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Abstract 

 

Designed Synthesis of Carbon-
Based Nanocomposites for Li-Ion 

Batteries 
 

 

Byungchul Jang 

Department of Nano Science and Technology 

Graduate School of Convergence Science & Technology 

Seoul National University 

 

Over the past decade, the control of elemental composition, size and 

shape of nanostructures has been major research topic in chemistry of 

nanostructures. Various designed synthetic methods of carbon-based 

nanocomposites have been investigated for electrochemical applications 

including batteries, fuel cells and supercapacitors. These carbon-based 

nanocomposites have been widely used as electrode materials due to 

their low cost, wide potential window, good electrical conductivity, high 
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electrochemical stability, and electrocatalytic activity. Recentely, 

carbon-based nanocomposites with graphene, metal, and metal oxide, 

have been extensively investigated in order to further improve the 

intrinsic electrochemical properties. 

In this work, facile synthetic methods for carbon-based 

nanocomposites and their electrochemical application for Li-ion battery 

anode were reported. Firstly, a new and simple synthetic method of 

hollow carbon nanospheres was introduced. Monodispersed silica 

nanoparticles were used as templates and various metallic surfactants 

were used as carbon sources. Different shaped carbonaceous 

nanomaterials were obtained through the carbonization of metallic 

surfactant precursors. Next, two dimensional (2-D) nanomaterials 

composed of highly monodisperse metal oxide nanoparticles and carbon 

were synthesized via simple heat treatment process using salt powder as 

template. Metal oleate complex was used as the precursor for both metal 

oxide and carbon. Lastly, a metal-oxide/graphene nanocomposite was 

directly obtained by heat treatment of a mixture of metal-oleate and 

graphene. The generated metal oxide nanoparticles were homogeneously 

embedded in the graphene layers, and they acted as mutual spacers in the 

nanocomposite to prevent the restacking of the graphene layers and the 
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aggregation of nanoparticles. 

These carbon-based nanocomposites were shown to be excellent 

anode materials for Li-ion batteries with high capacity, good rate 

performance and stable durability. 

 

Keywords: Carbonaceous nanomaterials, metal oxide nanoparticles, 

Graphene, nanocomposites, Li-ion battery anode 
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Chapter 1. Introduction: Carbon-Based Nanomaterials for Li-Ion 

Batteries and Dissertation Overview 
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1.1. Introduction 

  

Nowadays, increasing world energy consumption is serious 

worldwide problem not only from the view of fossil fuels shortage but 

also that of environment problems. There are many alternative energy 

sources such as solar energy, wind energy, geothermal energy, bioenergy, 

and ocean energy. Since most of these alternative energy sources have 

less environmental impact and produce energy permanently, great 

attentions have been made on the development of energy conversion and 

storage devices such as batteries, fuel cells and supercapacitors with 

improved performances. As shown in Figure 1.1, the energy comes from 

alternative energy sources and it is converted into electrical energy by 

energy conversion and harvesting devices. The generated electrical 

energy is usually stored in the battery. 

A battery is an energy storage device consisiting of electrochemical 

cell that converts chemical energy into electric energy. This is done by 

the transfer of electrons from one material to another through an electric 

circuit. This transfer results in the oxidation of the anode and the 

reduction of the cathode, a process called oxidation-reduction or redox 

reaction. The electolytes allow ions to move between the electrodes. 
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Primary batteries are used one-time and discarded because the electrode 

materials are irreversibly changed during discharge. The alkaline battery 

is used once and discarded which is used for portable devices. 

Rechargeable batteries are called secondary batteries, they can be 

recharged multiple times because the electrode materials are reversibly 

changed during charge/discharge. For examples, the lead-acid battery is 

used in vehicles and lithium ion battery is used for portable devices. 
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Figure 1.1. Alternative energy sources and their conversion and storage 

devices. 
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These days, rechargeble Li-ion battery (LIB) is one of the most 

important power sources for portable electronic devices [1–6]. LIBs are 

one of the most popular types of rechargeable battery for portable 

electronics, with high energy densities, no memory effect, and a slow 

charge loss when not in use. LIBs have been replaced the lead acid 

batteries that was used for vehicles. A battery cell prefer the use of 

lightweight lithium and carbon electrodes instead of heavy lead plates 

and toxic acid electrolyte. 

