 

can survive over 1000 cycles at a current density of 2 C (Figure 5.1(c)). In this 

chapter, MD simulations are conducted to reveal the mechanism underlying the 

excellent performances. Besides, the relationships between the porosity and the 
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capacity and cycle life are discussed, respectively. Finally, an optimal porosity that 

can ensure both long cycle life and acceptable volume capacity is given as a 

guideline. 

 

Figure 5.1 Newly developed porous Si nanosheets for anode material. (a) SEM and 

(b) TEM characterizations. (c) The cycling performance and Coulombic efficiency, 

(d) nitrogen adsorption-desorption characterization, and (d) pore size distribution of 

the Si anode estimated from the adsorption branch based on the 
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Barrett-Joyner-Halenda theory. 

5.2 The construction of the simulation model of the porous Si-NSs

Porous structure in Si anode can accommodate the volume expansion of Si and 

hence enhance its cycling stability. Moreover, porous structure can facilitate the 

transport of electrons and ions throughout the electrode. In order to examine the 

influence of porous structure on the capacity of the porous Si-NSs anode from 

atomistic perspective, we conduct MD simulations. Cyclic lithiation-delithiation 

processes are simulated and the mass capacity and the volumetric capacity of each 

anode after 10 cycles are recorded. Four crystalline porous Si-NSs anode models 

with different initial porosities (including three porous models: 20%, 40% and 60%, 

and a solid counterpart) are constructed. Here, the pores are modeled as hollow 

hemispheres (see Figure 5.2 (a)), and a specific porosity of the sheet is obtained by 

tuning the diameter of the hemisphere.  

The unit cell containing one hemispherical pore is created by removing atoms 

from a single crystalline Si cube with ~7 nm in each dimension (Figure 5.2 (b) and (c)). 

PBCs are applied along the two in-plane directions so that the unit cell can represent an 

infinitely large sheet. The out-of-plane direction is along [010] orientation of Si crystal. 

As indicated by the SEM image in Figure 5.1 (a), lithiation and delithiation should 

occur on both sides of the sheet; so in order to save computation time, the calculation 

model is further simplified by using a reflective boundary condition based on the 



5.2 The construction of the simulation model of the porous Si-NSs 

90 

 

physical and geometrical symmetry in [010] direction of the sheet. The simulations of 

lithiation-delithiation cycles are carried out at a temperature of 300 K with Berendsen 

thermostat [196] and the time step is 0.2 fs. Before the onset of lithiation or 

delithiation process, the system is relaxed for at least 250 ps until the maximum 

relative change in the system potential energy of the last 1000 steps does not exceed 

10
-4

. The possible interaction of the anode with the surrounding substances such as 

binder or carbon black is neglected [35, 169, 170, 173, 176, 177] and thus the sheet can 

deform along all directions without any mechanical constraints. Actually, this is 

consistent with the morphology of the porous Si-NSs anode shown in the SEM image 

(Figure 5.1 (a)). The simulation techniques of lithiation and delithiation have been 

introduced in Chapter 3. 

 

Figure 5.2 Illustration of the simulation model with an initial porosity of 17%. (a) A 

global view of the simulated porous sheet. (b) The view of the unit cell from ]221[  

direction. (c) The view of the unit cell from ]001[  direction. Periodic boundary 

conditions are used along ]100[  and ]001[  directions to represent an infinitely 

large sheet. A reflective boundary condition is applied to reduce the computational 
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consumption. The white dashed line shows the profile of the pore. Lithiation occurs 

along the ]010[  direction.

5.3 The calculation of the porosity 

In this section, the approach to calculating the porosity in an atomic level is 

introduced. This approach is based on Monte Carlo methods. Simply speaking, it is a 

virtual experiment containing a large number of attempts. For each attempt, a probe 

atom is put in a random position in the unit cell to check if the probe is in the vicinity 

of any existing atoms. The probe atom itself should not be counted as existing atoms. 

If it is in the vicinity of existing atoms, there is a “hit” signal; if it is not, a “miss” 

signal is produced. After a large number of attempts, the probability to receive “miss” 

signal forms the porosity of the unit cell.

 

Figure 5.3 Illustration of calculation of porosity by Monte Carlo methods 
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During the calculation of porosity, the existing atoms are treated as cubes for 

simplicity and efficiency. Figure 5.3 illustrates the calculation, where the white atoms 

are the probe atoms that are not adjacent to any existing Si atoms. Out of 10000 

attempts, there are 4080 “miss” signals, so the porosity is estimated to be around 

41%. Table 5.1 shows the convergence of this calculation approach. Due to the small 

scale of the unit cell, the convergence of the probability can be quickly reached. 

Table 5.1 Convergence of the algorithm 

Number of attempts Probability for “miss” 

1,000 0.4004 

2,000 0.4112 

3,000 0.4078 

4,000 0.4076 

5,000 0.4055 

6,000 0.4069 

7,000 0.4093 

8,000 0.4080 

9,000 0.4083 

10,000 0.4080 

100,000 0.4053 

500,000 0.4045 

1,000,000 0.4045 

5.4 Porous structure and volumetric capacity 

We start with the influence of the porous structure on the capacity of the anode. 

