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Abstract 

Lithium ion battery is an efficient energy storage and conversion device in our 

daily life and industry production. Several problems still limit its wider 

application, such as the low reversible capacity, short cycle life, slow charging 

rate, safety issues, etc. In order to solve these problems, the high-capacity anode 

materials, such as tin dioxide (SnO2, 781 mA h·g
-1

) and silicon (Si, 4200 mA 

h·g
-1

), have been studied. However, SnO2 and Si anode materials suffer from 

large volume change during electrochemical cycling, leading to fracture and 

pulverization of the anode materials and degradation and failure of the lithium 

ion batteries. Therefore, carbon coating technique has been used to constrain the 

volume change and alleviate the fracture. The structural integrity is guaranteed 

at the expense of overall capacity due to the lower theoretical capacity of carbon 

(372 mA h·g
-1

). This thesis is focused on the structural integrity and the capacity 

maximization of the core-shell nanostructured anode materials with either 

carbon or Si as the coating materials. Chapters 1-3 discussed the research 

background, literature reviews and research methods related to materials and 

mechanics for lithium ion batteries. From chapter 4 to 7, four kinds of core-shell 

nanostructured electrode materials were studied by experimental and/or 

theoretical approaches. Finally, conclusions, discussions and future works were 

presented in Chapter 8.  

In Chapter 4, the carbon-coated SnO2 nanowire anode material was studied by 

using theoretical methods. The fracture of the carbon shell was found to be 
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thickness-dependent during lithiation. If the thickness is lower than a critical 

value of ~9 nm, the carbon shell is prone to being cracked. A theoretical model, 

based on the theory of diffusion, was established to calculate the concentration 

of lithium ions in the nanowire during lithiation. By analogously treating the 

lithiation-induced expansion as thermal expansion, the evolution of stress and 

deformation upon lithiation was analyzed by using finite element simulation. An 

optimal thickness (~9 nm) of carbon shell was obtained so that the structural 

integrity and maximum capacity can be achieved for the carbon-coated SnO2 

nanowire electrode materials.  

In order to further improve the capacity of the anode material, the carbon-coated 

Si nanoparticle electrode was studied in Chapter 5. The carbon shell was found 

to expedite the fracture of the synthesized carbon-coated Si nanoparticles during 

lithiation. The fracture occurrence was summarized to be dependent on the 

geometrical dimensions, including the thickness of carbon shell and the 

diameter of Si core. The finite element simulation results showed that the 

carbon shell is firstly cracked due to the lithiation-induced expansion of Si core. 

Such crack propagates into the lithiated Si core upon further lithiation due to the 

elevated energy release rate near the tip of crack caused by the material’s 

inhomogeneity along the direction of crack extension. An optimal design 

guideline was thereby proposed to prevent the fracture and maximize the 

capacity for the carbon-coated Si nanoparticle electrode materials.  

To further improve the stability and capacity of the Si-based anode materials, 

the yolk-shell carbon-coated Si nanoparticles, which contain a void space 
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between the yolk and shell, were studied through in situ lithiation and 

theoretical modeling, as discussed in Chapter 6. The geometrical dimension-

dependent fracture of the nanoparticles was revealed from the experimental 

studies. A mechanics-based theoretical model was proposed to calculate the 

stress states in the carbon shell upon full lithiation. A design guideline was 

provided to maintain the structural integrity and maximize the capacity by 

optimizing the geometrical dimensions of the yolk-shell carbon-coated Si 

nanoparticles. 

Apart from voiding the fracture, interfacial stability between electrodes and 

cooper (Cu) current collector is also important for improving the performance of 

the Si-based electrode materials. In Chapter 7, the Si-coated Cu nanowires were 

synthesized though hydrothermal method and magnetron sputtering technique. 

The lithium nanostructures formed on the surface of Si shell during delithiation. 

The bulk lithium nanostructures reacted with the delithiated Si shell to form 

LixSi, inducing the fracture of the Si shell. However, the Si shell adhered well 

with the Cu core, indicating a stable cycling performance. These results showed 

the potential application of the Si-coated Cu nanowire structured anode 

materials for lithium ion batteries. 

Through the comprehensive studies of the core-shell nanostructured electrode 

materials, the lithiation/delithiation and fracture mechanisms of the high-

capacity core-shell nanostructured electrode materials were analyzed. The 

experimental and theoretical approaches should be beneficial for the study of 

other electrode materials. The optimal design guidelines proposed in this thesis 



IV 

 

should be of great value for the design of the core-shell structured electrode 

materials with supreme structural integrity and high capacity for lithium ion 

batteries.   
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Chapter 1. Introduction 

With the rapid development of electronic devices and electrical vehicles, there 

has been an enormous demand of long battery life and high capacity for the 

energy storage and conversion devices in the energy field. Lithium ion battery 

has attracted much more attention in the last decade than ever. However, several 

limitations still impede the wider application of lithium ion battery, such as the 

low energy storage capacity, low energy conversion efficiency, slow charging 

rate, safety issues, etc. Therefore, it will be a great breakthrough to solve these 

problems and develop lithium ion batteries with high capacity and stable cycle 

life. 

1.1. Basics of lithium ion battery 

Generally, a lithium ion battery is consisted by anode, cathode, electrolyte, 

current collector, separator, binder, conductive additives and so on. Fig. 1.1 

shows a lithium ion battery (full-cell) with two electrodes, liquid electrolyte and 

separator. When the lithium ions diffuse from anode to cathode through 

electrolyte and neutralize with the electrons passing through the external circuit, 

the lithiation/discharging process is accomplished. The chemical energy is 

converted to the electrical energy and the external devices will be charged. Here, 

a reduction reaction ( AA   e ) occurs at the cathode while an oxidation 

reaction (   eBB ) occurs at the anode due to the departure of electrons 

from the anode. When the delithiation/charging process occurs, the chemical 

energy is stored in the battery. The current collector is a component which 
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receives electrons from the electrodes and transports electrons to the external 

circuit, and vice versa. The separator is used to prevent short circuit between 

two electrodes and the binder is mainly applied to increase the adhesion among 

electrode materials and between electrode materials and current collector. The 

conductive additives are used to increase the electronic conductivity. 

 

Figure 1.1. Schematic of lithiation/discharging and delithiation/charging process in a 

lithium ion battery. 

There are two types of lithium ion batteries: full-cell and half-cell. A full-cell is 

consisted by all the above components while a half-cell adopts a reference 

electrode in order to simplify the measurement and analysis during 

electrochemical reaction and study the properties of single anode or cathode 

material. The batteries discussed in this thesis are normally half-cells unless the 

type is pointed out in the related text. The electromotive force is the electrical 

potential energy of a unit charge inside the electrical field. The voltage is the 

driving force in the electrical field, which is equal to the difference of electrical 
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potential between two points in the circuit. Generally, the voltage is influenced 

by several factors, including temperature and pressure. During discharge 

process, the voltage is lower than the open circuit voltage since the cell is not in 

the balance state of thermal dynamic. On the contrary, the voltage is higher than 

the open circuit voltage during charge process due to internal resistance, over-

charge, low ionic conductivity, impurities in the electrode materials, 

concentration polarization, etc. The capacity of the battery, which is the number 

of total charge after full discharge at given condition and time, is given by  

 xFC T
 

where F is the Faraday constant and x is the mole number of electrons during 

discharge process. Due to the incomplete reaction of the reactants, the real 

capacity 
PC  is lower than 

TC . The relationship between real capacity and 

current is 

 iCh /P  

where h is the time required for full charging/discharging and i is the current. 

The charge/discharge rate rateC  can be determined as the reciprocal of h. That is 

to say, when rateC  is increased, the time required for full charging/discharging is 

decreased. The capacity includes the mass capacity and volume capacity which 

have the units of mA h·g
-1

 and mA h·cm
-3

, respectively. 

In addition to capacity, the cycle life of lithium ion battery is another key factor 

which determines the performance of battery. It means the charging and 

discharging cycle number until the battery is failed. The cycle life is dependent 
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on the structural integrity of the battery materials upon repeated charging and 

discharging. An irreversible capacity loss after first cycle can be observed due 

to the formation of a solid electrolyte interface on the surface of electrode 

materials. A high-performance lithium ion battery should have long stable cycle 

life as well as high capacity. 

1.2. Anode materials  

Lithium metal was firstly used as anode material for lithium ion battery due to 

its high capacity (3860 mA h·g
-1

) during cycling. However, dendrite structure 

forms on the surface of lithium metal and leads to the short circuit of the battery. 

In addition, if lithium anode material contacts with water, a large amount of heat 

will be released. The high temperature results in the thermal decomposition of 

the active materials, electrolyte and solid electrolyte interface, induces the 

collapse of the whole structure and probably leads to the inflammation and 

explosion of the battery. 

In order to solve these safety issues, carbon-based anode materials, including 

graphite, amorphous carbon, carbon nanofiber/nanotube and so on, were 

developed to substitute the lithium metal. During lithiation of the anode 

materials, the lithium ions are inserted into the carbon-based anode material 

through a reduction reaction: 

  10 CLiLiC 66   xxex x  

The structure of the carbon-based anode material changes slightly with only ~12% 

volume expansion since the lithium ions are inserted into the interlayer space of 
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the carbon, indicating a stable and safe structure during cycling. Carbon-based 

anode also has high electronic conductivity due to the free π electrons moving 

freely in each interlayer. However, the low capacity (372 mA h·g
-1

) is the 

drawback which limits the further application of carbon-based anode materials.  

In order to satisfy the increasing demand of long battery life as well as high 

capacity, other high-capacity anode materials, such as silicon (Si) (4200 mA 

h·g
-1

), tin (Sn) (992 mA h·g
-1

) and their alloy and composite materials, have 

been widely studied. In comparison to the insertion and extraction of lithium 

ions in the carbon-based anode materials, the lithiation and delithiation in these 

anode materials are the alloying and dealloying processes by the following 

reaction:  

 MLiLiM xxex  
 (  lithiation,   delithiation) 

During the above reaction process in the anode materials, the voltage is 

decreased and a huge volume change occurs. The influence of decrease in 

voltage can be avoided if the working voltage is enough high. However, the 

huge volume change is a significant problem for keeping the stability and 

durability of lithium ion battery. For Si anode, one Si atom reacts with 4.4 

lithium ions, leading to ~400% volume expansion during lithiation. Under this 

circumstance, the ionic bonds in the Li-Si alloy can be easily destroyed. 

Generally, for inorganic materials composed of ionic bonds, the threshold strain 

under which no fracture occurs is around 5%. Therefore, such huge volume 

change may induce the fracture and pulverization of the anode materials, as 

shown in Fig. 1.2a. In addition, the solid electrolyte interface forming on the 
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surface of the anode materials will be fractured and new solid electrolyte 

interface will form and consume the electrode materials and electrolyte during 

cycling, as shown in Fig. 1.2b. Combination of the fracture of anode materials 

and the repeated formation and fracture of solid electrolyte interface leads to 

pulverization of the bulk electrode materials, the loss of electronic conductivity, 

the low capacity retention and the failure of the whole battery, as shown in Fig. 

1.2c. 

  

Figure 1.2. Schematics of (a) fracture and pulverization of the electrode material due to 

the volume change during cycling, (b) consumption of the electrode material by the 

repeated fracture and formation of solid electrolyte interface during cycling and (c) 

fracture and pulverization of the electrode materials during cycling.  

Several methods have been utilized to mitigate the volume change problem. For 

example, nanoscale design of the anode materials has been shown to be an 

effective approach since it releases the stress and prevents the fracture in the 
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bulk materials. Another method is to synthesize the alloy and composite 

materials based on Si or Sn. The volume change will be deceased due to fewer 

amounts of lithium ions being inserted into the anode materials. Coating 

materials with better electronic conductivity have also been applied to constrain 

the volume change of the anode materials which can effectively prevent the 

fracture and help achieve a longer cycle life. Modification and revision of the 

battery components, such as electrolyte, binders, conductive additives and 

current collectors, show the capability to improve the electrochemical 

performance of the lithium ion battery. 

1.3. The goal and outline of this thesis 

The goal of this thesis is to study the lithiation/delithiation and fracture 

mechanisms of core-shell nanostructured high-capacity anode materials and 

propose the optimal design guidelines to achieve high capacity and long stable 

cycle life for the high-performance lithium ion batteries. In Chapter 2, we firstly 

reviewed recent studies on the high-capacity anode materials, especially the 

SnO2 and Si anode materials, including the nanoscale design approaches, the 

lithiation/delithiation mechanism, the core-shell nanostructured design, other 

approaches to improve the electrochemical performance and some mechanics-

based measurement and analysis. Then in Chapter 3, the synthesis and 

characterization methods and in situ lithiation/delithiation approaches of the 

high-capacity anode materials were discussed, followed by fundamental reviews 

of diffusion equations, fracture mechanics and finite element method. 

Subsequently, the thickness-dependent fracture of the amorphous carbon shell in 

the carbon-coated SnO2 nanowire electrode was studied in Chapter 4. An 
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optimal thickness was determined to minimize the amount of carbon and avoid 

the fracture of the shell by theoretical modeling and finite element simulation. 

In Chapter 5, the fracture mechanism of the synthesized carbon-coated Si 

nanoparticle electrode materials was studied through in situ lithiation and finite 

element simulation. It was found that the carbon shell probably expedites the 

fracture of Si nanoparticle during lithiation. Such fracture can be prevented and 

the capacity can be maximized through optimizing the geometrical structures of 

the electrode materials. Then in Chapter 6, the lithiation-induced fracture of the 

yolk-shell carbon-coated Si nanoparticle electrode materials was studied 

through the observation of in situ lithiation. By optimizing the geometrical 

structures of the electrode materials through theoretical modeling, the fracture 

can be avoided and the highest capacity can be achieved. In the following 

Chapter 7, the Si-coated copper core-shell nanowire electrode materials were 

synthesized to study the structural integrity of the Si electrode materials on the 

modified copper current collector during electrochemical cycling. The lithium 

nanostructures formed during the delithiation process which may induce the 

volume expansion and lead to the fracture of the Si shell. Finally, the results of 

this thesis were summarized and discussed, followed by the outlook to the 

future work in Chapter 8.   
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Chapter 2. Research background and literature review 

Since the known cathode materials provide limited specific capacities, a large 

amount of studies have been focused on developing and optimizing high-

capacity anode materials, such as tin dioxide (SnO2) and silicon (Si) materials. 

Nevertheless, these anode materials form alloy with lithium ions and suffer from 

large volume change during cycling, leading to the fracture of anode and 

capacity fading of battery. Over the years, researchers have adopted different 

approaches to solve the volume change problem in order to commercialize these 

high-capacity anode materials. 

2.1. SnO2 anode materials  

2.1.1. Electrochemical performance  

The SnO2 anode materials have a theoretical capacity of 781 mA h·g
-1

, which is 

around twice of the capacity of carbon anode materials. During lithiation 

process, the lithium ions are reacting with the SnO2 anode material by the 

alloying and dealloying electrochemical processes as [1] 

 SnO2Li4eSnO4Li 2

-

2 
 (2.1) 

  4.40Sn LieLiSn -   xxx x  (2.2) 

In Reaction (2.1), the irreversible chemical transformation occurs with the 

reduction of SnO2 into Sn. The large irreversible capacity loss during first 

lithiation results from this chemical reaction. Reaction (2.2) represents the 
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reversible chemical reaction between Sn and lithium ions, leading to the 

reversible capacity during the electrochemical cycling. Up to 4.4 lithium ions 

can be alloyed with each Sn atom, corresponding to a high theoretical capacity 

of 781 mA h·g
-1

. A reaction potential of ~0.6 V vs. Li/Li
+
 is required for the 

reaction between lithium ions and Sn, which is moderately higher than that of 

carbon-based materials (~0.2 V vs. Li/Li
+
) [2]. Such a low potential can on the 

one hand avoid the safety issues of the deposition of active metallic lithium on 

the anodes and on the other hand ensure the conjunction with widely used 

cathode materials, such as LiCoO2 and LiFePO4, to construct a secondary 

lithium ion battery with an overall cell potential of more than 3V.  

  

Figure 2.1. SEM images showing the morphology of the thin film SnO2 anode material 

prepared by electrostatic spray deposition method (a) before and (b) after cycling (20 

cycles) (adapted from [3]). 

However, the biggest problem for SnO2 anode material is the large volume 

change (~280%) during cycling. Such a large volume change induces a high 

internal stress in the anode materials, leading to the fracture, pulverization and 

disintegration of the anode materials and loss of electric contact with the current 

collector after cycling, as shown in Fig. 2.1 [3]. These problems result in the fast 
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capacity fading and unstable cycle life of the SnO2 anode materials, hindering 

its wide application in lithium ion battery [3-5]. The capacities of the thin film 

SnO2 anode materials decay quickly within 50 cycles, as shown in Fig. 2.2 [5]. 

The SnO2 anode materials were synthesized by three different approaches 

(marked by A, B and C) and the cut-off voltage is 0.2 – 1.3 V vs. Li/Li
+
.  

 

Figure 2.2. Electrochemical cycling performance of the thin film SnO2 anode materials 

(adapted from [5]).  

2.1.2. Nanoscale design 

Downsizing the anode materials to nanoscale is an effective way to improve the 

electrochemical performance of the SnO2 anode materials [6-9]. The 

nanostructures include 0-dimensional (0-D) nanoparticles [10-14], 1-

dimensional (1-D) nanowires [15-17] and nanotubes [18-20], 2-dimensional (2-

D) nanosheets [21,22] and 3-dimensional (3-D) hollow [23-25] and porous 

nanostructures [26,27], as shown in Fig. 2.3.  
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Figure 2.3. Schematics of the nanoscale structures of (a) 0-D nanoparticles, (b) 1-D 

nanowires and nanotubes, (c) 2-D nanosheets and (d) 3-D hollow and porous 

nanostructures.  

The 0-D SnO2 nanoparticles were synthesized through different approaches and 

decreasing the sizes to several nanometers was shown to achieve the best 

electrochemical performance [11,12]. The micro-structured SnO2 anode 

materials assembled by the SnO2 nanoparticles, such as the hollow microspheres 

[13] and the mesoporous microspheres [14], showed much better 

electrochemical performances than the thin film anodes. However, the 

nanoparticle electrodes tend to aggregate during cycling and become vulnerable 

to pulverization and fracture [18]. On the contrary, the 1-D nanostructure has 

curved surface and is less mobile than the 0-D nanostructure, indicating less 

chance of aggregation during cycling. For the SnO2 nanowire electrode 

materials, the large surface-to-volume ratio and high aspect ratio increase the 

electronic and ionic conductivity due to the 1-D nanowire character and provide 

more reaction cites along the nanowire than the bulk materials during cycling, 

leading to better cycling performance [16]. The SnO2 nanotube structure has one 

more advantage: it can accommodate the volume change by its internal space, 

which thereby results in lower stresses [18]. The extremely thin 2-D nanosheet 

structure shortens the pathway of electrons and lithium ions and accommodates 

the large volume change due to its high flexibility [21]. The 2-D SnO2 



Chapter 2. Research background and literature review 

13 

 

nanosheets were utilized to fabricate 3-D hierarchical structures to avoid dense 

aggregation, increase interconnections among nanosheets, accommodate the 

large volume change and facilitate the insertion and extraction of lithium ions 

[27]. The 3-D nanostructures, such as the hollow structures [23,25,28] and the 

nanoboxes [24], are able to withstand the volume change by the void space, 

increase capacity especially at high rate cycling by the large surface area and 

improve the diffusion of lithium ions through the thin walls. 

These kinds of nanoscale design increase the surface/volume ratio and the 

contact interface between electrode and electrolyte, leading to fast electronic 

and ionic transportation. Besides, the nanomaterials are more resistant to 

compressive and tensile stress and strain than the bulk materials, resulting in 

stable structure during electrochemical cycling. The nanomaterials are also 

believed to ameliorate the irreversible electrochemical reactions in the anode 

materials [29]. 

2.1.3. Lithiation and delithiation mechanism 

To further improve the electrochemical performances of the nanoscale SnO2 

anode materials, it is required to understand the reaction process and the failure 

mechanism of the SnO2 nanostructures during lithiation and delithiation. Several 

issues cause the failure of the anode materials: the fracture or pulverization due 

to the extremely large volume change, the repeated fracture and formation of the 

solid electrolyte interface, the separation of anode materials from the current 

collector and so on. In order to investigate the mechanism behind the above 

issues, in situ lithiation and delithiation techniques have been used to reveal the 
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phenomena of lithium ion insertion and extraction and the fracture and failure 

mechanisms of the nanostructured anode materials [30-32].  

In situ TEM has been widely used in real-time measurements of the materials’ 

structure and properties [33-40]. This technique provides exact morphology 

evolution, high spatial atomic scale resolution and real-time composition and 

structure analysis. Until recently, the in situ TEM was utilized to study the 

electrochemical process in the lithium ion battery [41-44]. The nano-battery 

setup inside the TEM generally includes two types: the sealed cell [45,46] and 

the open cell [41-44]. The sealed cell adopts an electron-transparent layer to 

separate the volatile electrolyte from high vacuum. The electrolytes with high 

vapor pressure, such as ethylene carbonate, diethyl carbonate and dimethyl 

carbonate, which are normally used in real lithium ion batteries, can be used 

inside the TEM [30]. The electrode materials can be directly observed when 

immersed in the electrolyte. However, it takes much workload to assemble the 

complex setup and much care should be taken to avoid the leakage of the 

electrolyte. It is difficult to control and manipulate the electrode materials and 

conduct the composition and structure analysis. Also, since the electrons need to 

penetrate through the transparent layer, the image quality is usually poor. 