Recently, many crictical issues have been widely discussed such as 

high energy density, durability, and economical efficiency in LIBs [7-10]. 

In order to develop new electrode materials with higher energy density 

and improved cycling stability for LIB, nanostructured materials 

including nanoparticle, nano fiber, nanotube and their composites were 

extensively investigated [11-14]. These nano-sized (1-100 nm) materials 

have the intrinsic properties than bulk materials.  

In this chapter, I would like to introduce the cabonaceous 

nanomaterials and carbon-based nanomaterials for the electrode in LIBs. 

In following section, Li-ion batteries and anode materials as Li-ion 

batteries are introduced. And then the thesis is overviewed. 
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1.2. Carbonaceous nanomaterials for electrode in electrochemical 

applications 

 

There are many allotropes of carbon (Figrure 1.2). Graphite, diamond, 

and amorphous carbon are the well-known as carbon allotropes. These 

carbon allotropes have been widely used as electrodes due to their low 

cost, wide potential window, good electrical conductivity, high 

electrochemical stability and electrocatalytic activity [15-18]. 

The well-known allotropes of carbon such as graphite, diamond, and 

fullerenes have different electrochemical properties. Graphite is multi-

layers of graphene sheet which is composed of sp2-bonded carbon atoms 

with one carbon atomic thickness with a C-C bond length of 1.42 Å and 

interplanar spacing of 3.354 Å. Diamond is composed of all sp3-bonded 

carbon atoms with a C-C bond length of 1.54 Å. Diamond could also be 

used as an electrode by doping because of the insufficient conductivity 

for electrochemistry. The most common fullerene is carbon nanotube 

which is cylindrical nanostructure of single or multi layers of graphene 

sheet. 

Properties of the carbonaceous materials vary greatly for different 

forms of the allotrope (Table 1.1). For examples, graphite is opaque, 
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while diamond is highly transparent; graphite is soft mateial, while 

diamond is the hardest material; graphite has a good electrical 

conductivity, while diamond has a very low electrical conductivity. Most 

carbon allotopes have high thermal conductivity under normal 

conditions. 
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Figure 1.2. Various allotropes of carbon. 
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1.2.1. Graphitic carbon: graphene 

Graphene is a two dimensional carbon sheet composed of sp2-bonded 

carbon atoms with one carbon atomic thickness. It is the basic building 

block of other allotropes including graphite, nanotubes, and fullerenes. 

Graphene is widely used and investigated due to its high surface area 

(theoretical value 2630 m2 g-1), great electronic conductivity, mechanical 

stability, and so on. These properties make graphene very promising 

electrode material for batteries, supercapacitors, nanoelectronics and 

sensors [19-22]. Especially, as anode materials for LIBs, graphenes 

exhibit high capacity of ~1264 mAh g-1 at low charge/discharge rates. 

However, its performance is rapidly decreased during the repeated 

cycling at high charge/discharge rate due to their structural deformation 

and re-stacking to the graphite. So, the graphene based composite 

materials with spacer materials including poymer, carbon and inorganic 

nanoparticle have been reported as anode materials [23-28]. 
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Table 1.1. Mechanical, electrical, and optical properties of carbon 

allotropes. 
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1.2.2. Amorphous carbon 

Amorphous carbon has the mixed sp3/sp2-bonded carbon atoms and 

has no crystal structure. Amorphous carbon materials may be stabilized 

by π bonds with hydrogen. Glassy carbon is a non-graphitic carbon that 

combines the properties of ceramic and glass. The most important feature 

of glassy carbon is impermeability to liquid and gas, high temperature 

resistance, low density, low electrical resistance, low friction, low 

thermal resistance, good chemical resistance, and hardness. Glassy 

carbon is partly used for crucible and electrode, and can be fabricated as 

different shape and size. 