The normalized mass capacity, cm, of each anode is calculated from the number of Li 

atoms extracted during delithiation process and then normalized with that of the solid 

anode. The normalized volumetric capacity, cv, can be obtained from the equation
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)1( Φcc mv 
             (5.1) 

 

Figure 5.4 The mass (black line) and volumetric (blue line) capacities of anodes with 

different initial porosity after 10 lithiation-delithiation cycles. 

where Ф is the initial porosity of the anode. Figure 5.4 shows the calculation results 

of the normalized mass and volumetric capacity with black line and blue line, 

respectively. It can be seen that as the initial porosity increases, the mass capacity 

increases slightly. This may be due to the fact that porous structure can shorten the 

diffusion path of Li inside Si and facilitate the insertion and extraction of Li. 

However, the volumetric capacity decreases drastically with the increase of the 

porosity. This result indicates that caution must be taken when artificial porous 

structure is introduced into the anode, and that striving for a simultaneous 

improvement of both mass and volumetric capacity is challenging. For the artificial 



5.4 Porous structure and volumetric capacity 

94 

 

porous structure, there is a trade-off between the mass capacity and the volumetric 

capacity for an anode material. The solution of the trade-off should be dependent on 

the particular circumstances where the anode material is applied. In situations where 

volumetric capacity is more important than mass capacity, for example, cell-phone 

batteries, the porosity of the anode should not be too high in order for a higher 

volumetric capacity. On the other hand, the porosity of anode cannot be too low, 

otherwise, the pores are likely to collapse in a few cycles of lithiation and delithiation, 

leading to the loss of capability to accommodate the expansion. Hence, the preferable 

porosity range should endow the anode with both long lifespan and acceptable 

volumetric capacity. By means of a simple theoretical deduction and MD simulation, 

an approach to the suitable porosity of the Si anode is offered. 

The upper bound of the range can be determined based on the consideration of the 

volumetric capacity, CV, which for a porous anode can be given by 

  10mV CC             (5.2) 

where Cm is the mass capacity, ρ0 is the density of the nonporous anode, and Ф is the 

porosity of the anode defined as the ratio of the total pore volume to the apparent 

volume of the anode. Note that the relationship between the porosity, Ф, and the total 

volume of the pores per unit mass anode, Vm, is given by 
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 01/ mm VVΦ             (5.3) 

Thus the porosity Ф can be calculated from Vm, which can be obtained from the 

nitrogen adsorption-desorption isotherm measurement. For a specific Si anode (see 

Figure 5.1), in accordance with the data obtained from the stable stage of the cycling 

test, we have Cm = 1,000 mAh g
-1

 (Figure 5.1 (c)) and Vm = 0.8 cm
3
 g

-1
 (Figure 5.1 (e)). 

Taking ρ0 = 2.3 g cm
-3

 for Si, the porosity and volumetric capacity of the Si anode can 

be estimated to be Ф = 65% and CV = 813 mAh cm
-3

, respectively. Such performance 

in volumetric capacity is satisfactory in comparison with the value of the prevailing 

carbon anode (nonporous), which is estimated to be 843 mAh cm
-3

 theoretically by 

taking Cm = 372 mAh g
-1

, ρ0 = 2.266 g cm
-3

 and Vm = 0. For even higher volumetric 

capacity, porous Si anode with lower porosity is required. Taking the volumetric 

capacity of nonporous carbon anode, 843 mAh cm
-3

, as the benchmark and design 

target, the porosity of Si anode should not exceed 64%.

5.5 Evolution of the porosity and the porous structure 

In order to determine the lower bound of the porosity, the evolution of the porosity 

during cycling is investigated by molecular dynamics (MD) simulation. In accordance 

with the SEM images of the porous Si-NSs (Figure 5.1 (a)), three crystalline porous 

Si-NSs anode models with different initial porosities (17%, 35% and 55%) are 

constructed. Cyclic lithiation-delithiation processes are simulated and the mass 

capacity and the porosity of each anode after each cycle is calculated based on the 
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obtained atomistic configuration. The simulation techniques of lithiation and 

delithiation has been introduced in Chapter 3. 

 

Figure 5.5 The evolution of the porosity of the different porous Si-NSs anodes with 

the cycle number. 

The evolutions of the porosity with the cycle number are shown in Figure 5.5, 

where the partial delithiation is done by using our new delithiation algorithm, and the 

full delithiation is obtained by random removal of all Li atoms. It can be seen that in 

both modes the porosity of all porous Si-NSs anodes decreases with the cycle number, 

implying that the volume occupied by the lithiation-induced expansion cannot be fully 

recovered upon delithiation. This is basically due to the plastic deformation of the 

ductile lithiated Si [7, 9, 138, 142, 207, 208]. Particularly, the anode with an initial 

porosity of 17% becomes completely nonporous after 2 and 7 cycles in the partial and 
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full delithiation modes, respectively. Therefore, the survival of pores over more cycle 

number requires higher initial porosity. For example, if the initial porosity is taken as 

35% or 55%, the residual porosity after 10 cycles would be 5% and 20%, respectively 

in the partial delithiation mode. Nevertheless, if full delithiation mode is taken, the 

annihilation of the pores happens more quickly. That is, the residual Li atoms in the Si 

after delithiation benefit the preservation of the pores. Once the pores annihilate, they 

would not be regenerated in the subsequent cycles. Consequently, the anode would 

behave like a nonporous one.  

