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ABSTRACT OF THE DISSERTATION 

 

SnO2/Graphene Nanocomposites as High-Capacity Anode Materials for Lithium-Ion 

Batteries: Synthesis and Electrochemical Performance 

 

by 

 

Xiuming Zhu 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2018 

Professor Bruce S. Dunn, Chair 

Lithium ion batteries as a power source are the most commonly used in the electronic 

devices and electric vehicles (EV) for grid-energy storage. Anode materials with high 

specific capacity for lithium ion batteries have been developed in recent years. SnO2 

has also been considered as a promising candidate to serve as the anode material for 

lithium ion batteries due to its high theoretical capacity. But the volume expansion effect 

results in the degradation of active material and limits the complete realization of 

theoretical capacity. Graphene has recently become one of the most promising matrices 

for high-capacity anode materials, due to good electrical conductivity, outstanding 

mechanical flexibility and high theoretical capacity. In this paper, the nanocomposites of 

SnO2 and graphene as anode materials for lithium ion batteries were facilely 

synthesized through hydrothermal method. The design of SnO2/graphene 

nanocomposites could significantly improve the electrochemical performance by 
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increasing electrical conductivity and buffering volume expansion. It is noteworthy that 

the quality and structural design of graphene is very important to improve the 

electrochemical performance for SnO2-based materials. Therefore, on the one hand, a 

new method to prepare highly dispersible edge-selectively oxidized graphene was 

reported in this paper. On the other hand, we designed a novel three-dimensional 

graphene named flower-like graphene tube. Furthermore, characterization and 

electrochemical performance of these materials were also studied by various 

technologies. 
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1 Introduction 

Today with fast economic development, the world faces intense energy challenge since 

traditional energy sources like petrol and coal are decreasing and environmental 

pollution becomes increasingly severe. To solve this problem, scientists are exploring 

new types of clean energy such as solar and wind energy. However, due to their 

discontinuity and dispersal, it is necessary to improve the technology for energy 

transformation and storage. Among variable methods of chemical energy storage in our 

society, lithium ion battery (LIB) is most popular and efficient with benefits of high 

capacity, small volume, long lifetime and high security. [1-3] 

1.1 Introduction of Lithium-ion batteries 

1.1.1 Development history 

LIBs are based on lithium metal electrode batteries, which use lithium or lithium alloys 

as anode materials. But the disadvantages of lithium batteries are quite obvious. On 

one hand, during discharge process, lithium will sediment on anode producing dendritic 

lithium, which can penetrate battery separator and cause short circuit. On the other 

hand, lithium is so active that it can react with any organic and inorganic chemicals, like 

electrolyte, resulting in low charge and discharge efficiency. 

In 1977, Samar Basu from University of Pennsylvania found the property of 

electrochemical intercalation of lithium in graphite. [4-5] This led to the invention of a 

workable lithium intercalated graphite electrode at Bell labs (LiC6) to provide an 

alternative to the lithium metal electrode battery. [6] In 1980, John Goodenough 
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demonstrated lithium cobalt oxide (LiCoO2) as cathode material. [7] And in the same 

year, Rachid Yazami also confirmed the reversible electrochemical intercalation of 

lithium in graphite and firstly used solid electrolyte to reduce the reaction between 

electrode and liquid electrolyte. [8] LiCoO2 and graphite are the most commonly-used 

electrode materials in today’s commercial LIB. Sony and Asahi Kasei released the first 

commercial lithium ion battery in 1991. 

1.1.2 Structure and working principle 

As shown in Figure 1.1, LIB usually consists of anode, cathode, separator, electrolyte 

and outer-shell.  The main LIB full cell reactions are reversible Lithium ion de-

intercalation/intercalation process between cathode and anode material. 

 

Figure 1.1 Schematic for working principle in lithium ion battery. 

The anode and cathode are made of materials that can be reversibly intercalated and 

deintercalated. For commercial use, we choose lithium metal oxide (LiMO2), including 

LiCoO2 and LiFePO4, as cathode material. Based on the property that LiCoO2 has high 

energy density but also presents safety problem when damaged, LiCoO2 is commonly 
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used in handheld electronics like cell phone and laptop. While LiFePO4 shows lower 

energy capacity but longer life time and better safety performance, so LiFePO4 is 

applied on electric tools, medical equipment and other roles. For anode materials, 

graphite is the most popular materials due to its low cost. Also in order to improve the 

electrochemical performance of LIB, scientists have done some modification of graphite. 

For example, carbon nanotubes, as an allotrope of graphite, have already shown 

competitive performance as lithium storage material. Especially when combined with 

other improved high-capacity anode materials, carbon nanotubes can serve as 

backbone and effective buffering component to decrease the degradation effect 

resulting from impressive volume change during discharging and charging process. [9] 

Other than cathode and anode, electrolyte also plays an important role in transporting 

lithium ions between cathode and anode. High purity electrolyte comprised of lithium 

salt, including LiPF6, LiClO4 and LiAsF6, solved in organic solution like EC (Ethylene 

carbonate), DEC (Diethyl Carbonate), DMC (Dimethyl Carbonate) and PC (Propylene 

carbonate) is a key component of LIB. 

1.1.3 Pros and cons of lithium ion battery 

Compared with other rechargeable batteries, such as lead-acid cell, nickel-cadmium cell 

and nickel-metal hydride battery, LIB owns very impressive advantages: [10] 

1. High working voltage and energy capacity. Working voltage of LIB is around 3.6 V, 

while nickel-cadmium cell and nickel-metal hydride battery are about 1.2 V. High 

working voltage can give benefit to combined batteries to obtain higher voltage with 

fewer batteries. 
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2. Small volume, low weight, but high energy density. Usually energy density of LIB can 

be 2 times of nickel-cadmium cell. When compared with nickel-metal hydride battery 

with same energy density, LIB is 30% smaller and 50% lighter. Hence, LIB is more 

convenient when used in carry-on electronics. 

3. Long cycle life. Statistically, LIB with LiCoO2 as cathode and graphite as anode can 

complete at least 500 charge-discharge cycles. 

4. Wide working temperature. LIB can work properly during -20℃ and 60℃, especially 

when the temperature is as low as -20℃, LIB still can release 90% of its capacity. 

5. Less pollution. LIB contains less of toxic metals, such as lead and cadmium. The 

elements in LIB include nickel, cobalt, iron and copper, which are considered safe. 

Therefore, LIB will not pollute the earth or water even buried with normal trash. 

Although LIB has many advantages as stated above, disadvantages or risks should not 

be neglected. The most severe problem is risk of overcharge and discharge, which may 

result in leakage, fire or explosion. The reason for this is that during use, anode 

produces heat and cathode may produce oxygen. The additional oxygen, which should 

not occur in battery, may cause damage to the whole cell and even short circuit. Short 

circuit of a battery is the most common way to cause the battery to overheat and 

possibly to catch a fire. Then adjacent battery can also overheat and fail. 

1.1.4 Application of lithium ion battery 

The techniques of LIB used in portable electronics like cell phone, pad and laptop have 

become more and more mature. But new requests are being pushed forward with the 
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development of electric vehicles (EVs), which represents the energy challenge the world 

is facing. There is general agreement among people that we need to shift ground 

transportation from using internal combustion engines (ICEs) to sustainable energy 

sources. [11] Although fuel cells (FCs) can provide the highest energy density, due to its 

operation problems related to electro-catalysis, LIB is the only choice for EV application. 

Figure 1.2 (a) demonstrates three kinds of commercial EVs divided by the depth of pure 

electrical propulsion. According to their separate battery data, we can find that the more 

our EV depends on electrical propulsion, the more energy density and power density we 

need. Figure 1.2 (b) shows Ragone plots (power density vs. energy density) for three 

mainly used rechargeable batteries in EV: lead-acid battery, Ni-MH battery and LIB. 

Figure 2b confirms that today only LIB is suitable for the development of EV. 
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Figure 1.2 (a) Characterization of the main three kinds of EVs: light EV, PHEV and full EV, in 

terms of performance and battery properties. (b) Ragone plot. 

1.2 Introduction of anode materials 

Great effort has been spent on developing high quality anode materials. Ideal anode 

materials are expected to have following properties: 

1. The oxidation-reduction potential of anode when intercalated by lithium ions should 

be as low as possible. This can lead to high output potential. 

2. The intercalation and de-intercalation process should be reversible and make impact 

on main structure of anode material as little as possible. This can ensure good cycle 

performance. 