Porous carbon materials are used extensively as electrode materials 

for batteries, fuel cells, and supercapacitors, and support materials for 

many important catalytic process due to their superior physical and 

chemical properties, such as high electric conductivity, thermal 

conductivity, chemical stability, and low density. Porous carbon 

materials can be classified according to their pore diameters as 

microporous (pore size < 2 nm), mesoporous (2 nm < pore size < 50 nm), 

and macroporous (pore size > 50 nm). Porous carbon materials are 

usually synthesized by physical or chemical activation process or heat 

treatment of organic precursors [29–32]. Usually, these carbon materials 
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have a relatively broad pore size distribution in both micropore and 

mesopore ranges. Conventional porous carbon materials including 

activated carbon have been produced in large quantities, and are used 

widely in adsorption, separation, and catalysis applications. 

Figure 1.3 depicts the overall concept of the template synthesis. The 

various porous carbon nanostructures are synthesized using various 

templates such as poly styrene naonparticles, silica nanoparticles, 

zeolites, anodic alumina membranes, and mesoporous silica materials. 

Firstly, the carbon precursors are homogeneously coated on the template. 

And then, porous carbon nanostructures are prepared after carbonization 

and removal of the template. 
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Figure 1.3. Preparation of various carbon nanostructures via template 

method. (from Ref. 32. Hyeon et al., Adv. Mater. 2006, 18, 
2073.) 
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1.2.3. Carbon-based nanocomposites 

The electrochemical applications of nanostructured materials have 

attracted great research interests. For example, metal oxide nanoparticles 

were considered as promising candidate materials due to thier high 

theoretical capacity (~1000 mAh g-1) [33-35]. Also, their dimension-

restricted structures give nanomaterials shorter path lengths for electron 

and Li ion transport, yielding higher conductivity and faster 

charge/discharge rates in LIBs [36-41]. However, undesirable side 

reactions can happen easily on their surfaces, including electrolyte 

degradation due to the high surface-to-volume ratio and high surface free 

energy of the nanoparticles. Futhermore, low electronic conductivity and 

high volume change of these metal oxide nanoparticles during the 

charge/discharge reaction were crictical barriers for their LIBs 

applications.  

Accordingly, to overcome these limits, intensive researches were 

made on the carbon-based nanocomposites. For example, coating a 

carbon layer on the surface of metal oxide nanoparticles can reduce the 

surface energy and side reactions on the surface of metal oxide 

nanoparticles. Moreover, good electrical conductivity of carbon can 

complement the low conductivity of metal oxide nanoparticles.  
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1.2.4. Various methods for the fabrication of carbon-based 

nanocomposites 

Recently, a number of fabrication methods for the carbon-based 

nanocomposites with metal or metal oxide nanoparticles have been 

reported. It was reported that heating a mixtures of metal salt and carbon 

precursors including sucrose leaded to the formation of metal-

oxide/carbon nanocomposites [42,43]. In those processes, carbonization 

of organic precursors and the formation of metal oxide nanocrystals take 

place simultaneously. Although those methods are simple and reliable, 

the products were usually in poor quality in term of both the uniformity 

and the homogeneity of the composite structure. In 2008, Zhang et al. 

reported on the preparation of carbon-coated iron oxide nanoparticles in 

good uniformity [44]. However, their synthetic procedure consisted of 

two sequential thermal reactions using autoclaves, which lowers its 

productivity compared to other single-step processes.  

In the nanocomposite electrodes, the size of active materials 

determines the path length of the charge transport. That is, their size 

distribution strongly affects charge/discharge response of the electrode. 

