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ABSTRACT 

Nanostructure Silicon Anodes Prepared by Chemical Reduction 
Method for Lithium Ion Batteries 

by 

Xiaobo Zhan 

Silicon is a promising anode material in high energy density application of lithium 

ion batteries because it is known to have the largest specific capacity (~4200mAh/g), ten 

time that of the commercially graphite carbon. However, they have shown great capacity 

fading and short battery life due to big volume changes upon insertion and extraction of 

lithium, which results in pulverization and loss of the electrical contact between the 

active material and the current collector.  

In this thesis, we successfully fabricated two kinds of nanostructured silicon 

anodes by chemical reduction method and test them versus Li as half-cell. Porous Si 

showed a reversible capacity of 1482mAh/g after 30 cycles, which is 50% of its initial 

capacity. Carbon coating greatly improves the cycling stability and increase the capacity 

retention to 85%. Compared Si nanosheets structure, graphene-silica sandwich structure 

showed great improvements in capacity and cycling stability. This chemical reduction 

method is facile, mass productive and thus is promising in the nanostructure silicon anode 

fabrication. 
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Chapter 1 

Introduction 

Today, lithium ion batteries have been applied on many electronic devices in the 

commercial market. However, their energy density and cycle life remain insufficient for 

transportation and large scale renewable energy storage such as electronic vehicles. To 

meet the growing demands for the next generation Li ion batteries with high energy 

density (i.e. high capacity and voltage), various Li active metals have been reported as 

ideal substitute for graphite anode due to their high capacity.  

Silicon is known to have highest specific capacity (4200mAh/g), which is ten 

times that of graphite. However, the Si volume changes by 400% upon insertion and 

extraction of lithium, which results in pulverization and loss of the electrical contact 

between the active material and the current collector. This results in the huge capacity 

loss during cycling. Many researches have been carried out on nanostructure Si like 

nanospheres, nanowires and nanotubes and showed improvements of the the cycle life. 

1 
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But these structures require VLS (Vapor-Liquid-Solid) method, which are expensive and 

cannot be applied into industrial scale fabrication due to the limitation of the method. 

Here, we are making nanostructure design of Si by chemical reduction method 

which is facile and mass productive. Electrochemical performance was carried out to 

study the improvements of its cycling stability.  

The thesis consists of four chapters. Chapter 2 provides the background 

information about Li ion batteries. It introduces the classification of batteries, the 

parameters which determines the battery performance like Voltage, Capacity, Energy 

density and Power density. It also contains the experimental method used in the thesis. 

Chapter 3 is the first part of the main thesis. Here we use chemical reduction 

method to obtain porous Si from SBA-15 mesoporous silica. Battery performance was 

discussed. We also prepared carbon coating porous Si and discussed the effect of carbon 

coating to cycling stability. 

In Chapter 4, we prepared silicon nanosheets and sandwich like graphene-silicon 

nanosheets with the same chemical reduction method. Electrochemical tests show that 

graphene layer provides both mechanical and electrical contacts to the silicon layer, and 

improves the capacity and cycling stability of silicon nanosheets. 
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Chapter 2 

Background 

As the world oil reserves are decreasing and its price increasing, people are 

looking for new energy solutions which can meet the application demands but be more 

sustainable. In the past centuries, most power is generated by combustion reaction which 

emits carbon dioxide and comes from limited resources like fuel, oil or natural gas. 

Transportation is one of the most wasteful activities, and people are looking forward to 

substitute oil with batteries, which is a more sustainable way of energy storage. Since the 

invention and development of Lithium ion batteries, they have been widely used in 

portable electronics, especially in our ever-increasing mobile society. Still, they are 

considered as the heaviest part, for example, in cellphones and notebooks. Batteries could 

not progress much during recent years, mostly because of the fixed battery system and its 

inherent chemistry. Lightweight design is an even bigger issue in battery application in 

the electrical vehicles. Thus it is our goal to make new design and develop better 

batteries. 
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2.1. An overview of batteries 

There are mainly two different types of batteries depending on their 

rechargeability.  

Primary batteries 

These batteries can only be discharged once. Many of them are termed “dry cells” 

because there is no free or liquid electrolyte. The primary batteries are convenient, low 

cost, lightweight, and have a good shelf life. They are used in watches, memory backup, 

portable electronics like cameras, lighting, toys, etc. 

Secondary or rechargeable batteries 

After discharge, these batteries can be recharged to their original condition by 

passing current through them in the opposite direction to that of the discharge current. 

They are the most commonly used batteries today as the power demands of devices are 

rapidly increasing. They can be used as energy storage device in automotive as well as 

the same way as primary batteries in electronic devices. They are also convenient and 

cost-saving due to their rechargeable property. 