Figure 5.6 graphically show the evolutions of the atomistic porous structure in the 

preceding three cases with partial delithiation mode. For the anode with initial 

porosity equal 17%, Figure 5.6 (c) shows that no apparent pore remains after 5 cycles 

although a negligibly small porosity (0.6%) is calculated, which basically results from 

the atomistic surface roughness of the anode. In contrast, for the case with initial 

porosity equal to 55%, the pore survives over 10 cycles apparently (Figure 5.6 (a)). 

Further simulation indicates that after 30 cycles the pore still exists with porosity being 

higher than 10%, as shown in Figure 5.7. Linear extrapolation predicts that the pore of 

this anode can survive over 180 cycles. 
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Figure 5.6 The developments of the porous structure during lithiation-delithiation 

cycles of the anodes with an initial porosity of (a) 55% (b) 35%, and (c) 17%. Red 

and blue spheres represent Si and Li atoms, respectively. The number in the bottom 

right-hand corner of each panel is the porosity of the current structure. The left, 

middle, and right panels show the porous structure in the initial state, after 5 

lithiation-delithiation cycles, and after 10 cycles, respectively. 



Chapter 5 2D porous Si-NSs as anode materials for high performance LIBs 

99 

 

 

Figure 5.7 The calculated evolution of the porosity of the porous Si-NSs anode with 

initial porosity equal 55%. (a) Snapshots of the anode after a specific number of 

cycles. (b) The dashed line represents the linear extrapolation according to the 

evolutionary trend near the maximum simulated cycle.

5.6 Mechanisms of porous structure to extend cycle life 

A possible failure mechanism of the SEI layer on Si nanosheet anode is 

illustrated in Figure 5.8. During the lithiation process, the Si nanosheet anode 

expands along in-plane directions and out-of-plane direction. The in-plane expansion 
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would induce the failure of the SEI layer and consequent degradation of the battery, 

while the out-of-plane expansion would have relatively smaller effects on the SEI 

layer. Therefore, to stabilize the SEI layer and prolong the cycle life of the Si 

nanosheet anode material, a straight-forward method is to reduce the in-plane 

expansion during the lithiation. 

 

Figure 5.8 Illustration of the failure of SEI layer on Si nanosheet anode 

Based on this consideration, the maximum in-plane lengths of Si-NSs anode with 

different initial porosity during the simulated 10 cycles are plotted in Figure 5.9. The 

curve indicates that with the increase of the initial porosity of the Si-NSs anode, the 

maximum in-plane length decreases. Particularly, if the Si-NSs anode is initially 

solid, that is, 0% porosity, its length would reach 140% of the original one along one 

of the in-plane directions during the cycles. In contrast, for Si-NSs anode with 55% 

initial porosity, the maximum length would only be 123% of the original value. 

Hence the porous structure is capable of reducing the in-plane expansion during 

cycles. Although a direct simulation on the behaviors of the SEI layer is not available 
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at present, our results can indirectly prove that porous structure can have positive 

influences on the stabilization of the SEI layer. 

 

Figure 5.9 The maximum in-plane length of Si-NSs anode with different initial 

porosity. The length is normalized by the initial value before cycles. 

5.7 Summary 

In this chapter, we showed the influence of porous structure on the capacities of 

Si-NSs anode: with the increase of the porosity of anode, the mass capacity increases 

while the volumetric capacity decreases. Additionally, we have determined that if the 

volumetric capacity of the porous Si anode is required to be higher than commercial 

carbon anode, an initial porosity of 64% should not be exceeded. On the other hand, 

as was implied by the above simulations, the higher the initial porosity of the anode, 

the longer the pores can survive during cycling. Therefore, the minimum initial 
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porosity depends on the required lifespan of the pore. For example, based on the 

maximum cycle number we have simulated (see Figure 5.7), it can be estimated that an 

initial porosity of 55% is needed if 180 more cycles are expected to have for the porous 

anode over that of the nonporous one. We believe that our work would not only shed 

light on the research work of 2D material as energy material but also accelerate the 

advent of the next generation LIBs. 

 

 

 



 

103 

 

Chapter 6. The effects of mechanical constraint on the 

performance of Si nano-sheets anode material 

6.1 Introduction

Lithiation process of Si has been widely studied, while most of the previous 

works neglected the mechanical constraint of the accessory materials in the anode on 

the Si. For example, Bower et al. [138] theoretically analyzed the Li-ion concentration 

and the resulting stress field in Si during the lithiation process. Liu et al. [19] 

accounted for the size-dependent fracture of Si nano-particle during lithiation using an 

elastic and perfectly-plastic model. However, most of these analyses apply to 

free-standing Si particles. Actually, Si active materials to accommodate Li
+
 are 

normally embedded in a matrix of accessory materials including binder and carbon 

black. The effects of the matrix especially its mechanical properties on the 

performance of Si electrode are important but still unclear. Actually, two-dimensional 

Si nano-sheets, with the use of different binders, were found to exhibit distinct 

capacities (~1500 mAh g
-1

, and ~865 mAh g
-1

) [43, 58], implying the important role 

played by the accessory materials. So far, little light has been shed on the effects of 

mechanical constraint on the performance of electrodes such as capacity and charging 

rate. In this chapter, we carried out molecular dynamics simulations to investigate the 

effects of the mechanical constraint on the performances such as capacity and 
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lithiation rate of Si nano-sheets as the active material for lithium-ion batteries. Our 

study will be mainly focused on Si nano-sheets because the large active surface area 

and small thickness (often smaller than 10 nm) of nano-sheets would result in a high 

lithiation/delithiation rate [41, 42] and stable SEI layer [43]. More importantly, a 

scalable method for fabricating Si nano-sheets was recently developed implying a 

great promise of Si nano-sheets as an anode material for LIBs [43, 59]. 