Also, homogeneous composite structure is desirable for higher 

volumetric energy density. Unfortunately, inorganic nanocrystals are 
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thermally unstable due to lower melting points than their bulk 

counterparts [45]. During the heat treatment for carbonization, they 

easily fuse together loose their nanostructures. For this reason, single-

step methods for the fabrication of metal oxide-carbon nanocomposites 

often lead to poor size uniformity of metal oxide nanoparticles, whose 

sizes range from tenths to hundreds of nanometers, and uneven mixture 

distribution of carbon and metal oxide.  
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Figure 1.4. Schematic illustration of the procedure for the synthesis of 
uniform and water-dispersible iron oxide nanocapsules. 
(from Ref. 46. Piao et al., Nat. Mater. 2008, 7, 242.) 

 

  

４０ 
 



 

 

 

 

Figure 1.5. Schematic illustration of mix–bake–wash (MBW) process 
and subsequent dextran coating. (from Ref. 47. Hyeon et 
al., J. Mater. Chem. 2011, 21, 11472.) 
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In recent years, Piao et al. have been engaged in the development of 

thermal treatment methods while preserving the size and shape of the 

nanocrystals. In 2008, a novel wrap-bake-peel (WBP) process is 

introduced [46]. Thermal treatment of nanomaterials generally 

accompany by side results such as aggregation and sintering of 

nanoparticles. In the WBP process (Figure 1.4), nanocrystals are coated 

with silica before thermal treatment, which protects the nanoparticles 

from deformation and aggregation. In 2011, a mix-bake-wash (MBW) 

process is also introduced [47]. As shown in Figure 1.5, the organic 

surfactants coated on the nanoparticles are removed by the MBW process 

without any aggregation or sintering of the nanoparticles. The 

nanoparticles adsorbed on the surface of salt particles are well separated 

from each other during the thermal treatment [48]. Liu et al. also utilized 

the similar process for phase transformation of FePt nanocrystals without 

the size change [49,50].  
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1.3. Application of Nanomaterials for Li-Ion Batteries 

 

1.3.1. Li-ion batteries 

Due to the rapid development of various types of mobile devices 

including smart phone, pad and laptop, the need to increase the energy 

density and specific energy of secondary battery has become more and 

more urgent. Li-Ion Batteries (LIBs) have been used in a wide variety of 

portable electronic devices due to their high energy density (Figure 1.6). 

LIBs have also been considered as the most promising power source for 

electric vehicles, including hybrid vehicles and a next generation plug-

in electric vehicles [51]. Although LIBs are commercially successful, the 

performance of current LIBs using LiCoO2 cathode, graphite anode, and 

electrolyte materials was reached the limit. The development of the new 

electrode materials with higher performance is essential to further 

improve the properties of LIBs. 
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Figure 1.6. Energy density of various secondary batteries (Volumetric 
energy density vs. gravimetric energy density). (from 
Ref.1. Winter et al., Chem. Rev. 2004, 104, 4245.) 
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The LIBs do not contain lithium metal. It is a lithium-ion device, 

comprising a LiCoO2 cathode, carbon anode, and organic electrolyte of 

lithium hexafluorophosphate (LiPF6) salt with ethylene carbonate-

organic solvent mixture [52-54]. The fundamental physics and chemistry 

of the Li-ion rechargeable battery are based on a process known as 

“intercalation/deintercalation”; the reversible insertion of guest atoms 

(like lithium) into solid hosts (the battery electrode materials). The 

electrochemical reactions at an anode and a cathode during the 

charge/discharge are the following: 

 

Anode: 

C6Li = 6C + Li+ + e- 

 

Cathode: 

Li0.5CoO2 + 0.5Li+ + 5e- = LiCoO2 
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Figure 1.7 depicts a schematic representation of Li-ion battery. 