In the early years, Ni-Cd and Ni-Metal Hybrid batteries were commonly used in 

devices but later replaced by Li-ion batteries. According to Figure 2.2, Li-ion batteries 

present very high gravimetric and volumetric energy densities than other types of 

rechargeable batteries. It allows light weight and small packing space, which are 

favorable in meeting the demands of today’s multi-task devices with advanced 

technology. 
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A battery converts the chemical energy contains in its two electrodes directly into 

electric energy by means of redox reaction. Normally a battery consists of three 

components: (1) Anode contains the material with lower potential and will be oxidized 

during battery discharge by giving up electrons to the external circuit; (2) Cathode 

contains the material with higher potential and will be reduced during battery discharge 

by accepting electrons from the external circuit; (3) Electrolyte is ionically conductive 

and allow the transfer of charges in the form of anions and cations between the two 

electrodes. It has to be electronically nonconductive to prevent the internal short-circuit. 

[1] 

 

Figure 2.1 Schematic of operating principles of rechargeable batteries during (a) 
discharging and (b) charging process.[1] 

Discharging process of a battery is shown schematically in Figure 2.1 (a). When a 

battery is connected to an external load, electrons will flow from the anode to the cathode 

through the external load. During this process, the positive electrode accepts electrons 
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and becomes cathode whereas the negative electrode loses electrons and becomes anode. 

The electric circuit is completed in the electrolyte by the flow of anions and cations to the 

anode and cathode, respectively. 

Charging process is the reverse of the discharging process and takes place as is 

shown schematically in Figure 2.1 (b). After connecting to a power supply, the positive 

electrode loses electrons and becomes cathode while the negative electrode accepts 

electrons and becomes anode the negative the cathode. 

2.2. Concepts to evaluate battery performance 

Different parameters of measurements are the result of different material 

properties. Cell potential, capacity and energy density are related to the intrinsic property 

of the materials of the two electrodes. The cycle-life and lifetime depend on the nature of 

the interfaces between the electrodes and electrolyte. And safety is related to the stability 

of the electrode materials and interfaces. Now let’s take a look at them individually. 

Voltage 

The driving force of a chemical reaction is the decrease of Gibbs free energy of 

the system, which is expressed as: 

∆𝐺0 = −𝑛𝐹𝐸0 

Here n is the number of electrons involved in the stoichiometric reaction; F is 

Faraday Constant, the charge on one mole of electrons (96,500C); E is the standard 

potential, voltage between the two electrodes. Thus, any system with two materials of 
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different standard potentials will theoretically have chemical reaction to the direction that 

decreases the Gibbs free energy. The list of electrode reduction potentials under standard 

conditions can be found online. The reduction potential may change according to 

concentration and temperature when they are different from the standard conditions, as 

expressed by the Nernst equation: 

𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇 ln 𝑎𝑖  

The voltage of a battery can be calculated from free-energy data, obtained 

experimentally or calculated from standard potentials as follows: 

Voltage of a battery = Cathode�reduction potential� − Anode(reduction potential) 

Capacity 

The theoretical capacity of a battery is determined by the amount of active 

materials. It is expressed as the total quantity of electricity involved in the 

electrochemical reaction and is defined in terms of coulombs (C) or ampere-hours (Ah).  

Mostly, people use specific capacity, which gives a characteristic of the material 

itself instead of the amount of material used in the system. It is defined as the amount of 

charge transfer during reaction normalized by the mass or by the volume of the active 

material, known as gravimetric or volumetric specific capacity, respectively. People use 

different terms depending on whether weight or size is more important in the battery 

application. Specific capacity may change during cycling. Cycling stability is a very 

important parameter in the battery performance evaluation. 
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The reversibility of the lithiation process is characterized by Coulombic efficiency 

(CE): 

𝐶𝐸 =
𝐶𝐷𝐶
𝐶𝐶

× 100% 

Here CC is the charge specific capacity and CDC is the discharge specific capacity 

at the same cycle. For most of the cases, CE is lower than 100%. For example, negative 

electrode used in the commercial Li-ion battery is graphite carbon, and it normally has 

CE as 70% in its first cycle. This means 30% of the Li ions got intercalated into graphite 

during charging process got stuck inside the electrode during the subsequent discharging 

process instead of being extracted. Such loss, called irreversible capacity, is due to the 

decomposition of the electrolyte at low potential at the anode side during discharge and 

the formation of the solid electrolyte interphase (SEI). Such a capacity loss only happens 

in the first cycle because the SEI provides a passive layer outside graphite, preventing its 

further reaction with the electrolyte. 

The comparison of the capacity of different anode materials in Li-ion batteries is 

shown in Chapter 1.2.  

Energy 

The energy that a battery can deliver is defined in terms of Wh and can be 

calculated as follows: 

𝐸 = 𝑉𝐶 
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Here C is the discharge capacity; V is the average potential of electrochemical 

reaction during discharge. The specific energy is used more often and gravimetric 

specific energy is in the unit of Wh/kg while volumetric specific energy is in the unit of 

Wh/L. Specific energy has another term as energy density. But in practice, we need to 

consider electrolyte and nonreactive components (containers, separators, current 

collector) that add to the weight and volume of the battery. This will lower the energy 

density by more than 50%.[1] 

People compared the energy density of different rechargeable battery 

technologies. We can see the resulted in Figure 2.2 that Li-based batteries have higher 

energy density than other battery systems. As a result, they are receiving most attention at 

both fundamental and applied levels. The comparison of the energy densities of different 

anode materials in Li-ion batteries is shown in Chapter 1.2.  