Therefore, the open cell was developed in which the electrolytes are vacuum-

compatible. Two kinds of electrolytes were used: the liquid electrolyte with 

extremely low vapor pressure [41-43] and the solid lithium-containing 

electrolyte [44]. The open cell offers much higher resolution and positioning 

control due to the direct observation, unlike those in the sealed cell. Since only 

the electrode materials are lithiated and delithiated, the effects from other 
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battery components can be eliminated. Fig. 2.4a shows the schematic of an open 

cell setup for the in situ lithiation and delithiation, in which the electrolyte can 

be liquid or solid. The liquid electrolyte, due to the high surface tension force 

and fluidity, is more suitable for the 1-D anode materials with high aspect ratio. 

But it suffers from fast degradation when subject to electron beam exposure if 

the electron dosage is higher than ~10
-3

 A·cm
-2

, leading to loss of lithium ion 

transportation capability. The solid electrolyte, usually the Li2O layer on the 

surface of lithium metal, is a lithium ion conductive but electron insulated 

material [47]. Unlike the immersing of partial or entire electrode materials in 

liquid electrolyte, the electrode contacts with the solid electrolyte, making it 

visible with size down to a few nanometers. The electron beam dose cannot be 

high otherwise the Li2O solid electrolyte is easy to be decomposed. 

 

Figure 2.4. (a) Schematic of the nanoscale open-cell setup for in situ 

lithiation/delithiation. (b) The nanowire anode is partially lithiated after a voltage is 

applied. 
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As shown by the schematic setup in Fig. 2.4a, the electrode materials, such as 

the nanowires or the nanoparticles, are adhered on one current collector by 

conductive epoxy and the reference electrode materials are adhered on the other 

current collector. A solid or ionic liquid electrolyte is used to provide the 

pathway for diffusion of lithium ions and prevent the penetration of the 

electrons. After the electrode materials contact with the electrolyte and a voltage 

is applied, the electrode materials will be lithiated, as shown in Fig. 2.4b. 

Huang et al conducted the in situ lithiation in a single crystalline SnO2 nanowire 

electrode [41]. The nano half-cell was consisted by a SnO2 nanowire anode, an 

ionic liquid electrolyte and a LiCoO2 cathode. After applying a voltage of -3.5 

V, the nanowire was elongated by 60% and expanded in the radial direction by 

45% during lithiation, corresponding to a total volume expansion of ~240%. 

Another interesting phenomenon was the moving reaction front, which is a 

dislocation cloud separating the pristine crystalline SnO2 and the reactants of 

amorphous LixSn and tetragonal Sn nanoparticles dispersed in amorphous 

matrix, as shown in Fig. 2.5. The pristine crystalline phase and lithiated 

amorphous phase were separated by the reaction front of the dislocations, 

accompanied by the volume expansion of lithiated part. A large in-plane misfit 

stress was induced as the reaction front propagated. Such a large volume 

expansion, the phase transformation and plasticity, and the large stress 

accumulation during lithiation can be the major reasons for the cracking and 

fracture of the SnO2 anode materials, leading to their poor electrochemical 

performance. This study provided an approach to observe the nanoscale 
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lithiation process and important mechanics-based insight for the design of 

lithium ion batteries.  

 

Figure 2.5. The moving reaction front during in situ lithiation of a single SnO2 

nanowire anode material (adapted from [41]). 

Further studies provided more details about the structure and phase evolution of 

the SnO2 nanowire during in situ lithiation. The nanowire was fully soaked in 

the ionic liquid electrolyte and after initial charge, the single crystalline 

structure of the SnO2 nanowire became amorphous through a solid-state 

amorphization process, followed by the nucleation and growth of the LixSn 

particles [42]. With the coarsening of the LixSn particles, Sn was consumed, 

leading to the formation of LiyO amorphous phase. Later studies also found in 

atomic scale that the lithium ions prefer to diffuse along the [001] direction in 

the  200  planes, accompanied by the generation of lithiated stripes and mixed 

dislocations in front of the reaction front which facilitated the insertion of 

lithium ions into the crystalline SnO2 nanowire [43,44]. At the later stages of 

lithiation, both Sn and LixSn nanoparticles were observed to form in the matrix 

of Li2O. 
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2.2. Silicon anode materials  

2.2.1. Electrochemical performance  

Back to the 1970s, Li-Si alloys was found to form through the charge-discharge 

cycles of a high-temperature cell tested in the range of 650 – 750 K [48]. 

Further studies revealed that Li12Si7, Li14Si6, Li13Si4 and Li22Si5 alloys formed 

during the alloying process of lithium ions in the silicon anode materials [49]. 

Up to 4.4 lithium ions can be accommodated by each silicon atom, leading to a 

theoretical capacity of 4200 mA h·g
-1

. Unlike the multi-step reactions of the 

SnO2 anode, the electrochemical alloying/dealloying process of Si anode 

involves the following reversible reaction as  

  4.40 SiLieSiLi -  xxx x  (2.4) 

The above reaction is accompanied by a volume change of ~400%, leading to 

pulverization and fracture of the Si anode materials and loss of ionic and 

electronic conductivity. Due to the arising of the internal resistance and 

consumption of the useful anode materials and electrolyte, the Si powder anode 

materials and micro thin film Si anodes showed poor cycling performance [50-

52]. Even though obtaining a high initial charge capacity of 3260 mA h·g
-1

, only 

~35 % coulombic efficiency is achieved during the first cycle, as shown in Fig. 

2.6 for the micro Si powder anodes. The capacity fades to a value lower than 

200 mA h·g
-1

 within 10 cycles with a cut-off voltage of 0 – 2 V vs. Li/Li
+
. 
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Figure 2.6. Galvanostatic charge-discharge voltage profiles for the Si powder anode 

materials within 10 cycles (adapted from [50]). 

It can be seen that the long potential plateau of ~0.1 V represents the formation 

of the Li-Si alloy during lithiation process, accompanied by a large volume 

expansion. The delithiation process mainly occurs above 0.4 V, accompanied by 

the large volume contraction and loss of electronic contact between the anode 

materials and the current collector during discharge process. The potential 

reaches at the discharging cut-off limit (2 V) earlier due to the abrupt increase of 

internal resistance, leading to the incomplete dealloying reaction and a much 

lower discharge capacity. The working potential of silicon anode ranges 

between 0 and 0.4 V, which is applicable for the lithium ion batteries.  

2.2.2. Nanoscale design 

In order to improve the electrochemical performance of the Si anode materials, 

different nanostructural design approaches have been studied [53-58]. The 0-

dimensional (0-D) Si nanoparticles were synthesized by laser-induced silane gas 
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reaction, as shown by the SEM images in Fig. 2.7a [59]. The Si nanoparticles 

were mixed with carbon black and polyvinylidene fluoride as anode materials 

with a weight ratio of 4:4:2. Fig. 2.7b shows the morphology of the aggregated 

Si nanoparticles after first cycle and Fig. 2.7c shows the cycling performance of 

the cell by using the above anode materials with a cut-off voltage of 0 – 0.8 V vs. 

Li/Li
+
. In comparison with Fig. 2.6, both the reversible capacity and the cycle 

life of the Si anode materials have been improved due to the decreased sizes of 

the Si particles. The electrochemical performance of the Si nanoparticles was 

further improved by preparing the electrode materials using the method of 

aqueous processing in an acidic medium [60]. The Si nanoparticles prepared in 

buffered pH 3 solution show better performance than those prepared in 

deionized water or aqueous H2SO4 pH 3 solution. Such Si nanoparticle anode 

materials achieve a long cycle life of more than 700 cycles and a high reversible 

capacity of 960 mA h·g
-1

 with respect to the electrode (or 1200 mA h·g
-1

 with 

respect to Si), as shown in Fig. 2.7d. The mechanical strength is improved and 

the electronic contact becomes better by the enhanced covalent bonding 

between the Si nanoparticles and the carboxymethyl cellulose (CMC) binder 

due to the buffered pH 3 solution. It was also found that a critical size of ~10 

nm for the Si nanoparticles exists so that the best electrochemical performance 

can be achieved [61], as shown by the blue symbols in Fig. 2.7e. The ~10 nm 

nanoparticle anode shows much better performance than the ~5 nm (red 

symbols) or ~20 nm (black symbols) Si nanoparticle anode materials. The 

performance is also better than the previous reported results of the nestlike Si 

particles anodes [62] and the commercial Si powder anodes [63]. Better 

performance can be obtained by carbon coating technique, indicated by the 
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orange symbols in Fig. 2.7e. It has also been reported that the Si nanoparticles 

can be synthesized by using the rice husks as Si source and the anode achieves a 

long cycle life of more than 300 cycles with a high reversible capacity of 2790 

mA h·g
-1

 [64]. 

 

   

 

Figure 2.7. SEM images showing the morphology of the Si nanoparticles (a) before and 

(b) after first cycle. (c) Galvanostatic charge-discharge voltage profiles for the Si 

nanoparticle anode materials for 22 cycles (adapted from [59]). Electrochemical 

cycling performance of the Si nanoparticle anode materials (d) prepared by aqueous 

processing in an acidic medium (adapted from [60]) and (e) with different sizes of 5 nm 

(red), 10 nm (blue) and 20 nm (black) and the carbon-coated 10 nm Si nanoparticle 

anodes (orange) (adapted from [61]). 
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The 1-dimensional (1-D) Si nanowire anode materials were synthesized through 

different approaches, such as the vapor-liquid-solid synthesis process [65] and 

the metal-induced chemical etching process [66]. Due to the large aspect ratio of 

the 1-D Si nanowires as shown in Fig. 2.8a, the anode materials have short 

lithium insertion pathways and good electrical contact with the current collector. 

The synthesized Si nanowires were directly grown on the stainless steel current 

collector, as shown by the inserted image of the cross sectional view in Fig. 2.8a. 

In this way, binders and conducting additives are not required. The 

arrangements of the Si nanowires provide good mechanical strength and enough 

space to accommodate the volume change during cycling. After cycling, the 

sidewalls of the Si nanowires become rough as shown in Fig. 2.8b, the diameter 

of the Si nanowires is increased by ~58% but the Si nanowires still remain 

contact with the current collector. In comparison with Si nanocrystal and 

graphite anode materials, the Si nanowire anode materials achieve much higher 

reversible capacity at the rate of C/20, indicating improved electrochemical 

performance, as shown in Fig. 2.8c. The high capacity loss during the first cycle 

can be eliminated by prelithiation technique on the Si nanowire anode materials 

[67].  
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Figure 2.8. SEM images showing the morphology of the Si nanowire anode materials (a) 

before and (b) after cycling. Inserted is cross-sectional view. (c) Electrochemical 

cycling performance of the Si nanowire anode, the Si nanocrystal anode and the 

graphite anode materials (adapted from [65]). 

The 1-D Si nanotube anode materials were synthesized to improve the 

electrochemical performance through reductive decomposition of silicon 

precursor in alumina template and etching process [68], chemical vapor 

deposition of Si on sacrificed hydrothermally grown nanorod template [69] and 

surface sol-gel reaction on electrospun organic nanowires [70]. The high 

specific surface area and the large aspect ratio, as shown in Figs. 2.9a and b, 

facilitate the transportation of lithium ions and the internal space of the 

nanotube accommodates the large volume change during cycling. Fig. 2.9c 

shows that the Si nanotube anode materials still remain integrity after 200 cycles. 

The electrochemical performance, tested by a pouch-type lithium ion cell with 

LiCoO2 as the cathode material and the Si nanotube as anode materials at the 
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rate of 3 A·g
-1

, indicates high reversible capacity and coulombic efficiency, as 

shown in Fig. 2.9d. The good electrochemical performance of the Si nanotube 

anode materials demonstrates their potential application for lithium ion battery.  

  

  

Figure 2.9. SEM images showing the morphology of the Si nanotube anode materials 

(a-b) before and (c) after 200 electrochemical cycles. (d) Electrochemical cycling 

performance of the Si nanotube anode materials (adapted from [68]). 

The 2-D Si nano thin film anode materials, synthesized through different 

vacuum deposition approaches, showed good electrochemical performance [71-

74]. According to the Griffith-Irwin relation, the fracture strength increases 

when the thickness of the thin film decreases [75]. The Si nano thin film anode 

material has higher fracture resistance than thicker film when subject to the 

volume change during lithiation and delithiation. Figs. 2.10a and b show the 

morphology of the Si nano thin film anode materials [71]. The Si nano thin film 

anode obtains better cycling performance than the Si nanocrystal, the bulk Si 
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and the graphite anodes at the rate of C/4, as shown in Fig. 2.10c [71]. Further 

studies [72,73] showed that the vacuum deposited Si nano thin film on the 

roughened Ni current collector achieved long cycle life of over 3000 cycles with 

a high reversible capacity of over 2000 mA h·g
-1

. The improved cycling 

performance is attributed to the anti-pulverization characters of the nano thin 

film structures and the increased interfacial strength between the anode 

materials and the roughened current collector. The current collector was also 

developed to combine with soft substrate to release the stresses in the Si thin 

film anode [74]. When subject to volume change during cycling, the soft 

substrate will deform and balance the buckling-induced bending and 

electrochemically lithiation/delithiation-induced in-plane stress in the Si thin 

film anode.  

   

Figure 2.10. TEM images showing the (a) planar view and (b) cross-sectional view of 

the evaporated Si nano thin film. Inserted is the electron diffraction pattern showing the 

amorphous structure of the Si thin film. (c) Electrochemical cycling performance of the 

Si nano thin film, the Si nanocrystal, the bulk Si (adapted from [59]) and the graphite 

anode materials. The dark and light symbols show the discharge and charge capacities, 

respectively (adapted from [71]). 

The 3-D Si porous structured anode materials were synthesized through various 

approaches [76-88]. The 3-D Si macroporous anode was synthesized through a 
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magnesiothermic reduction approach by using mesoporous silica powder as Si 

source [76]. The mean pore size, as shown in Figs. 2.11a and b, is around 200 

nm. The electrochemical performance in Fig. 2.11c reveals that the 

macroporous structure obtains a cycle life of over 100 cycles and a reversible 

capacity of over 1600 mA h·g
-1

 with a cut-off voltage of 0.005 – 1.0 V vs. 

Li/Li
+
 at the rate of 0.2C. The improved cycling performance is attributed to the 

sufficient void space which can accommodate the volume change during 

lithiation and delithiation. The cycling performance was further improved to 

achieve more than 1000 cycles with a reversible capacity of ~750 mA h·g
-1

 [85]. 

The volume expansion was controlled to below 30% at full lithiation and no 

pulverization was observed based on in situ TEM characterizations. Besides the 

micro-sized porous structure, the 3-D Si nanoporous spheres were prepared by a 

hydrolysis process with surface-protected magnesiothermic reduction, as shown 

in Figs. 2.11d and e [88]. The anode material obtains a high reversible capacity 

of ~1500 mA h·g
-1

 at a current density of C/2 after 500 cycles, as shown in Fig. 

2.11f. In addition to the large void space, the good cycling performance is due 

to the homogenous stress-strain distribution inside the nanoporous Si sphere 

during electrochemical cycling. 
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Figure 2.11. (a) SEM and (b) TEM images showing the morphology of the 3-D Si 

macroporous anode material. (c) Voltage profile showing the electrochemical 

performance of the Si macroporous anode material (adapted from [76]). (d) SEM and (e) 

TEM images showing the morphology of the 3-D Si nanoporous anode material. (f) 

Electrochemical cycling performance of the Si nanoporous anode material (adapted 

from [88]). 

The electrochemical performance of the Si anode materials has been improved a 

lot by the nanoscale design approaches. Due to the different synthesis and 

testing approaches, as well as the various electrolytes, cathode materials and 

battery structures, it is difficult to judge which nanostructure is the best one. In 

order to further improve the performance, on the one hand new structures are 

required to be designed and on the other hand further optimization on the 

existing structures should be studied. 
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2.2.3. Lithiation and delithiation mechanism  

In order to find out the failure mechanism of the nanostructured Si anode 

materials and provide guidance to improve the electrochemical performance of 

these materials, in situ lithiation and delithiation characterizations have been 

conducted. The crystalline Si nanowire shows anisotropic swelling during 

lithiation [47,89-91]. Fig. 2.12a shows the pristine crystalline Si nanowire with 

a twin boundary parallel to the axis, as shown in Fig. 2.12b. The crystalline 

directions are confirmed by the electron diffraction pattern in Fig. 2.12c. The 

lithiation process can be seen from Figs. 2.12d-f, in which the reaction front, 

marked by the red arrow, propagates from the end of the lithium metal to the 

other end with a diametric expansion of only 17% when observed from the  011  

direction. A larger expansion can be seen by tilting the nanowire to the viewing 

direction of  111  and a crack can be observed in the center of the lithiated Si 

nanowire, as shown in Fig. 2.12h. By examining the volume expansion of all the 

nanowires, the radial expansion (~170%) along 110  direction is much higher 

than that (~20%) along 111  direction. Crack develops in the central axis of 

the nanowire after the residual Si core is completely consumed, leading to a 

splitting of the nanowire, as shown in Fig. 2.12h. This lithiation-induced 

fracture of the crystalline Si nanowire is induced by its anisotropic volume 

expansion, indicating that the nanowires grown along the 110  axis can best 

suppress the fracture since the volume expansion will be mainly along the 

longitudinal direction of the nanowire. Such anisotropic volume change can be 

used for optimal design of the nano pillar array Si anode materials. For example, 

the volume change of the 110 -oriented Si nanopillar is along the out-of-plane 
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axis direction, leading to better adhesion with the current collector. Besides, the 

volume expansion of the 111 -oriented Si pillar is along the in-plane six 110  

directions, leading to widening rather than elongation of the nanopillars. Due to 

the isotropic lithiation process, the amorphous Si nanowire should be more 

resistant to crack than the crystalline one.  

 

Figure 2.12. TEM images showing the (a) morphology and (b) crystallographic 

directions of the pristine Si nanowire which are confirmed by the electron diffraction 

pattern in (c). (d-f) Snapshots of the lithiation process of the Si nanowire. Volume 

expansion of the Si nanowire viewed from (g)  011  and (h)  111  directions (adapted 

from [47]). 

Further studies of the Si nanowire and the amorphous Si layer-coated carbon 

nanotube showed that the Si firstly transforms to an amorphous LixSi phase and 

spontaneously crystallizes to a Li-Si compound by a congruent phase transition 
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process when the stoichiometric number x of a-LixSi reaches 3.75 [92-98]. A 

structure of crystalline Si core and amorphous LixSi shell forms after lithiation 

since the lithiation occurs from the surface towards the central axis of the Si 

nanowire [94]. For the amorphous Si-coated carbon nanofiber, due to the fast 

lithiation along the a-Si/carbon interface, a sandwich-lithiation mechanism was 

observed during in situ lithiation [99]. An electrochemical welding of cross-

contact Si nanowires was observed, which is believed to improve the facile 

diffusion of lithium ions, increase the energy density and obtain a self-healing 

mechanism for lithium ion battery [100].  

Besides Si nanowires, Si nanoparticles have also been widely studied. A size-

dependent fracture phenomenon was observed for both crystalline and 

amorphous Si nanoparticles [101,102]. Figs. 2.13a-e show the lithiation-induced 

fracture of a crystalline Si nanoparticle, in which crack initiates at the surface 

and propagates into the center, leading to the fracture of the nanoparticle. It was 

found that the tensile stress generated in the outer layer of the lithiated Si shell 

is responsible for the crack initiation. The polycrystalline structure of the 

lithiated Si is confirmed by the electron diffraction pattern as shown in Fig. 

2.13f. The threshold sizes, below which no fracture occurs during lithiation, are 

~150 nm and ~870 nm for crystalline and amorphous Si nanoparticles, 

respectively. The decreased threshold size for crystalline Si nanoparticle may be 

due to several reasons: the larger volume expansion of crystalline Si upon 

lithiation than the amorphous one, the stress intensification due to the 

anisotropic lithiation in crystalline Si and so forth [102]. The reaction front in 

the Si anode materials is a sharp interface (~1 nm thickness) separating the 
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lithiated Si and pristine part. For crystalline Si, the reaction front moves through 

a ledge mechanism and slows down during lithiation [103-105].  

 

Figure 2.13. (a-e) Snapshots of the lithiation-induced fracture of a crystalline Si 

nanoparticle and (f) electron diffraction pattern of the lithiated Si at the end of lithiation 

(adapted from [101]). 

2.3. Core-shell structured anode materials 

The degradation of the high-capacity electrode nanomaterials is mainly caused 

by the volume change-induced fracture upon lithiation and delithiation, 

especially for those with sizes larger than the threshold values, as shown in Fig. 