Lithium ions pass across the electrolyte from the LiCoO2 cathode to the 

graphite anode during charge, and vice versa during discharge. The 

electrons pass around the external circuit. In LIBs, the lithium ion 

movement between host lattices is because of an electrical oxidation-

reduction reaction at the cathode and anode. There are various kinds of 

reactive compounds with Li+, which are candidate electrodes in LIBs 

[55,56]. 

First generation LIBs are composed of active materials containing 

micro-sized particles, and the electrolyte inside the micro-sized separator 

pores. Although the batteries have a high energy density, they have poor 

charge/discharge rate performance because of the intrinsic low 

diffusivity of the lithium ion in the solid electrodes. However, enhanced 

charge/discharge rate performance of lithium-ion batteries is required to 

meet the huge demands of hybrid electric vehicles and clean energy 

storage. 

The rate of lithium reaction with electrodes during the 

charge/discharge have been increased by the reduced dimensions of 

electrode materials because of the short pathways for lithium ion 

transport with in the particles. The diffusion time (t) is described by t = 
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L2/D, where L is the diffusion length and D is the diffusion constant. The 

diffusion time of lithium during the intercalation decreases with square 

of the dimension size of particles. Electrons transport rate with in the 

particles are also enhanced by the decrease the size of electrode particles. 

There are additional advatages using the nanoelectrodes in LIBs include 

improving the cycle life due to better accommodation of the strain of 

lithium reaction with electrodes, new possible reaction ways with 

electrodes, and higher reactive area leading to higher charge/discharge 

rates [9].  
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Figure 1.7. Schematic representation of Li-ion battery. Anode 
(graphite), electrolyte, and cathode (LiCoO2). (from Ref. 
55. Etacheri et al., Energy Environ. Sci. 2011, 4, 3243.) 

  

４８ 
 



 

 

 

 
Figure 1.8. Plot of reversible capacity vs. heat treatment temperature for 

variety carbonaceous materials. (from Ref. 57. Dahn et al., 
Sience 1995, 270, 590.) 
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1.3.2. Anode materials for Li-ion batteries 

Most carbonaceous materials can react with Li and be used as anode 

in LIBs. The intercalation process is strongly influenced by their surface 

area, morphology, crystallinity and orientation of the crystallites [57]. 

Figure 1.8 shows the maximum reversible capacity of carbonaceous 

materials as a function of the heat treatment temperature of organic 

precursors. Although highly disordered carbons have higher capacity 

values, they were not used due to their poorer reversibility. So, graphitic 

carbon has been mostly used in commercial batteries. 

As an anode material, lithium is the most attractive material due to its 

light weight and the greatest electrochemical potential (E0 = -3.045 V) 

that provides very high energy and power density in batteries. 

Unfortunately, lithium metal shows poor cycleability and safety in 

repeated charge/discharge cycles, which limit its direct application as 

anode in lithium batteries. In addition, the highly reactive lithium metal 

is not stable in the usual organic solvent electrolytes. Therefore, 

carbonaceous materials have been used as an anode material in LIBs due 

to its excellent cycleability and stability instead of lithium metal. Various 

types of carbons are obtained from organic precursors by changing the 

conditions of heat treatment. Generally, carbon electrode materials are 
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devided into graphitic and amorphous carbon. Typically, graphitic 

carbon has been used because stable charge/discharge profile. The 

theoretical capacity of the graphite is 372 mAh g-1, which is calculated 

based on the charged state of C6Li. Some amorphous carbon mateials 

show higher specific capacity than graphite. These amorphous carbon 

materials are usually synthesized at a low temperature, and their specific 

capacities are varied from 400 to 2000 mAh g-1. Amorphous carbon 

materials have additional sites to accomdate lithium ion due to the large 

defects and structural irregularity. However, these high capacities of 

amorphous carbon materials usually decay rapidly during the 

charge/discharge cycling. 
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Figure 1.9. Voltage vs. capacity for electrode materials in Li-ion 

batteries. (from Ref. 51. Tarascon et al., Nature 2001, 414, 
359.) 
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1.3.2.1. Insertion reaction mechanism: graphite and titanium oxide 

As shown in Figure 1.9, there are many alternative anode materials to 

replace the graphite anode in LIBs. The reaction mechanism is different 

for each material. In order to the development of new anode materials, 

the understanding of the reaction mechanism is essential. 