 

Figure 2.2 Comparison of different rechargeable battery technologies in terms of 
specific energy densities and power densities.[4]  
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However, the voltage and capacity of a battery system are not related to each 

other. It is important to look into both parameters when making improvement of the 

energy density of the battery.  

Power 

Power is a parameter to identify how fast the battery can charge or discharge. It is 

defined as: 

𝑃𝑜𝑤𝑒𝑟 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒× 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 

Here Current rate is the current per unit mass of the active material. Batteries that 

can function under higher power will better meet today’s demand of technology. 

However larger current may increase the polarization effect and generate more heat due 

to the internal resistance (IR). This will result in the insufficient diffusion of Li ions in 

the active materials and also the energy loss and finally lower the capacity. Measuring 

under different current may change the discharge curve as well as the cycling property. 

C-rate is a parameter to identify current rate. nC is defined as the amount of 

current needed to fully discharge the battery in 1
𝑛
 hour. Thus the larger the C-rate, the 

quicker the discharge takes place. 

2.3. Lithium ion batteries 

Among the metals, lithium is the lightest one with density 0.53g/cm3. Meanwhile, 

lithium is also the most electropositive with -3.04V with respect to standard hydrogen 

electrode. Thus it gives a high energy density for the whole battery system. Also they 
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have high capacity and are able to discharge at variable rates. They rapidly found 

applications as power sources. The discovery of intercalation compounds which can react 

with alkali metals in a reversible way was crucial in the development of rechargeable Li 

batteries. 

In 1970s, TiS2 was discovered to be a good intercalation compound and can 

reversibly accept lithium ions.in its layered structure. During discharging, Li metal as an 

anode gets oxidized to Li+, while TiS2 as a cathode gets reduced to LiTiS2. During 

charging, LiTiS2 is oxidized to TiS2 and release the Li+ to the electrolyte, while Li+ 

travels to the other electrode and get reduced by electrons and electrodepositing Li metal 

on the electrode surface. However, people later found out the disadvantage of the Li 

metal-liquid electrolyte system. Li metal tend to plate at locations where there was 

already deposition, forming long and dendritic fibers that will finally penetrate the 

separator and cause short circuit. 

The discovery of Li-ion batteries solved the short circuit problem. During charging 

and discharging, lithium ions exchange between the positive and negative electrodes, thus 

avoid the deposition process of Li metal. The positive electrode material is typically 

metal oxide with layered structure, such as lithium cobalt oxide (LiCoO2), on an 

aluminum current collector. Lithium cobalt oxide has many advantages: good electrical 

performance, easy preparation, relatively safe and insensitive to moisture and other 

process variations. More recently, people discovered some materials with lower cost or 

higher performance, such as LiMn2O4 and LiNi1-xCoxO2. This permits the development of 

cells and batteries with improved performance. The negative electrode material is 

typically graphitic carbon, also with a layered structure, on a copper current collector. 
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When first commercialized, coke was used as negative electrode materials. People later 

shifted to graphitic carbons because they offer higher specific capacity with improved 

cycle life and rate capability. During charging or discharging, lithium ions are inserted or 

extracted from interstitial space between atomic layers within the active materials.  

Compared to other types of batteries, Li-ion batteries have many advantages, as 

shown in Table 2.1. With high specific energy 150Wh/kg and energy density 400Wh/L, 

they are very attractive for application in weight or volume sensitive products. They have 

a low self-discharge rate (2% to 8% per month), long cycle life (greater than 1000 cycles) 

and a broad temperature range of operation (charge at 20°C to 60°C, discharge at 40°C to 

65°C), enabling their use in a wide variety of applications. Single cell batteries have the 

voltage of 2.5 to 4.2V, approximately three times of that of Ni-Cd or Ni-MH cells, and 

thus require fewer cells for a given voltage. They also have superior rate capability. In 

2008, sales of Li rechargeable batteries reached 10 billion US dollars in the market and 

are forecast to reach 100 billion in 2020.[5] 

The disadvantages of Li-ion batteries are also shown in Table 2.1. They tend to 

degrade when discharged below 2V and may vent when overcharged. They may also 

permanently lose capacity at elevated temperatures (65°C). 
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Table 2.1 Advantages and Disadvantages of Li-ion Batteries

 

Anode materials with different capacities are compared in Figure 2.4, from which 

we can see Si has the largest value and thus is widely studied for Li ion batteries.   