6.2 Modeling and computational details 

 

Figure 6.1 (a) Illustration of the MD simulation model. The black planes indicate the 

original positions of the surface Si atoms. (b) The virtual tether force applied to the 

surface Si atoms to simulate the mechanical constraint by the surrounding accessory 

materials.
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When preparing electrode for LIBs, active materials, say, Si nano-sheets normally 

should be mixed with accessory materials including binder (e.g. sodium alginate), 

conductive additive (e.g. carbon black) and solvent (e.g., DI water). The obtained 

slurry is then spread on a current collector and dried for use. Clearly, in such a 

composite electrode, the Si nano-sheets are not free-standing. Instead, they are 

embedded in a composite matrix consisting of binder and carbon black with structure 

schematically shown in Figure 1.9 (b). During the lithiation and delithiation process, 

the volume change of the Si nano-sheets will be mechanically constrained by the 

surrounding matrix. As a consequence, the performance of the Si in the electrode 

might be affected. 

To estimate the effect of mechanical constraint on the lithiation of Si nano-sheet, 

an MD model was constructed to simulate the lithiation process of Si nano-sheet. 

Figure 6.1 (a) shows the unit cell of the model which includes a Si nano-sheet 

sandwiched by two thick Li plates. Originally, the Si sheet is crystalline and the 

lithiation takes place along the [112] direction, which is the out-of-plane direction. 

Periodic boundary conditions are applied along the in-plane directions to simulation 

an infinitely large nanosheet. Three different thicknesses of the Si sheet are considered 

including 3.6 nm, 4.3 nm, and 5.0 nm. The dimensions along [111̅] direction and 

[11̅0] direction are fixed as 7.3 nm and 6.2 nm, respectively. Due to the limitation of 

MD simulation, here the accessory materials including binder and carbon black have 



6.3 Results and discussions 

106 

 

not been included in our model, but their mechanical constraint to the Si nano-sheet 

was considered introducing two virtual reference walls situated at the surfaces of Si 

sheets before lithiation, as shown in Figure 6.1 (a). During lithiation, Si atoms on the 

surface that cross the virtual reference walls are assumed to experience tethering force 

given by krF tether , where k is the spring constant of the virtual tether and r stands 

for the distance from the corresponding virtual wall, as illustrated in Figure 6.1 (b). 

The original thicknesses of the Si nanosheet and the surrounding plates are denoted as 

h0 and λh0, respectively. The ratio λ can be roughly taken as half of the volumetric ratio 

between the accessory materials and Si sheets. 

 

Figure 6.2 (a) Simplified model of anode consisting of Si nano-sheets embedded in a 

composite matrix. (b) Representative volume element (RVE) model of the composite 

accessory materials consisting of binder and carbon black for FEA simulation (P.B.C.: 

periodic boundary condition) 



Chapter 6 The effects of mechanical constraint on the performance of Si nanosheets anode material 

107 

 

Let the Si nanosheet have a virtual uniform expansion along the thickness direction, 

which results in a displacement of the surface of the nanosheet into the accessory 

material, denoted as Δr. If the surfaces of the surrounding plates are fixed (as shown in 

Figure 2a), the force experienced by a single Si atom on the surface is A0EΔr/h0, 

where E is the effective elastic modulus of the composite matrix and A0 is the sectional 

area of a single Si atom. Therefore, the derivative of the force with respect to the 

displacement, which represents the spring constant k, is given by  

0

0

h

EA
k


              (6.1) 

In Equation 6.1, the upper bound and lower bound of the effective elastic modulus E of 

the composite matrix can be estimated through the rule-of-mixtures 
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where Eb and Ec are the elastic moduli of binder and carbon black particle, respectively, 

and Vb and Vc are the volume fraction of the two components, respectively. Taking the 

mass ratio between the binder and carbon black as 1:1 and the densities of binder (e.g., 

sodium alginate) and carbon black as 1.6 g cm
-3

 and 2.3 g cm
-3

 respectively, the 

volumetric ratio between them is estimated to be 0.59:0.41. The Young’s moduli of the 

binder (sodium alginate) and carbon black are taken as 2.7 GPa (see Supplementary 
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Material) and 100 GPa [209], respectively. The upper bound and lower bound of the 

effective elastic modulus is 42.6 GPa and 4.5 GPa, respectively. 

For simplification, a simple Finite Element Analysis (FEA) model is constructed 

to estimate the value of the effective elastic modulus. The effective elastic modulus of 

the accessory material can be calculated through uniaxial compression using FEA 

based on the RVE model shown in Figure 6.2 (b). The simplified RVE model consists 

of a circle included in a square, representing a carbon black particle embedded in a 

binder matrix. To fit the estimated volumetric ratio (0.59:0.41 for binder and carbon 

black), the side length of the square and the diameter of the included circle in the RVE 

model are taken as 140 nm and 100 nm, respectively. Perfect bonding is assumed on 

the interface between the binder and carbon black. Uniaxial compressive loading on 

the model is simulated by applying a uniform strain along the vertical direction. 