Micro-sized particles of graphite have been used as anode for LIBs for 

many years. Nano-sized graphite particles could enhance the 

charge/discharge rate performance of LIBs. The solid electrolyte 

interface (SEI) layer is formed on the graphite surface by reduction of 

electrolyte at a potential less than 1 V versus Li+/Li [58–60]. The SEI 

layer is essential for nano-sized graphite electrodes, because it inhibits 

the exfoliation of graphite. However, the formation of the SEI layer 

results in energy loss. 

Several investigations have been reported on the fullerene, including 

the carbon nanotubes and C60 as electrodes [61,62]. Although carbon 

nanotubes have the twice lithium storage capacity compared with 

graphite, problems of safety and SEI layer formation are still remained. 

Hersam et al. have reported about Single-walled carbon nanotubes 

(SWCNTs) that could enhance their energy density and cycle durability 

[63]. They found that metallic SWCNTs accommodate lithium much 
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more efficiently than their semiconducting SWCNTs (Figure 1.10) 

Recently, titanium oxide has also much attention as a promising 

intercalation host for lithium ion due to their safety and stable cycle 

property. Figure 1.11 shows the excellent cycle life capability of the 

defect spinel Li4Ti5O12 electrode which is cheap and non-toxic [64,65]. 

However, the capacity is 150 mAh g-1 that is too low value as anode 

materials in LIBs.  
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Figure 1.10. Lithium binding configurations on a metallic SWCNT (top) 
and a semiconducting SWCNT (bottom) at 50% and 25% 
lithium coverage. (from Ref. 63. Hersam et al., ACS Nano 
2014, 8, 2399.) 
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Figure 1.11. Cycle performance of Li4Ti5O12 intercalation electrode at a 

rate of C/5. (from Ref. 64. Thackeray et al., J. Electrochem. 
Soc. 1994, 141, L147.) 
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1.3.2.2. Alloying reaction mechanism: tin and silicon 

Lithium metal alloys, LixMy, have great interest as high capacity anode 

materials in LIBs. The alloys have high specific capacities which exceed 

that of the conventional graphite anode. For example, capacity of Li4.4Sn 

and Li4.4Si is 993 mAh g-1 and 4200 mAh g-1, respectively, compare with 

372 mAh g-1 for graphite. Unfortunately, the formation of the alloy is 

accompanied by large volume changes. These changes lead rapid 

degradation of the electrode, thus limiting its cycle life to only a few 

times. Significant research effort has been reported to overcome this 

problem. One of the earliest approaches involved replacing bulk material 

with nanostructured alloys [66]. As shown in Figure 1.12, a smaller 

particle or smaller grain size morphology of alloy electrode inhibits the 

volume changes of the reactive phase. Hollow tin dioxide microsphere 

has been reported as negative electrode that exhibit high energy density 

and stable cycle performance [67]. The smaller particle size and the 

hollow spherical structure reduced structural stress from the volume 

expansion and contraction during the carge/discharge cycling. 
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Figure 1.12. Effects of particle size during the cycling (from Ref. 66. 
Besenhard et al., Electrochim. Acta 1999, 45, 31.) 
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Silicon is one of the attractive materials with high capacity as LIBs 

anode, but pulverization problem during cycling and an unstable SEI 

formation has the limited cycle performance [68-72]. Cui et al. show that 

anodes consisting of n silicon nanotube surrounded by a silicon oxide 

shell can cycle over 6,000 times in half cells while retaining more than 

85% of their initial capacity [73]. Schematic of the fabrication process 

for double-walled silicon nanotubes (DWSiNTs) are shown in Figure 

1.13. The silicon nanotube is prevented from expansion by the oxide 

shell, and the expanding inner surface is not exposed to the electrolyte, 

resulting in a stable SEI. Batteries containing these double-walled silicon 

nanotube anodes exhibit charge capacities approximately eight times 

larger than conventional carbon anodes and charging rates of up to 20C.  
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Figure 1.13. Schematic of the fabrication process for DWSiNTs. 