2.13. Another issue exacerbating the consumption of electrode materials and 

electrolyte is the repeated fracture and formation of the solid electrolyte 

interface on the surface of the electrode materials during cycling. Consider the 

bulk electrode materials consisted by the nanomaterials; the disintegration of 

electrode materials and loss of electronic contact between the bulk materials and 



2.3. Core-shell structured anode materials 

32 

 

the current collector lead to the capacity fading and short cycle life of the 

lithium ion battery. In order to solve the above issues and improve the cycling 

performance of the electrode materials, coating materials, such as carbon [106-

114], metal [115-118] and oxide [117,119], have been used to constrain the 

volume change and prevent the fracture of solid electrolyte interface. The solid 

electrolyte interface survives due to the decreased volume change and the Si 

electrode will not be consumed as long as the structural integrity of shell can be 

maintained during cycling, as shown in Fig. 2.14.  

 

Figure 2.14. Stable cycling of (a) carbon-coated Si nanoparticle/nanowire electrode and 

(b) yolk-shell carbon-coated Si nanoparticle/nanowire electrode. 

The electrochemical performance of the carbon-coated SnO2 and Si anode 

materials has been widely studied. Figs. 2.15a-c show the morphology of the 

carbon-coated Si nanoparticle anode materials prepared by spray-pyrolyzation at 

400 C˚ [108]. It can be seen that the carbon shell is amorphous while the Si core 

is crystalline. The conductivity of electron and the diffusivity of lithium ion are 

improved by the shell and the charging rate can be increased by one order of 

magnitude [94]. Most importantly, the electrochemical performance of the Si 

anode is improved a lot by carbon shell with certain weight ratio in comparison 
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with the bare Si anode and the carbon-coated Si anodes spray-pyrolyzed at 300 

and 500 C˚, as shown in Fig. 2.15d.  

  

  

Figure 2.15. (a-c) TEM images showing the morphology of the carbon-coated Si 

nanoparticle electrode materials spray-pyrolyzed at 400 C˚. (d) Electrochemical cycling 

performance of the bare Si nanoparticle electrode material and the carbon-coated Si 

nanoparticle electrode materials (adapted from [108]). 

Several in situ lithiation/delithiation experiments and theoretical studies were 

carried out to study the effect of carbon shell on the electrode materials during 

lithiation and delithiation [94,120]. In situ lithiation of the crystalline Si 

nanoparticles which are embedded in the carbon matrix revealed that the carbon 

matrix may fracture due to the lithiation-induced volume expansion of the Si 

nanoparticles, as shown in Fig. 2.16 [120]. After lithiation, the carbon matrix is 

cracked as shown by the arrows in Fig. 2.16c. An analytical solution was carried 

out to calculate the tensile hoop stress in the carbon shell at different stages of 
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lithiation based on a simplified model consisted of spherical carbon shell and Si 

core, in which the plastic deformation was not considered. The analytical results 

showed that the maximum tensile stress becomes higher than the fracture 

strength of carbon shell, leading to the crack of the carbon shell. 

 

Figure 2.16. Crack occurrence of the carbon nanofiber with embedded Si nanoparticles 

during lithiation (adapted from [120]). 

Other coating material, such as the SiOx coating, has been used to improve the 

cycle life of Si nanotube electrode to more than thousands of times with a high 

capacity since only inward expansion of Si is permitted and the electrolyte has 

no access to contact with Si to form solid electrolyte interface on the inner 

surface [119]. Theoretical models were established for both the spherical and 

cylindrical hollow Si electrode with coating by considering the insertion of 

lithium ions and the plastic flow [121]. Fracture of the shell may occur during 

lithiation since the tensile stress develops in the shell, while debonding may 

occur during delithiation due to the increased tensile radial stress at the interface. 
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Solutions were proposed to avoid the fracture of the shell and debonding at the 

core/shell interface by analyzing the stress field in the shell and at the interface. 

Such solution was also studied by ab initio calculations [122]. Through the 

simulation, it was found that the interfacial strength is decreased by only ~20%, 

indicating good adhesion at the Si/carbon interface.  

In order to further improve the structural integrity of the carbon shell during 

lithiation, the yolk-shell carbon-coated Si nanoparticle electrode materials were 

synthesized [123-130]. The novel structure achieves long cycle life of more than 

1000 cycles and high reversible capacity of ~1500 mA h·g
-1

 with a cut-off 

voltage of 0.01 – 1.0 V vs. Li/Li
+
 at the rate of C/10 for the first cycle, C/3 for 

the following 10 cycles and 1C for later cycles, as shown in Fig. 2.17a [123]. 

The improved performance owes to the free space between the Si core and the 

carbon shell to accommodate the volume change of the Si core. Besides, the 

carbon shell can prevent the formation of solid electrolyte interface on the 

surface of Si electrode. Fig. 2.17b shows the in situ lithiation process of several 

yolk-shell carbon-coated Si nanoparticles. The volume expansion of the Si core 

can be accommodated by enough space in the carbon shell and the carbon shell 

will not be fractured. By further controlling the yolk-shell structure, the capacity 

and cycle life can be improved. 
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Figure 2.17. (a) Electrochemical cycling performance of the yolk-shell carbon-coated 

Si nanoparticle electrode material and (b) snapshots of the in situ lithiation process of 

the nanoparticles (adapted from [123]). 

2.4. Other approaches to improve the electrochemical performance 

In addition to the nanoscale design approaches and the coating techniques, 

several approaches have been utilized to improve the electrochemical 

performance of the electrode materials for lithium ion battery. One of the 

methods was to synthesize the SnO2-based [4,131-135] or Si-based [136-140] 
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compound or composite materials. In the long-run development of the tin-based 

oxide anode materials, Idota et al [4] synthesized the amorphous tin-based 

composite oxide material SnMxOy in 1997. The divalent Sn is the active center 

for lithiation and delithiation and M is typically mixed of glass-forming metallic 

elements such as boron, phosphorus and aluminum. The SnMxOy anode shows 

more stable electrochemical cycling performance than the pure SnO2 anode. Yu 

et al [132] compared the electrochemical performance of four SnO2-based anode 

materials: SnO2, Li2O-SnO2, CuO-SnO2 and Li2O-CuO-SnO2. A special 

multideck-cage porous structure of the materials was synthesized, as shown in 

Fig. 2.18a. The Li2O-CuO-SnO2 anode material shows a much better cycling 

performance than the other three anodes, as shown in Fig. 2.18b. 

  

Figure 2.18. (a) SEM image showing the morphology of the as-prepared Li2O-CuO-

SnO2 composite anode material and (b) electrochemical cycling performance of the 

SnO2, Li2O-SnO2, CuO-SnO2 and Li2O-CuO-SnO2 anode materials (adapted from 

[132]). 

Apart from the design and improvement of the anode material itself, much work 

has been devoted to studying the effects of the other parts of lithium ion battery, 

such as binders [141-146], conductive additives [147,148] and current collectors 
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[149-154], etc. The binder should be electrochemically stable and negligibly 

soluble in the organic electrolyte and be able to increase the adhesion strength 

between electrode material and current collector. Besides, for high-capacity 

anode materials, such as SnO2 and Si, the binder should be able to mitigate the 

large volume change during cycling. The conductive additives, such as the 

acetylene black or the reduced graphene oxide, can further improve the cycling 

performance by the enhanced electronic contact and the buffering function. Also, 

the conductive additives can be a better separation among the Si particles which 

increases the inter-particle resistance and decreases the possibility of 

aggregation.  

It is also important to improve the adhesion and interfacial strength between the 

electrode materials and the current collector to overcome the large volume 

change-induced delamination and disintegration of the electrode materials. 

Therefore, the current collector has been modified to increase the adhesion and 

interfacial strength through different ways. The current collector with roughened 

or porous surface was proved to improve the cycling performance than those 

with flat surface [149-151]. The current collectors synthesized by cross-stacking 

continuous carbon nanotube films [152] showed improved mechanical stability 

and fast electron transfer at the interface between electrode and current collector, 

leading to better structural integrity and longer cycle life. In addition to the 

above advantages, the graphene [153] and nickel [154] foam current collectors 

even waived the use of conventional binders and conductive additives. The Cu 

nanofiber array current collectors showed improved electrochemical 

performance in several studies [155-160]. Figs. 2.19a and b show the 
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morphology of the Cu nanofiber array current collector and the single nanofiber 

with Si shell and Cu core, respectively. Fig. 2.19c shows the improved cycling 

life to 1950 cycles and a reversible capacity of more than 1000 mA h·g
-1

 with a 

cut-off voltage of 0.01 – 1.6 V vs. Li/Li
+
 at the rate of 1.5C [160].  

  

 

Figure 2.19. (a) SEM image showing the morphology of the Cu nanofiber array current 

collector. (b) TEM image showing the Si shell and the Cu core. Inserted is the electron 

diffraction pattern of the nanofiber. (c) Electrochemical cycling performance of the Si-

coated Cu nanofiber array anode material (adapted from [160]). 

2.5. Mechanics-based measurement and analysis 

Many experimental studies on the mechanical properties of the high-capacity 

anode materials have been conducted. The ex situ experiments were conducted 

to measure the Young’s modulus and hardness of the Si and lithiated Si alloy by 

using nanoindentation in an anoxic environment [161]. It was found that the 
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values are decreased with the degree of lithiation. This trend is similar to that of 

the in situ tensile tests on the Si and lithiated Si nanowires, as shown in Fig. 

2.20 [162]. The in situ experimental results, as shown in Fig. 2.20f, give the 

value of Young’s modulus of the lithiated Si which is around 2.4 – 12 GPa. 

Such modulus drop due to lithiation has also been reported in other studies 

[163-165]. The in situ tensile tests also revealed that the tensile strength is 

decreased from 3.6 GPa for pristine Si nanowires to 0.72 GPa for lithiated Si 

alloy, as shown in Fig. 2.20g. Besides, the tensile tests showed a permanent 

plastic deformation after the fracture of the lithiated Si nanowire. 
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Figure 2.20. (a-e) Snapshots of the in situ tensile test of the lithiated Si nanowire. The 

length of the nanowire is measured by the green dashed line and the red arrowhead. 

Inserted is the electron diffraction pattern of the lithiated nanowire. (f) Stress-

displacement curves of the pristine and lithiated nanowires obtained by in situ tensile 

test, of which the experimental data are denoted by the blue and red lines, respectively. 

(g) Fracture strength of the pristine and lithiated nanowires. The average values are 

indicated by the solid and dashed lines for the pristine and lithiated Si nanowires, 

respectively (adapted from [162]). 

Numerical studies showed that Young’s modulus, shear modulus and Poisson’s 

ratio are decreased when lithium ion concentration is increased by using first-

principle studies and quantum mechanical ab initio molecular dynamics 

calculations [162,166]. Such lithium ion concentration-dependent elastic 

properties are attributed to the increase of ionic Li-Si bonds which are weaker 
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than the covalent Si-Si bonds. Therefore, the atoms in the lithiated Si alloy can 

move more freely than those in the crystalline Si so that the lithiated Si alloy 

can accommodate much higher plastic strain. This was confirmed by further ab 

initio MD simulation in which the lithium atoms diffuse 10 times faster in the 

amorphous phase than in the crystalline phase while the Si atoms are almost 

immobile in comparison to lithium atoms in both amorphous and crystalline 

phases [167]. The LixSn alloy shows the similar phenomenon of the lithium ion 

concentration-dependent elastic properties as LixSi alloy by using first-principle 

studies [168]. 

Different nanostructures of the Si/SnO2 anode materials were studied through 

both experimental and theoretical methods. As mentioned above, the crystalline 

and amorphous Si nanoparticles have a critical diameter below which no 

fracture occurs during lithiation [101,102]. A nonlinear diffusion model was 

adopted to simulate the lithium ion concentration in the two-phase structure 

with a moving interface boundary. An elastic-perfectly-plastic model was used 

to describe the lithiation-induced deformation. Both of these two models were 

utilized into a finite element model to explain the arising of tensile stress in the 

surface layer of the crystalline Si nanoparticle during lithiation. A crack will be 

initiated due to the tension and propagate into the particle if the strain energy 

release rate, which is found to be dependent on particle size for given crack size, 

becomes higher than the resistance of surface energy, as shown in Fig. 2.21 

[101]. Similar critical fracture size of diameter was found to be 240 – 360 nm 

for crystalline Si nanowires [47,91].  
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Figure 2.21. (a) The stress states in the simplified models of the nanoparticles which 

are assumed as wires with different radii of 0R  and 2/0R  but have same surface crack 

length of 0a  and yielding stress of 
Y  upon partial lithiation. (b) The energy release 

rates calculated by J integral as a function of fraction of lithiation, which is defined as 

the ratio of thickness of lithiated Si shell over the present radius of the wire. The green 

and red lines indicate the energy release rates of larger and smaller wires, respectively. 

The green and red circles represent the J integral at the lithiation state shown in (a) 

(adapted from [101]). 

An elasto-plastic model coupled with a nonlinear diffusivity equation was used 

to simulate the diffusion of lithium ions in the crystalline Si nanowire by using 

the finite element simulation approach. In order to capture the anisotropic 

expansion, anisotropic lithiation-induced strain and orientation-dependent 

kinetics of reaction front were adopted. The cross-section becomes a dumbbell 

shape after lithiation and based on the simulation results, the tensile stress 

occurs near the surface indent while the compressive stress occurs in the Si core, 

as shown in Fig. 2.22. Due to diminishment of the compressive stress upon 

further lithiation, the indent will propagate into the Si core, leading to the crack 

of the nanowire [47]. The normalized lithium ion concentration c is defined as 

the actual lithium ion concentration normalized by the lithium ion concentration 

at full lithiation state (Li3.75Si). 
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Figure 2.22. (a) 3-D simulation model and (b)  111  cross-sectional view of the model 

showing normalized lithium ion concentration, c, in the partially lithiated  112 -

oriented Si nanowire, which is consistent with lithiation state as shown in the TEM 

image (c).  112  cross-sectional view of (d) the lithium ion concentration and (e) the 

distribution of von Mises stress with   2/1

eq 2/3 ijij  . The original cross section of 

the Si nanowire is marked by the black circle in (d). (f) Stress distribution in the 3-D 

model, indicating the neck growth with tensile stress near the surface indent and 

compressive stress in the center at 01 x  (adapted from [47]). 

Si thin film has also been utilized as the electrode and showed high initial 

capacity and stable cycle life for 30 times [52,71]. There is a critical size (~7 

μm), under which no delamination occurs for the Si thin film electrode 

[169,170]. Theoretical models based on fracture mechanics and theory of 

diffusion were established to analyze the stress states and deduce the critical 

size for nucleation and growth of edge and center interfacial cracks by plain 

strain and axisymmetric analysis. In addition to the size of the Si thin film, it 

was found that there exists a critical thickness below which the amorphous Si 

thin film will not be fractured during lithiation [171]. With the decreasing of the 
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thickness, the islands separated by the cracks become smaller during 

electrochemical cycling tests. A modified spring-block model was utilized to 

explain the existence of critical thickness and size. The fracture of the Si thin 

film was found to occur during delithiation [172]. Finite element simulation, 

accounting for the pressure gradients, finite strains and plastic flow, was carried 

out. It was found that cracks first initiate in the high tension zone near the film 

edge due to the lithiation-induced bending of the thin film during the early stage 

of lithiation, leading to the sequential formation of the new free surfaces and the 

fracture of the whole film [173]. The fracture energy of the lithiated Si was 

calculated by measuring and analyzing the stress states at the moment of crack 

initiation based on fracture mechanics [174]. 

In this chapter, the electrochemical performance and improvement methods 

were reviewed and summarized for different kinds of nanoscale SnO2 and Si 

electrode materials. The lithiation/delithiation and failure mechanisms of the 

electrode materials were studied through in situ lithiation/delithiation techniques. 

The design of core-shell structure was adopted to improve the performance by 

constraining the volume change, preventing the fracture of solid electrolyte 

interface and increasing the electronic and ionic conductivities. Other 

approaches, such as the modification of binders, conductive additives and 

current collectors, were also discussed. The mechanical properties and fracture 

mechanisms of several electrode materials were studied by reviewing the related 

mechanics-based experimental and theoretical works. Based on the above 

analysis, further studies of the core-shell nanostructured electrode materials will 

be conducted by both experimental and theoretical approaches in this thesis.  
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Chapter 3. Research methods 

3.1. Experimental 

3.1.1. Chemical synthesis 

a. Synthesis of amorphous carbon shell 

The carbon shell was synthesized by hydrothermal method [125]. 100 mg 

commercial Si nanoparticles were dissolved in a solution consisted of 600 mg 

sucrose (carbon source), 0.6 mL concentrated hydrochloric acid (37 wt%), 6 mL 

deionized water and 8 mL absolute ethanol (99.9 wt%) under stirring and 

ultrasonic processing for 120 mins. The solution was then stirred at 70 ˚C for 3 

hours and dried in the vacuum oven at 120 ˚C for 8 hours. The dried sample was 

manually ground and loaded in an alumina crucible which was later moved into 

the furnace and heated at 800 ˚C for 2 hours in the atmosphere of nitrogen. After 

cooling down, the carbon-coated Si nanoparticles were synthesized. 

b. Synthesis of crystalline copper nanowires 

The Cu nanowires were synthesized by hydrothermal method [175]. 

Concentrated NaOH solution was obtained by dissolving 120 g NaOH in 200 

mL deionized water. After cooling down, 10 mL 0.1 M Cu(NO3)2 solution was 

dropped into the NaOH solution. The mixture was then moved onto a hot plate 

in a fume hood and added by 3 mL Ethylenediamine (EDA) and 0.25 mL N2H4 

(35 wt%). The solution was heated at 80 ˚C for 1 hour. The reactant was 
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centrifugally cleaned for 3 times by 3 wt% N2H4 solution to eliminate the 

impurities and then the Cu nanowires were collected. 

c. Sputtering of amorphous silicon shell 

The Si shell was synthesized by magnetron sputtering technique 

[155,160,171,176]. The Cu nanowires were centrifugally cleaned for 3 times by 

absolute ethanol and then dispersed on the glass substrate. The nanowires were 

dried at 40 ˚C for 40 min and then moved into the magnetron sputtering 

machine. After setting the program parameters, including the source power (200 

W), temperature (100 ˚C), time period (40 mins) and atmosphere (pure Ar), and 

starting the program, the amorphous silicon shell could be sputtered on the 

copper nanowires by the silicon target.  

3.1.2. Materials characterization 

The morphology of the electrode materials was firstly examined by Scanning 

Electron Microscopy (SEM). The further observation of the morphology and 

crystalline structure of the electrode materials was conducted by using 

Transmission Electron Microscopy (TEM). The chemical components were 

confirmed by the electron diffraction pattern (EDP) and energy-dispersive X-ray 

spectroscopies (EDX) affixed to the SEM or TEM.  

3.1.3. In situ lithiation and delithiation 

In situ TEM is a useful technique in observing the nano- and micro-structural 

change during lithiation and delithiation. Generally, the nanobattery setup inside 
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TEM contains an anode material, liquid or solid electrolyte and lithium source, 

such as a lithium metal reference electrode or a LiCoO2 cathode, as shown in 

Fig. 2.4. After a voltage is applied, the lithium ions diffuse from the lithium 

source to the anode through the electrolyte and the anode material will be 

lithiated. During delithiation, the lithium ions are extracted from the anode 

material and combine with the electrons passing through the outer circuit at the 

cathode. During lithiation and delithiation, the changes of volume, shape, 

structure and chemical components can be observed. 

Generally, the nanobatteries can be divided into two groups by the electrolyte, 

which are called liquid electrochemical cell and solid electrochemical cell, 

respectively. One end of the anode material is immersed in the liquid electrolyte 

of the liquid cell or contacts with the solid electrolyte of the solid cell. The 

“flooding geometry”, which is always used in the real battery where the 

electrodes are fully immersed in the electrolyte, can be realized in a nanobattery 

[43]. In our in situ experiments, the solid electrochemical cell was normally 

used for lithiation and delithiation. The lithium metal was adopted as reference 

electrode which was attached on the tungsten rod in the glove box and then 

transferred to the Nanofractory® holder. During the transferring, the surface of 

the lithium metal was unavoidably oxidized to Li2O which served as the solid 

electrolyte. The anode material was attached on the other golden rod by silver 

paste and fixed on the holder. Then the holder was moved into the TEM. When 

the vacuum requirement was satisfied, the anode material could be lithiated by 

applying a voltage and moving the lithium metal to contact with the anode 

material.  
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3.2. Theoretical 

3.2.1. Diffusion equations 

a. Fick’s first law of diffusion  

In an inhomogeneous annealed single-phase object, matter will flow from the 

region of high concentration to the region of low concentration in order to 

decrease the concentration gradient. If the annealing time is long enough, the net 

flow will not stop until the object becomes homogeneous. In a steady state, 

where the total quantities of the various matters inside the object remain 

unchanged with time, Fick’s first law is used to calculate the diffusion flux J  in 

a two dimensional case by [177] 

 
tx

c
DJ 












  (3.1) 

where D  is the diffusion coefficient. Here, D  can be regarded as the ratio of 

diffusion flux over the concentration gradient with dimension of area per unit 

time and is independent of the concentration magnitude as confirmed by 

experiments. Eq. (3.1) is valid in both steady and non-steady states no matter 

whether the concentration or concentration gradient at the specific position is 

changing with time or not. If other potential gradients also affect the diffusion 

flux, such terms should be added into the above diffusion equation, which will 

be discussed in Section 3.2.1.c. 
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b. Fick’s second law of diffusion  

If the total quantities of the matter and the concentration at specific positions are 

changing with time in the object; that is, if the steady state no longer exists, Eq. 