Periodic boundary conditions are applied on all the four sides. The simulation is 

performed by using 4-node bilinear plane strain quadrilateral solid elements (CPE4R) 

with commercial FEA software ABAQUS (Dassault Systèmes). The Young’s moduli 

of the binder (sodium alginate) and carbon black are taken as 2.7 GPa and 100 GPa, 

respectively, while the Poisson’s ratios for both materials are taken as 0.3. The 

calculated stress-strain curve of the composite matrix is shown in Figure 6.3, from 

which the effective elastic modulus is estimated to be around 7 GPa, and it will be 

used as a typical value in the estimations below. In a real electrode, if the mass ratio 
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among Si/carbon black/sodium alginate is 3:1:1, by taking the densities of Si, sodium 

alginate and carbon black as 2.3 g cm
-3

, 1.6 g cm
-3

 and 2.3 g cm
-3

 respectively, can be 

estimated to be 0.4Substituting E = 7 GPa and into Eq. (1) and taking A0 = 7 

Å
2
and h0 = 4 nm, k is estimated to be in the range 0.3 N m

-1
. In our MD simulations, 

different k ranging from 10
-3

 to 10
3
 N m

-1
 were considered to study the effect of 

mechanical constraint on the lithiation of Si nanosheets. 

 

Figure 6.3 Computed stress-strain curves for the composite accessory material using 

FEA. 

In the MD simulations, the LAMMPS command “fix wall/harmonic” is 

implemented to simulate the interaction between the Si sheet and the accessory 

material. The values of k calculated by Equation 6.1 are directly used as the spring 

constant that is required by the command “fix wall/harmonic”. The temperature in all 

simulations is set as 300 K with Berendsen thermostat [196] and time step is 2 fs. 



6.3 Results and discussions 

110 

 

Before the onset of lithiation or delithiation process, the system is relaxed for at least 

250 ps until the maximum relative change in the system potential energy of the last 

1000 steps does not exceed 10
-4

. The mass capacity C of the anodes is computed 

through Equation 1.3. Lithiation is deemed as completed if one of the following 

criteria is satisfied: (1) the increment of the number of inserted Li atoms is less than 1% 

in the last 10000 MD steps, and (2) the ratio of atom number x in LixSi reaches 4.4. 

The reason for the latter criterion is that the potential we used is unable to predict the 

saturation of Li
+
 in Si solid solution (see Part 3.3). 

6.3 Results and disscusions 

 

Figure 6.4 (a) Snapshots of a free-standing (k = 0) Si nano-sheet at different lithiation 

extents. (b) Normalized mass capacity (by the theoretical value 4200 mAh g
-1

) as a 
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function of constraint parameter k. (c) Lithiation extent achieved within a given MD 

time. 

Figure 6.4 (a) depicts the snapshots of a free-standing Si nanosheet (k = 0) at 

different lithiation extents. Here, the lithiation extent is characterized by the ratio of 

the number of inserted Li
+
 to that at full lithiation when lithiated Si is assumed to have 

formula Li4.4Si with the corresponding mass capacity equal to 4200 mAh g
-1

. During 

the simulated lithiation process, a sharp boundary between the lithiated and unlithiated 

regions is observed, which is consistent with the previous results [34, 173, 210, 211]. 

Figure 6.4 (b) shows the normalized mass capacities as a function of k for different 

sheet thicknesses. Under weak constraint with k ≤ 10
-2

 N m
-1

, full lithiation can be 

achieved; while under strong constraint with k ≥ 10 N m
-1

, partial lithiation (~20%) is 

achieved, giving rise to capacity around ~800 mAh/g. For a real case with mass ratio 

between Si/carbon black/binder is 3:1:1, k has been estimated to be around 0.3 N m
-1

 

which, according to Figure 6.4 (b), would lead to partial lithiation (~50%) and 

capacity around 2000 mAh/g. For an electrode with the mass ratio between Si/carbon 

black/binder is 8:1:1, k is estimated to be around 1.0 N m
-1

 which, according to Figure 

6.4 (b), leads to capacity as low as 1400 mAh/g. This may explain the phenomenon 

that high mass loading of Si usually affects the performance of electrode [186]. 

Compared to sodium alginate, other binders such as polyvinylidene fluoride (PVDF) 

and carboxymethyl cellulose (CMC) have similar density but lower Young’s moduli 
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(200-400 MPa for PVDF [212, 213] and ~1.0 GPa for CMC [104]), resulting in less 

mechanical constraint and therefore higher mass capacity. Meanwhile, Figure 6.4 (b) 

shows the effect of Si sheet thickness on the capacity. Within the thickness range 

considered, only little influence on the capacity is observed. This is consistent with the 

earlier findings that significant thickness dependent capacity occurs only when the 

thickness is relatively large (> 50 nm) [44, 214, 215]. 