3. In order to obtain higher capacity, there should be more lithium ions able to 

intercalate into anode material. 

4. The intercalated material should have high electronic conductivity and ionic 

conductivity to reduce electrode polarization so that the material can charge and 

discharge under high current. 

5. The material should have good facial structure leading to producing high-quality solid-

electrolyte interface (SEI). 

6. The intercalated material should maintain chemical stability during the full working 

potential range, which means the material should not react with electrolyte after 

formation of SEI. 
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7. From the aspect of commercial use, the main material should have low price to 

decrease production cost and not make pollution to environment. 

Until now, scientists are still exploring variety of anode materials to find suitable 

replacement of graphite which conquers most of LIB market but gets restriction of its 

relatively low theoretical capacity. For simplification, we divide common anode materials 

into three main group: [12] 

1. Insertion/de-insertion materials 

Insertion/de-insertion materials are those materials charged and discharged only by 

absorbing lithium ions in lattice matrix instead of reaction or performing alloys. Usually 

these materials undergo less volume expansion than other kinds of materials. 

a. Carbon-based materials 

Carbon-based materials were the first kind of material applied in lithium ion batteries. [13-

18] Carbon-based materials can be divided into soft carbon (ordered carbon), hard 

carbon (disordered carbon) and nanostructured carbon, based on the arrangement of 

single graphene sheets. [19] Graphene will be introduced in the following part. Soft 

carbon, also known as graphitizable carbon, where crystallites are stacked almost in the 

same direction, is quite popular in commercial battery. However, the use of soft carbon 

is limited to low power required devices due to its low reversible capacity (350-370 mAh 

g-1). According to Dahn et al. [20], hard carbon is believed to have higher capacity than 

graphite because hard carbon contains a large fraction of graphene sheet, whose 

capacity can be obtained up to 740 mAh g-1 when lithium ions are absorbed on both 

sides of graphene sheets. In addition, in the hard carbon with small crystallite size, 
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lithium ions are not only inserted between graphitic layers, but also absorbed at the 

edge of the graphitic layer and the surface of the crystallite. [21] Among nanostructured 

carbon, carbon nanotubes (CNTs), composed of cylindric single or multiple rolled 

graphene sheets, are proposed to be alternative of graphite because there are more 

sites in CNTs for intercalation of lithium ions, including inter-shell, inter-tube and inner 

core. 

Carbon-based materials are recognized as suitable anode materials due to their 

considerable features, especially stability in thermal, chemical and electrochemical 

environment. Based on this property, carbon is usually used as coating material on 

active anode materials because the lithium salt LiPF6 in electrolyte can react with 

electrode resulting in the formation of a thick layer, known as Solid Electrolyte Interface 

(SEI). The formation of SEI will cause degradation of both active materials in electrode 

and electrolyte. Therefore, the use of carbon coating can prevent the formation of SEI 

and surface oxidation. 

b. Titanium based oxides 

Titanium based oxides have attracted scientists because of their low cost, low toxicity 

and low volume expansion (2-3%) during charge and discharge. Moreover, titanium 

based oxides have good rate performance and cycle life. [22] The drawback of this kind 

of materials limiting their commercial usage is their relatively low theoretical capacity (in 

the range of 170-330 mAh g-1) and low electronic conductivity. To mitigate this problem, 

scientists choose to combine them with carbon based materials, such as CNT and 

graphene, or metal oxides with higher capacity. [23-26] 
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2. Alloy/de-alloy materials 

Fast-developing electrical devices today requires LIB with higher capacity and energy 

density. Anode materials that can satisfy these requirements are silicon (Si), germanium 

(Ge), tin (Sn) and tin oxides, which can react with lithium under alloy/de-alloy 

mechanism. Si has the highest gravimetric capacity (4200 mAh g-1, Li22Si5) and 

volumetric capacity (9786 mAh cm-3) among anode materials. [27] Also, Si is the second 

abundant element in earth so that Si is environmentally friendly. However, the large 

volume modification (~400%) and formation of Si compound in SEI prevent Si from 

commercial application. [28-31] Ge is also a widely studied material, with capacity up to 

1623 mAh g-1. [32] Ge has more advantages than Si, such as higher intrinsic electrical 

conductivity (104 times higher than Si) and faster lithium diffusion (400 times faster than 

Si at room temperature). [33-36] The disadvantage of Ge is the same as discussed in Si. 

The promising improvement methods include minimizing the particle size to nanoscale 

and combining active material with inactive matrix materials. The details of Sn and SnO2 

anode materials will be discussed in the following introduction of Sn anode materials. 

3. Conversion materials 

Conversion materials refer to transition metal compounds, including oxides, phosphides 

and nitrides. When applied in LIBs as anode materials, conversion materials undergo 

oxidation/reduction reaction and composition/decomposition of lithium compounds 

during charging/discharging process. The reaction can be simplified as the following 

equation: 

𝑀"𝑁$ + 𝑧𝐿𝑖) + 𝑧𝑒+ 	 	𝐿𝑖-𝑁$ + 𝑥𝑀	(𝑀 = 𝐹𝑒, 𝐶𝑜, 𝑁𝑖,𝑀𝑛, 𝐶𝑢	&	𝑁 = 𝑂, 𝑃, 𝑁) 
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Although these materials, such as iron oxide [37-42] and cobalt oxide [43-48], own higher 

theoretical capacity (500-1000 mAh g-1) than graphite, they also suffer from poor cycling 

performance due to low electrical conductivity and lithium diffusion, high volume change 

and iron aggregation. Many researchers are working on modification of particle size, 

morphology and porosity to enhance their lithium diffusion speed. [49] Also in order to 

improve their electrical conductivity, most scientists choose to coat the materials with 

carbon or synthesis carbon-based compounds. [50] 

 

1.3 Introduction of Sn anode materials 

1.3.1 Properties of Sn anode materials 

According to our deviation above, tin belongs to alloy/de-alloy anode materials and has 

been studied for many years. [51-56] When tin is during charge and discharge, it will form 

intermetallics with lithium ions. Figure 1.3 shows some common Li-Sn intermetallics of 

different compositions, including Li22Sn5, Li7Sn2, Li13Sn5, Li5Sn2, Li7Sn3, LiSn and Li2Sn5. 

[57] The capacity of Sn anode materials depends on how much lithium ions can form 

intermetallis with them, which is the composition of Li-Sn intermetallics. The higher the 

ratio of Li to Sn, the higher the capacity. Therefore, the highest theoretical capacity of 

Sn anode materials is about 994 mAh/g based on Li22Sn5, which is almost 3 times of 

theoretical capacity of graphite. [58] 
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Figure 1.3 The compositional dependence of the densities of Li-Sn alloys as computed from 

crystallographic data. 

Also from Figure 1.3 where the density of Li22Sn5 is only 30% of Sn, the density of 

intermetallics changes excessively with composition. This is due to the fact that lithium 

owns the smallest density of 0.534 g/cm3 among all kinds of condensed elements, while 

tin has density of 7.365 g/cm3. The extremely large density change between tin and 

intermetallics leads to impressive volume change when tin is under lithiation. The 

lithium-rich intermetallics are brittle and can be easily pulverized due to great 

mechanical stress and strain driven by the large volume change. This could result in 

insufficient cycling performance because of the loss of electronic connection between 

particles and between particles and current collector, and finally anode degradation or 

even fail. [59] Hence, we are trapped in a dilemma, where higher capacity requires more 

lithium intercalation while more lithium intercalation causes more excessive volume 
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change. This problem has been proposed by scientist for several decades but still the 

main challenge for commercialization of tin anode materials. 

1.3.2 Regular improvement solutions 

In early years, in order to achieve the balance between ideal capacity and reduce 

volume change, scientists usually dealt with this by controlling working voltage or 

particle size. 

 

Figure 1.4 Characteristic charge curve of electroplated Sn in 1 M LiClO4/PC, i =0.025 mA/cm-2. 

[60] 

As shown in Figure 1.4, the potential of Li-Sn intermetallics vs Li/Li+ decreases when the 

lithium content increases. Therefore, the method of controlling working voltage is to 

close the potential window when cycling to form intermetallic with lower lithium content. 