(3.1) can still be valid but it is not convenient form to be used. Therefore, it is 

necessary to get the useful diffusion equation by a second differential 

calculation. Suppose a flux moves from one end of a bar with unit cross section 

to the other end. For an element with thickness x , the ingoing flux 
1J  can be 

expressed by the outgoing flux 
2J  as  

  xJxJJ  /21
 (3.2) 

Since 
21 JJ  , the concentration is changing with time in the element. 

According to the conservation of matter, the net increase of matter in the 

element with volume of x1  can be expressed as  

  tcxJJ  /21
 (3.3) 

Combination of Eqs. (3.2) and (3.3) leads to  
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Substituting Eq. (3.1) into Eq. (3.4) gives the Fick’s second law of diffusion as  

 





















x

c
D

xt

c
 (3.5) 

For steady state with constant D, Eq. (3.5) can also be applied when 0




t

c
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That is, 0
2

2






x

c
D , for Cartesian coordinates. The solution of this equation has a 

lot of application in physics and engineering, such as heat flow [178] and 
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potential theory [179]. For non-steady state, if D is constant in different position, 

Eq. (3.5) becomes 
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 (3.6) 

In Cartesian coordinates, by solving Eq. (3.6), we can know the concentration 

 txc ,  of the matter in the object at any specific time and position. Generally, 

the solution of Eq. (3.6) is dependent on the comparison of the diffusion 

distance to the initial geometrical dimension. If the diffusion distance is 

relatively small, the solution can be termed as error functions. If the 

homogeneity of the object is approached, the solution can be expressed by the 

first few terms of the infinite trigonometric series. Transforming Eq. (3.6) into 

three dimensions with a vector notation leads to a generalized form as   

 J
t

c





 (3.7) 

c. Stress-assisted diffusion 

A potential gradient can drive the motion of the atoms from one side to the other 

in a bar. This potential gradient, in addition to the concentration gradient, 

determines the total flux of the matter in the object. The Fick’s first law is no 

longer available since extra matter is introduced into the object by the potential 

gradient. Suppose a particle is driven by a potential gradient in a potential field 

of  zyxV ,, . The force F produced by the potential gradient can be given as  

 VF   (3.8) 
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The force F empirically generates a diffusion velocity for the atoms in the 

object, which is mathematically expressed as  

 MFv   (3.9) 

where M is the mobility with a unit of velocity per force. It should be noted that 

in the atomic scale, an atom is not accelerated in the way like a free particle 

since the moving direction of the atom is always changing. Therefore the force 

F is considered to provide a steady-state velocity rather than acceleration. Due 

to the similarity of the driving forces between potential gradient and 

concentration gradient, the mobility M can be proportional to the diffusion 

coefficient D, which is  

 kTDM /  (3.10) 

where k is the Boltzmann’s constant and T is the absolute temperature in Kelvin. 

The diffusion flux induced by the potential gradient can be the product of the 

number of atoms per unit volume and the velocity of the atoms, as  

   VkTDccvJ  /  (3.11) 

The total flux is the summation of the diffusion flux by the concentration 

gradient and the potential gradient. Therefore, the flux equation can be the 

summation of Eqs. (3.1) and (3.11) as  

  kTVccDJ /  (3.12) 

For constant D, applying Eq. (3.12) into Eq. (3.7) gives  
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By solving the above equation, the concentration  tzyxc ,,,  can be calculated in 

the object in the presence of both potential gradient and concentration gradient.  

3.2.2. Fracture mechanics  

a. Failure criteria 

Failure criterion can be applied to predict the failure of material upon the 

occurrence of plastic deformation [180]. For instance, the plastic flow occurs 

when the uniaxial stress-strain curve deviates from its original linear range for 

uniaxial stress state. Due to the complex stress states in different cases, several 

failure criteria are developed to predict the failure of the materials. 

The maximum-stress criterion, also known as Rankine criterion, indicates that 

failure, or plastic flow, occurs when the maximum principal stress upon a 

complex stress state becomes higher than the flow stress in uniaxial tension. If 

321   , we get  

  tension01    (3.14) 

where 0  is the flow stress of the material. That is, if the material is under 

tension, the maximum principal stress should not be higher than the maximum 

tensile stress of the material otherwise failure occurs. It should be noted that the 

hydrostatic stress does not contribute to the plastic flow.  

The maximum-shear-stress criterion, also known as Tresca criterion, is applied 

to predict the failure of the material when the maximum shear stress in a 
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complex stress state is higher than the maximum tensile or compressive shear 

stress in the uniaxial direction. The maximum shear stress is calculated as  

 
2

31

max





  (3.15) 

This criterion is applicable for the hydrostatic stress since no shear stress is 

contributed by the hydrostatic stress. Another failure criterion, called maximum-

distortion-energy criterion or von Mises criterion, predicts the failure of material 

according to the critical distortional or shear component of the deformation 

energy of a deformed body. The criterion is expressed as  

        0

2/12
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   (3.16) 

The material will fail in a complex stress state if the distortional or shear 

deformation energy is higher than that in uniaxial stress, such as the uniaxial 

tension or compression. This criterion is called 
2J , which is the second 

invariant of the stress deviator and given by  

       2

31

2

32

2

212

1
 

G
J  (3.17) 

where G is shear modulus of the material. 

b. Linear elastic fracture mechanics 

The criteria in the above section predict the failure of the materials based on the 

comparison of the applied stress and the flow properties of the materials. The 

fracture mechanics approaches depend on three factors: the applied stress, the 
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fracture toughness and the flaw size [181]. Both the stress-intensity approach 

and the energy criterion can be applied to predict the crack growth based on the 

linear elastic fracture mechanics (LEFM). 

 

Figure 3.1. An infinite plate with an elliptical through-thickness hole subject to a 

remote stress. 

Consider an infinite plate which is subject to a remote tensile stress  , as 

shown in Fig. 3.1. The elliptical hole has length of 2a and width of 2b. The 

length and width of the plate are much larger than 2a and 2b, respectively. The 

stress at the tip (Point A) of the crack is given by  

 









b

a2
1A   (3.18) 

The ratio of  /A
 is named as the stress concentration factor tk . If the 

geometrical dimensions satisfy ba  , the hole will be a circle and 0.3tk , 

which is a well-known result for circular hole in an infinite plate subject to a 

remote stress. It can be noted that if ba  , corresponding to an infinite sharp 

crack, the stress at the crack tip 
A  can be infinite large upon which no material 
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can sustain. The crack will definitely grow, leading to the fracture of the 

material. Such a sharp crack with a high stress is a mathematical abstraction. To 

better explain the failure of the material, the stress distribution at the crack tip of 

the linear elastic material can be calculated by the stress-intensity factor 
IK . If 

the material is assumed to be fractured at some combination of stress and strain, 

such stress and strain condition corresponds to a critical stress-intensity factor 

IcK . The stress-intensity factor 
IK  (mode I) at the tip of the crack can be 

expressed as  

 aK I   (3.19) 

Failure of the material occurs at 
IcI KK  , where 

IK  is the driving force for the 

crack and 
IcK  is the size-independent toughness of the material. Therefore, by 

calculating the stress-intensity factor, the failure of the elastic material can be 

predicted.  

In addition, the energy criterion is developed as an approach to predict the crack 

propagation for elastic material, stating that the crack growth occurs when the 

energy for creating new crack surface becomes higher than the fracture energy 

of the material. The fracture energy includes the surface energy, plastic work or 

any other type of energy dissipation associated with the crack growth. In linear 

elastic materials, the energy release rate G , which is defined as the energy 

required for creating new crack surface of unit area, is used to determine 

whether the crack will grow or not by comparing with the size- and geometry-
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independent fracture toughness of the materials cG . For an infinite plate subject 

to a remote tension, the energy release rate at the crack tip in Fig. 3.1 is  

 
E

a
G

2
  (3.20) 

where E  is the Young’s modulus of the material. By comparing Eqs. (3.19) and 

(3.20), it can be found that the relationship between the stress-intensity factor 

and the energy release rate in the linear elastic material is  

 
E

K
G I

2

  (3.21) 

Eq. (3.21) indicates that for the linear elastic materials, the stress-intensity and 

energy approaches are essentially equivalent.  

c. Elastic-plastic fracture mechanics 

The above linear elastic fracture mechanics is only applicable to the crack 

provided the plastic zone is limited within a small area around the tip of crack. 

When it comes to the elastic-plastic or nonlinear elastic materials, two important 

fracture mechanics parameters are applied: the crack-tip-opening displacement 

(CTOD) and the J contour integral. Both of the two parameters describe the 

crack-tip conditions in the elastic-plastic materials and provide size-dependent 

results of the fracture toughness. 
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Figure 3.2. Schematic of the crack-tip-opening displacement  . 

The CTOD approach measures the opening of the crack due to the high 

toughness of the elastic-plastic materials, as shown in Fig. 3.2. The initial sharp 

crack is blunted with a finite displacement   around the crack tip by the plastic 

deformation. For the cases of the small-scale yielding, the crack is assumed to 

be elongated by the crack-tip plasticity. The CTOD   is given by [182]  
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  (3.22) 

where YS  is the yielding stress of the material and plane stress condition 

prevails. The CTOD can also be analyzed by the crack-opening displacement in 

the back region of the strip-yield zone in the strip-yield model, which shows 

slightly different result from Eq. (3.22) as [183] 

 
E

K

YS

I




2

  (3.23) 



3.2. Theoretical 

60 

 

The above equation is applied for plane stress condition of non-hardening 

material. A more general form of the relationship between   and 
IK  can be 

expressed as  
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   (3.24) 

where m is a dimensionless parameter, with 0.1m  and EE '  for plane stress 

condition and 0.2m  and 2

'

1 v

E
E


  for plane strain condition.  

The loading curves are the same for the nonlinear elastic material and elastic-

plastic material. The nonlinear elastic material can recover to its original state 

along the same path as the loading curve, while the elastic-plastic material 

unloads through a linear curve with the slope equal to the Young’s modulus. 

The identical loading curves of the materials imply the same material response 

for both materials so that the material behavior of the elastic-plastic materials 

can be effectively regarded as the nonlinear elastic materials during the loading 

process as long as no unloading occurs. That is, the deformation theory of 

plasticity can be equivalently applied to analyze the cracking problem of 

nonlinear elasticity during loading.  
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Figure 3.3. An arbitrary integral contour around a crack tip. 

Rice [184] applied deformation plasticity (or equivalent nonlinear elasticity) and 

found a path-independent contour integral to characterize the energy release rate 

in the nonlinear material, which is called J integral. As shown in Fig. 3.3, the J 

integral of an arbitrary counterclockwise path ( ) around a crack tip is given by 

  











 ds

x

u
TwdyJ i

i  (3.25) 

where w is strain energy density, 
iT  represents the components of the traction 

vector, 
iu  denotes the displacement vector components and ds is the length 

increment along the path  . The strain energy density w is denoted as  

 
ij

ijij dw



0

 (3.26) 

where ij  and ij  are the stress and strain tensors, respectively. The traction 

represents the stress vector at a specific point on the contour and defines the 

stress acting on the boundary. The components of the traction vector iT  are 

given by  
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 jiji nT   (3.27) 

where jn  are the components of unit vector normal to  . In addition to an 

indicator of an energy parameter, the J integral can be used as a stress intensity 

parameter and applied to characterize the stress and strain conditions at the tip 

of crack in the nonlinear elastic material [185,186]. A power-law relationship of 

the plastic stress and strain is adopted and the relationship between stress and 

strain for uniaxial deformation with both elastic and plastic strains is given by   
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 (3.28) 

where YS  is the reference stress which is usually equal to the yield stress, YS  

is the reference strain taken as E/YS ,   is the dimensionless constant and n  

is the strain-hardening exponent. Eq. (3.28) is known as Ramberg-Osgood 

equation which is normally used for fitting of stress-strain curve. The stress and 

strain must vary as 1/r near the crack tip so that the J integral can be path-

independent. In addition, the elastic strains within the plastic zone, in 

comparison to the plastic strains, can be negligible. These two conditions lead to 

a simple power-law relationship of the stress and strain near the crack tip as  
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where 
1k  and 

2k  are the proportionality constants. By applying certain 

boundary conditions, the actual stress and strain states can be calculated as  
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where 
nI  is a n-dependent integration constant and ij~  and ij~  are the 

dimensionless functions of n and  . These parameters are additionally 

dependent on the stress states, such as plane stress or plane strain. Eqs. (3.30) 

are called HRR singularity, which is defined by J integral. This HRR singularity 

works just as the stress intensity factor indicates the singularity of the stress 

states near the tip of crack in the linear elastic material. In order to capture the 

singularity of the stress and strain near the tip of crack, 1n , corresponding to 

a r/1  singularity, is adopted for linear elastic material, while a  1/1  nr  

singularity is adopted for elastic-plastic material. For perfect plastic material, 

0n , corresponding to a r/1  singularity, is used.  

3.2.3. Finite element simulation  

In some cases, analytical solutions of the stress and strain can be obtained for a 

body subject to external loads or displacements. For example, in Chapter 6, the 

stress states can be calculated in the carbon shell of the yolk-shell carbon-coated 

Si nanoparticle upon full lithiation based on the theory of elasticity and fracture 

mechanics. The detailed derivation will be discussed in Section 6.2. However, 
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relatively few scientific and engineering problems have closed-form analytical 

solutions to derive the stress and strain. For most solid mechanics problems 

especially when it comes to the fields of plasticity and fracture mechanics with a 

lot of nonlinear factors, computational approaches, such as finite element (FE) 

simulation [187], finite difference method [188] and boundary integral 

equations [189], are used to give the numerical solutions. For example, the 

domain integral approach, which is implemented by FE simulation (also used 

for most analyses of cracked bodies), can give the value of energy release rate 

by J integral or crack-tip-opening displacement around the tip of crack. Here, 

we focus on the finite element method and its application in calculation of J 

integral. 

a. Basics of finite element method  

In the finite element method, the object of interest is divided into a lot of 

discrete parts which are called elements. The commonly used element types are 

the 1-D beams, the 2-D plane stress or plane strain elements and the 3-D 

tetrahedrons or bricks. Such elements are connected by nodes on which the 

displacement fields are continual among neighboring elements. The external 

displacements or loads are applied on these nodes. Fig. 3.4 shows a 

representative 8-node isoparametric continuum element for two-dimensional 

problem within local and global coordinate axes.  
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Figure 3.4. Deformation of a 2-D 8-node element upon loading. 

The local coordinate system varies from –1 to +1 within the element area, as 

shown in Fig. 3.4. This coordinate system is also known as the parametric 

coordinate system. The nodal points are  1 ,1   at the lower left-hand corner 

and  1 ,1  at the upper right-hand corner. The global coordinates of a point 

  ,  inside the element can be expressed as  
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i xNx 



1

,  (3.31a) 
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,  (3.31b) 

where n is the number of nodes in the element, Ni are the shape functions of the 

node i with local coordinate of  ii  ,  and global coordinate of  ii yx , . The 

shape functions are polynomials which are used to interpolate the field 

quantities inside the element. The functions are linear for the elements that 

contain only 4 nodes at each corner and quadratic for four-sided and eight-node 

elements. The displacements within the element can be expressed by 

interpolation as  
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where  ii vu ,  is the displacements of the nodes in the global coordinates. The 

strain at  yx,  within the element can be determined by  
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where 

  










































x

N

y

N

y

N
x

N

ii

i

i

0

0

B  (3.34) 

and  
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where [J] is the Jacobian matrix and given by  
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The stress matrix can be calculated as  

      D  (3.37) 

where  D  is the stress-strain constitutive matrix. Regarding to the problems of 

incremental plasticity, the stress and strain should be calculated incrementally 

with an updated  D  by  

        ,D  (3.38) 

The stress and strain states in the body can thus be calculated by the nodal 

displacements or loads and the constitutive law at certain Gauss points or 

integration points. The displacements of the nodes can be calculated by adopting 

the nodal forces and element stiffness. The elemental stiffness matrix is derived 

from the principle of minimum potential energy [187] as  

        ddk
T

JdetBDB
1

1

1

1  
  (3.39) 

where superscript T represents the matrix’s transpose. The global stiffness 

matrix    is assembled from Eq. (3.39), having the relationship with global 

force and displacement as  

     Fu   (3.40) 

b. The energy domain integral 

The J integral has been widely used to evaluate the energy release rate of a 

crack for both linear and nonlinear problems. According to Section 3.2.2.c, a 

generalized J integral around the crack tip, accounting for inelastic material 

behavior and effect of inertia, is given by  
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where T  is the kinetic energy density and w is the stress work which includes 

various material behaviors. Eq. (3.41) applies only when the contour 

surrounding the crack tip is extremely small.  For quasistatic conditions ( 0T ), 

the total strain of an elastic-plastic material under additional thermal loading is 

given by  

 t

kk

m
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where   is the coefficient of thermal expansion,   is the temperature change 

and e

ij , p

ij , m

ij  and 
t

kk  are the elastic, plastic, mechanical and thermal strains 

with p

ij

e

ij

m

ij   . The stress work can be expressed as  
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Due to the singularity of the stress and strain around the crack tip, it is always 

difficult to get the numerical solution of Eq. (3.43). Therefore, the energy 

domain integral approach was developed to numerically calculate the J integral 

[190,191]. Fig. 3.5 shows the domain contour integral for a 2-D case with a 

finite outer contour 1  and a vanishingly small inner contour 0 .  
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Figure 3.5. A domain contour around the crack tip analyzed by energy domain integral. 

Generally, the J integral can be calculated along 1  or 0  for linear or nonlinear 

elastic material but only the inner contour integral renders the right value of J 

under quasistatic conditions. The energy domain integral approach analyzes the 

J integral by calculating an area integral rather than a contour integral for 2-D 

problems and a volume integral rather than an area integral for 3-D problems. 

This approach is much more efficient and accurate in numerical calculation for 

both quasistatic and dynamic fracture problems with elastic, plastic, viscoplastic 

and thermal deformations. The energy domain integral approach proposes that 

for quasistatic conditions, the J integral can be calculated along a closed contour 
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where   and   are the integral paths along the upper and lower crack surfaces, 

respectively, as shown in Fig. 3.5. Here, im  is the outward normal on *  with 

ii nm   on 0 , 01 m  and 12 m  on   and  . The smooth function q  has 
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arbitrary values with unity on 0  and zero on 1 . If there is no traction on crack 

surface, by applying the divergence theorem, Eq. (3.44) can be expressed as  
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where *A  is the area of contour domain enclosed by * , as shown in Fig. 3.5. 

According to the definition of strain energy density ( 
ij

ijij dw



0

), we can get  
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Eq. (3.46) holds only when w is presented by an elastic potential with the 

properties of 
ij

ij

w







 . Under small strain condition, by applying the strain-

displacement relationship, we can get  
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That is,  
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Substituting Eq. (3.48) into Eq. (3.45) leads to  
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Eq. (3.49) is applied to the linear or nonlinear elastic problems under the 

quasistatic conditions where only elastic strain is taken into consideration. This 

equation is equivalent to Rice’s path-independent J integral. If all of the elastic 

strain, plastic strain, thermal strain, body forces and crack face-tractions are 

taken into consideration, Eq. (3.49) can be derived to a generalized form as  
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 (3.50) 

In Eq. (3.50), if the additional terms are taken into consideration, the J integral 

becomes path-dependent. For elastic materials, the J integral is path-

independent while for plastic materials or materials subject to thermal strain, the 

J becomes path-dependent [192,193]. A steady value of J at remote contours, 

especially by adopting an energy domain integral method, can be calculated as a 

criterion to predict the crack propagation.  

c. Implementation of finite element 

In the finite element analysis for 2-D problems, the crack tip is usually taken as 

the inner contour 0  while the outer contour 1  coincides with the element 

boundary around the crack tip [190]. Under this circumstance, the J integral can 

be calculated within the area of 1 . A similar volume domain can be defined for 

3-D cases. The q function should be defined at all nodes within the domain area 

or volume. The value of q should be specified at domain boundaries even 

though the shape of the q function is arbitrary and expressed by several 
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functions, such as the pyramid function and the plateau function. Generally, for 

2-D cases, 1q  at the inner contour 0  while 0q  at the outer contour 1 . It 

has been shown that the shape of q function has little effect on the computed 

value of the J integral. The value of q can be interpolated as  
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where n is the number of nodes within an element, Iq  is nodal value of q and 

IN  is the element shape function. The special derivatives of q can be expressed 

as  
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where i  are the parametric coordinates of the elements. If the plastic strain, 

thermal strain and body forces are not involved, the discretized form of the 

contour-independent J integral under elastic strain and crack surface tractions 

can be expressed as  
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where m is the number of Gaussian points in an element, and pw  and w  are the 

weighting factors. It should be noted that the terms in  
p

 are required to be 

evaluated at Gaussian points. 