 

 

Figure 2.3 Schemetic  of the operating  principles of Lithium ion battery.[4]  
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Figure 2.4 Comparison of the sepecific capacities of electrochemically active metal 
materials.[5]  

 

Figure 2.5 Comparison of volumetric energy density of electrochemically active 
materials (vs a 3.75 V cathode): (a)energy density as a function of their volume 
expansion, (b)energy density of different elements at 100% volume expansion. 
*Carbon only expands by 10% during lithiation.[6] 
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2.4. Experimental method and Characterizations 

2.4.1. Chemical reduction of silica into silicon 

The low temperature magnesiothermic reduction from nanostructured silica into 

nanocrystalline silicon was established by Bao et al. in 2007 and has been used in 

fabricating silicon for Li ion battery applications.[16]  

The method is based on the following reaction: 

2Mg(g) + SiO2 → 2MgO(s) + Si(s) 

When the temperature reaches 650°C, the melting point of Mg, the molten 

magnesium flows into the nanostructures of silica and result in the formation of MgO-Si 

nanocomposite. After removing MgO with 1M HCl solution, we can get the 

interconnected network of silicon nanocrystals which is very favorable for battery 

applications. Figure 2.6 proved the effective removal of MgO phase. 

 

Figure 2.6 XRD pattern of (a) product after Mg reduction of silica and (b) product 
after HCl treatment of (a).[16]  
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2.4.2. Material characterizations 

To study the basic information of a material, we want to know its chemical 

composition, crystal structure, morphology and interface between different phases. There 

are many powerful tools to help us with the study: XRD, SEM, TEM, BET, etc. 

XRD 

XRD (X-ray Diffraction) is used to study the crystal structure of a material. 

Diffraction will occur when Bragg’s Law is satisfied: 

𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 

Here λ is the X-ray wavelength, d is the plane spacing between two adjacent (hkl) 

planes. 2θ is the angle between diffracted beam and incident beam and is called 

diffraction angle. Diffracted beam intensity is measured as the function of 2θ instead of θ. 

The planes of a certain crystal material and the corresponding diffraction angles are filed. 

So that we can use the software to index the diffraction patterns we get. 

The XRD results used in the thesis are measured by Rigaku D/Max Ultima II. It is 

configured with a vertical θ /θ goniometer, Cu Kα radiation, graphite monoichrometer, 

and scintillation counter. The wavelength of Cu Kα X-ray is 1.542Å, which is the λ in 

Bragg’s Law. The analytical software used is MDI Jade. 

SEM 

SEM (Scanning Electron Microscopy) is used to observe the morphology of the 

material. When the focused beam of spot size of 0.4-5nm scanned across the sample, 
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there will be different scattering and radiations, as is shown in Figure 2.7. SEM image is 

generated from secondary electrons which come from the inelastic scattering.  

 

Figure 2.7 Electron beam interact with sample. 

The SEM pictures used in the thesis are measured by FEI Quanta 400. It is a high 

resolution field emission scanning electron microscope. The applied voltage is 15kV 

under high vacuum condition. 

TEM 

TEM (Transmission Electron Microscopy) is used for observing the more detailed 

features of a material than SEM. When the electron beam transmitted through a thin 

sample, normally few nm to hundreds of nm thickness, there will be diffraction pattern 

forming at the back focal plane of the objective lens and image forming at its image 

plane. We can choose either diffraction mode or image mode by changing the focal 

length of the intermediate lens and record the right information with the camera 

accordingly. Besides characterizing the morphology and crystal structure of the material, 
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TEM can also be used to determine elemental information when recording the X-ray 

signal, as is shown in Figure 2.7. 

The TEM pictures used in the thesis are measured by JEOL 2100 Field Emission 

Gun Transmission Electron Microscope. This TEM is operated at 200kV. 

 



 

Chapter 3 

Porous Silicon as Anode for Lithium Ion 
batteries 

Although Lithium ion batteries found their huge application in many electronic 

devices in the commercial market, their energy density and cycle life remain insufficient 

for transportation and large scale renewable energy storage. Energy density is a function 

of specific capacity and battery voltage. According to Figure 2.1, silicon has largest 

known specific capacity (~4200mAh/g) among different anodes, ten time that of the 

commercially graphite carbon. The average potential of discharge is low for an anode 

(~0.1V vs Li/Li+). Also, silicon is the second most abundant element on earth. These 

characteristics make it an attractive high energy density anode material. In this chapter, 

porous silicon was prepared by chemical reduction method and its electrochemical 

performance was discussed. 

19 
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3.1. Introduction to silicon anode 

The electrochemical reactions of Li with different anode materials are not the 

same. In graphite carbon anode, electrochemical reaction takes place as Li ions 

intercalated and extracted between the graphite layers, causing very minimal structural 

change. In silicon anode, electrochemical reaction takes place as Li ions alloy and dealloy 

with the electrode material, severely changing the crystal structure of silicon. In 1981, it 

was reported that the alloying process in silicon anodes results in formation of different 

phases of the Li-Si alloy: Li12Si7, Li7Si3, Li13Si4, and Li22Si5.[9] This result is also proved 

by Figure 3.1. It indicated that each silicon atom can accommodate 4.4 lithium atoms 

leading to formation of Li22Si5 alloy. 

 

Figure 3.1 Phase diagram of Li-Si binary system[13] 

Researchers later found out in 2004, through ex situ and in situ XRD study, the 

phase formed during electrochemical reaction is Li15Si4.[11] It is believed that during 
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discharge, crystalline Si becomes amorphous LixSi alloy and crystallizes as x reaches 

3.75 and forms the crystalline phase Li15Si4. This happens at around 50mV versus Li/Li+. 