It has been confirmed that reducing the particle size of active materials to the 

nanometer range (<100nm) can significantly improve their cycling performance, which 

can be attributed to the ability of nanosized particles to accommodate large stress and 

strain. [61-62] According to Hall-Petch relation, the increase in yield stress is inversely 
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proportional to the square root of the grain size. The plastic deformation of metal and 

alloy is usually controlled by the motion of dislocation. Also it is believed that grain 

boundaries can hinder dislocation activity so that small grain size makes plastic 

deformation more difficult. Therefore, nanosized particles are able to sustain great 

stress and strain caused by volume change. [63] Moreover, high density of grain 

boundaries in nanosized particles can provide more sites for lithium intercalation, 

reducing total volume expansion. [64] However, the problems of nanosized particles are 

also unavoidable. Large surface area of nanosized particles leads to more reactions 

between active anode material and electrolyte to form SEI, which may result in self-

discharge and poor cycling life. 

To overcome the disadvantage brought with nanosized particle and also improve the 

mechanical property to buffer the volume change, scientists choose to introduce a 

second phase to active materials. The second phase served as matrix phase hosting 

active materials should ensure the electric and ionic conductivity of the whole anode. [65] 

Carbon-based materials have been demonstrated experimentally to be able to improve 

the cycling performance of nanosized. In fact, many metals can react with carbon to 

form carbides, but tin has no solubility or reaction with carbon, which makes it possible 

to design multiple different structures of carbon-tin composites. [59] The mechanism of 

buffering volume change is suggested that the carbon coating exerts a compressive 

stress on the active particle with opposite direction of the force produced by volume 

expansion during lithiation. [66] In addition, the improved cycling performance can be 

attributed to the improved electric and ionic conductivity. Moreover, the carbon coating 
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can suppress the formation of SEI, reducing the reaction between active materials and 

electrolyte. 

Scientists have been working with carbon-tin composites with different structures for 

many years. For example, Figure 1.5 (a) shows amorphous carbon-coated tin with first 

charge and discharge capacities of 789 mAh/g and 681 mAh/g respectively. [67] The 

calculated ratio of irreversible capacity was 14%, while that of Sn particles only was 

calculated to be 7% from the discharge and charge capacities of 631 mAh/g and 587 

mAh/g. Moreover, after 50 cycles, the capacity was kept at 664 mAh g-1 at 0.5 C. 

Another commonly studied structure, tin-nanoparticles encapsulated in elastic hollow 

carbon spheres, is shown in Figure 1.5 (b). [68] The electrochemical performance of this 

material suggests that even after 100 cycles, the specific capacity is remained higher 

than 550 mAh g-1. Although the carbon shell of this structure is thick and the content of 

Sn is only 24%, the specific capacity is about 400 mAh g-1. The novel structure of tin-

filled carbon nanotubes is presented in Figure 1.5 (c). [69] The cycling result shows that 

the 40th-cycle capacity at 0.1 C is 844 mAh g-1 at 0.1C, which exceeds many other Sn-

based materials. 

 

Figure 1.5 TEM images for tin-carbon composites with different structures. 
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1.4 Introduction of SnO2 anode materials 

1.4.1 Properties of SnO2 anode materials 

SnO2 is belong to alloy/de-alloy anode materials. When SnO2 is used in LIB, the 

electrochemical mechanism includes irreversible and reversible steps: [70] 

𝑆𝑛𝑂< + 4𝐿𝑖) + 4𝑒+ 	 	𝑆𝑛 + 2𝐿𝑖<𝑂; 

𝑆𝑛 + 𝑥𝐿𝑖) + 𝑥𝑒+ 	 	𝐿𝑖"𝑆𝑛	(0 ≤ 𝑥	 ≤ 4.4) 

The overall corresponding theoretical capacity can reach up to 1491 mAh g-1, but when 

it reaches to the second cycle, the capacity is reduced to 783 mAh g-1 because of the 

first irreversible reaction where SnO2 is reduced to Sn. [71] So 783 mAh g-1is widely 

considered as the actual theoretical capacity, which is still twice the capacity of graphite. 

Widespread use of SnO2 is hampered by two major problems: large initial irreversible 

capacity loss and poor cycling performance. The large irreversible capacity loss after 

the first cycle is the result of the first reduction reaction, while the poor cycling 

performance is attributed to the large volume change during lithium ion insertion and 

extraction. When SnO2 is reduced to Sn after the first cycle, the charge and discharge 

process is similar to that of Sn anode materials as discussed in the former part, where 

the large density difference between Sn and Li leads to the impressive volume 

expansion, ultimately resulting in their disintegration or pulverization. 

1.4.2 Regular improvement solution 

According to Sn anode materials, downsizing the particles to nanoscale can improve the 

cycling performance. In this regard, Zheng et al. studied SnO2 nanoparticles (~20nm) 
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and SnO2 nanorods (diameter 500nm, length 2-3 µm) as anode materials for LIB. Figure 

1.6 (a) and (b) are TEM images of SnO2 nanoparticles and nanorods respectively. [72] 

The cyclic results show that the in the initial four cycles, nanoparticles electrode 

presents specific capacities more than 1000 mAh g-1, while the capacities of SnO2 

nanorods are about 700 mAh g-1. The large difference between their initial performance 

is due to their various difficulties for lithium intercalation and deintercalation. During the 

following ten cycles, the capacities of SnO2 nanoparticles reduce faster than that of 

SnO2 nanorods also because the hardness of lithium transportation in SnO2 nanorods 

attenuates the degradation of the active materials. 

It has also been confirmed that modification of morphology, such as porous 

nanostructures and hollow structure, can balance the volume change during charging 

and discharging. Hollow structure is one of the most promising ways to overcome the 

pulverization of SnO2 materials. It is believed that hollow sphere is stronger than the 

solid sphere with same weight. [73] Kim et al. used sacrificed template method to 

synthesize hollow SnO2 with diameter range from 25 nm to 100 nm. [74] The TEM image 

of hollow SnO2 with size of 100 nm is shown in Figure 1.6 (c). The electrochemical 

cycling results demonstrate that hollow SnO2 with smallest size remains the highest 

capacity about 750 mAh g-1 after 50 cycles approaching its theoretical capacity. 

Considering the importance of carbon based materials in LIB, researchers proceed 

further development of combining them with SnO2 active materials, such as carbon-

coated SnO2, SnO2/CNT and SnO2/graphene. The existence of carbon in the complex 

can not only increase the electrical conductivity but also buffer the volume change. Lou 

et al. reported a simple hydrothermal method using glucose as carbon resource to 
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synthesize monodisperse carbon-coated SnO2 nanocolloids as shown in Figure 1.6 (d). 

[75] The thickness of the carbon shell can be controlled by monitor the glucose 

concentration. They found that the complex material can keep the capacity of 440 mAh 

g-1 after more than 100 cycles. 

 

Figure 1.6 The TEM image of (a) SnO2 nanoparticles, (b) SnO2 nanorods, (c) hollow SnO2 with 

size of 100 nm, (d) carbon-coated SnO2 nanocolloids. 

1.5 Introduction of Graphene 

Graphene is a single layer carbon arranged in hexagonal lattice, which is a honeycomb 

like structure as shown in Figure 1.7. Graphene was firstly obtained through mechanical 

method from graphite in 2004. It is the basic structural element of many allotrope of 

carbon, such as graphite and CNTs. This unique two-dimensional carbon material, 
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which can stably exist, has various novel properties, including high surface area (2600 

m2 g-1), electronic mobility, highest intrinsic mechanical strength and thermal 

conductivity. [76] Based on its impressively high conductivity and surface-to-volume ratio, 

graphene has been applied in research of LIBs. 

 

Figure 1.7 Schematic diagram of graphene. 

It has been discussed that most of the high-capacity carbon materials can be ascribed 

to have many available sites for lithium insertion, including (1) each side of the 

graphene sheet providing the majority of the positions, (2) hydrogen atom terminated 

edge of the graphene sheet, (3) “covalent” sites and (4) “cavities” of the material. [77] 

Lithium can be absorbed in both sides of graphene sheet forming a “hamburger” with 

two layers of lithium as bread and one layer of graphene sheet as meat. The formation 

of Li2C6 corresponds to the theoretical capacity of 744 mAh g-1 for graphene. 