Figure 6.4 (c) shows the lithiation extents reached within a prescribed time (52.6 

ps in MD time, which is the time for a 3.6 nm thick, non-constrained Si nanosheet to 

reach full lithiation). Figure 6.5 plots the migration velocity of the phase boundary 

[178] as a function of the constraint intensity within the initial 20 ps of lithiation. It can 

be seen that Si nanosheet under stronger constraint reaches lower-leveled lithiation, 

implying that mechanical constraint would reduce the diffusivity of Li
+
 in Si and 

therefore reduce the lithiation rate. Meanwhile, the lithiation rate, unlike the capacity, 

exhibits a strong dependence on the sheet thickness. For example, under constraint 

with k = 0.1 N m
-1

 which is close to the real cases, a sheet of 5.0 nm thick achieves ~47% 

lithiation in 52.6 ps (MD time), while a 3.6 nm thick sheet reaches ~74% lithiation in 

the same time. These results indicate that thickness can also effectively affect the 

diffusivity of Li in Si of the anode material: with the same constraint intensity, larger 

thickness leads to smaller Li diffusivity. This can be understood, because what really 

affects the Li diffusivity is the external stress [178]. In our model, take h0 as the 
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thickness of the sheet before lithiation, and λh0 as the thickness at any moment during 

lithiation, where λ is a parameter, we can obtain the lithiation induced variation of the 

thickness 0)1( hh   . Because the force exerted on the Si sheet is h , thicker 

sheet would experience larger force from the accessary material in the out-of-plane 

directions. This will result in larger hydrostatic compressive stress in the sheet, which 

leads to smaller Li diffusivity. 

On the basis of above simulation results, two remedial strategies can be proposed 

to improve the performance of the Si nanosheet anode: one is to choose softer binder 

and the other one to reduce the thickness of Si nanosheets.  

 

Figure 6.5 The velocity of the phase boundary as a function of the constraint 

intensity 

It is worth noting in Figure 3b that the relative mass capacities reach a steady value 

when the constraint intensity is relatively large (> 10
2
 N m

-1
). This trend implies that 
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lithiation can always happen regardless of the magnitude of the constraint intensity, 

and there exists a minimum capacity even for very large constraint intensity. This 

phenomenon may be attributed to the facile lithiation to the surface sites of Si [216], 

which, in turn, manifests the promise of the Si nanosheet for its high surface area. The 

effects of the mechanical constraint on the lithiation time and Li diffusivity may help 

in understanding the relationship between the constraint intensity and the impedance 

of the electrode material [217, 218]. 

 

Figure 6.6 Snapshot of atomic configuration at the end of lithiation for a 5 nm thick 

Si film with 1000 N m
-1

 constraint intensity 

Considering that the mechanical constraint takes effect when the volume of Si 

varies during lithiation, the effect of constraint on the performance can be greatly 

reduced if the lithiation-induced volume change of Si can be absorbed. This might be 

achieved by introducing porosity into the Si sheets. To examine the effect of porosity 

on easing the side effects of mechanical constraint, above MD simulations were 
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repeated on a porous Si sheet which contains a through-hole in the center, as shown in 

Figure 6.7. Holes with diameters ranging from 1 nm to 5 nm were considered, and the 

corresponding porosity varied from 1.7% to 45%. The thickness of the sheets was 

fixed at 3.6 nm. 

 

Figure 6.7 Typical simulation model of porous Si nano-sheet. The central hole can be 

tuned for various porosity. 

The calculated mass capacity is plotted in Figure 6.8 (a) as a function of porosity 

for k = 0.1~100 N m
-1

. As expected, higher porosity gives rise to higher mass capacity, 

irrespective of the external mechanical constraint. Therefore, the side effect of 

mechanical constraint can be alleviated by introducing porosity. For example, for a Si 

sheet under constraint with k = 0.1 N m
-1

, the mass capacity can reach that at the 

unconstrained level if a porosity of 28% is introduced. Although larger porosity is 

preferable for larger mass capacity, it may not be necessarily preferred if volumetric 

capacity is a concerned matter. Figure 6.8 (b) shows the variation of the volumetric 
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capacity on the porosity. Different from the mass capacity, the volumetric capacity 

does not monotonically increase with the porosity. If k = 0.1 N m
-1

, for example, there 

exists an optimal porosity equal to ~10%, at which the maximum volumetric capacity 

is achieved. In contrast, if k > 10 N m
-1

, the volumetric capacity monotonically 

increases with the increasing porosity. The existence of the maximum point for k = 0.1 

N m
-1

 and the relationships between the mass and volumetric capacities and different 

constraint intensities will be addressed shortly. For the discussed polymer binder 

materials with k less than 1 N m
-1

, higher porosity may not necessarily lead to higher 

volumetric capacity, and therefore porous structure should be applied with caution if 

volumetric capacity is a concerned matter. 

 

Figure 6.8 (a) relative mass capacity and (b) relative volumetric capacity of the 

constrained porous Si nano-sheet with different porosities. 

In order to address the existence of the maximum point of the volumetric capacity 

when k = 0.1 N m
-1

, a unit cell of the Si porous sheet can be modeled as a square with 

a through-hole in the center as illustrated by Figure 6.9. The side length of the square is 
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L and the radius of the hole is R. During the mechanically-constrained lithiation 

process, it can be assumed that the Si atoms inside the dashed line circle (R0 is the 

radius) can be fully lithiated, i.e. Li4.4Si phase forms after lithiation stops, while those 

outside the circle can be partially lithiated only. Thus when lithiation stops, the 

effective mass capacity, cm, of this Si porous sheet can be expressed as, 

hRL

hcRLhcRR
c mm

m
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where ρ is the density of the Si material, h thickness of the sheet before lithiation, cm0 

the mass capacity of unconstrained Si, and α the relative mass capacity of the 

constrained solid (nonporous) sheet (which is a function of k, see Figure 6.4 (b)). After 

lithiation, the hole should be filled by the expansion of the Si material inside R0, which 

gives 

 