During charge, crystalline Li15Si4 release Li ions and forms amorphous Si. 

Silicon is a promising anode material in high energy density application of Li ion 

batteries. However, silicon still has limited application because both films and bulk 

electrode where micrometer size Si particles are used have shown great capacity fading 

and short battery life. This can be explained by Figure 3.2 that its volume changes by 

400% upon insertion and extraction of lithium, which results in pulverization and loss of 

the electrical contact between the active material and the current collector. Also, 

pulverization introduced new surface of active material and their contact with the 

electrolyte causes further SEI formation (introduced in Chapter 2.2) and results in more 

capacity loss, as is shown in Figure 3.3. 

 

Figure 3.2 Schematic of the morphology changing of Si anode during 
electrochemical cycling.[7] 
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Figure 3.3 Model for the SEI formation on (a) graphite carbon anode and (b) Li 
active metals and alloys. (Cn is graphite, M is Li active metal)[17] 

To solve the problem of volume changes of Si during Li insertion and extraction, 

several approaches and architectures have been carried out, including nanostructure 

design, active/inactive composite materials, and Si/C composite materials. Nanostructure 

design is an effective way to improve the cycling because the nanostructure channels 

provide short diffusion length for Li ions and electrons and it is also suggested 

nanostructure has good resistance to fracture.  

The relaxation time for diffusion is based on this equation: 𝜏 = 𝑑2

𝐷
, where d is 

dimension of the material, i.e. diffusion length and D is the diffusivity of a certain species 

such as Li ions or electrons. Therefore, the shorter τ can be achieved with low 

dimensional materials, making the electrochemical reaction more efficient.  

Also, Graetz et al. suggested the nanoscale dimension of silicon can prevent the 

propagation of cracks and have good resistance to fracture.[18]. For a crack to propagate 

in a brittle material, it needs to meet such equation: 𝑎𝑐 = 2
𝜋
𝐾I𝑐
2

𝜎2
. Here 𝑎𝑐  is the critical size 

of the crack for it to propagate; 𝐾I𝑐  and σ are the fracture toughness and the yield strength 
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of the material, respectively. For polycrystalline silicon, 𝐾I𝑐  is 0.751MPa/m1/2 and σ is 

1.1GPa. This makes 𝑎𝑐  to be around 300nm. According to the theoretical calculation for 

pure silicon, we can estimate the critical crack size for lithiated silicon to be one order of 

magnitude smaller. It means the silicon with the dimension of tens of nm can effectively 

prevent fracture. Also in low dimensional materials, the dislocations can be quickly 

drawn to the surface and release the stress caused by volume change during Li insertion 

and extraction process. 

There are several studies on one dimensional Si anode by VLS (Vapor-Liquid-

Solid) method. Chan et al. have reported Si nanowires grown on a metallic current 

collector showed a reversible capacity of approximately 2900 mAh/g at a rate of 

0.05C.[7] Kim et al. reported a Si@C core shell nanowire structure by SBA15 template 

assisted method and showed a capacity of 2700mAh/g at a rate of 0.2C after 

80cycles.[23] The drawback of the VLS method is costly and is also limited by the 

method for mass productive. 

Porous Si can accommodate large strain and stress without pulverization and 

provide large surface area for electrochemical reactions, thus have caught great attention 

to the researchers. [20] Kim et al. fabricated 3D porous Si particles with SiO2 

nanoparticles as templates, which has large surface area (158m2/g) and good cycle life 

(2800mAh/g after 100 cycles at 1C rate).[24] Esmanski et al. showed amorphous silicon 

deposited by CVD onto carbon inverse opals showed good capacity retention.[25] Still, 

these experiments require CVD method which are costly and cannot be applied into 

industry application. Ma et al. fabricated nestlike Si particles by solvothermal method 
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which has a first-charge capacity of 3952 mAh/g, but the capacity retention was 36% 

after 50 cycles.[26]  

Here we are using a versatile chemical reduction method of fabrication porous Si. 

Porous Si@C was also prepared to compare its performance with pure porous Si. The 

carbon coating should improve the cycling stability of the cell because it improves the 

conductivity, prevents Si from pulverization and forms a stable SEI as well. 

3.2. Method 

Synthesis of mesoporous SBA-15 silica 

SBA-15 silica was synthesized based on a typical synthesis method.[28]. 8g 

surfactant P123 (EO20PO70EO20, Sigma Aldrich) was dissolved in 60mL distilled water 

and 240 mL HCl (2M) at 40°C. After complete dissolution, 16g tetraethoxysilane 

(TEOS) was added and stirred for at 35°C for 24h and transferred into an autoclave and 

heated at 100°C for another 24h. The solid powder was filtrated and dried and finally 

calcined at 550°C for 2h in air to remove the surfactant P123. 