It is known to all that the performance of nanomaterials is highly related to their 

morphology and nanostructure. As a 2D materials, graphene can show good 

electrochemical properties when existing in form of sheets with fewer layer. [78-79] 
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According to density of states calculation, graphene sheets with 0.7 nm thickness are 

confirmed to provide highest lithium storage. [80] A lot of researches about graphene 

nanosheets as anode materials for LIB have been published. For example, Lian et al. 

prepared graphene nanosheets with fewer layers and large surface area by thermally 

exfoliating the graphene oxide. [81] This kind of graphene shows reversible specific 

capacity reaching 936 mAh g-1, 718 mAh g-1 and 445 mAh g-1 at current densities of 300 

mA g-1, 500 mA g-1 and 1000 mA g-1 respectively. Wu et al. synthesized N-doped and B-

doped graphene nanosheets with reversible capacity of ~500 mAh g-1 at current density 

of 0.5 A g-1. [82] Moreover, the doped graphene can be tolerant of 25 A g-1, which is 

significantly high current density for fast charge. 

Nowadays, there have been many mature fabrication methods of graphene in chemical 

research area or industry. [83-88] The most direct way is exfoliation of graphite to obtain 

graphene with relatively less defect. However, this method is often limited by the size 

and thickness of graphite. [89-92] Another way is using chemical vapor deposition (CVD) 

with metallic catalysis, including Ni and MgO. This method can produce graphene with 

several layers and high quality. [93-94] The most common way, which is also widely used 

in commercial fabrication industry, is liquid phase exfoliation from graphite oxide to 

produce graphene oxide intermediate, followed by reduction. [95-98] But the graphene 

synthesized through this method cannot be fully reduced and the remained oxygen 

functionalities can have bad impact on graphene’s 2D structure with high conductivity. 

Although this kind of two-dimensional material can exist stably and have many ideal 

properties, it is found that graphene sheets are easy to stack together. [99] Therefore, the 

complete realization of the theoretical advantages of graphene is prevented by the 



	 20	

combination of defects and thickness caused by multilayer. [100] To overcome this 

drawback, the design of three-dimensional graphene has been reported by many 

researchers. [101-104] With this structure, graphene cannot restack again and can fully 

realize the ideal properties of graphene. 

1.6 Ideas in this thesis 

There are mainly two designs focused on composites of graphene and SnO2 

nanoparticles in this paper. These ideas are based on the consideration of high 

electrical conductivity and outstanding mechanical flexibility of graphene and relatively 

high theoretical capacity of SnO2. The first one is an improvement of synthesis method 

for graphene, prepared by exfoliation of slightly oxidized of graphite. By introducing 

carboxyl groups on the edge of graphite and using its lower basal plane reactivity than 

that of the edge, destruction of the conjugation state can be decreased with good 

dispersion stability. The highly dispersible edge-selectively oxidized graphene obtained 

contains several layers and is called EOG in the following content. Then SnO2 

nanoparticles with uniform dimension are synthesized onto the surface of EOG through 

hydrothermal method. The second one is a novel design of three-dimensional 

graphene, produced by chemical vapor deposition (CVD) with MgO catalysis. The 3D 

graphene is called flower-like graphene tube (FGT) because of its tube-like architecture 

composed of layer structure. The SnO2-FGT nanocomposites are also synthesized 

through hydrothermal method. The 3D graphene, FGT, is believed to provide a good 

conducting network and stable frame for the whole electrode materials. 
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These materials are then characterized by technologies, including X-ray diffraction, 

SEM and TEM. In addition, the electrochemical performance of these materials, such as 

cycling performance, rate capacity and impedance, is tested as electrode materials in 

lithium ion batteries.   
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2 Experiment 

2.1 Chemicals 

Table 2-1 Table of chemicals. 

Name Molecular Formula Purity Manufacturer 

Commercial graphite C   

Sulfuric acid H2SO4  Sigma-Aldrich Chemistry 

Potassium permanganate KMnO4 99.0% Sigma-Aldrich Chemistry 

Hydrogen peroxide H2O2 30%wt Sigma-Aldrich Chemistry 

Ferric chloride FeCl3 97% Sigma-Aldrich Chemistry 

Potassium stannate trihydrate K2SnO3•3H2O 99.9% Sigma-Aldrich Chemistry 

Magnesium chloride 
hexahydrate MgCl2•6H2O 100.1% EMD Millipore Corp. 

Ammonium bicarbonate NH4HCO3 99% Ridel-de Haën 

Acetonitrile CH3CN 99.8% Sigma-Aldrich Chemistry 

Tin(IV) chloride SnCl4 98% Sigma-Aldrich Chemistry 

Sodium hydroxide NaOH 98.9% Fisher Chemical 
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2.2 Instruments 

Table 2-2 Table of instruments. 

Name Manufacturer 

Magnetic stirrer (C-MAG HS 7) IKA 

Analytical balance (College B154) Mettler TOLEDO 

Analytical balance (XS205 DualRange) Mettler TOLEDO 

Stainless steel reaction kettle with Teflon vessel  

Ultrasonic cleaner (2200) Branson 

Laboratory oven (Oven F Air 2.3 CF) VWR 

Tube furnace MTI Corporation 

Glove box & Controlled atmosphere systems Vacuum Atmospheres Co. 

Desktop X-ray diffractometer (MiniFlex II) Rigaku 

Scanning electron microscope (SEM)  

Transmission electron microscope (TEM)  

Battery test system (LANHE) Wuhan LAND electronics Co., Ltd 
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2.3 Experiments 

2.3.1 EOG-based SnO2 materials 

1. Synthesis of EOG 

The synthesis process of EOG is divided into 3 steps: edge-oxidation of graphite, 

intercalation of FeCl3 into edge-oxidized graphite and exfoliation of edge-oxidized 

graphite using H2O2. 

Firstly, the edge-oxidation reaction was placed in an ice-water bath with temperature 

under 20 ºC. 2 g graphite and 40 ml concentrated H2SO4 were added into a 400 ml 

container and kept stirring for 30 min. Then 2 g KMnO4 was added slowly into the 

reaction solution within 30 min. After 2 more hours, 20 ml distilled water was added and 

the solution was kept stirring for another 2 h. The final step was adding 2 ml H2O2 and 

keeping reaction for 30 min. The products, edge-oxidized graphite, were filtered, 

washed with distilled water and freeze dried. 

The second step to prepare FeCl3 intercalated edge-oxidized graphite was a solid-state 

reaction. 80 mg as-synthesized edge-oxidized graphite and 400 mg FeCl3 were milled 

and mixed together in the environment of inactive gas. Then the mix was transferred 

and sealed in a stainless still reaction kettle. The kettle was kept in the tube furnace at 

600 ºC for 6 h with flow of inactive gas. After the kettle cooled down naturally, the 

products, FeCl3 intercalated edge-oxidized graphite, were removed from the kettle. 

The final step to obtain exfoliated edge-oxidized graphene was by adding 100 mg as-

prepared FeCl3 intercalated edge-oxidized graphite into a H2O2 solution containing 30 

ml 30%wt H2O2 and 150 ml distilled water. 200 ml 1M HCl was added into the solution 
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when no more air bubble was formed in the solution. The final products were washed 

with distilled water by centrifugation for several times and freeze dried. 

2. Hydrothermal synthesis of SnO2 nanoparticles 

1.0 g K2SnO3•3H2O was added to 50 ml distilled water, followed by stirring until 

dissolution. Then the solution was transferred and sealed in 100 ml Teflon vessel with 

stainless steel reaction kettle. The kettle was kept in laboratory oven at 180 ºC for 4 h. 

After the kettle cooled down naturally, the as-synthesized products were washed with 

distilled water and ethanol for few times by centrifugation to remove K+. The products 

were finally dried in oven at 60 ºC for 8h. 

3. Hydrothermal synthesis of SnO2/EOG nanocomposites 

The hydrothermal synthesis method is the same as the above part, except 50 mg EOG 

was added in the 50 ml solution followed by ultrasonic treatment until uniformly 

dispersed. 

2.3.2 FGT-based SnO2 materials 

1. Synthesis of FGT 

Since the synthesis method of FGT is based on model sacrifice, we firstly produced 

MgO model through 3 independent steps. 

The first step was to prepare precursor MgCO3•3H2O with uniform rod structure by 

precipitation from soluble magnesium salt and bicarbonate salt. So we added 0.04 mol 

MgCl2•6H2O and 0.08 mol NH4HCO3 into 60 ml distilled water and stirred the solution 

until dissolved. Then the solution was transferred into a 100 ml volumetric flask and 
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diluted with water. A 250 ml round-bottomed flask with 25 ml ethanol stirring at speed of 

450 r/min inside was kept in a 50 ºC water bath. 50 ml as-prepared solution was added 

in to the stirring ethanol and kept stirring for 2.5 min. After that, the solution was aged in 

the 50 ºC water bath without stirring for 2 h followed by filtered and washed with water 

and ethanol. The products were dried in oven at 60 ºC for 8h. 