Chapter 3. Research methods 

73 

 

The crack meshes always adopt the quadratic elements in the finite element 

analysis. These elements have mid-side and corner nodes with quadratic shape 

functions, as shown in Figs. 3.4 and 3.6a. The linear elements using 4-node for 

two-dimensional cases (or 8-node for three-dimensional cases) are also 

available but further refinement of the meshes is required to achieve the same 

level of accuracy. Generally, the quadrilateral elements are adopted to analyze 

the crack in 2-D problems since most postprocessing algorithms cannot handle 

the triangular elements. At the crack tip, a special technique is used to collapse 

the quadrilateral elements to triangles, as shown in Fig. 3.6a. This doesn’t mean 

the quadrilateral elements are transformed to the triangular elements. Instead, 

three nodes on one side of the quadrilateral elements, such as the nodes 1, 2 and 

5 in Fig. 3.6a, occupy the same point in space. For the elastic problems, the 

collapsed nodes at the tip of crack should be tied and a r/1  strain singularity 

can be obtained by moving the mid-side node to the 1/4 positions. While for the 

perfectly plastic problems without hardening, the collapsed nodes at the tip of 

crack should not be tied so that the mid-side nodes give a r/1  strain singularity.  

 

Figure 3.6. (a) Degeneration of a quadrilateral element into a triangular one at the crack 

tip in 2-D case. (b) “Spider-web” mesh design for an edge-cracked plate. 
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The “spider-web” configuration has been proved to be the most efficient design 

of the mesh for the crack-tip region, as shown in Fig. 3.6b for a 2-D plate with a 

crack. This configuration is consisted of concentric annuluses of quadrilateral 

elements which are centered at the tip of crack. The innermost quadrilateral 

elements are degenerated to triangles that are focused on the tip of crack. Proper 

refinement of the meshes should be adopted to achieve higher accuracy. The J 

integral can be calculated from the smooth concentric integration domains. For 

elastic problems, the stress intensity and energy release rate can be calculated 

with relatively coarse meshes since the crack tip fields are not required to be 

solved accurately by the domain integration method. On the contrary, for the 

elastic-plastic problems, the meshes should be sufficiently refined to capture the 

high level of plastic deformation and calculate the energy release rate.  

In this chapter, research methods, including experimental and theoretical 

approaches, were studied and discussed. These methods will be used to study 

the four kinds of core-shell nanostructured electrode materials in Chapters 4-7.   
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Chapter 4. Carbon-coated SnO2 nanowire electrode
1
 

The tin-based oxide materials were commercialized as the electrode materials 

more than twenty years ago [4,194]. Tin dioxide (SnO2) anode has theoretical 

capacity as high as 781 mA h·g
-1

. The high capacity results from the insertion of 

lithium ions into the SnO2 electrode materials through the Reactions (2.1) and 

(2.2) [1]. However, the insertion and extraction of lithium ions induce a colossal 

volume change of ~280%, leading to the fracture and pulverization of SnO2 

electrode materials and the poor cycling performance of whole lithium ion 

battery [13,195]. In order to maintain the structural integrity of the electrode 

materials, carbon coating materials have been used to constrain the volume 

change and avoid fracture of the electrode materials. Not only the 

electrochemical performance is improved by the carbon coating technique [196], 

but also the diffusivity of lithium ions and the electronic conductivity are 

increased a lot [197-199]. In addition, the solid electrolyte interface (SEI), 

formed by the decomposition of the electrolyte and the reaction between the 

electrolyte and the electrode materials, becomes much more stable on the 

surface of the carbon shell. The stable SEI further contributes to the stability of 

the carbon-coated SnO2 electrode materials. Even though the carbon coating 

technique provides so many advantages for the improvement of cycling 

performance, the total capacity decreases due to the lower capacity of carbon 

(372 mA h·g
-1

) in comparison to that of SnO2. Therefore, on the one hand, 

                                                 
1
 The work done in this chapter has been published in the following referred journal paper: 

Q. Li
†
, W. Li

†
, Q. Feng, P. Wang, M. Mao, J. Liu, L. Zhou, H. Wang, H. Yao, Thickness-

dependent fracture of amorphous carbon coating on SnO2 nanowire electrodes, Carbon 80 (2014) 

793-798. (
†
Co-first authors) 
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enough amount of carbon shell should be coated to maintain the structural 

integrity and improve the cycling performance of the SnO2 electrode materials. 

On the other hand, carbon shell should be used as little as possible to increase 

the total capacity of the electrode. That is, it is important to determine how 

much carbon should be used so that the structural integrity and capacity can be 

optimized at the same time. 

In this chapter, we began with the discussion on the experimental observation of 

the thickness-dependent fracture of the carbon shell in the carbon-coated SnO2 

nanowire electrode materials during in situ lithiation. Theoretical modeling was 

subsequently adopted to describe the lithiation process and calculate the 

concentration of lithium ions in the nanowire electrode based on the equation of 

diffusion together with initial and boundary conditions. After that, finite element 

simulation was used to calculate the stress evolution in the carbon shell and find 

the optimal thickness of carbon shell to maintain the structural integrity and 

achieve high capacity for the carbon-coated SnO2 nanowire electrode materials.  

4.1. Thickness-dependent fracture of carbon shell 

The carbon-coated SnO2 nanowires were synthesized by hydrothermal 

templating method. The nanowires were lithiated with the in situ observation of 

TEM (JEM-2100, JEOL). It was found that the lithiation reaction front moves 

along the nanowire during lithiation, which can be indicated by the volume 

expansion and phase transition of the nanowire, as shown in Fig. 4.1. The 

formation of the amorphous phase due to the lithiation of SnO2 can be 

distinguished from the remaining parts of crystalline SnO2 by the contrast in the 
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TEM images. The carbon shells in Figs. 4.1a and b have different thicknesses 

and by comparing the two groups of snapshots, it can be found that the fracture 

of the carbon shell is dependent on the thickness of the shell: for the carbon 

shell with thickness of 8 nm in Fig. 4.1a, ring cracks occur near the reaction 

front as indicated by the yellow arrows where the shell is bent due to the 

diameter difference between lithiated and pristine parts of the nanowire; on the 

contrary, the 11 nm thick carbon shell remain continuous in Fig. 4.1b. No 

interfacial failure can be observed and the thickness of the carbon shell has 

negligible volume change during lithiation. 

 

Figure 4.1. Snapshots of the in situ lithiation process showing that carbon shell (a) is 

fractured (marked by yellow arrows) and (b) maintains unfractured during lithiation. 

By conducting the lithiation on many nanowires, the fracture was found to be 

dependent on the geometrical dimensions, which is summarized in Fig. 4.2. The 

result shows that the thickness, rather than the other parameters such as the 

diameter of the SnO2 core, has the dominant influence on fracture occurrence. It 
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can be concluded that the thinner carbon shell is easier to be fractured while the 

thicker shell can remain integrity during lithiation. A critical thickness of the 

carbon shell, above which no fracture occurs, is ~9 nm, as highlighted in Fig. 

4.2.  
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Figure 4.2. Dependence of the fracture of carbon shell on the shell thickness based on 

in situ lithiation observations. 

4.2. Theoretical modeling 

In order to find the fracture mechanism and explain the thickness-dependent 

fracture of the carbon shell in the carbon-coated SnO2 nanowire electrodes, 

theoretical modeling was conducted. The lithiation process can be regarded as 

the diffusion of lithium ions into the nanowire from one end to the other during 

the alloying of lithium ions with the electrode materials. Fig. 4.3 shows the 
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schematic of the diffusion process of the lithium ions (green spheres) in the 

nanowire electrode when subject to an external voltage. It can be seen that two 

driving forces contribute to the diffusion of lithium ions: one is the 

concentration gradient of lithium ions in the nanowire and the other is the 

external electrical field.  

 

Figure 4.3. Schematic of diffusion of lithium ions in the nanowire electrode subject to 

an external electric field. 

According to Section 3.2.1.c, the diffusion flux J of lithium ions along the axial 

direction can be given by  
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  (4.1) 

where D is the diffusivity coefficient of lithium ions in SnO2 nanowire, C is the 

concentration of lithium ions in the nanowire, e is the charge of one lithium ion, 

Kb is the Boltzmann constant, T is the absolute temperature in Kelvin and E is 

the intensity of the electrical field. Here, the effect of possible stress field and 

the constraint from carbon shell are ignored. Taking the derivative of Eq. (4.1) 

with respect to x gives  
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According to the conservation of matter, 
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which can be further normalized to be  
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where s/ CCC  , 0/ lxx  , 0/ ttt   with 
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SC  is the concentration of lithium ions in the fully lithiated phase, 
0l  and 

0t  

are the characteristic length and time scales of the system. Now Eq. (4.4) can be 

solved in a dimensionless time-space domain. The lithiation is assumed to start 

from 0t , then the initial condition of the normalized concentration of lithium 

ions can be given by  
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The solution of Eq. (4.4) can be calculated as  
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where Erf(z) is the error function defined by dyez
z

y




0

22
)(Erf


. The 

detailed solution can be found in Appendix A. The concentration of lithium ions 

can be calculated at specific moments and positions in the nanowire, as shown 

in Fig. 4.4. It can be summarized from Fig. 4.4 that the nanowire can be divided 

into three parts based on the concentration of lithium ions. In the part of tx 

(or 00 / ttlx  ), the concentration of lithium ions is Cs and this part of nanowire 

can be termed as the “saturation” region. In this region, the nanowire is fully 

lithiated and the advancing speed of the reaction front can be calculated as 00 / tl . 

Following the “saturation” region is the “transition” region, where the 

concentration of lithium ions decreases from Cs to zero. If 1%Cs is chosen as the 

cut-off of zero lithium ion concentration, the other bound of the “transition” 

region is  000 /6.4/ ttttlx   and the advancing speed of this region is 

calculated as ttl 0

2

0 /3.2 . The length of the “transition” region is 00 /6.4 ttl  

which is continually increased upon further lithiation. After the “transition” 

region, since the concentration of lithium ions is lower than 1%Cs, this region is 

termed as “unlithiated” or “pristine” region. Here, the external electrical field 

leads to the formation of the “saturation” region while the “transition” region 

results from the gradient of the lithium ion concentration. 
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Figure 4.4. Distribution of concentration of lithium ions at different time and positions 

in the nanowire electrode. 

4.3. Finite element simulation 

After obtaining the concentration of lithium ions in the nanowire, the volume 

expansion and corresponding deformation and stress states were calculated by 

finite element simulation. Assuming the volume expansion of the nanowire is 

proportional to the concentration of lithium ions, the lithiation-induced volume 

expansion of the nanowire can be analogously regarded as the thermal 

expansion of the nanowire if the coefficient of thermal expansion is taken as the 

coefficient of the lithiation-induced expansion, which is equal to the strain of 

the unconstrained nanowire at full lithiation. The increase of lithium ion 

concentration in the nanowire can be treated as the “temperature” increment in 
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the finite element model, as shown in Fig. 4.5. Therefore, the lithiation-induced 

stress can be calculated as the thermal stress. 

 

Figure 4.5. Schematic of the finite element model for the carbon-coated SnO2 nanowire 

electrode. 

A finite element model was established to simulate the lithiation-induced 

volume expansion in the carbon-coated SnO2 nanowire electrode. In the model, 

as shown in Fig. 4.5, the carbon shell was assumed as elastic materials with 

Young’s modulus and Poisson’s ratio as 300 GPa and 0.25 [200,201]. It should 

be pointed out that the lithiation of carbon was not taken into consideration in 

the simulation due to two factors. On the one hand, the lithiation-induced 

volume expansion of carbon is only 12% [202], which is much lower than that 

of SnO2 (~280%). On the other hand, the lithiation has little effect on the 

mechanical properties of carbon. For example, the tensile stiffness of the carbon 

fiber does not change while the tensile strength drops by only ~20% due to 

lithiation [203,204]. After lithiation, the SnO2 core is transformed into Li2O, Sn 
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and LixSn [1] and the core was assumed to be elastic-perfectly-plastic material 

with Young’s modulus, Poisson’s ratio and yielding stress as 150 GPa, 0.3 and 

7 GPa [205]. It can be observed from Fig. 4.1 that the radial expansion of the 

nanowire is around 60%. Such high strain will induce an extremely high hoop 

stress in the carbon shell. Since the amorphous carbon shell cannot sustain strain 

of more than 15% [201], cracks will surely form along the longitudinal direction 

in the carbon shell. But these cracks cannot be directly observed by using TEM 

due to the limitation in our experiments. Due to the formation of the 

longitudinal crack, the radial mechanical constraint and the hoop stress caused 

by the carbon shell can be greatly released. Therefore, the effects from the 

constraint and the stress field were ignored in the theoretical modeling. 

Subsequently, the problem can be simplified into a two-dimensional plane stress 

problem, as shown in Fig. 4.5. Two-dimensional 4-node plane stress thermally 

coupled quadrilateral bilinear displacement-temperature element (CPS4T) was 

adopted for both SnO2 core and carbon shell. The coefficient of “thermal” 

expansion was taken as 0.5 which corresponds to a 0.5 strain for SnO2 at full 

lithiation. The whole model was implemented with a commercial finite element 

package (ABAQUS, Dassault Systèmes). In order to explain the thickness-

dependent fracture of the carbon shell, three different thicknesses (6 nm, 9 nm 

and 12 nm) were adopted to make a comparison. 

Since the concentration of lithium ions in Eq. 4.6 is given in the normalized 

time-space domain, in order to implement the concentration into the finite 

element model as the analogous “temperature” increment, the value of the 

characteristic length 0l  and time 0t  must be given. The length of the nanowire 
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was ~1 μm and the applied voltage was ~2 V, therefore the magnitude of the 

electrical field intensity E, which is equal to the gradient of the electrical 

potential, was around 2 × 10
6
 V/m. Taking /sm 1026.1 2-16D  [41], 

temperature T as 293 K, charge of one lithium ion or electron e as 1.6 × 10
-19

 C 

and Boltzmann constant Kb as 1.38 × 10
-23

 J/K, the characteristic length 

Ee

Tk
l b0  and time 

2

0

1










Ee

Tk

D
t b  can be calculated as around 12.6 nm and 

1.26 s. The advancing speed of the saturation region 00 / tl  can be estimated as 

around 10 nm/s, which is comparable to the value observed from the TEM 

images in Fig. 4.1.  

4.4. Optimal thickness of carbon shell 

Upon applying the analogous “temperature” increment in the carbon-coated 

SnO2 nanowire electrode, the volume expansion and stress development can be 

calculated. Fig. 4.6 shows the deformation and stress distribution in the partial 

lithiated nanowire with carbon shell thickness of 6 nm at 05tt  . The radial 

strain of the nanowire is around 56-71% which is comparable with the 

experimental observation. Such a high radial strain leads to the development of 

tensile stress in the carbon shell while the compressive stress develops in the 

lithiated SnO2 core. The maximum tensile stress occurs at the lithiation front in 

the carbon shell which is due to the combination of the additional local bending 

stress and the membrane tensile stress.  
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Figure 4.6. Simulation result showing the stress state and deformation of the carbon-

coated SnO2 nanowire electrode after lithiation of 5t0. 

The evolution of the maximum tensile stress is summarized in Fig. 4.7 for the 

three cases with different shell thicknesses. For each case, the stress firstly 

increases as the lithiation proceeds. After reaching the maximum value at 

around 05tt  , the stress begins to decrease. By comparing the three different 

cases, it can be found that the maximum tensile stress depends strongly on the 

shell thickness: the thinner the shell thickness, the higher the maximum tensile 

stress. It means that the carbon shell with thinner thickness is easier to be 

fractured due to the higher tensile stress. It has been shown in the experiments 

that the critical thickness of carbon shell, above which no fracture occurs, is 

around 9 nm. According to the maximum tensile stress criterion [180], the 

strength of the carbon shell can be equal to the maximum tensile stress in the 

carbon shell with thickness of 9 nm. This value, estimated from Fig. 4.7, is 

around 0.1Ecarbon, which is 30 GPa and agrees well with the values reported in 

literatures [201,203,204]. 
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Figure 4.7. Evolution of maximum tensile stress in the carbon shell along axial 

direction of the nanowire electrode during lithiation. 

In this chapter, we focused on the analysis of thickness-dependent fracture of 

the carbon shell in the carbon-coated SnO2 nanowire electrodes and the 

optimization of the electrode materials. In situ lithiation showed that the crack 

in carbon shell of the nanowires is dependent on the thickness of the shell. A 

critical thickness of ~9 nm, above which no crack occurs, was found based on 

the experimental observations of nanowires with different thicknesses upon 

lithiation. The lithiation process of the nanowire was analyzed through 

theoretical modeling based on the theory of diffusion. The concentration of 

lithium ions in the nanowire was calculated at specific time and position in the 

nanowire by solving the equation of diffusion with initial and boundary 

conditions. By analogously treating the lithiation-induced volume expansion as 

thermal expansion, the deformation and stress development in the nanowire was 
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obtained by finite element simulations. The maximum axial tensile stress near 

the reaction front was the reason for the crack initiation and was found to be 

strongly dependent on the shell thickness: the thinner the shell, the higher the 

stress. For carbon shells with thickness higher than 9 nm, the maximum tensile 

stress was always below the fracture strength of amorphous carbon. For those 

with thickness below 9 nm, the maximum tensile stress became higher than the 

fracture strength, indicating the fracture of the carbon shell. By adopting this 

shell thickness (~9 nm), the least amount of carbon will be used so that both 

structural integrity and maximum capacity can be achieved for the carbon-

coated SnO2 nanowire electrode. The approaches of the theoretical modeling 

and the finite element simulation should be of great value in analyzing the 

lithiation in the nanowire-based core-shell nanostructured electrode materials 

and providing optimal design guidelines for obtaining structural integrity and 

the highest capacity for the electrode materials at the same time.  
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Chapter 5. Carbon-coated silicon nanoparticle 

electrode
2
 

Besides SnO2 anode materials, silicon (Si) anode, as a high capacity electrode 

material (4200 mA h·g
-1

), also suffers from fracture, pulverization and 

delamination from current collector due to the dramatic volume change (~400%) 

during lithiation and delithiation. In order to solve the above problems to 

achieve stable structural integrity and long cycle life for Si anodes, nanoscale 

design strategy of the Si anodes has been used and shows that the 

electrochemical performance can be improved a lot. It was found that the 

fracture of crystalline Si nanoparticles can be greatly inhibited if their diameter 

is lower than 150 nm [101]. In addition to the nanoscale design approach, 

carbon shell has been proved to be an effective way to further optimize the 

electrochemical performance by constraining the volume change, preventing the 

formation of unstable solid electrolyte interface on Si surface and increasing the 

conductivity of lithium ions and electrons, etc. However, in our in situ lithiation 

experiments, it was found that the carbon-coated Si nanoparticles (Si@C NPs) 

were fractured during lithiation even though the diameter of the crystalline Si 

nanoparticles was much lower than 150 nm. That is to say, the carbon shell 

might have a negative effect on the structural integrity of the Si nanoparticle 

electrode materials by expediting the fracture of the nanoparticle.  

                                                 
2
 The work done in this chapter has been published in the following referred journal paper: 

W. Li, K. Cao, H. Wang, J. Liu, L. Zhou, H. Yao, Carbon coating may expedite the fracture of 

carbon-coated silicon core-shell nanoparticles during lithiation, Nanoscale 8 (2016) 5254-5259. 
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In this chapter, in order to investigate fracture mechanism of the Si@C NPs, 

systematic studies were utilized, including chemical synthesis of the electrode 

materials, experimental observation of the in situ lithiation process and fracture 

mechanics-based finite element simulation and analysis. First of all, the Si@C 

NPs were synthesized through hydrothermal method [125]. After that, in situ 

lithiation was conducted on the nanoparticles. The carbon shell was found to 

facilitate the fracture of the Si nanoparticle and the fracture occurrence was 

dependent on the geometrical dimensions of the nanoparticles. Finite element 

simulation was later on conducted to explain the fracture mechanism and an 

optimal design guideline was proposed to maintain the structural integrity and 

maximize the capacity for the Si@C NP electrode materials. 

5.1. Synthesis and characterization 

The synthesis method is shown in Fig. 5.1. Sucrose (600 mg), as the carbon 

source, was firstly dissolved in a solution of 6 mL deionized water, 8 mL 

absolute ethanol (99.9 wt%) and 0.6 mL hydrochloric acid (HCl, 37 wt%). The 

Si nanoparticles (100 mg) were then mixed with the above solution under 

stirring and then ultrasonicated for 120 min. The total solution was then 

transferred to a water bath of 70 ˚C under stirring for 3 hours. Subsequently, the 

solution was dried in the vacuum oven at 120 ˚C for 8 hours. The dried sample 

(Si-sucrose product) was manually ground and then transformed into the 

alumina crucible. The crucible was moved to the furnace under the protection of 

nitrogen and then heated at 800 ˚C for 2 hours. After cooling down, the Si@C 

NPs were synthesized.  
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Figure 5.1. Flow chart for the synthesis process of the carbon-coated Si nanoparticle 

electrode materials. 

Figs. 5.2a and b show the morphology and size distribution of the Si@C NPs 

captured by TEM observation under different magnifications. The Si cores have 

different diameters and the carbon shells have different thicknesses, indicating 

the inhomogeneity in geometric sizes of the core-shell structured nanoparticles. 

The diameters of the Si cores range from 10 to 150 nm while the thicknesses of 

carbon shells are about 5 to 10 nm. The carbon shell is amorphous and the Si 

core is crystalline, as shown by the high resolution TEM image in Fig. 5.2c. The 

crystallinity of Si core can also be confirmed by the selected area electron 

diffraction pattern as shown in Fig. 5.2d.  
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Figure 5.2. (a-b) TEM images showing the morphology of the carbon-coated Si 

nanoparticles. (c) High-resolution TEM image showing the interface between 

crystalline Si core and amorphous carbon shell. (d) Selected area electron diffraction 

pattern of the carbon-coated Si nanoparticle.  