Figure 6.9 A unit cell of the porous Si sheet 
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where H is the thickness of the sheet after lithiation and β ~ 400% the volumetric 



6.3 Results and discussions 

118 

 

expansion of unconstrained, fully lithiated Si electrode. As porosity is defined as 

22 / LRΦ  , the relative mass capacity of the porous Si sheet, mc , can be derived as 

0
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= (1 )
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       (6.4) 

Assume that the relationship between H/h and α is linear, and for α = 1, H/h = β; α 

= α0, H/h = 1, where α0 is the relative mass capacity when the constraint intensity is 

infinitely large (it could be estimated that α0 ~ 0.2 from Figure 6.4 (b)). Then we can 

have 
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Combine Equation 6.4 and 6.5, we can express for the porous Si sheet the relative 

mass capacity, mc , and the relative volumetric capacity, vc , as 
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It should be pointed out that Equation 6.6 and 6.7 apply when 1mc   with porosity 
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When Φ > Φ0, mc  maintains at 1 and vc  decreases as Φ increases. For k = 0.1 N 

m
-1

, it can be obtained from Figure 3b that α ≈ 0.8, and substitute it and β = 400 % and 
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α0 ≈ 0.2 into Equation 6.7 and we can have Φ0 = 18.8 % which is qualitatively close to 

the optimal point shown in Figure 6.8 (b). Deviations may be due to the 

aforementioned assumptions and simplification. In contrast, for k = 1 N m
-1

, Φ0 is 

estimated to be 56.3 %, which is beyond the range of porosity we considered. Even 

larger constraint intensities will lead to Φ0 as high as 75%. Therefore, in Figure 6.8 (b) 

the optimal point only appears on the curve of k = 0.1 N m
-1

. 

6.4 Summary 

In this chapter, the effects of the mechanical constraint from the matrix of carbon 

black and binder on the performances of Si nano-sheet anode material were 

investigated by MD simulations. Results show that large mechanical constraint can 

reduce the mass capacity and lithiation rate of the Si nano-sheet anode material. Based 

on the calculations, we propose several means to improve the performance of the Si 

nano-sheet anode material in the constraining matrix: (1) choosing a softer binder 

material, (2) reducing the thickness of the Si nano-sheet, and (3) introducing porous 

structure. In addition, with the usage of binder materials, the porosity of porous Si 

anode should be designed cautiously to avoid possible reduced volumetric capacity. 

Although the results are derived on the basis of Si, it can be generalized to the other 

electrode materials that experience similar large volume expansion during alloying 

with Li, such as Ge, Sn, SnO2, or even cathode materials. We believe that our results 

can serve as a guideline for the fabrication of the Si-based anode material and inspire 
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the design for the next-generation LIBs. 
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Chapter 7. Conclusions and future work 

In this thesis, we used MD simulations to investigate the lithiation-delithiation 

processes of Si anode. Based on the simulation results, guidelines for optimization of 

the designs of the Si nanoscale anode are proposed. In this chapter, conclusions about 

the optimization strategies proposed will be presented, and an outlook of the future 

work will be delivered.

7.1 Conclusions 

In the background of the urgent development of Li-ion batteries of the next 

generation, Si, with the highest mass capacity and abundant reserves in the Earth’s 

Crust, has been regarded as one of the most promising anode materials. However, the 

drastic volume variation during charging-discharging cycles would induce rapid 

degradation of Si-based anode impedes its wider application. With a decade of efforts, 

a considerable number of strategies that can alleviate the degradation and prolong the 

cycle life of the anode consisting of Si. Great progress has been made, such that 

theoretical capacity and ultra-long cycle life of Si have already been reached. To date, 

it has been advocated that researchers should pay more attention to the volumetric 

capacity, areal capacity and fabrication cost of the Si anode. Herein, by means of 

molecular dynamics (MD) simulations, we proposed several guidelines for 

optimization of the design in Si nano-structured anode. The typical conclusions are 
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as following. 

 In terms of the structure of Si anode, nano-sheets should be a promising 

candidate. There are multiple reasons. First, as the Si atoms on the surfaces 

are more active to interact with Li than those far beneath the surfaces, Si 

nano-sheet, possessing the highest surface area, would have better 

performances than other candidates. Second, due to the nature of nano-sheet, 

the surface area is far larger than the lateral area, and during lithiation, 

expansion of the surface area can be greatly smaller than that of the lateral 

area, which may effectively stabilize the SEI. And third, facile fabrication of 

the Si nano-sheet anode has been reported, and the fabrication cost is 

expected to decrease. 

 For the volumetric capacity of Si porous nano-sheet anode, it has been 

proved that there is an optimal porosity that can endow the anode with high 

volumetric capacity and long cycle life. The upper bound of the porosity is 

estimated to be 64%, above which the volumetric capacity would be lower 

than the carbon anode. The lower bound is based on the life requirement for 

the Si anode. For example, it is estimated that porous Si nanosheets with an 

initial porosity of 55% can survive 180 more cycles than solid ones do. 