The second step was to obtain tube like 4MgCO3•Mg(OH)2•4H2O from MgCO3•3H2O 

through phase inversion. 2.0 g MgCO3•3H2O prepared from the first step was added 

into 60 ml 80 ºC water followed by stirring and ultrasonic treatment until uniformly 

dispersed. Then the solution was stirred at a speed of 450 r/min for 15 min in an 80 ºC 

water bath. The products were filtered, washed with water and ethanol and dried in 

oven at 60 ºC for 8h. 

Finally, the MgO model was produced by calcination of 4MgCO3•Mg(OH)2•4H2O at 500 

ºC for 4 h with heating rate of 4 ºC/min. FGT was obtained through catalysis of MgO 

model with CH3CN flow at 900 ºC for 15 min. 

2.Hydrothermal synthesis of SnO2@FGT 

SnO2@FGT was prepared through hydrothermal method. 1 mmol SnCl4, 2 mmol NaOH  

and 30 mg FGT were added into a 60 ml distilled water and ethanol solution and stirred 

for 30 min. Then the solution was transferred and sealed in 100 ml Teflon vessel with 

stainless steel reaction kettle. The kettle was kept in laboratory oven at 160 ºC for 12 h. 

After the kettle cooled down naturally, the as-synthesized products were washed with 

distilled water and ethanol for few times by filtration to remove Na+. The products were 

finally dried in oven at 60 ºC for 8h. 
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2.4 Materials characterization and electrochemical performance tests 

2.4.1 Materials characterization 

1. X-ray Diffraction (XRD) 

Powder XRD patterns were obtained from a Rigaku X-ray diffractometor machine using 

Cu radiation target (λ = 0.15406 nm) in reflection geometry at operating voltage of 40 kV 

and a current of 40 mA. XRD patterns were recorded at a scanning rate of 0.5 deg s-1 

in the 2θ range from 5 to 90. 

2. Raman Scattering Measurement 

Raman scattering measurements were obtained by backscattering geometry with a 

SPEX-1403 laser Raman spectrometer. The excitation source was an argon-ion laser 

operating at a wavelength of 514.5 nm in the backscattering configuration and a low 

incident power to avoid thermal effects. 

3. Scanning Electron Microscope (SEM) 

Some of the powder samples were directly stuck on the conductive tape, while some of 

the samples were firstly dispersed in ethanol and the solutions were dropped on the Si 

films, which were stuck on the conductive tape, waiting until the ethanol was fully 

evaporated. The dropping and evaporation steps were repeated until enough samples 

were deposited on the Si films. 

4. Transmission Electron Microscope (TEM) 
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All the powder samples were dispersed in ethanol the solutions were dropped on the Cu 

net waiting until the ethanol was fully evaporated. The dropping and evaporation steps 

were repeated until enough samples were deposited on the Cu net. 

2.4.2 Electrochemical performance tests 

1. Assembly of half cell 

The half-cell used for electrochemical testing was made of two electrodes, one using 

lithium metal as the counter and reference electrode, another using active materials as 

working electrode. The working electrode was prepared by coating the slurry composed 

of active powder materials, carbon black and PVDF in a weight ratio of 7:2:1 on a 

copper foil and drying in a vacuum oven at 90 ºC for 8h. A porous membrane was used 

as a separator. The electrolyte solution in the half cell is 1 mol/L LiPF6 dissolved in 

ethylene carbonate and dimethyl carbonate mixing in a volume ratio of 1:1. The coin 

cells were assembled in a VAC glovebox filled with argon, while the content of oxygen 

was controlled under 0.3 ppm. The assembled coin cells were kept steadily for one 

night and then applied in electrochemical tests. 

2. Cycling performance testing 

The cycling performance testing was operated on LANHE battery test system. The 

testing conditions to be set included charge/discharge current, voltage range (0.01-3 V) 

and cycle number. All the tests were performed at room temperature and charged or 

discharged under constant current density. 

3. Rate capacity testing 
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The rate capacity testing was operated on LANHE battery test system. The testing 

conditions to be set included charge/discharge current, voltage range (0.01-3 V) and 

cycle number. All the tests were performed at room temperature and charged or 

discharged under different current densities.  
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3 Results and Discussion 

3.1 3.1 EOG-based SnO2 materials 

3.1.1 Characterization and electrochemical tests of EOG 

The synthesis methods for EOG mainly contains three steps as shown in Figure 3.1. 

Firstly, H2SO4 and KMnO4 are used to oxidize the edges of the graphite, where the 

purple atoms refer to oxidized carbon atoms. The reason for that is when the graphite 

contacts with oxidizer, the oxidation reaction always occurs from the periphery. 

Therefore, we can control the depth of the oxidation by fixing the concentration of 

oxidizer to produce the edge-oxidized graphite as we want. Once the graphite is edge-

oxidized, it opens tunnels on the surface vertical to the graphene sheets, making it more 

convenient for FeCl3 to intercalate as the second step, compared to the bulk graphite. 

The FeCl3 intercalation step is a preliminary expansion process for graphite, producing 

more spaces between graphene sheets. After adding H2O2 into the mixing solution, 

H2O2 infiltrates into the spaces provided by FeCl3 and starts generating oxygen with 

FeCl3 as catalyst undergoing the following reactions: 

2Fe3+ + H2O2 = O2 + 2Fe2+ + 2H+ 

2Fe2+ + H2O2 + 2H+ = 2Fe3+ + 2H2O 

The continuously generating oxygen bubbles can result in the separation of graphene 

sheets. After repeating several times, single graphene sheets are able to be 

successfully exfoliated from the bulk graphite. These explanations of our preparation 

method can be explained by the following characterization results. 
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Figure 3.1 Schematic for synthesis process of EOG. 

In Figure 3.2 (a), the XRD pattern for graphite shows a characteristic sharp peak at 2𝜃 = 

26.7º. For edge oxidized graphite, except the graphitic peak at 2𝜃 = 26.7º, another peak 

at 2𝜃 = 10.3º illustrates the introduction of oxygen functionalities. The existence of both 

graphitic and graphene oxides peaks confirms that the oxidation only occurs to part of 

the graphite. In addition, the oxidation always happens from the outer to the inner. 

Moreover, the SEM image for edge oxidized graphite (Figure 3.2 (c)) shows rough 

surface and some hollow spaces, compared with smooth and compact surface of 

graphite (Figure 3.2 (b)). Hence, the partly oxidized graphite is believed to be edge 

oxidized graphite. The XRD pattern for FeCl3 intercalated edge oxidized graphite shows 

diffraction peaks for several compounds containing Fe(III), including FeCl3, FeOCl and 

Fe2O3. The obvious layered structure shown in Figure 3.2 (d) indicates that the spaces 

between graphene sheets have been opened but graphene sheets have not been fully 

separated yet. These results demonstrate that Fe(III) has successfully intercalated into 

the graphite, which serves as an important role of catalyst for H2O2. Other solid 
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impurities can be washed by HCl. Figure 3.2 (e) is the SEM image of edge oxidized 

graphite after being exfoliated for the first time. Compared with Figure 3.2 (d), the 

smooth graphene sheets are more clearly and the spaces between graphene sheets 

are expanded. These changes verify the effect of oxygen bubbles generating by H2O2 in 

the exfoliation process. 

 

Figure 3.2 (a) XRD pattern of graphite, edge oxidized graphite and FeCl3 intercalated edge 

oxidized graphite. SEM images of (b) graphite, (c) edge oxidized graphite, (d) FeCl3 intercalated 

edge oxidized graphite, (e) FeCl3 intercalated edge oxidized graphite exfoliated by H2O2 for the 

first time and (f) single edge oxidized graphene (EOG) sheet. 

Figure 3.3 shows the changes of XRD patterns from graphite to graphene during the 

chemical processing. The peak at 2𝜃 = 26.7º is a characteristic peak (002) for graphitic 
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structure, which can be observed in all of these three XRD patterns. Another peak at 2𝜃 

= 10.3º, which refers to (001) diffraction of oxygen functionalities, appearing in edge 

oxidized graphite becomes quite weak in EOG, suggesting that graphene sheets have 

been successfully exfoliated and the oxygen functionalities present a much smaller part 

in EOG than edge oxidized graphite. Moreover, most of the graphene produced by 

researchers shows a flat peak at 2𝜃 = 26.7º, while the peak for EOG is extremely sharp. 