5.2. In situ lithiation  

In order to investigate the lithiation mechanism of the Si@C NP electrodes, in 

situ lithiation was conducted on the nanoparticles with the aid of TEM 

observation. A solid electrochemical cell was used as the nanoscale battery 

setup, as shown by the schematic in Fig. 5.3. Then the nanoparticles were 

attached on the golden rod with silver paste while the counter electrode was the 

piezo-driven tungsten rod which was covered with lithium metal. A little 

amount of carbon nanotubes (CNTs) were added into the nanoparticle electrode 

materials to improve the electrical conductivity. The lithium metal was 

unavoidable to be oxidized during transferring from glove box into the chamber 

of TEM. The Li2O layer formed on the surface and became the solid electrolyte. 
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The intensity of the electron beam was tuned to the minimum value to avoid the 

decomposition of the Li2O layer so that direct contact between the nanoparticles 

and lithium metal was prevented and the occurrence of the electrochemical 

reaction was guaranteed. A nano contact between the nanoparticles and the 

lithium metal was made by moving the tungsten rod and a voltage of –3 V was 

applied to initiate the lithiation. Lithium ions were transported through the Li2O 

layer and inserted into the carbon shell and the Si core. Even though the voltage 

was higher than a real battery, the electrochemical reaction and phase transition 

were the same so that the reaction and lithiation/delithiation processes in a real 

battery can be analyzed by such a nanoscale solid cell inside TEM.  

 

Figure 5.3. Schematic of the setup of the nano half-cell for in situ lithiation. 

The lithiation process of a Si@C NP was captured and shown in Figs. 5.4a-f. 

Fig. 5.4a shows the initial state of a nanoparticle with Si core diameter of ~60 

nm and carbon shell thickness of ~9 nm. After contacting the lithium metal with 

the nanoparticle and applying the voltage, the volume of the nanoparticle is 

expanded due to the insertion of lithium ions and a sharp interface can be clearly 

seen between the pristine Si core and the lithiated Si shell, as shown in Figs. 

5.4b-e. It has been reported that the bare crystalline Si nanoparticle should not 
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be fractured during lithiation if its diameter is lower than 150 nm [101]. 

However, our in situ lithiation result shows that the Si@C NP is fractured as 

shown in Fig. 5.4f even though the diameter of the Si core is only 60 nm. That is 

to say, the carbon shell may expedite the fracture of the Si nanoparticle rather 

than prevent it from being fractured.  

 

Figure 5.4. Snapshots of the lithiation-induced fracture of the carbon-coated Si 

nanoparticle electrode materials. 

5.3. Geometrical dimension-dependent fracture  

In the in situ lithiation experiments, we found the geometrical sizes-dependent 

fracture for the Si@C NP electrode materials during lithiation. The in situ 

lithiation was conducted on dozens of the nanoparticles and the fracture 

probability is summarized in the D-t plane, as shown in Fig. 5.5. Here, D is the 

diameter of the Si core while t is the thickness of the carbon shell. It can be 
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summarized that the fracture is dependent not only on the diameter of the Si 

core but also on the thickness of the carbon shell. The nanoparticles tend to 

maintain integrity with lower D and higher t. The ratio between D and t rather 

than the single D or t determines the occurrence of the fracture in the 

nanoparticles upon lithiation. The nanoparticles are fractured when D/t > 7.0 

while no fracture occurs when D/t < 3.5. For the nanoparticles with 3.5 < D/t < 

7.0, whether or not the fracture happens remains random. It can be concluded 

that there is a critical ratio of D/t under which the nanoparticles will not be 

fractured during lithiation and the ratio should be between 3.5 and 7.0.  
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Figure 5.5. Dependence of the lithiation-induced fracture of carbon-coated Si 

nanoparticles on the diameter of Si core and the thickness of carbon shell. 
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5.4. Lithiation-induced fracture mechanism  

It has been reported that the lithiation in Si is a two-phase reaction-rate 

controlled process. There is a sharp boundary between the lithiated Si and the 

pristine Si during lithiation. In order to study the stress and deformation during 

lithiation and find out the fracture mechanism of the Si@C NPs, such lithiation 

process was analyzed by finite element simulation. The fracture mechanism was 

studied by analyzing the stress development in the carbon shell and the energy 

release rate at the tip of crack after the fracture of the shell.  

5.4.1. Stress evolution in the carbon shell during lithiation 

A two-dimensional (plane strain) circular solid model was established to 

simulate the lithiation in the Si@C NP electrode materials, as shown in Fig. 5.6, 

to study the fracture mechanism of the nanoparticles. The nanoparticle in the 

finite element model has a Si core with diameter of 100 nm, which is lower than 

the threshold of safety size (150 nm), and a carbon shell with thickness of 5 nm. 

Since the governing equations are similar for the diffusion problem and thermal 

conduction problem, the lithiation-induced volume expansion was simulated by 

the analogous thermal expansion by treating the increase in lithium ion 

concentration as the increment of the temperature. Such a thermal expansion 

problem could be easily tackled by the commercial finite element simulation 

package (ABAQUS, Dassault Systèmes).  
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Figure 5.6. Schematic of the finite element model of a carbon-coated Si nanoparticle 

during lithiation. 

To simulate the phase transition during lithiation, the mechanical properties of 

the Si were assumed to be linearly proportional to the concentration of lithium 

ions, which was regarded as the normalized temperature in the finite element 

model. That is, when concentration of lithium ions or the corresponding 

temperature is zero, the core has the mechanical properties of pristine Si. When 

the normalized concentration of lithium ions or the temperature is one, the 

lithiated part of the core will have the properties of lithiated Si (Li15Si4). The 

lithiation in the carbon shell was neglected due to the negligible volume 

expansion and the small changes of mechanical properties, as discussed in 

Section 4.3. Since there is a sharp interface between the pristine Si and the 

lithiated Si, to simulate the lithiation process, the Si core was divided into many 

concentric annuluses. To model the inward lithiation process, the prescribed 

temperature field was applied on the annuluses layer by layer from the 

outermost one to the innermost one. The simulation results were found to be 

dependent on the annulus thickness or the number of the annuluses but 

convergent results could be achieved when the thickness was enough small or 
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the number of the annuluses was enough high, which is discussed in Appendix 

B. Here, the carbon shell was assumed to be elastic material and the Si and LixSi 

were assumed to be elastic-perfectly-plastic materials with mechanical 

properties shown in Table 5.1. The radial strain of a Si nanoparticle at full 

lithiation was adopted as the linear coefficient of the analogous thermal 

expansion, which was taken as 0.4 for the two-dimensional problem. The 

bonding between the carbon shell and the Si core was assumed to be perfect and 

no delamination would occur during lithiation. Such strong interfacial bonding 

is probably due to the interpenetration of Si and carbon at the interface as shown 

in Fig. 5.2c and has also been reported in literature [122]. In this finite element 

simulation, we adopted the two-dimensional eight-node plane-strain thermally 

coupled quadrilateral, biquadratic displacement-bilinear temperature element 

with reduced integration (CPE8RT). 

Table 5.1. Typical mechanical properties taken in FEA simulations 

Materials Young’s modulus 

 

Poisson’s ratio Yield strength 

 (GPa)  (GPa) 

Carbon 300 [206] 0.25 [206] - 

Si 169 [207] 0.26 [207] 7 [208] 

LixSi 3.5 [162] 0.23 [166] 0.5 [172,209] 

 

The stress evolution in the carbon shell was firstly analyzed, as shown in Fig. 

5.7. It can be found that the maximum tensile stress, which is along the hoop 

direction, occurs in the carbon shell at the interface. The maximum tensile stress 

increases with the degree of lithiation. Here the degree of lithiation is defined as 

the fraction of the Si core that has been lithiated. The maximum tensile stress 
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saturates after 80% lithiation and reaches at ~25 GPa. According to the 

maximum tensile stress criterion for brittle materials [180], the carbon shell will 

be fractured if the max  is higher than the fracture strength 
f  of the amorphous 

carbon. It has been reported that the 
f  is around 7 – 30 GPa for the amorphous 

carbon [206,210]. Therefore, the carbon shell will be fractured at around 6% 

lithiation if 7 GPa is taken as a conservative estimation of the fracture strength. 
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Figure 5.7. Evolution of the maximum tensile stress in the carbon shell during lithiation. 

5.4.2. Analysis of crack propagation 

Once the carbon shell is cracked, it is important to determine whether the crack 

can penetrate into the lithiated Si core. As discussed in Section 3.2.2, since the 

LixSi is the elastic-perfectly-plastic material, the propagation can be determined 

by calculating the energy release rate at the crack tip rather than computing the 

stress or strain, which is singular near the crack tip. The bonding between the 
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carbon shell and the lithiated Si core is very strong so that the crack is prone to 

penetrating into the lithiated Si rather than propagating along the carbon/LixSi 

interface if the energy release rate at the crack tip is high enough. Such driving 

force was calculated by J integral [181] through the finite element model as 

shown in Fig. 5.8. From the magnified image, a crack forms in the carbon shell 

after 6% lithiation and terminates at the carbon/LixSi interface. The crack tip is 

surrounded by many circular contours which are used to calculate the value of J 

integral.  

  

Figure 5.8. Meshed finite element model of the carbon-coated Si nanoparticle with a 

crack terminating at the carbon/LixSi interface. 

Fig. 5.9 shows the detailed schematic of the contours near the crack tip. The 

crack tip elements were implemented in ABAQUS, as discussed in Section 3.2.3. 

The quad-dominated elements were transformed to triangle elements inside the 

first contour 1  and a singularity of 1r  was used for these elements (r is the 

distance from the crack tip), as shown in Fig. 5.9. The contours were numbered 

sequentially from the crack tip to the far field. 
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Figure 5.9. Schematic of the contours used for calculation of the J integral near the tip 

of crack. 

The values of the J integral were calculated and found to have certain path-

dependence. But convergent value of J integral can be obtained after the fifth 

contour. Detailed discussion of the path-dependent J integral is summarized in 

Appendix C. Therefore, the J value of the fifth contour was used to characterize 

the propagation of the crack, which is plotted in Fig. 5.10. Since the carbon shell 

is cracked after 6% lithiation, substantial J integral can be observed after such 

degree of lithiation. The J integral is increased rapidly during lithiation and soon 

exceeds 10 J·m
-2

 at around 30% lithiation. It has been reported that the fracture 

energy, or the critical energy release rate for crack growth of LixSi, is around 10 

J·m
-2

 [174,211]. The J integral near the crack tip can easily exceed this value, 

leading to the penetration of the crack into the lithiated Si core and the fracture 

of the whole nanoparticle. 
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Figure 5.10. Evolution of the energy release rate (J integral) near the tip of the crack. 

The high energy release rate at the carbon/LixSi interface is mainly due to the 

inhomogeneity of the materials along the direction of crack propagation. That is, 

the difference in mechanical properties between carbon and LixSi in this case 

determines the level of energy release rate. It has been reported that such 

materials’ inhomogeneity causes a shielding or anti-shielding phenomenon, 

depending on the orientation of the inhomogeneity [212]. For example, the 

crack is facilitated if the crack tends to propagate from the stiff/hard material to 

the compliant/soft one. On the contrary, the crack is impeded if the crack tends 

to propagate from the compliant/soft material to the stiff/hard one. It is obvious 

that our case belongs to the first situation in which carbon is stiffer and harder 

than the lithiated Si. Therefore, the energy release rate at the crack tip is 

increased dramatically due to such materials’ inhomogeneity. In order to have a 

better understanding of this effect, a study was conducted by comparing the 
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energy release rate at the crack tip of the Si@C NP and a homogeneous bare Si 

nanoparticle. Details of the comparison are discussed in Appendix D. Generally, 

the energy release rate at the crack tip in the Si@C NP increases much faster 

than that in the bare Si nanoparticle. That is, the carbon shell indeed expedites 

the crack of the carbon shell and the fracture of the Si@C NP during lithiation.  

5.5. Optimization of geometrical dimensions 

Even though the carbon shell may facilitate the fracture of the Si nanoparticle 

during lithiation, the benefits of the carbon shell should not be neglected, such 

as the good electronic and ionic conductivities and stable solid electrolyte 

interface on the shell surface. Besides, in our in situ lithiation experiments, it 

was also found that the carbon shell will not be fractured if the geometrical 

dimensions of the nanoparticles can be optimally designed. Therefore, it is more 

important to find an optimal design approach so as to take advantage of these 

benefits as well as avoiding the side effects caused by the fracture and 

pulverization. According to the above analysis, the carbon shell should not be 

cracked otherwise the whole nanoparticle will be fractured. As indicated by the 

experimental observation in Fig. 5.5, the cracking of the carbon shell can be 

avoided by optimizing the geometrical dimensions (D and t) of the nanoparticles. 

By using the finite element model in Fig. 5.6, a parametric study was conducted 

by using different geometrical dimensions to study the stress evolution in the 

carbon shell. Fig. 5.11 shows the dependence of the maximum tensile stress 

FL

max  (normalized by CE ) at full lithiation moment on the Si core diameter D 

and the carbon shell thickness t.  
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Figure 5.11. Optimal design guideline for the carbon-coated Si nanoparticle 

electrode materials. 

Generally, smaller D and larger t lead to lower FL

max . It means that the carbon 

shell can be safer during lithiation if D is decreased and t is increased. This 

trend agrees well with the experimental observation that the Si@C NPs with 

smaller D and larger t are easier to remain structural integrity after lithiation. In 

order to prevent the fracture of the carbon shell, FL

max  should be lower than the 

fracture strength of amorphous carbon 
f . For example, if we take 

f  as 6 GPa 

and 
CE  as 300 GPa, the “unfractured” region is the area below the contour line 

of 02.0/ C

FL

max E . By comparing with Fig. 5.5, it can be found that this 

contour line is corresponding to the line defined as 5.3/ tD . Similarly, if 
f  

is taken as 12 GPa, the “unfractured” region will be the area below the contour 

line of 04.0/ C

FL

max E , which coincides with the line of 0.7/ tD  in Fig. 5.5. 

Since the fracture of amorphous carbon shell occurs in the region between the 
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two lines of 5.3/ tD  and 7/ tD  remains random, the fracture strength can 

be predicted in the range of 6 – 12 GPa. This range is found to be consistent 

with the value reported in literature [210] and our previous selection of fracture 

strength (~7 GPa) to judge the initiation of crack in carbon shell for the model 

in Figs. 5.6 and 5.7. 

From the perspective view of capacity, the value of D/t should be as high as 

possible so that the theoretical capacity of the Si@C NP can achieve a higher 

value. On the contrary, the value of D/t should be small enough so that the 

carbon shell, as well as the whole Si@C NP, will not be fractured during 

lithiation. Based on the above analysis, the value of D/t is chosen as 3.5 so that 

the nanoparticle electrode materials can remain unfractured and achieve the 

highest capacity at the same time. 

In this chapter, we focused on the explanation of the lithiation and fracture 

mechanism and the optimal design strategy of the carbon-coated Si nanoparticle 

electrode materials to avoid the fracture and achieve the high theoretical 

capacity. First of all, in situ lithiation was conducted on the synthesized carbon-

coated Si nanoparticles. Previous in situ lithiation studies showed that the 

crystalline Si nanoparticles should not be fractured if its size is below 150 nm. 

Besides, carbon shell has been normally regarded to protect the Si nanoparticle 

from being fractured during lithiation. However, in our experiments, an 

unexpected fracture of the nanoparticles was observed during in situ lithation. It 

was found that the Si nanoparticles are easier to be fractured even though they 
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are coated with an amorphous carbon shell. The carbon shell seems to expedite, 

rather than impede, the fracture of the Si nanoparticles during lithiation. 

It should be pointed out that the Si core has a single crystalline structure (see 

Fig. 5.2d), indicating the same crystal structure with the reported Si nanoparticle 

[101]. But the fracture size, as shown by Fig. 5.5, was found to be as small as 

~35 nm, which is much smaller than the reported critical value (~150 nm). 

Besides, a contemporary work also reported the fracture of carbon-coated Si 

nanoparticle during lithiation in which the size of Si core is ~128 nm, which is 

also smaller than the critical value [213]. The above comparisons confirm that 

the particularity of the different Si nanoparticles has no significant effect on the 

fracture mechanism. In order to find out the fracture mechanism of the carbon-

coated Si nanoparticle electrodes, finite element simulation was carried out. It 

was noticed that the carbon shell will be firstly cracked during lithiation due to 

the elevated tensile stress. The crack terminating at the crack tip, if subject to 

further lithiation, tends to propagate into the lithiated Si core and causes the 

fracture of the whole nanoparticle. The increasing energy release rate at the 

crack tip is due to the materials’ inhomogeneity between the Si core and the 

carbon shell. Further in situ lithiation experiments showed that the fracture can 

be prevented by controlling the diameter of the Si core and the thickness of the 

carbon shell. A critical ratio of the diameter over thickness was proposed for the 

carbon-coated Si nanoparticles so that the fracture can be avoided and the 

highest theoretical capacity can be obtained. Therefore, through an optimal 

design strategy of the geometrical dimensions of the carbon-coated Si 

nanoparticles, the electrode materials can achieve structural integrity and 
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maximum capacity at the same time. Such optimal design guideline should be of 

great value to the design of core-shell nanostructured high-capacity anode 

materials for lithium ion batteries. 
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Chapter 6. Yolk-shell carbon-coated silicon nanoparticle 

electrode
3
 

Coating technique has been widely used to improve the electrochemical 

performance of the high-capacity anode materials. In Chapter 4 and 5, carbon 

shell was directly coated on the SnO2 nanowire and Si nanoparticle electrode 

materials. It was found that the fracture of carbon shell can be avoided by the 

optimal design strategies on the geometrical dimensions. However, since much 

more coating materials are required to resist the lithiation-induced volume 

expansion and fracture, the total theoretical capacity is decreased due to the 

lower capacity of carbon than that of SnO2 or Si. In order to solve the fracture 

problem as well as increasing capacity for carbon and Si composite electrode 

materials, the yolk-shell nanostructured electrode materials have been 

developed and studied. The yolk-shell carbon-coated Si nanoparticle 

(Si@void@C NP) electrode materials show much better electrochemical 

performance than the carbon-coated Si nanoparticle electrodes. The improved 

performance, including the longer cycle life and higher capacity, results from 

the void space between the Si yolk and the carbon shell to bear the volume 

change of the Si yolk so that the carbon shell tends to remain structural integrity 

during cycling. Since the Si yolk can expand more freely, it can accommodate 

much more lithium ions, leading to a higher capacity for the whole system. 

                                                 
3
 The work done in this chapter has been published in the following referred journal paper: 

W. Li
†
, Q. Wang

†
, K. Cao, J. Tang, H. Wang, L. Zhou, H. Yao, Mechanics-based optimization 

of yolk-shell carbon-coated silicon nanoparticle as electrode materials for high-capacity lithium 

ion battery, Composites Communications 1 (2016) 1-5. (
†
Co-first authors) 
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Besides, the solid electrolyte interface film forms on the surface of the carbon 

shell and remains unfractured due to the decreased volume expansion of the 

nanoparticle. All of these advantages contribute to better cycling performance of 

the nanoparticle electrode materials. Nevertheless, the electrochemical 

performance, including the cycle life and reversible capacity, varies in different 

studies, indicating a large space to improve and optimize the performance of the 

electrode materials. In addition, it is still unclear how much void space should 

be designed to maintain the structural integrity and maximize the capacity for 

the Si@void@C NP electrode materials. Therefore, both experimental and 

theoretical approaches were adopted to study and optimize the Si@void@C NP 

electrode materials in this chapter. 

In situ lithiation was firstly conducted on the Si@void@C NPs. It was found 

that the fracture is dependent on the geometrical dimensions of the nanoparticles. 

Later on, rigorous theoretical modeling was established to predict the fracture 

and the theoretical capacity of the electrode materials. Finally, an optimal 

design guideline was proposed to maintain the structural integrity and achieve 

the highest capacity for the Si@void@C NP electrode materials. 

6.1. Geometrical dimension-dependent fracture 

The Stöber method was used to synthesize the Si@void@C NP electrode 

materials [123,214,215]. The in situ lithiation was conducted on the 

nanoparticles by using a nanoscale battery setup inside TEM with a 

Nanofactory
®

 holder, as shown in Fig. 6.1a. The Si@void@C NPs were 

attached on the golden rod by silver paste and fixed on the holder. The lithium 
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metal was attached on the tungsten rod in a glovebox. During transferring the 

lithium metal from glovebox to the holder, a Li2O layer inevitably formed on 

the surface of lithium metal, serving as the solid electrolyte. The holder was 

moved into the TEM and then the TEM chamber was vacuumed. After moving 

the lithium source to contact with the nanoparticles inside the TEM and 

applying a voltage of –3 V, the nanoparticles can be lithiated. The lithiation 

process of the nanoparticles was captured by a digital camera inside the TEM. 
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Figure 6.1. (a) Schematic of the setup for the in situ lithiation of the yolk-shell carbon-

coated Si nanoparticle electrode materials and (b-e) snapshots of the lithiation-induced 

fracture of the yolk-shell carbon-coated Si nanoparticles during lithiation.  