Polymer nanofibres (green) were first made by 
electrospinning. The polymer fibres were then carbonized 
and coated with silicon (blue) using a CVD method. By 
heating the sample in air at 500 °C, the inner carbon 
templates (black) were selectively removed, leaving 
continuous silicon tubes with a SiOx mechanical 
constraining layer (red) (from Ref. 73. Cui et al., Nat. 
Nanotechnol. 2012, 7, 310.) 
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1.3.2.3. Conversion reaction mechanism: transition metal oxide 

Transition-metal oxides can react with Lithium ion by a conversion 

reaction. The transition metal oxides have no free voids to host lithium 

and metals do not form alloys with lithium. However, they can react 

reversibly with lithium according to the general reaction MO + 2Li+ + 

2e- = Li2O+M0 [7]. Their full reduction leads to composite materials 

consisting of nano-sized metal particles (2–8 nm) dispersed in an 

amorphous Li2O matrix (Figure 1.14). This conversion reactions were 

highly reversible, providing four times capacity to store lithium compare 

with that of graphite materials and these capacities can be retained for 

hundreds of cycles (Figure 1.15). 
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Figure 1.14. Schematic of the reaction mechanism for insertion and 

conversion reaction of anode materials (from Ref. 2. 
Armand et al., Nature 2008, 451, 652.) 
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Figure 1.15. Cycling performance of transition metal oxide electrodes 

during the charge/discharge. (from Ref. 7. Tarascon et al., 
Nature 2000, 407, 496.) 
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1.3.2.4. Carbon based metal or metal oxide nanocomposites 

Metal, metal based alloy, and metal oxide mateials are promising 

candidates of anode due to the extremely high capacity and low cost [74-

77]. Despite the high energy density, metal or metal oxides have low 

electrical conductivity and poor durability as an anode in LIBs. During 

charging/discharging of metal or metal oxide anodes, reversible 

intercalation/deintercalation of Li ions occurs between the lattices of 

metal oxide [78]. This alloying or conversion reaction process causes 

considerable volume change and reduced crystallinity of the anode 

material with prolonged cycling, degrading the anode performance 

(Figure 1.16). Consequently, metal or metal oxide anode research has 

been focused on improving the charge transport and mechanical 

durability. For example, coating with a carbon layer on the surface of 

metal oxide nanoparticles can reduce the strain stress and the side 

reactions at the interface between metal oxide and electrolyte. Moreover, 

carbon’s good electrical conductivity can complement the low 

conductivity of metal oxide.  
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Figure 1.16. A schematic representation of the different reaction 

mechanisms observed in electrode materials for lithium 
batteries. Black circles: voids in the crystal structure, blue 
circles: metal, yellow circles: lithium. (from Ref. 78. Palacín 
et al., Chem. Soc. Rev. 2009, 38, 2565.) 
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Very recently, Cui et al. have discovered that using a new 

nanostructured electrode with a silicon [79]. They place the silicon 

nanoparticles in yolk shells made from carbon, with enough spare room 

inside for them to swell and shrink without causing damage. As shown 

in figure 1.17, single silicon nanoparticles are encapsulated by a 

conductive carbon layer that leaves enough room for expansion and 

contraction following lithiation and delithiation.  
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Figure 1.17. Schematic of the fabrication process for silicon 

pomegranates (from Ref. 79. Cui et al., Nat. Nanotechnol. 
2014, 9, 187.) 
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1.4. Dissertation Overview 

 

Various designed synthetic methods of carbon-based nanomaterials 

have been investigated for electrochemical applications. Using various 

synthetic methods, different kinds of carbon-based materials have been 

obtained from the organic precursors such as surfactants and fatty acid. 