This comparison demonstrates high crystalline structure of EOG. 

 

Figure 3.3 XRD patterns of graphite, edge oxidized graphite and edge oxidized exfoliated 

graphene. 

Raman spectroscopy is an effective approach to characterize graphitic materials, 

especially when used to determine ordered and disordered crystal structure in 

graphene. Figure 3.4 presents the significant structural changes during the synthesis 

process from graphite to graphene. All of these three Raman spectra have two obvious 
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peaks at ~1580 cm-1 and ~2700 cm-1, which are called G-band and 2D band 

respectively. G-band arises from the stretching motion of C-C bond in graphitic 

materials, which is common to all sp2 carbon systems. [105] 2D band is a second-order 

two-phonon process and exhibits a strong frequency dependence on the excitation laser 

energy. The presence of both G-band and 2D band is a characteristic Raman spectrum 

for graphitic materials. The most distinguished difference among these three spectra is 

the relative strength of D-band at ~1350 cm-1, which is a disorder-induced band. In 

Raman spectrum for graphite, D-band is very weak and almost forbidden, 

corresponding to high-crystalline structure in graphite. A significant rise in D-band of 

edge part of exfoliated graphene suggests a large part of disorder carbon structure in 

this area, referring to oxygen functionalities producing sp3 domains. Compared with D/G 

ratio of graphite, that of central part of exfoliated graphene shows a great increase, 

indicating the decrease of the size of the in-plane sp2 domains. However, when 

compared with D/G ratio of edge part of exfoliated graphene, the notable decrease in 

that of central part, related to less sp3 domains, confirms that only edge part of 

exfoliated graphene is oxidized. 
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Figure 3.4 Raman spectra of graphite, edge part of exfoliated graphene and central part of 

exfoliated graphene. 

From the SEM and TEM images of EOG in Figure 3.5 (a-c), we can find that the 

graphene sheet is quite thin and has a large surface area. The average dimension of a 

single EOG is around 1-2 µm. The crystal lines shown in EOG’s HRTEM image (Figure 

3.5 (d)) illustrates that the EOG has good crystalline structure, which supports that the 

EOG is graphene according to its definition. 
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Figure 3.5 (a) (b) SEM images of EOG with different scalar of 1 µm and 500 nm respectively. (c) 

TEM image of EOG. (d) HRTEM image of EOG. 

Cycle performance of EOG at different current densities from 0.1 A g-1 to 1 A g-1 is 

shown in Figure 3.6. The reversible capacity of EOG electrode is around 650 mAh g-1 at 

0.1 A g-1, 380 mAh g-1 at 0.3 A g-1, 200 mAh g-1 at 0.5 A g-1 and 150 mAh g-1 at 1 A g-1. 

After 40 cycles of rate capacity test, the capacity of EOG electrode can be still remained 

at 420 mAh g-1 at 0.1 A g-1, which is higher than the capacity of commercial carbon 

anode. These electrochemical test results illustrate that EOG with fewer layers can be a 

candidate of anode material for lithium ion batteries due to its stable cycle performance 

and relatively high reversible capacity. 
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Figure 3.6 Cycle performance of EOG at different current densities from 0.1 A g-1 to 1 A g-1. 

3.1.2 Characterization and electrochemical test results of SnO2 nanoparticles and 

SnO2/EOG nanocomposites 

Although the test results of reversible capacity of EOG is much higher than that of 

commercial carbon, it still shows insufficiency when compared with high capacity 

materials, such as SnO2. In contrast, although SnO2 owns high theoretical capacity, the 

significant effect of volume expansion limits its use in LIB and leads to degradation after 

cycling tests. Therefore, SnO2 nanoparticles are designed to be in-situ grown onto EOG 

surface to produce SnO2/EOG nanocomposites and bare SnO2 nanoparticles are 

synthesized as comparison. Figure 3.7 shows the schematic for synthesis process of 

bare SnO2 nanoparticles and SnO2/EOG nanocomposites. The only different step is that 

EOGs are firstly dispersed into the solution. 
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Figure 3.7 Schematic for synthesis process of bare SnO2 nanoparticles and SnO2/EOG 

nanocomposites. 

To characterize the materials, XRD is firstly used to confirm the chemical compounds of 

the products synthesized through hydrothermal method. Figure 3.8 shows the XRD 

patterns for bare SnO2 nanoparticles and SnO2/EOG nanocomposites. The obvious 

sharp peaks in both of the XRD patterns are almost overlapped and match well with the 

standard XRD pattern for tetragonal SnO2 phase (JCPDS: 71-0652), especially the 

three strongest peaks corresponding to (110), (101) and (211) crystal planes. Hence, 

the XRD confirms the composition of our nanoparticles and nanocomposites is SnO2. 
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Figure 3.8 XRD patterns of bare SnO2 nanoparticles and SnO2/EOG nanocomposites. 

The architecture of bare SnO2 nanoparticles and SnO2/EOG nanocomposites was 

analyzed by TEM and HRTEM as presented in Figure 3.9. Figure 3.9 (a) shows that 

bare SnO2 nanoparticles are clustered together due to their small average dimension 

around 10 nm, which is observed from Figure 3.9 (b).  Figure 3.9 (c) shows a TEM 

image with low magnification for SnO2/EOG nanocomposites suggesting that SnO2 

nanoparticles are uniformly anchored on EOG surface. This structure can be studied 

more deeply in Figure 3.9 (d), where the darker particles correspond to SnO2 

nanoparticles and the lighter area refers to the graphene sheet. Moreover, the clear 

crystal lattice with spacing of 0.33 nm shown in both Figure 3.9 (b) and (d) is related to 

the (110) face of the SnO2 rutile phase. Therefore, it is certain that SnO2 nanoparticles 

in-situ grown on the surface of EOG are well crystallized. 
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Figure 3.9 (a) TEM image and (b) HRTEM image for SnO2 nanoparticles. (c) TEM image and (d) 

HRTEM image for SnO2/EOG nanocomposites. 

Both bare SnO2 nanoparticles and SnO2/EOG nanocomposites were applied as anode 

materials in lithium ion batteries for electrochemical tests. For cycling test, they finished 

50 cycles of discharge and charge under constant current density of 0.1 A g-1. Fig 3.10 

presents the discharge/charge profile of the first, second and last cycle. They both 

exhibit quite different performance in their first and second cycles. For bare SnO2 

nanoparticles, the specific discharge capacity for the first cycle is 1905 mAh g-1. But it 

drops to 1107 mAh g-1 in the second cycle dramatically. SnO2/EOG nanocomposites 

demonstrate higher initial discharge capacity of 2370 mAh g-1. After the first cycle, the 

discharge capacity of 1495 mAh g-1 is obtained. The significant irreversible capacity 

around 800 mAh g-1 in the first cycle is not only caused by the irreversible reaction from 
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SnO2 to Sn according to its mechanism, but also the formation of the solid electrolyte 

interface (SEI) layer. The relatively higher capacity performed in SnO2/EOG 

nanocomposites can be consumed to the existence of EOG, which increases the 

electric conductivity in the electrode. After 50 cycles, the discharge/charge profile for 

bare SnO2 nanoparticles shows quite huge deviation from the second cycle. Moreover, 

the discharge and charge capacities of the 50th cycle are nearly 35% lower than that of 

the second cycle. However, for SnO2/EOG nanocomposites as shown in Figure 3.10 

(b), the discharge/charge curves of the second cycle and the 50th cycle are overlapped, 

suggesting negligible change in the capacity. This result verifies that the addition of 

EOG to SnO2 can decrease the effect of volume expansion and stabilize the whole 

electrode. 

 

Figure 3.10 Discharge/charge profile of 1st, 2nd and 50th cycle for (a) bare SnO2 nanoparticles 

and (b) SnO2/EOG nanocomposites. 

The complete cycle performance of bare SnO2 nanoparticles and SnO2/EOG 

nanocomposites is revealed in Figure 3.11. After the second cycle, bare SnO2 

nanoparticles electrode keeps degrading, resulting in the capacity of 687 mAh g-1 after 
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50 cycles. However, the cycling capacity for SnO2/EOG nanocomposites electrode is 

remained at around 1500 mAh g-1. This result is much higher than bare SnO2 

nanoparticles and shows excellent cycling stability after 50 cycles, evidenced by the flat 

curve of the cycle performance. 