Fig. 6.1b shows the initial state and the morphologies of several nanoparticles in 

which the void space can be seen between the Si yolk and the carbon shell. 

After applying the voltage, the nanoparticles are lithiated as shown in Fig. 6.1c. 
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The volume of the Si yolks is expanded, the void space between the yolk and 

the shell becomes smaller and the sharp interface appears between the pristine 

crystalline Si core and the amorphous lithiated Si shell. After lithiation of 101 s, 

one of the nanoparticles is fractured as indicated by the red arrow in Fig. 6.1d. 

At the final moment of lithiation in Fig. 6.1e, three of the nanoparticles are 

fractured as indicated by red arrows while the other two nanoparticles remain 

continuous as marked by the blue arrows after lithiation of 180 s.  

The above in situ lithiation was conducted on dozens of the Si@void@C NPs. 

The fracture and continuity of the nanoparticles are summarized in Fig. 6.2. 

Here CR  and t  are the radius CR  and thickness t  of the carbon shell normalized 

by the radius of the Si yolk SiR . It can be seen that Si@void@C NPs tend to 

remain unfractured with larger CR  and t  while the nanoparticles are fractured if 

CR  and t  are smaller. These results show a clear geometrical dimension-

dependent fracture of the Si@void@C NPs during lithiation. 
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Figure 6.2. Dependence of the lithiation-induced fracture of the yolk-shell carbon-

coated Si nanoparticles on the geometrical dimensions CR  and t . 

6.2. Theoretical modeling 

In order to study the fracture mechanism of the Si@void@C NPs upon lithiation, 

theoretical modeling is established to calculate the stress and deformation in the 

carbon shell of the Si@void@C NPs. The tensile stress develops in the carbon 

shell after the Si yolk contacts with the inner wall of the carbon shell during 

lithiation, as shown in Fig. 6.3. Upon full lithiation, the lithiated Si yolk is 

constrained by the carbon shell and subject to hydrostatic compression. 

Therefore, only elastic deformation is required to be considered in the Si yolk 

while the influence by the plastic deformation can be ignored. 
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Figure 6.3. Schematic of a yolk-shell carbon-coated Si nanoparticle during lithiation. 

At the moment of full lithiation, the mechanical strain in the radial direction Si  

in the lithiated Si yolk is given by  

 Si

SiLi

SiLi

Si
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  (6.1) 

where SiLi x
E  and SiLi x

v  are the Young’s modulus and Poisson’s ratio of the 

lithiated Si and Si  is the hydrostatic compression stress in the lithiated Si yolk. 

The carbon shell is expanded upon full lithiation and the tangential stress t  and 

radial stress r  in the carbon shell are given by  
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where a and b are the initial inner and outer radii of the carbon shell with 

tRa 5.0C   and tRb 5.0C   and ip  is the inner pressure applied on the 
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inner surface of the carbon shell. After the contact between the lithiated Si yolk 

and the carbon shell at the moment of full lithiation, Newton’s Third Law gives  
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Substituting Eqs. (6.1) and (6.3) into Eq. (6.2a) leads to  
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From Eq. (6.4), we can know that t  is a monotonic function of r and it reaches 

the maximum value of 
max

t  when ar  . Substituting ar   gives the 

maximum tensile stress 
max

t  in the carbon shell as  
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  (6.5) 

According to the Hooke’s law, the mechanical strain in the tangential direction 

t  in the carbon shell can be expressed as  

  rttt v
E
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C

1
  (6.6) 

where CE  and Cv  are the Young’s modulus and Poisson’s ratio of carbon. 

Substituting Eqs. (6.2a) and (6.2b) into Eq. (6.6) yields  
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Letting ar   in Eq. (6.7), the tangential strain at the inner surface of the carbon 

shell can be given as  
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A geometrical relationship can be obtained after the contact between the 

lithiated Si yolk and the carbon shell, which is  

    ar

taR   11 Si0Si  (6.9) 

where 0  is the linear coefficient of expansion of a free Si nanoparticle upon 

full lithiation. Here, we take 0  as 0.6, corresponding to a volume expansion of 

~400% for the Si nanoparticle. Substituting Eqs. (6.1), (6.3) and (6.8) into Eq. 

(6.9) leads to  
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Eq. (6.5) can be transformed to  
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Combination of Eqs. (6.10) and (6.11) gives  
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The radial strain in the lithiated Si yolk Si  can be eliminated through the 

combination of Eq. (6.5) and Eq. (6.12), which leads to  
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where SiCC / RRR   and Si/ Rtt  . Combination of Eq. (6.5) and Eq. (6.13) 

leads to  
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According to the maximum tensile stress criterion [180], the carbon shell will 

not be fractured if the maximum tensile stress 
max

t  is lower than the fracture 

strength 
f  of the amorphous carbon. By taking f

max  t , the critical 

conditions under which no fracture of the carbon shell occurs can be obtained. 

The mechanical properties of carbon and LixSi are taken as the values in Table 1 

of Section 5.4.1. If we take GPa 6 GPa 2 f  , such critical conditions can 

be plotted by the two curves on the CR - t  plane as shown in Fig. 6.2. It can be 

predicted that the carbon shell will not be fractured after full lithiation if the 

geometrical dimensions CR  and t  are selected above the critical curves. 

Otherwise the carbon shell will be fractured. By comparing the theoretical 
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predictions (the solid curves) with the experimental observations (the scattering 

symbols), it can be summarized that all the fractured Si@void@C NPs have 

geometrical dimensions below the critical curve for GPa 6f  while the 

nanoparticles remain continuous with geometrical dimensions above the critical 

curve for GPa 2f  . For the nanoparticles locating in the marginal zone 

between the two critical curves, whether or not the fracture occurs is random. 

This means that the fracture strength 
f  of the amorphous carbon shell falls in 

the range of 2 – 6 GPa, which is consistent with the parameters reported in 

literature [216]. In order to ensure the structural integrity of the Si@void@C 

NPs, as a conservative estimation, the geometrical dimensions ( CR  and t ) of 

the nanoparticles should be selected above the critical curve of GPa 2f   so 

that all the Si@void@C NPs will not be fractured during lithiation. 

6.3. Capacity optimization 

In addition to obtain the structural integrity during lithiation, the theoretical 

capacity of the Si@void@C NPs is another factor which influences the 

electrochemical performance of the nanoparticle electrode materials. The 

theoretical capacity of the Si@void@C NP comes from both Si yolk and carbon 

shell and can be estimated based on the theoretical capacities, mass ratios and 

volume expansion of both Si and carbon. The volume change of a free Si yolk at 

the moment of full lithiation 
1V  is given by  

 ]1)1[( 3

001  VV  (6.15) 
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where 0V  is the initial volume of the Si yolk. For the Si@void@C NP, if the 

volume expansion of the Si yolk is constrained by the carbon shell during 

lithiation, the volume change of the constrained Si yolk 
2V  can be expressed 

as  

 ]1)1[( 3

Si002  VV  (6.16) 

The theoretical capacity contributed by the constrained Si yolk is assumed to be 

proportional to the volume change of the Si yolk. Thus the capacity of the Si 

yolk YolkC  upon full lithiation is given by  
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where SiC  is the theoretical capacity (4200 mA h·g
-1

) of Si and Sim  and Cm  

are the mass of the Si yolk and the carbon shell respectively. The carbon shell is 

assumed to be fully lithiated and the theoretical capacity contributed by the 

carbon shell ShellC  is given by  
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where CC  denotes the theoretical capacity (372 mA h·g
-1

) of carbon. The mass 

of the Si yolk and the carbon shell can be expressed as  
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where Si  (2.33 g·cm
-3

) and C  (2.25 g·cm
-3

) are the densities of Si and carbon, 

respectively [202]. The summation of 
YolkC  and 

ShellC  is equal to total 

theoretical capacity C  of the Si@void@C NP which is derived as  
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where SiC /   . By substituting the mechanical properties and theoretical 

capacities of the materials into the Eq. (6.20), the capacity C  can be plotted as a 

function of the geometrical dimensions CR  and t  as shown in Fig. 6.4.  
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Figure 6.4. Optimal design guideline for the yolk-shell carbon-coated Si 

nanoparticle electrode materials showing the dependence of fracture and 

theoretical capacity on geometrical dimensions CR  and t . The hollow symbols 

represent the distribution of geometrical dimensions of the Si@void@C NPs in 

the literature [123-126] and sample A and B refer to the “YS Si@50mC” and 

“YS Si@10mC” in ref. [124], respectively. 
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Fig. 6.4 gives a design guideline for the Si@void@C NP electrode materials to 

achieve structure integrity and high capacity at the same time. The nanoparticles 

with geometrical dimensions above the critical curve of GPa 2f  can remain 

continuous and their theoretical capacity can be predicted from the guideline, 

which is illustrated by the contours. Generally, for given diameter of the Si yolk, 

smaller thickness of carbon shell leads to higher capacity and the capacity can 

be further optimized by selecting an optimal radius for the carbon shell. 

It might be interesting to compare the estimated capacities from this map with 

the results reported in literatures [123-126]. The ranges of the geometrical 

dimensions of the nanoparticles in these literatures are marked by the symbols 

with error bars in Fig. 6.4. Among all the products of the Si@void@C NP 

electrode materials, three groups of them have geometrical dimensions locating 

in the unfractured region, indicating their stable structure integrity during 

electrochemical cycling. According to Eq. (6.20), their capacities are estimated 

to be around 1546-2169, 1135-1631 and 535-972 mA h·g
-1

 as shown in Fig. 6.4 

which agree well with the experimentally measured capacities of ~2100, ~1000 

and ~646 mA h·g
-1

, respectively. On the contrary, the other two groups of the 

Si@void@C NPs have dimensions in the fractured region. This indicates that 

they may not have stable cycling performance since the nanoparticles are easier 

to be fractured during lithiation. This prediction is also confirmed by the quick 

drop of their measured capacities during electrochemical cycling measurements. 

In this chapter, in situ lithiation was conducted on the yolk-shell carbon-coated 

Si nanoparticle electrode materials. It was found that the fracture of the 
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nanoparticles upon lithiation was dependent on the geometrical dimensions, 

such as the radius and thickness of the carbon shell and the radius of the Si yolk. 

Rigorous theoretical modeling was established to explain the geometrical 

dimensions-dependent fracture of the carbon shell and provide a design 

guideline to obtain structural integrity and high capacity for the nanoparticle 

electrode materials. By the end of this chapter, the theoretical modeling was 

applied to predict the fracture occurrence and capacity of the yolk-shell carbon-

coated Si nanoparticle electrode materials in the literatures. The theoretical 

prediction was confirmed by the experimental results and observations reported 

in literatures. These experimental and theoretical approaches and the design 

guideline should be of significant value to guide the design and synthesis of the 

yolk-shell structured electrode materials for lithium ion batteries. 
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Chapter 7. Silicon-coated copper nanowire electrode 

Optimal design guidelines have been proposed to maintain the structural 

integrity and maximize the capacity for the core-shell nanostructured electrode 

materials in previous chapters. In addition to the fracture problems of the high-

capacity electrode materials, loss of structural integrity may result from the 

interfacial failure of the electrode materials from the current collector, induced 

by the large volume change of electrodes during cycling. Such interfacial failure 

leads to the loss of electronic conductivity and the decayed cycling performance 

of the lithium ion batteries. In order to improve the interfacial strength between 

the electrode materials and the current collector, modification of the current 

collector has been widely studied, as discussed in Section 2.4. By using the Si-

coated copper (Cu) nanowire array current collector, the electrochemical 

performance of the lithium ion battery has been significantly improved to 

achieve ~2000 cycles with a reversible capacity of more than 1000 mA h·g
-1

. 

Such improvement is probably due to enhanced structural stability of the Si-

coated Cu nanowire array structure by the increased adhesion and interfacial 

strength between the Si shell and the Cu core. However, it is still unclear about 

how the lithiation and delithiation occur in the Si-coated Cu core-shell nanowire 

electrode materials, which is the premise to explain the enhancement of 

structural stability. Besides, it may be interesting to study the mechanism of 

fracture, interfacial and fatigue failure of the core-shell structured nanowire 

electrode.  
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In this chapter, the Cu nanowires were synthesized by hydrothermal methods 

[175] and the Si shell was coated on the nanowires through magnetron 

sputtering technique [155,160,171,176]. The in situ lithiation and delithiation 

were conducted on the nanowires to reveal the mechanism of insertion and 

extraction of lithium ions and the reason of achieving high structural stability 

for the Si-coated Cu nanowire electrode materials.  

7.1. Synthesis and characterization  

The 120 g NaOH powder was firstly dissolved in 200 mL deionized water under 

stirring and cooled down to room temperature. Later on, 10 mL 0.1M Cu(NO3)2 

solution, 3 mL absolute Ethylenediamine (EDA) and 0.25 mL N2H4 (35 wt%) 

were added into the above solution. The mixture of the solution was then moved 

into a water bath at 80 ˚C for 1 hour. The reaction product was rinsed by 3 wt% 

N2H4 solution and collected through centrifugal machine at 10000 rpm of 6 min. 

Subsequently, the Cu nanowires were saved in the solution of 3 wt% N2H4 for 

the characterization of morphology and components and the following 

magnetron sputtering of Si shell. Fig. 7.1 shows the flow chart of the synthesis 

process for the Si-coated Cu nanowires. 
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Figure 7.1. Flow chart for the synthesis of the Si-coated Cu nanowires. 

The Cu nanowire reaction product was later on centrifuged and rinsed by 

absolute ethanol at 10000 rpm of 6 min for 3 times. The segregated Cu 

nanowires were dispersed in absolute ethanol and ultrasonicated for 20 min. 

After dispersed uniformly in the absolute ethanol, the Cu nanowires were 

dropped onto the glass substrate, which was subsequently moved into the 

vacuum oven and dried at 40 ˚C for 40 min. The dried Cu nanowires were later 

on moved into the magnetron sputtering machine for coating of Si at the power 

of 200W and temperature of 100 ˚C for 40 min in the atmosphere of argon (Ar). 

The pre-sputtering procedure was conducted by gradually increasing power to 

200 W with the rate of 40 W per 15 seconds. After sputtering, the power was 

decreased by the rate of 40 W per 10 seconds. Finally, the Si-coated Cu 

nanowires were synthesized.  

The morphology of the Cu nanowires is shown in Fig. 7.2a, in which the 

diameter of the nanowire is around 70 nm and the length is more than 860 nm, 
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indicating the high aspect ratio of at least 10. The crystalline structure of the Cu 

nanowire is confirmed by the high-resolution TEM image in Fig. 7.2c and the 

selected area electron diffraction pattern in Fig. 7.2e. The Si-coated Cu 

nanowire is shown in Fig. 7.2b and the amorphous Si shell and the crystalline 

Cu core with an interface in between can be clearly seen by the high-resolution 

TEM image in Fig. 7.2d. The circular diffraction rings in the Fig. 7.2f are 

intensified, confirming the existence of the amorphous phase, which is the 

amorphous Si shell in the Si-coated Cu nanowire. 

 

Figure 7.2. TEM images showing the morphologies of (a) Cu nanowire and (b) Si-

coated Cu nanowire. High-resolution TEM images of (c) Cu nanowire and (d) Si-

coated Cu nanowire. Selected area electron diffraction patterns of (e) Cu nanowire and 

(f) Si-coated Cu nanowire. 
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7.2. Growth of lithium nanostructures during delithiation  

In order to investigate the lithiation and delithiation mechanism of the Si-coated 

Cu nanowire electrode materials, in situ lithiation and delithiation were 

conducted. Fig. 7.3 shows the schematic of the setup for the nanoscale half-cell 

with the nanowires as the electrode material and the lithium metal as the 

reference electrode material inside TEM. The Si-coated Cu nanowires were 

attached on the golden rod with silver paster and mounted on the TEM holder. 

The lithium metal was attached on the tungsten rod in the glovebox. During the 

transferring of lithium metal from the glovebox to the TEM holder in the air, the 

Li2O layer formed and served as the solid electrolyte. The holder was 

subsequently moved into the TEM and the TEM chamber was vacuumed for the 

in situ lithiation and delithiation.  

 

Figure 7.3. Schematic of the setup for the in situ lithiation and delithiation of the Si-

coated Cu nanowire electrode materials. 

The initial morphology of a Si-coated Cu nanowire is shown in Fig. 7.4a. It can 

be seen that the nanowire electrode is consisted of the Cu core and the Si shell, 

which are marked by the annotation in Fig. 7.4a. After contacting the nanowire 

electrode with the lithium source at the left bottom corner and applying a 
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voltage of –5 V, the Si shell was lithiated with a volume expansion, as shown in 

Figs. 7.4b-c. It can be found that the lithiation proceeds from the end of the 

lithium source to the other end with a proceeding volume expansion along the 

nanowire. Fig. 7.4c shows the full lithiation state of the nanowire after lithiation 

of 240 s, in which the volume expansion of the Si shell can be clearly seen. Figs. 

7.4d-f show the snapshots of delithiation process, in which the volume 

contraction occurs concurrently along the nanowire. Unexpectedly, the lithium 

nanostructures were extracted from the delithiated Si shell upon a positive 

voltage was applied. Much more lithium nanostructures appeared upon further 

delithiation, as shown from Figs. 7.4e-f. Fig. 7.4f shows the final state of 

delithiation in which a large amount of lithium nanostructures can be seen, as 

indicated by the white arrows. Such lithium nanostructures disappeared 

randomly when exposed to the electron beam inside the TEM. During the 

second lithiation process, as shown in Fig.7.4g-i, the volume of the Si shell 

expanded again due to the insertion of lithium ions into the Si shell and the 

formation of LixSi. The lithium nanostructures on the surface of the shell 

disappeared after the negative voltage was applied. Such lithium nanostructures 

may be either absorbed by the Si shell to form LixSi or eliminated due to the 

exposure under electron beam. After full lithiation, the volume of the Si shell 

was expanded again, as shown in Fig. 7.4i.  
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Figure 7.4. Snapshots of the in situ TEM characterization for (a-c) first lithiation, (d-f) 

first delithiation and (g-i) second lithiation processes of the Si-coated Cu nanowire 

electrode. 

The nanostructured lithium, such as the dendritic and mossy lithium, has been 

observed to form on the surface of lithium electrode materials during 

electrochemical cycling [217-223] and the growth mechanism was studied by 

several theoretical works [224-226]. It has been found that the formation of 

lithium dendrite or moss is induced and affected by several factors, including 

the surface morphology of the electrode, the current density, the gradient of 

ionic concentration in the liquid electrolyte, etc. For example, in comparison to 
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the electrode materials with smooth surface, the dendritic lithium is prone to 

growing on the roughened surface or in the vicinity of the surface defects where 

the current density varies on the surface of the electrode materials and is 

intensified at these positions [222]. Besides, by increasing the current density, 

the morphology of the lithium nanostructures evolve from mossy-like to 

dendritic-like, probably due to the increased strength of electric field at the 

specific reaction spots [218,219,221]. At low current density, the surface 

morphology plays a major role in the growth of the lithium nano- and 

microstructures while at high current density, the gradient of ionic concentration 

in the electrolyte becomes more important [220].  

It can be seen from Fig. 7.4a that the thickness of the Si shell varies a little 

along the axial direction. During the delithiation process, the lithium 

nanostructures tend to grow on the non-uniform (or roughened) surface of the Si 

shell. In addition, since Cu has low resistance and high electronic conductivity, 

the current density in the Si-coated Cu nanowire electrode becomes higher than 

that in the bare Si nanostructured electrode. Such high current density probably 

results in the formation of lithium nanostructures on the surface of Si shell, as 

observed from the in situ delithiation process in Figs. 7.4d-e. Furthermore, due 

to the lower current density in the bare Si nanostructured electrode, no 

formation of the lithium nanostructures was observed during in situ 

lithiation/delithiation processes as reported in literatures [47,102]. Besides, even 

though carbon materials are able to increase the electron conductivity of the Si 

electrode materials, no lithium nanostructure was found during the in situ 

cycling tests in neither our own studies (e.g. carbon/Si nanoparticle electrodes) 
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nor literatures [92,120]. Therefore, the Cu core probably plays an important role 

in increasing the current density so that the lithium nanostructures can form 

during delithiation, in addition to effect of the non-uniform/roughened Si shell 

structure. In order to confirm these hypotheses, further investigations should be 

taken to study the lithiation and delithiation processes of the bare Si nanowire 

and Si-coated carbon nanowire electrode materials and compare the results with 

the Si-coated Cu nanowire electrode materials. 

It has been reported that the formation of such lithium nanostructures may 

impale the separator and cause the short circuit, leading to the failure and 

potential safety issues for lithium ion batteries. Our experimental results show 

that the lithium nanostructures probably induce the fracture of the Si shell 

during the in situ delithiation process. Fig. 7.5 shows the snapshots of the 

fracture occurrence of the Si shell in a Si-coated Cu nanowire electrode during 

the first delithiation process. It can be seen from Fig. 7.5a that the lithium 

nanostructures grow on the surface of the Si shell at the beginning of 

delithiation, as indicated by the white arrows. After continuing delithiation of 11 

s, some bulk lithium nanostructures form at several locations, as shown by the 

yellow arrows in Fig. 7.5b. One second later, parts of the bulk lithium 

nanostructures disappear and probably form LixSi with the contiguous 

delithiated Si, inducing a large volume expansion and fracture of the Si shell, as 

indicated by the red arrows in Fig. 7.5c. The experimental observation shows 

that such lithium nanostructures may be disadvantageous to structural integrity 

due to the lithiation-induced fracture of the Si shell during the delithiation 

process. 
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Figure 7.5. Snapshots of the fracture of Si shell in the Si-coated Cu nanowire electrode 

during 1
st
 delithiation.  