Synthesis of porous silicon  

Magnesium powder and SBA-15 silica were mixed as 1:1 weight ratio. The 

mixture was then put in a graphite crucible, heated at 650°C for 2h in a quartz tube 

furnace under Ar/H2 atmosphere. After cooling down, the powder was first washed by 

1M HCl to remove Mg and MgO, and then washed by 10% HF to remove SiO2, and 

finally vacuum dried at 80°C to get porous Si powder. 
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Synthesis of porous Si@C 

SBA-15 silica was put in a porcelain boat and then put in the acetylene CVD for 

30min at 650°C. The resulting powder was mixed with Mg powder and went through the 

same reduction procedure as the synthesis of porous silicon 

Cell assembly and electrochemical tests 

The electrochemical tests were performed as half-cell using standard R2032 type 

coin cells, which were assembled in an argon-filled glove box. The working electrode 

consisted of active material (porous Si), conductive carbon (Super P Li) and binder 

(PVDF) (70:20:10 in weight ratio) and was cast slurry onto pure Cu foil. Pure lithium foil 

(Aldrich) was used as the counter electrode and reference electrode. The electrolyte (Ube 

Industries Ltd) consisted of 1M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate 

(DMC) (1:1 in volume ratio). 

Galvanostatic charge-discharge performance was tested on a LAND battery test 

system (Wuhan Kingnuo Electronics Co., Ltd., China). The cut-off voltage was 0.01V 

versus Li/Li+ for discharging the cell (Li insertion) and 1.5V versus Li/Li+ for charging 

the cell (Li extraction). The specific capacity was calculated based on the weight of the 

active material. 

3.3. Results and discussion 

The as prepared SBA-15 silica has mesoporous structure with pore size around 

5nm, as shown in Figure 3.4(a). At 650°C, molten magnesium flows into the 

nanostructures of silica and result in the formation of MgO-Si nanocomposite. The 
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composition of the reduction product is confirmed by XRD, see Figure 3.4(b). The 

formation of MgO and Si phases can be confirmed by Figure 3.4(c). The removal of 

MgO by HCl treatment can also be confirmed by XRD. The Si channels are around 20nm 

in thickness and the pore size is also around 20nm. The three dimensional porous 

structure provides short diffusion length for Li ions and electrons during electrochemical 

reaction. And the nanopores also provide the space to accommodate the volume changes 

during Li insertion and extraction. 

 

Figure 3.4 TEM of (a)SBA-15 mesoporous silica and (b)porous Si; (c)XRD of porous 
Si before (black) and after HCl treatment (red). 
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Figure 3.5 Nitrogen adsorption/desorption measurements. (a)BET shows the surface 
area of SBA-15 silica is 788m2/g(black) and porous Si is 810 m2/g, (b)BJH shows the 
pore size is around 10nm for SBA-15 silica (black) and 12nm for porous Si(red). 

Both SBA-15 silica and porous Si have high Brunauer–Emmett–Teller (BET) 

surface areas of 788 and 810m2/g respectively, as is shown in Figure 3.5. The pore size 

distribution determined by the Barrett-Joyner-Halenda (BJH) analysis indicates the pore 

size of SBA-15 silica is 10nm and porous Si is 12nm for, which are close to the pore 

sizes shown in the above TEM images. 

Half-cell coin cells were assembled to test the battery performances of the porous 

Si. The galvanostatic discharge-charge is carried out at the current rate of 74mA/g. We 

can see the slope plateau on the first cycle discharge curve of porous Si but disappeared 

during the second cycle. This plateau ranging from 0.8 to 0.7V is likely due to the SEI 

formation. Another plateau starting from around 0.2V is the characteristic of LixSi alloy 

formation. The irreversible capacity of the first cycle and the 30th cycle are 2967 and 

1481mAh/g, respectively, making the capacity retention as 50%. The pore structure 
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accommodates the volume change of Si and improves cycling stability compared to bulk 

Si which will fail in 10 cycles. 

 

Figure 3.6 (a)Discharge-charge curves and (b)Cycling performance for porous Si. 

3.4. Carbon coating and its effect in battery performance 

Carbon coating may improve the conductivity of the pure Si. Here we coat a thin 

layer of carbon outside the SBA-15 silica, followed by the same chemical reduction 

condition and cleaning procedure as the synthesis of porous silicon. 

TEM shows a uniform carbon coating with thickness of around 10nm, see Figure 

3.7(a). XRD shows the reduction product is crystalline Si. After chemical reduction and 

HCl removal of mgO and the residual Mg, we can see the mesoporous is well preserved 

with the carbon coating, as is shown in Figure 3.7(c-d). The carbon coating may improve 

the conductivity of the porous Si and make the discharge-charge procedure more 

efficient. But on the other hand, the carbon coating adds to the total mass of the active 

material and may reduce the capacity of Si. Also, the carbon filling to the porous 
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structure may limit the Li insertion because the constrain of volume expansion, which 

may also decrease the total capacity. 

 

Figure 3.7 (a)TEM of carbon layer after removal of the silica by 3M NaOH, (b)XRD 
of the product after chemical reduction of SBA-15 silica@C, (c,d)TEM of porous 
Si@C. 