 

Figure 3.11 Cycle performance of bare SnO2 nanoparticles and SnO2/EOG nanocomposites at 

constant current density of 0.1 A g-1. 

The rate performance of bare SnO2 nanoparticles and SnO2/EOG nanocomposites was 

carried under varied current densities. For bare SnO2 nanoparticles, the reversible 

capacity is ~1000 mAh g-1 at 0.1 A g-1, ~750 mAh g-1 at 0.2 A g-1, ~600 mAh g-1 at 0.5 A 

g-1 and ~450 mAh g-1 at 1 A g-1. When the current density reverses back to the initial low 

value, although the reversible capacity can reach up to almost the original testing result, 

it still shows obvious fading in the 5 cycles. This performance indicates that bare SnO2 

nanoparticles can handle high current density but still face the problem caused by 
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degradation. SnO2/EOG nanocomposites exhibit high rate performance, where the 

average capacities are maintained as high as ~1400 mAh g-1 at 0.1 A g-1, ~1200 mAh g-

1 at 0.2 A g-1, ~1100 mAh g-1 at 0.5 A g-1 and 1000 mAh g-1 at 1 A g-1. Moreover, when 

the current density drops back to 0.1 A g-1, the capacity can recover to the initial value, 

around 1400 mAh g-1. These results confirm that SnO2/EOG nanocomposites are 

tolerant to high current density and high rate cycling. 

 

Figure 3.12 Cycle performance of bare SnO2 nanoparticles and SnO2/EOG nanocomposites at 

different current densities from 0.1 A g-1 to 1 A g-1. 

Electrochemical impedance spectroscopy (EIS) is an important testing technology 

applied in studying electrochemical interface and electrode reaction. Figure 3.13 

presents the electrochemical impedance spectra of bare SnO2 nanoparticles and 

SnO2/EOG nanocomposites. For simplification, both of the spectra are considered to 

consist of a semicircle and an oblique line. The semicircle refers to chemical reaction 
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resistance or charge transfer, and the oblique line corresponds to the diffusion of lithium 

ions in active materials of electrode. In order to confirm the positive effect of the addition 

of EOG on electric conductivity, we are more focused on the resistance, indicated by 

the x-intercept. As is shown, the resistance for SnO2/EOG nanocomposites (18 Ω) is 

quite smaller than that of bare SnO2 nanoparticles (82 Ω), demonstrating that it is much 

easier for charge transfer between electrolyte and electrode. Therefore, the existence of 

EOG can efficiently increase the intrinsic electric conductivity. 

 

Figure 3.13 Electrochemical impedance spectra of bare SnO2 nanoparticles and SnO2/EOG 

nanocomposites. The inset part is magnification of the original spectra. 
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3.2 FGT-based SnO2 nanomaterials 

3.2.1 Characterization results of FGT 

The synthesis process of MgO template is considered into three steps, undergoing the 

following chemical reactions: 

Mg2+ + 2NH4HCO3 + 2H2O = MgCO3•3H2O + 2NH4
+ + CO2 

5MgCO3•3H2O + H2O= 4MgCO3•Mg(OH)2•4H2O + CO2 

4MgCO3•Mg(OH)2•4H2O = 5MgO + 5H2O + 4CO2 

The first step is obtaining MgCO3•3H2O with rod structure by pyrolysis of Mg(HCO3)2, 

which is normally a homogeneous nucleation process, where nucleation and growth are 

at the same time. But, this process is usually slow and results in irregular morphology 

and dimension. In order to achieve uniform particles with relatively large dimension, it is 

accepted to separate the nucleation and growth process by creating conditions for 

explosive nucleation. Therefore, ethanol is chosen to reduce the solubility, as well as 

accelerate the nucleation and produce uniform nanoparticles. For the second step, 

4MgCO3•Mg(OH)2•4H2O is confirmed to be able to self-assemble layer structure. 

Hence, in this paper, flower-like 4MgCO3•Mg(OH)2•4H2O tube is designed to be self-

assembled from 4MgCO3•Mg(OH)2•4H2O nanosheets, which look like petals. Finally, 

the flower-like tube structure of MgO template is maintained by direct calcination. 

The remaining synthesis steps for flower-like graphene tube (FGT) contains CVD 

catalysis with acetonitrile and etching the template with HCl as shown in Figure 3.14. 
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Figure 3.14 Schematic for synthesis process of flower-like graphene tube (FGT) from flower-like 

MgO tube template. 

The following characterization results are mainly focused on flower-like MgO tube 

template, MgO@graphene intermediate and flower-like graphene tube (FGT). As shown 

in Figure 3.15, the peaks in XRD pattern for MgO template correspond to MgO standard 

XRD pattern, but they are weak and flat. Once the MgO template has been catalyzed 

under high temperature, the peaks in XRD pattern for MgO@graphene intermediate 

becomes sharp and strong, demonstrating that the crystal structure of MgO template 

has been improved. In the XRD pattern for FGT, the peaks for MgO disappear, 

illustrating that the MgO model has been etched. The wide and flat peak refers to 

graphene produced by catalysis of MgO template. 
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Figure 3.15 XRD pattern for flower-like MgO tube, flower-like MgO@graphene and flower-like 

graphene tube (FGT). 

The microstructure and architecture of flower-like MgO tube template, MgO@graphene 

intermediate and FGT are studied by SEM and SEM mapping. Figure 3.16 refers to the 

morphology of MgO template by SEM in the magnification of 50 µm and element 

distribution of magnesium and oxygen by SEM mapping. From Figure 3.16 (a), MgO 

templates are shown as tube structure and their dimension is quite uniform with width of 

~10 µm and length of ~40 µm. The microstructure of MgO template can be clearly 

observed from Figure 3.16 (b). The shell of the MgO tube is composed of many 

nanosheets like petals arranged in random directions, which can produce large surface 

area and good mechanical property. In order to take a deep look at the element 

distribution of MgO template, SEM mapping is used to scan magnesium and oxygen in 
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the chosen sample. The results shown in Figure 3.16 (c) and (d) indicate that 

magnesium and oxygen are distributed uniformly among the specific MgO sample. 

 

Figure 3.16 (a) SEM image for flower-like MgO hierarchical tube. (b-d) SEM mapping for flower-

like MgO hierarchical tube, (c) and (d) respectively refer to the element distribution of 

magnesium (Mg) and oxygen (O) among the selected sample in (b). 

Figure 3.17 shows the SEM image and SEM mapping results for MgO@graphene 

intermediate. The overall tube structure of the intermediate shown in Figure 3.17 (a) is 

remained the same as MgO template even after catalysis at high temperature, 

suggesting the thermal stability of MgO template. Moreover, Figure 3.17 (b) confirms 

that microstructure of layer structure is also kept in the intermediate. The rest figures in 

Figure 3.17 refer to the SEM mapping results of magnesium, oxygen, carbon and 

nitrogen. The distribution of magnesium and oxygen is similar as that of MgO template. 
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Since the graphene is synthesized from acetonitrile, so the graphene obtained is 

considered to contain carbon and nitrogen, forming N-doped graphene. Figure 3.17 (e) 

and (f) confirm the element constitution of carbon and nitrogen in the graphene. 

 

Figure 3.17 (a) SEM image for MgO@graphene intermediate. (b-f) SEM mapping for 

MgO@graphene intermediate, (c), (d), (e) and (f) respectively refer to the element distribution of 

magnesium (Mg), oxygen (O), carbon (C) and nitrogen (N) among the selected sample in (b). 

After etching, our FGT is designed to keep the layer composed tube structure to 

produce a three-dimensional graphene. Figure 3.18 presents our FGT in different 

magnifications, from 20 µm to 2 µm. As is shown in Figure 3.18 (a), the macroscopic 

structure of FGT looks the same as our MgO template, remaining the same dimension 

with width of ~10 µm and length of ~40 µm. The microstructure of FGT is also confirmed 

unchanged from MgO template in Figure 3.18 (d). The clear layer structure produces 
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high surface area and the three-dimensional architecture prevents graphene sheets 

from stacking together. When the graphene with this kind of structure is used in lithium 

ion batteries, it is believed to perform better than those graphene with two-dimensional 

structure due to conductivity net with high efficiency provided by 3D structure. 

 

Figure 3.18 SEM images for flower-like graphene tube (FGT) in different magnifications. 