Similar phenomenon has also been observed during the 10
th

 delithiation process 

of a Si-coated Cu nanowire, as shown in Fig. 7.6. From Figs. 7.6a-c, it can be 

seen that the volume of the shell is contracted during delithiation and the lithium 

nanostructures form on the surface of the shell, as indicated by the black arrows. 

A huge lithium nanostructure forms after delithiation of 98 s, as indicated by the 

yellow arrow in Fig. 7.6c, and one second later, the lithium nanostructures 

probably react with the contiguous delithiated Si shell and form LixSi again, 

leading to a sudden volume expansion and fracture of the Si shell, as shown by 

the red arrow in Fig. 7.6d.  
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Figure 7.6. Snapshots of the fracture of Si shell in a Si-coated Cu nanowire electrode 

during 10
th
 delithiation. 

7.3. Stable cycling performance 

In order to investigate the reason for the long cycle life of the Si-coated Cu 

nanowire electrode materials, the nanowire electrodes were lithiated and 

delithiated for up to 11 cycles, as shown in Figs. 7.7. Figs. 7.7a, c and e show 

the states of full lithiation of one Si-coated Cu nanowire electrode after the 1
st
, 

6
th

 and 11
th

 lithiation, respectively. In comparison with Fig. 7.7a, larger volume 

expansion of the nanowire can be observed at the states of 6
th

 and 11
th

 lithiation, 

as shown in Figs. 7.7c and e. Such high volume change was not observed for the 

1
st
 lithiation, probably due to the partial lithiation of the nanowire during the 

first lithiation process. The nanowire electrode was bent, as shown in in Figs. 
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7.7c and e, due to the unbalanced stress state in the lithiated Si shell with non-

uniform thickness.  

 

Figure 7.7. Snapshots of the in situ lithiation and delithiation cycling tests of the Si-

coated Cu nanowire electrode. 

During delithiation, the volume of the Si shell was contracted, as shown in Figs. 

7.7b, d and f for the 1
st
, 6

th
 and 11

th
 cycle, respectively. In addition, the lithium 
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nanostructures were extracted during the delithiation process. Even though 

fracture occurred in the delithiated Si shell during the 10
th

 delithiation, as shown 

in Fig. 7.6d for the nanowire electrode, and the surface of the Si shell became 

rough after 11 cycles, the Si shell still adhered well with the Cu core, indicating 

the strong adhesion and interfacial strength between the Si shell and the Cu core. 

Such high adhesion and interfacial strength leads to the good structural stability 

and promising stable cycle life of the Si-coated Cu nanowire electrode materials, 

indicating the advantages of the Cu nanowire array current collector for lithium 

ion batteries.  

In this chapter, we studied the lithiation and delithiation processes of the Si-

coated Cu nanowire electrode materials. The crystalline Cu nanowires were 

firstly synthesized through hydrothermal method and the amorphous Si shell 

was coated on the Cu nanowires by using magnetron sputtering technique. 

During in situ lithiation, the nanowire was lithiated from one end to the other 

with volume expansion. The lithium nanostructures formed and grew on the 

surface of the delithiated Si shell during the delithiation process. The formation 

of the lithium nanostructures was probably due to the non-uniform surface of 

the Si shell and the high current density in the nanowire. Such lithium 

nanostructures were observed to react with the delithiated Si shell and form 

LixSi again, leading to the volume expansion and fracture of the delithiated Si 

shell during delithiation. Even though fracture occurred during delithiation, the 

interfacial bonding between the Si shell and Cu core could be still stable for at 

least 11 cycles, indicating strong adhesion between the Si and Cu.  
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Further lithiation and delithiation experiments should be conducted on the 

control cases, including the bare Si nanowire and the Si-coated carbon nanowire 

electrodes, to find out the mechanism for the growth of the lithium 

nanostructures. Theoretical and simulation approaches should also be adopted to 

propose methods to control the growth of the lithium nanostructures and find an 

optimal design method to avoid the fracture. This study should be of great 

importance for the design of the core-shell structured electrode materials with 

high-capacity electrode material as the shell for lithium ion batteries. 
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Chapter 8. Conclusions and discussions 

We systematically studied the lithiation/delithiation and fracture mechanisms of 

the core-shell nanostructured electrode materials and proposed optimal design 

guidelines for the electrode materials by using both experimental and theoretical 

methods. The electrode materials included the carbon-coated SnO2 nanowire, 

the carbon-coated Si nanoparticle, the yolk-shell carbon-coated Si nanoparticle 

and the Si-coated Cu nanowire. In this chapter, we will discuss and summarize 

the experimental observations and theoretical results, and outline the future 

works derived from the results and predictions in the previous chapters.  

8.1. Conclusions and discussions 

SnO2 and Si nanomaterials, as high-capacity anode materials, undergo large 

volume change during electrochemical cycling. Such large volume change 

induces the fracture and pulverization of the electrode materials and the capacity 

fading and short cycle life of the lithium ion batteries. In order to improve the 

electrochemical performance, carbon coating technique has been utilized to 

constrain the volume expansion and avoid the fracture of the SnO2 and Si 

nanostructured electrode materials. Carbon coating can increase the electronic 

conductivity of the electrode materials. Besides, the diffusivity of the lithium 

ions can also be increased. If the carbon coating is not cracked, the solid 

electrolyte interface on the surface of the coating can be stable and the 

electrochemical performance of the electrode materials can be improved. 

Therefore, the carbon-coated nanoparticle/nanowire electrode materials show a 
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longer and more stable cycle life than the bare nanoparticle/nanowire electrode 

materials. On the other hand, the carbon shell should be used as little as possible 

to achieve the highest theoretical capacity for the core-shell nanostructured 

electrode materials due to the lower capacity of carbon than that of SnO2 or Si. 

Hence, both experimental and theoretical approaches were adopted to study the 

lithiation/delithiation and fracture mechanisms and propose optimal design 

guidelines for the electrode materials. In addition to the fracture problems, the 

electrochemical performance of the electrode materials is also dependent on the 

structural integrity between the electrode material and the current collector, such 

as the interfacial and fatigue strength during cycling. Therefore, the structural 

integrity studies were also conducted on the Si-coated Cu nanowire electrode 

materials with the high-capacity electrode materials as the shell to instruct the 

design for lithium ion batteries. The key findings about the four kinds of 

electrode materials are summarized as following. 

 We studied the fracture mechanism of the carbon shell on the carbon-

coated SnO2 nanowire electrode material based on the theory of 

diffusion and fracture mechanics. A critical thickness of the carbon shell, 

~9 nm, was found so that the carbon shell can maintain continuous and 

the composite material can achieve the maximum capacity upon 

lithiation. The lithium ion concentration was calculated by theoretical 

modeling for high-capacity core-shell nanowire electrode materials. The 

deformation and stress states in the shell and core of the nanowire 

electrode can be determined by analogously treating the lithiation-
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induced expansion as thermal expansion by using finite element 

simulation. 

 We synthesized the carbon shell on the Si nanoparticles by using 

hydrothermal method. We found that the carbon shell may expedite the 

fracture of the carbon-coated Si nanoparticles through in situ lithiation 

technique. That is, the carbon-coated Si nanoparticle was fractured upon 

lithiation even though the diameter of the crystalline Si core was far 

smaller than the recognized safety threshold size (~150 nm). The 

fracture mechanism was analyzed by finite element simulation based on 

the theory of fracture mechanics. It was found that the crack was 

initiated in the carbon shell and propagated into the lithiated Si core due 

to the elevated driving force caused by material’s inhomogeneity 

between the shell and the core, leading to the fracture of the carbon-

coated Si nanoparticle. A critical ratio of D/t (D for the diameter of the 

Si core and t for thickness of carbon shell) was proposed to prevent the 

fracture and maximize the capacity for the carbon-coated Si nanoparticle 

electrode materials.  

 We studied the fracture mechanism of the yolk-shell carbon-coated Si 

nanoparticle electrode materials by using in situ lithiation technique and 

theoretical modeling based on theory of elasticity and fracture 

mechanics. The in situ lithiation results showed that the yolk-shell 

carbon-coated Si nanoparticles tend to be fractured, depending on the 

characteristic structural features such as the diameter of the Si yolk, the 

thickness of the carbon shell and the interspace between the yolk and the 

shell. That is, for given diameter of Si yolk, the nanoparticles are subject 
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to fracture with thinner carbon shell and smaller yolk-shell interspace. A 

mechanics-based theoretical model is conducted to analyze the stress 

development in the carbon shell and the theoretical capacity of the yolk-

shell carbon-coated Si nanoparticle. A diagram for structural 

optimization was obtained so that the electrode materials can be 

designed to avoid the fracture and achieve the maximum capacity. 

 We studied the Si-coated Cu nanowire electrode materials through in 

situ lithiation characterization. The Si-coated Cu nanowires were 

synthesized by hydrothermal method and magnetron sputtering 

technique. It was found that the lithium nanostructures grew on the 

surface of the Si shell during delithiation and such lithium 

nanostructures might react with the Si shell and form LixSi again. If bulk 

lithium nanostructures formed on the surface of the shell, a large volume 

expansion would occur, leading to the fracture of the Si shell. Further 

cycling tests of the nanowire electrode materials showed that even 

though fracture occurred, the structural integrity could be maintained as 

long as the interfacial adhesion between the Si shell and the Cu core 

remained strong enough. The in situ lithiation experimental results 

indicated that the electrochemical performance can be improved by 

designing high-capacity electrode materials as the shell and the 

supporting materials as the core. 

It should be pointed out that the studies in this thesis are mainly focused on the 

fracture of individual nanowire and nanoparticle electrodes. The safety and the 

cycling performance of the overall electrode materials are dependent on many 
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other factors, such as the fracture of the overall electrode materials, the stability 

of the solid electrolyte interface, the interfacial strength between the electrode 

materials and the current collector, etc. Even though the volume of the 

individual nanowire or nanoparticle has been constrained by the coating 

technique, the volume of the overall electrode materials can still be expanded, 

probably leading to the fracture of the electrode materials and the delamination 

between the electrodes and current collector. 

Besides, for the carbon-coated SnO2 nanowire, the fracture is purely dependent 

on a critical value (thickness of carbon shell), while the fracture of the carbon-

coated Si and the yolk-shell carbon-coated Si nanoparticles is dependent on the 

geometrical ratios. Such difference is mainly due to the different lithiation 

mechanisms in SnO2 and Si anode materials. For SnO2 nanowire, there is a 

transition region in which the nanowire is partially lithiated. The maximum 

tensile stress is a sum of the axial tensile stress and the bending stress in the 

carbon shell near the reaction front. That is, the bending stress also contributes 

to the fracture occurrence of the carbon shell, in addition to the axial tensile 

stress in the carbon shell caused by the elongation of the nanowire. However, 

for the Si anode material, the fracture of the carbon shell is only due to the hoop 

tensile stress in the carbon shell, caused by the volume expansion of the Si core. 

In addition, for the SnO2 anode, we only tested the nanowires with diameter 

from 30 to 80 nm. There could be a minor trend showing that the fracture of the 

carbon shell is dependent on SnO2 core diameter. But carbon shell thickness has 

much more significant effect on the fracture than the SnO2 core diameter.   
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The mechanical properties, including the fracture strength, of carbon shell are 

different due to the different synthesis methods. For the carbon-coated SnO2 

nanowire, glucose was used as carbon source and the synthesis process included 

heating at 190 ˚C for 12 hours in sealed autoclave and annealing at 450 ˚C for 2 

hours in air. For the carbon-coated Si nanoparticle, sucrose was used as carbon 

source and the mixture was stirred at 70 ˚C for 3 hours and dried in vacuum 

oven at 120 ˚C for 8 hours before heated at 800 ˚C for 2 hours in the nitrogen 

atmosphere. For the yolk-shell carbon-coated Si nanoparticle, the resorcinol-

formaldehyde resin was used as carbon source and the mixture was heated at 

400 ˚C for 2 hours and then at 800 ˚C for 2 hours in the nitrogen atmosphere. 

This is also why the fracture strength of the carbon shell is a critical value for 

carbon-coated SnO2 nanowire while there is a range for the fracture strength of 

the nanoparticle electrode materials. 

In summary, four kinds of core-shell nanostructured electrode materials were 

studied through comprehensive experimental and/or theoretical approaches. The 

synthesis and characterization methods and the in situ lithiation/delithiation 

techniques should be of important value for studying the mechanical and 

electrochemical properties of the electrode materials for lithium ion batteries. 

The theoretical modeling, based on the equation of diffusion, theory of elasticity 

and fracture mechanics, can also be applied to analyze the lithiation/delithiation 

process and provide design guidelines for other materials. The finite element 

simulation approach should have potential application in analyzing the stress 

states, deformation and fracture mechanism of the electrode materials during 

lithiation and delithiation. By adopting the optimal design strategies proposed in 
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this thesis, the electrochemical performance of the core-shell nanostructured 

electrode materials can be improved a lot for lithium ion batteries. 

8.2. Outlook to the future work 

The work in this thesis was focused on the structural integrity and optimal 

design of various core-shell nanostructured electrode materials. The future 

directions include the following aspects. First of all, further experimental and 

theoretical works should be conducted to study the growth mechanism of the 

lithium nanostructures on the surface of the Si-coated Cu nanowire electrodes 

during delithiation. It has been reported that the formation of the lithium 

nanostructures may be due to the high current density in the nanowire and the 

roughened surface of the Si shell. In order to confirm these hypotheses, the in 

situ lithiation and delithiation should be conducted on other nanowire electrodes 

with different electron conductivities, such as the bare Si nanowire electrodes 

and the Si-coated carbon nanowire electrodes, as well as the Si-coated Cu 

nanowire with smooth Si shell. In addition to the experiments, theoretical 

investigations should also be conducted. Another possible explanation for the 

formation of lithium nanostructures can be due to the uneven stress state in the 

Si shell during delithiation. In order to verify this speculation, experimental 

investigation, theoretical analysis and molecular dynamic simulation will be 

carried out to study the delithiation process of the Si-coated Cu nanowire 

electrode materials.  

The in situ lithiation and delithiation cycling tests showed very good cycling 

performance of the Si-coated Cu nanowire electrode materials. In order to 
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utilize the supreme cycling stability, two kinds of modified Cu current collector 

will be fabricated and assembled in coin-type half-cells for further 

electrochemical tests. The first kind of the current collector is the Cu nanoarray 

current collector, on which the Si electrode materials will be coated through 

magnetron sputtering technique. The nanostructures of the Cu nanoarray include 

nanofiber, nanocone and nanotube. The optimal design strategy will be exerted 

on the nanostructure by optimizing the thickness of the Si shell, the diameter 

and length of the Cu nanoarray and the inter-array distance between neighboring 

nanoarrays. Through such a design, the inter-nanoarray space (and inner space 

for nanotube array) will be made full use of and the maximum capacity and 

longest cycling life will be achieved. Another structure is the 3-D Si-coated Cu 

nanowire network anode materials. The 3-D Cu nanowire network will be 

synthesized as the current collector, due to its excellent structure stability and 

high electron conductivity. Binders and conductive additives are probably not 

required for this kind of electrode materials. Different amounts of the Si 

electrode material will be coated on the 3-D Cu nanowire network through 

magnetron sputtering technique. The network structure will be incorporated into 

the coin-type half-cell and the best performance will be obtained by comparing 

the amounts of the Si electrode materials through the electrochemical tests. 

These two kinds of modified Cu current collectors will exhibit high structural 

integrity and good cycling performance for lithium ion batteries. 

The yolk-shell carbon-coated Si nanoparticle electrode materials show improved 

electrochemical performance by optimizing the geometrical structure. Inspired 

by the optimal design strategy, this approach will be utilized to design the yolk-
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shell carbon-coated Si or SnO2 nanowire anode materials. The theoretical 

modeling in Chapter 6 will be revised to predict the fracture of the carbon shell 

in the yolk-shell nanowire electrodes. It is promising to obtain an optimal design 

guideline for the yolk-shell carbon-coated Si/SnO2 nanowire electrode materials 

by optimizing the diameter and length of Si/SnO2 nanowire, the interspace 

between Si/SnO2 nanowire and carbon shell and the thickness of carbon shell. 

The electrochemical performance of the electrode materials will be tested by 

assembling them into the coin-type half-cell to achieve better electrochemical 

performance for lithium ion batteries.  
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Appendices  

A. Solution of Eq. (4.4) 

The diffusion equation of the lithium ion concentration in the SnO2 nanowire is 

given by  
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Since tytx  2 , Eq. (A6) can be expressed as  
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Substituting Eqs. (A4), (A5) and (A7) into Eq. (A1) leads to  
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Eq. (A8) can be simplified into  
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Recalling that 
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 , Eq. (A9) can be transformed to  
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Let 
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z  , then Eq. (A10) becomes  
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Taking the integration of Eq. (A12) yields  

 Blnln2  zy  (A13) 

where B is the integration constant. Rearranging Eq. (A13) leads to  

  2expB yz   (A14) 
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Since 
yd

Cd
z  , Eq. (A14) can be transformed to  

     ydyCd 2expB  (A15) 

where 
t

tx
y

2


 . Here, the function  2exp yf   represents the “bell-shaped 

curve” and the solution of Eq. (A15) is based on the initial and boundary 

conditions. 

The initial condition of the normalized concentration of lithium ion is given by  
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Applying Eq. (A17) into Eq. (A15) gives  
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Therefore, 
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After lithiation begins, the boundary condition is given by  
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Substituting Eq. (A22) into Eq. (A20) leads to  
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The error function  zErf  has the following property of  
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Substituting Eq. (A24) into Eq. (A23) yields  

  yC Erf1  (A25) 

It should be noted that C  is no larger than 1. Therefore, 1C  when 0y  (or 

tx  ). Eq. (A25) represents the lithium ion concentration when 0y  (or 

tx  ). Therefore, the solution of the diffusion equation Eq. (4.4) is  
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where Erf(z) is the error function defined by dyez
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B. Convergence check 

Since the reaction front is very sharp between the pristine Si and the lithiated Si 

during lithiation, the gradient of lithium ion concentration was neglected in our 

finite element model. The Si core of the carbon-coated Si nanoparticle was 

discretized into N shells as shown in Fig. A1a. The diameter of the Si core is 

100 nm and the thickness of the carbon shell is 5 nm. The unit temperature 

increment was applied on the annuluses one after another from the outermost 

layer to the innermost core to simulate the progress of lithiation. In order to find 

how many annuluses can lead to a convergent result, the numbers of the 

annuluses were taken as 5, 10, 20, 40 and 80 in five cases. The maximum tensile 

stress in the carbon shell was calculated for the five cases, as shown in Fig. A1b. 

It can be found that the convergent result is obtained when the number of 

annuluses is higher than 40 for the carbon-coated Si nanoparticle electrode. 

Therefore, 50N  was used in our simulation. 
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Figure A1. (a) Schematic of the finite element model for the carbon-coated Si 

nanoparticle electrode with the Si core being separated into N annuluses and (b) 

evolution of maximum tensile stress in the carbon shell as a function of degree of 

lithiation for different number of annuluses. 
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C. Path-dependent J integral 

Fig. 5.9 shows the schematic of the contour paths for calculating the J integral 

near the crack tip. The crack is terminated at the carbon/LixSi interface. The 

energy release rates of the first six paths were calculated, as shown in Fig. A2. It 

can be seen that the energy release rate is path-dependent and decrease from the 

inside to the outside. The energy release rates of all the paths increase fast and 

soon exceed the fracture energy of the lithiated Si. It has been reported that due 

to the material’s inhomogeneity, the near-tip J integral is higher than the far-

field J integral if the crack approaches the interface from a higher strength 

material to a lower strength material. From Fig. A2, a convergent J integral can 

be obtained after the fifth path. Therefore, in our analysis, energy release rate of 

the fifth path, 5J , is taken as the effective crack tip energy release rate. 
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Figure A2. Evolution of the energy release rate of the first six contour paths around the 

tip of the crack. 
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D. Materials’ inhomogeneity effect on energy release rate 

A comparison study was made to further examine the effect of material’s 

inhomogeneity on the energy release rate. The inserted images in Fig. A3 show 

finite element models for the carbon-coated Si nanoparticle with Si core 

diameter of 100 nm and carbon shell thickness of 5 nm and the Si nanoparticle 

with diameter of 110 nm. The crack length in the carbon shell of the carbon-

coated Si nanoparticle is equal to that in the Si nanoparicle, which is 5 nm. The 

near tip J integrals, Jtip, were calculated in both models and summarized in Fig. 

A3. It can be found that the energy release rate near the crack tip of the carbon-

coated Si nanoparticle increases much faster than that of the bare Si nanoparticle 

and soon exceeds the fracture energy of lithiated Si. This difference in energy 

release rate is due to the inhomogeneity effect and J integral increases when the 

crack tends to propagate from a stiff/hard material to a compliant/soft material. 

 

Figure A3. Evolution of the energy release rates around the tip of the cracks in a 

carbon-coated Si nanoparticle and a bare Si nanoparticle. 
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