 Si active material is usually embedded in the matrix of binder and carbon 

black in Li-ion batteries. We demonstrated that the matrix can create 
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mechanical constraints on the Si nano-sheet anode and consequently 

influence performances. It was shown that stiffer matrix materials can lead to 

more reduction in the capacity and lithiation rate. Three methods to improve 

the performances can be proposed: (1) choosing a softer binder material, (2) 

reducing the thickness of the Si nano-sheet, and (3) introducing porous 

structure. In addition, the porous structure should be introduced with caution 

so that the volumetric capacity would not be decreased. 

 MD simulations on Li-Si interactions are a powerful tool to obtain insights 

into the details during the lithiation and delithiation processes. Although 

based on empirical approximations, the ReaxFF potential about Li-Si 

interaction is reliable when it is used for qualitative predictions such as the 

anisotropic lithiation and rate-dependent delithiation. Cautious must be taken 

when it is implemented to make quantitative decisions. Therefore, the results 

and conclusions obtained in the thesis are recommended to be referred to as 

guidelines. 

We believe that the conclusions drawn by this thesis can greatly promote the 

research of Li-ion batteries.
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7.2 Future work 

7.2.1 Influence of the mechanical properties of the binder materials on the 

performances of the anode 

It has been widely reported that the mechanical properties of binder material have 

strong influence on the performance of the active materials (see Section 6.1). The 

conclusions obtained in Chapter 6 are qualitative and need to be experimentally 

verified. Therefore, in the future, following the guidance of the simulation results, a 

definite and quantitative relationship between the mechanical properties of the matrix 

material and the electrochemical performances of the active material is planned to be 

derived by experiments. As there have been a great number of papers discussing the 

effects of binder materials on the cycle life, tentatively, the relationships between the 

mechanical properties with three particular electrochemical performances (mass 

capacity, lithiation and delithiation rate, and impedance) are planned to be addressed.  

To obtain the relationships, the mechanical properties, that is, Young’s modulus 

and Poisson’s ratio, of the matrix materials consisting of prevailing binder materials 

and conductive additive can be measured by uniaxial tension or compression. 

Because both types and the mass contents of the binders matter, the matrix materials 

are prepared with binders with different types and mass contents. Then battery 

samples with these matrix materials and Si active materials are assembled. 

Electrochemical tests are conducted with the samples to obtain the effects on the 
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mass capacity, lithiation/delithiation rate and impedance. Although the different 

binders have different chemical properties, it is expected that the mass capacity, 

lithiation/delithiation rate and impedance are mainly influenced by mechanical 

properties but not chemical properties. This is because chemical interactions between 

the binder and the Si active materials happen on the surfaces of the Si, which results 

in only small mechanical constraint. 

The results of this work can act as guideline for the choice of the binder material 

based on the expected electrochemical performances of the batteries, which is 

believed to be of great help to the battery industrial. 

7.2.2 Versatile Carbon framework to maintain the structural integrity of 

electrodes in LIBs 

Si and sulfur are the best anode and cathode materials, respectively, in terms of 

mass capacity. In the meanwhile, Si and sulfur suffer from similar problems that 

prevent their wider applications: large volume expansion upon lithiation (~300 % for 

Si and ~90 % for sulfur) and relative poor electric conductivity. Additionally, 

lithiated sulfur is unstable so that the sulfur active material may rapid decay due to 

the dissolution in the electrolyte. It has been reported that carbon framework can be 

used for both Si and sulfur to enhance the structural integrity and electric 

conductivity. But at present the carbon framework is constructed particularly for Si 

or for sulfur. In order to reduce the cost of the fabrication of batteries, here we 
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propose a versatile carbon framework that can be utilized for both the Si anode and 

the sulfur cathode.  

The structure of the carbon framework needs to be carefully designed. The 

structure should have following characteristics.  

(1) This carbon framework should be high porous. On the one hand, porous 

structure can reduce the weight of the framework. As it is supposed not to 

interact with Li, a light weight will improve the mass capacity of the 

electrode. On the other hand, porous structure can accommodate the large 

volume expansion of both Si and sulfur. 

(2) The framework needs to have high stiffness, so that it can survive the 

lithiation-induced large volume expansion. 

(3) It is necessary for the framework to separate the electrode active material 

from the electrolyte. Because lithiation would result in small sulfur 

molecules that can move freely, the sulfur electrode should be confined to 

an enclosed chamber. Moreover, SEI can be avoided from Si electrode by 

isolating the Si active material from electrolyte. 

The fabrication process is inspired by the work in Ref. [24]. But because the 

carbon framework in Ref. [24] is not closed, after the embedment of the active 

material in the framework, a carbon shell outside the whole structure should be 
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synthesized. The structure of the carbon framework is illustrated in Figure 7.1 

where the active materials are not displayed. 

 

Figure 7.1 Illustration of the carbon framework 

As has been stated, porosity of the framework is an important factor. A high 

porosity would accommodate more quantity of Si or sulfur active material, but at the 

same time this would reduce the stiffness of the structure. Therefore, simulations can 

be employed to find the optimal porosity of the structure. 

It was reported that in prevailing Li-ion batteries, the cathode material is the 

bottleneck that retards the improvement of the overall performance. We believe this 

work could shed light on the lithiation and delithiation of sulfur, enhance the 

performance of both anode and cathode material, reduce the cost of fabricating the 

nano-structured electrode, and eventually expedite the improvement of the Li-ion 

batteries. 
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