The galvanostatic discharge-charge test is carried out at the current rate of 

74mA/g. The plateau in the first discharge curve at around 1V is due to the SEI 

formation, which also results in the irreversible capacity. The reversible capacity for the 

first and 30th cycle are 1185 and 1005mAh/g, respectively, giving a capacity retention as 

85%. This is a big improvement compared to porous Si without carbon coating which is 

just 50%. 
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Figure 3.8 (a)Discharge-charge curves of porous Si@C and (b)Comparison of the 
cycling performance between porous Si(red and black) and porous Si@C (blue and 
green). 

Although the cycling stability is greatly improved by carbon coating, the starting 

capacity is low compared to porous Si. The reason is explained as due to the mass and 

pore occupation of carbon coating. The capacity should be improved with thinner carbon 

coating layer in the future research. 
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Chapter 4 

Graphene-Silicon Nanosheets as Anode for 
Lithium Ion Batteries 

4.1. Introduction of 2D material for Lithium ion batteries 

Two-dimensional (2D) nanomaterials have received increasing interest due to 

their unique structure and their potential applications in different fields like nano-

electronics, sensors, energy storage and catalysis. Their nanoscale characteristics include 

large surface areas, high electron mobility, ballistic charge carrier transport and thus 

enhanced electrochemical properties compared to their bulk counterparts.[29] 

There have been wide studies not only on graphene and graphene based 

composites [32], but also on 2D nanosheets of transition metal chalcogenide, metal 

oxides and their composites with graphene in the Li ion battery application[37]. However 

those nanosheets are mostly fabricated by delamination of their materials with layered 
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structures, and thus the product yields are extremely low and the method is limited to 

layered materials.  

There are also many studies on graphene-silicon composites.[44]. These methods 

use graphene to wrap Si nanoparticles by forming a conductive network. We are looking 

for graphene-silicon 2D structure which can be easily prepared and mass productive for 

Li ion batteries. 

Graphene-silica sandwich structure was reported by Yang et al.[49]. Considering 

graphene oxide (GO) was negatively charged, we use cationic surfactant (CTAB) to 

concentrate on the surface of GO by electrostatic interactions. This will allow a 

heterogeneous nucleation process of tetraethyl orthosilicate (TEOS) around the surface of 

GO rather than a homogeneous nucleation process in bulk solution. TEOS can further 

hydrolyze and grow around the silica nucleus to form mesoporous silica layer on both 

sides of the GO. As a result, 2D sandwich like GO-silica nanosheets were constructed, as 

is shown in Figure 4.1(a). Electron microscopy and AFM images show that the 

nanosheets have the size of around 1µm and the thickness of around 28nm, Figure 4.1(b-

g). 
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Figure 4.1 Sandwich like GO-silica nanosheets. (a)fabrication process, (b,c) SEM 
and (d,e) TEM images, (f)AFM image and (g)corresponding thickness 
analysis taken around the white line in (f).[49] 

Here we report the study of sandwich like graphene-silicon (g-Si) nanosheets 

derived from the above product by chemical reduction method. The resulting g- Si 

nanosheets not only possess thin nature, large aspect ratio and mesoporous structure but 

also show enhanced electrical conductivity. They were tested against Li metal as half-cell 

and showed high capacity and good cycling stability. 

4.2. Method 

Synthesis of sandwich like GO-silica nanosheets 

Graphene oxide (GO) was synthesized from natural graphite flakes by Hummers 

method.[50] GO/Silica nanosheets were prepared by following another paper.[49] In a 
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typical experiment, as-synthesized graphene oxide (30mg) was firstly suspended in an 

aqueous solution containing cetyltrimethyl ammonium bromide (CTAB, 1g) and NaOH 

(40mg), and then ultrasonically treated for 3h. After magnetic stirring for 2h at 40°C, 

tetraethylorthosilicate (TEOS, 1mL) was slowly added to the above mixture. After 

reaction for 12h, the GO/silica nanosheets were obtained after washing with warm 

ethanol, separation, and drying.  

Synthesis of Si nanosheets and sandwich like g-Si nanosheets 

By pyrolysis of the GO-silica nanosheets at 800°C for 3 h in Ar/H2, we can get 

graphene-silica (g-silica) nanosheets. Put the g-silica and Mg mixture (1:1 weight ratio) 

at 650°C for 2h in Ar/H2 for the reduction and then remove the Mg and MgO by HCl, we 

will obtain the desired product g-Si nanosheets.  

 

Figure 4.2 Schematic of the method for preparing silicon and g-silicon. 
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By pyrolysis of the GO-silica nanosheets at 800°C for 3 h in air, we can remove 

the GO layer and get silica nanosheets. Following the same chemical reduction method 

and HCl treatment, we will obtain the desired product Si nanosheets.  

Cell assembly and electrochemical tests 

The electrochemical tests were performed as half-cell using standard R2032 type 

coin cells, which were assembled in an argon-filled glove box. The working electrode 

consisted of active material (Si nanosheets or g-Si nanosheets), conductive carbon (Super 

P Li) and binder (PVDF) (70:20:10 in weight ratio) and was cast slurry onto pure Cu foil. 