3.2.2 Characterization and electrochemical test results of SnO2-FGT nanocomposites 

In order to overcome the drawback of relatively low theoretical capacity of graphene, as 

well as decrease the effect of volume expansion and insufficient electric conductivity of 

SnO2, SnO2 is designed to in-situ grow on the surface of our FGT. Figure 3.19 briefly 

demonstrates the synthesis idea of our SnO2-FGT nanocomposites. For simplification, 

the architecture of the cross section for FGT is displayed like a sunflower, with the circle 
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simulating the tube structure and petals simulating the layer structure. After 

hydrothermal synthesis using SnCl4, SnO2 nanoparticles, shown as small blue circles, 

adhere to the surface of the layer structure of FGT. It is considered that SnO2 

nanoparticles contacting directly with the 3D conductivity net, produced by FGT, can 

show higher electric conductivity. In addition, during the discharge and charge process, 

even if the volume expansion of SnO2 may cause pulverization of itself, the 3D structure 

of FGT can help to collect and reactive the disintegrated active materials. This kind of 

nanocomposites is studied by the following characterization and electrochemical test 

results. 

 

Figure 3.19 Schematic for synthesis process of SnO2-FGT nanocomposites. 

XRD is firstly used to confirm the products synthesized through hydrothermal method 

are SnO2-FGT nanocomposites. The obvious sharp peaks in the XRD pattern (Figure 

3.20) match well with the standard XRD pattern for tetragonal SnO2 phase (JCPDS: 71-

0652), especially the three strongest peaks corresponding to (110), (101) and (211) 

crystal planes. The weak diffraction peak at around 2𝜃 = 20º refers to graphene. The 

slight deviation from 2𝜃 = 26.7º is highly possibly because of the existence of SnO2. 
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Hence, the XRD confirms the composition of our nanocomposites is SnO2 and 

graphene. 

 

Figure 3.20 XRD pattern for SnO2-FGT nanocomposites. 

SEM is applied on observation of the microstructure of SnO2-FGT nanocomposites. 

Figure 3.21 (a) shows that the tube structure is kept well even after the hydrothermal 

synthesis at high temperature and pressure. From the SEM images with higher 

magnification (Figure 3.21 (c)), non-uniform SnO2 nanoparticles, marked with a circle as 

an example, with dimension from several nanometers to tens of nanometers can be 

found attached to the layer structure of FGT. It can be imagined that during discharge 

and charge process, SnO2 nanoparticles with dimension of several nanometers can 

handle the stress from volume expansion, while SnO2 nanoparticles with larger size are 

likely pulverized. Under these circumstances, the randomly arranged layer structure can 

serve as a collector, remaining the active material as much as possible. The 



	 53	

effectiveness of this structure can be analyzed from the following electrochemical tests, 

including discharge/charge profile, cycling test and rate capacity test. 

 

Figure 3.21 SEM images for SnO2-FGT nanocomposites in different magnifications. 

SnO2-FGT nanocomposites are used as anode materials in lithium ion batteries for 

electrochemical tests. To test the cycling performance of SnO2-FGT nanocomposites, 

current densities of 0.1 A g-1 and 1 A g-1 are applied on SnO2-FGT nanocomposites 

electrode during repeated discharge and charge procedure in the voltage window from 

0.1 V to 3.0 V. The discharge/charge profile of the first, second and fiftieth cycle under 

current density of 0.1 A g-1 is displayed in Figure 3.22. The specific discharge capacity 

for the first cycle is ~ 2700 mAh g-1, but in the second cycle, it drops to ~1650 mAh g-1 

drastically. The reason for this is the same as what we have discussed in SnO2/EOG 

nanocomposites. The irreversible capacity comes from the formation of SEI layer and 
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the irreversible chemical reaction from SnO2 to Sn. The curves for the second and 

fiftieth cycle are nearly overlapped, illustrating that our SnO2-FGT nanocomposites keep 

electrochemically stable during the cycling discharge and charge process. 

 

Figure 3.22 Discharge/charge profile of 1st, 2nd and 50th cycle for SnO2-FGT nanocomposites. 

The complete cycling performance for 50 cycles under current densities of 0.1 A g-1 and 

1 A g-1 respectively is shown in Figure 3.23. For the first 50 cycles, except the first cycle, 

the reversible capacities are stabled in the range between ~1300 mAh g-1 and ~1500 

mAh g-1. However, the curve still presents a slight decrease and then increase. The 

reason for the decreasing part is the slow completion process of irreversible reaction 

and degradation of active materials. After that, the pulverized materials undergo 

reactivation, resulting in the increase of reversible capacity. When the 50 cycles under 

current density of 0.1 A g-1 are finished, the SnO2-FGT nanocomposites are 

continuously tested under current density of 1.0 A g-1 for another 50 cycles. The 
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capacities are maintained in the range between ~1100 mAh g-1 and ~1200 mAh g-1. The 

overall coulombic efficiency is stabilized around 100% except for the first 20 cycles due 

to the irreversible reaction. In conclusion, SnO2-FGT nanocomposites exhibit good 

cycling performance no matter under low current density or high current density. 

 

Figure 3.23 Cycle performance of SnO2-FGT nanocomposites at different current densities of 

0.1 A g-1 and 1.0 A g-1. 

The rate performance of SnO2-FGT nanocomposites is carried under varied current 

densities from 0.1 A g-1 to 1 A g-1. The average results of reversible capacities are 

~1400 mAh g-1 at 0.1 A g-1, ~1250 mAh g-1 at 0.2 A g-1, ~1200 mAh g-1 at 0.5 A g-1 and 

~1100 mAh g-1 at 1 A g-1. Especially when the current density returns back to the 

original current density of 0.1 A g-1, the average capacity is around 1400 mAh g-1, which 

is much close to the initial test results. These results demonstrate that the special 3D 

structure of FGT and nanosize of SnO2 particles can improve the structural stability of 
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SnO2-FGT nanocomposites during fast discharging and charging, leading to tolerance 

to high current density with long cycling. 

 

 

Figure 3.24 Cycle performance SnO2-FGT nanocomposites at different current densities from 

0.1 A g-1 to 1 A g-1.  
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4 Conclusion 

In the first part of our research, a new method for Highly dispersible edge-selectively 

oxidized graphene was prepared. The edge-oxidization and FeCl3 intercalation 

processes are applied to produce edge-oxidized graphene (EOG) with several layers. 

EOG has been confirmed that only edge part of the graphene nanosheet is oxidized by 

XRD and Raman spectroscopy, while the basal plane maintains the graphene structure. 

And the electrochemical performance of EOG as anode material shows that it has 

reversible capacity of ~650 mAh g-1 at current density of 0.1 A g-1. Then, SnO2 

nanoparticles are designed to be in-situ grown on the surface of EOG. SEM shows that 

SnO2 nanoparticles have average dimension of ~10 nm and are uniformly dispersed on 

the surface of EOG. As a comparison, bare SnO2 nanoparticles are also synthesized. 

The electrochemical performance of SnO2/EOG nanocomposites and bare SnO2 

nanoparticles shows that SnO2/EOG nanocomposites have higher reversible capacity, 

around 1420 mA h g-1 at 0.1 A g-1, and better cycling stability since bare SnO2 

nanoparticles have initial capacity of 1000 mA h g-1 and keep degrading until 687 mA h 

g-1 after 50 cycles. Moreover, EIS results demonstrate that the resistance for SnO2/EOG 

nanocomposites (18 Ω) is quite smaller than that of bare SnO2 nanoparticles (82 Ω). 

These results verify that the existence of EOG can efficiently increase the electric 

conductivity and stabilize the structure of electrode material during repeatedly discharge 

and charge process. 

In the second part, a novel three-dimensional graphene, called flower-like graphene 

tube (FGT) is designed with sheets composed tube structure. The layer structure 

produces high surface area and the 3D structure prevents graphene from stacking 
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together. In order to improve the capacity of bare graphene material, SnO2 is chosen to 

combine with it through hydrothermal synthesis. The electrochemical performance of 

SnO2-FGT nanocomposites shows that it has good cycling stability at current densities 

of 0.1 A g-1 and even as high as 1.0 A g-1, producing reversible capacities of 1400 mA h 

g-1 and 1100 mA h g-1 respectively. It is believed that the 3D structure of graphene can 

not only serve as a good conducting network, but also an excellent structural stability of 

the whole electrode material. 
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