Pure lithium foil (Aldrich) was used as the counter electrode and reference electrode. The 

electrolyte (Ube Industries Ltd) consisted of 1M LiPF6 in ethylene carbonate 

(EC)/dimethyl carbonate (DMC) (1:1 in volume ratio). 

Galvanostatic charge-discharge performance was tested on a LAND battery test 

system (Wuhan Kingnuo Electronics Co., Ltd., China). The cut-off voltage was 0.01V 

versus Li/Li+ for discharging the cell (Li insertion) and 1.5V versus Li/Li+ for charging 

the cell (Li extraction). The specific capacity was calculated based on the weight of the 

active material. 
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4.3. Results and discussion 

The morphology of as-prepared GO-silica is characterized by SEM and TEM, see 

Figure 4.3. It has the nanosheet structure of the size up to 1µm. TEM shows mesoporous 

structure of the GO-silica nanosheet. 

 

Figure 4.3 Electron microscopy of GO-silica. (a)SEM, (b)TEM. 

After chemical reduction of the amorphous silica and g-silica, XRD showed 

crystalline structure which can be considered as our product. As is shown in Figure 4.4, 

Si and MgO phases are detected after reduction of silica and g-silica. After removal of 

MgO phase together with the residual Mg by HCl treatment, we can obtain pure Si 

nanosheets and g-Si nanosheets, respectively. 
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Figure 4.4 XRD of (a) Si nanosheets and (b) g-Si nanosheets before HCl treatment 
(black) and after HCl treatment (red). 

The morphology and microstructure of Si and g-Si nanosheets are investigated by 

transmission electron microscopy (TEM). Figure 4.5(a,b) shows the images of Si 

nanosheets. After reduction, the nanosheet structure remains but the mesoporous silica 

structure is broken while bigger pores with the size of around 10nm are forming. Si 

crystals are sintering and growing during the high temperature reduction procedure and 

have the size of 5 to 10 nm. See Figure 4.5(c,d) for g-Si nanosheets, the nanosheet 

structure is preserved better compared to Si nanosheets, and the pore size is around 2nm  

and crystal size is around 2-5nm, which are much smaller than those of Si nanosheets. 

This is due to the restrain effect of the interface between silicon and the graphene layer as 

sandwich structure. This effect will also reduce the extent of pulverization when volume 

expansion happens during Li insertion and extraction by keeping the contact between 

active material Si and conductive agent graphene. 
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Figure 4.5 TEM and HRTEM after Mg reduction of silica nanosheets and HCl 
treatment. (a), (b) Si nanosheets, (c), (d) g-Si nanosheets.  
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Figure 4.6 Nitrogen adsorption/desorption measurements of GO-silica(blue), g-
Si(black) and Si nanosheets. (a)BET analysis of surface area, (b)BJH pore size 
distribution. 

 

Figure 4.7 Discharge-charge curves of (a) g-Si nanosheets, (b) Si nanosheets. 
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Figure 4.8 Discharge-charge capacity of Si nanosheets(red and black) and g-Si 
nanosheets(blue and green) 

Half-cell coin cells were assembled to test the battery performances of the Si 

nanosheets and g-Si nanosheets. Galvanostatic discharge (Li insertion)-charge (Li 

extraction) measurements were carried out over a voltage range from 1.5 to 0.02 V to 

evaluate the electrochemical performance of the as-prepared graphene-silicon nanosheets. 

For comparison, pure silicon nanosheets were also tested under the same electrochemical 

conditions. In the case of graphene-silicon nanosheets, a high first discharge capacity of 

3500 mAh/g is achieved at a current rate of 0.2 C. This capacity is much higher than that 

of pure silicon (2500 mAh/g) nanosheets. From Figure 4.7, the first discharge curve 

analysis reveals that two domains including a slope and the plateau and mainly contribute 

to the overall discharge capacity of graphene-fixed silicon nanosheets. The first dominant 

slope from 1.5 to 0.25 V can be attributed to the formation of solid electrolyte interphase 

(SEI) films on the surface of graphene-silicon nanosheets, since it disappears in the 

second cycle. The second domain at 0.1 V should be attributed to the classic insertion of 
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lithium into reduced silicon sheets. The charge plateau at 0.3 V is the characteristic of the 

extraction of lithium from graphene-fixed silicon nanosheets and is similar to that of pure 

silicon sheets. Thus, it is known that the high capacity of graphene-silicon nanosheets 

arises mainly from that of reduced silicon. 

Cycling performance is shown in Figure 4.8. Graphene- silicon nanosheets have 

the reversible capacity of 1348mAh/g for the first cycle and 1063mAh/g for the 30th 

cycle, giving capacity retention of 79%. The stable capacity reaches 966mAh/g after 45 

cycles. On the contrary, silicon nanosheets deliver a capacity of 1724 and 367mAh/g for 

the first and 30th cycle, respectively, giving capacity retention of 21%. Both capacity and 

cycling stability are improved for the graphene-silicon compared to Si nanosheets 

because the graphene layer in the sandwich structure provides both mechanical and 

electrical contacts to the silicon layer. This sandwich like structure improves the 

conductivity and prevents the pulverization during cycling. 
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