Initially, a new and simple synthetic method of hollow carbon 

nanospheres was introduced. Monodispersed silica nanoparticles were 

used as templates and various metallic surfactants were used as carbon 

sources. Different shaped carbonaceous nanomaterials were obtained 

through the carbonization of metallic surfactant precursors. 

Next, two dimensional (2-D) nanomaterials composed of highly 

monodisperse metal oxide nanoparticles and carbon were synthesized 

via simple heat treatment process using salt powder as template. The iron 

oleate complex was prepared by “Heating-up” method. 2-D 

nanostructure of the nanocomposite was created by using sodium sulfate 

salt powder as template. Initially, highly ordered 2-D assembly of iron 

oxide nanoparticles embedded in carbon matrix was formed on the 

surface of salt particles during the heat treatment. Subsequently, the 

nanocomposite was easily separated by dissolving salt in water. 
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Crystalline structure and particle size of iron oxide nanoparticles could 

be controlled by the heating rate and temperature of heat treatment.  

Finally, the iron-oxide/graphene nanocomposite was directly obtained 

by heat treatment of a mixture of iron-oleate and graphene. The 

experimental results showed that uniform sized γ-Fe2O3 nanoparticles 

were homogeneously embedded in the graphene layers, and they acted 

as mutual spacers in the nanocomposite to prevent the restacking of the 

graphene layers and the nanoparticle’s aggregation. 

These carbon-based nanocomposites were shown to be excellent 

anode materials for Li-ion batteries with high capacity, good rate 

performance and stable durability. 
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Chapter 2. Thin-Layered Hollow Carbon Nanostructures 
by the Direct Pyrolysis of Surfactants 
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2.1. Introduction 

 

Hollow carbon nanostructures (HCNS), along with activated carbon, 

nanotubes, graphene, and other carbon-based materials, have received 

considerable attention due to their interesting characteristics such as 

large voids, spherical shape, low density, large surface area, and good 

stability. HCNS have found use in various areas, e.g., as catalyst 

supporting materials, anode material for Li-ion secondary batteries, 

electrode material for supercapacitors and as drug delivery vehicles [1-

4]. Various methods, such as the most commonly used template synthesis 

approach, have been developed to synthesize HCNS [5-9]. However, 

most of the template synthesis methods involve multiple processing steps, 

including an additional treatment step for the cross-linking or 

polymerization of organic substances within the template as well as for 

the final removal of the template [10,11]. Recently, He et al. introduced 

a relatively simple method for the fabrication of nanofibers, nanoporous 

materials, and beads using a bubble electrospinning and blown bubble 

spinning technique [12]. In this chapter, a new and simple template 

synthesis method for the generation of HCNS by direct carbonization of 

metallic surfactants was introduced. This approach simplifies previous 
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complicated template synthesis. 

 

2.2. Experimental Section 

 

2.2.1. Chemicals 

A styrene monomer was purchased from Aldrich Chemical Co. and 

the inhibitor in the styrene monomer was removed by a 1 M NaOH 

aqueous solution. Sodium dodecyl sulfate (SDS), potassium 

peroxodisulfate (KPS), sodium bisulfate and tetraethyl orthosilicate 

(TEOS) were purchased from Aldrich Chemical Co.. Sodium oleate and 

potassium oleate were purchased from TCI. 

 

2.2.2. Characterization methods 

The transmission electron microscopy (TEM) was performed using a 

JEOL EM-2010 microscope at an acceleration voltage of 200 kV. The 

field-emission scanning electron microscopic (FE-SEM) images were 

obtained using a S-4800 (Hitachi) microscope. The Brunauer-Emmett-

Teller (BET) method was used to confirm the specific surface area and 

volume using a BELSORP-mini II (BEL JAPAN) nitrogen absorption 

analyzer. The thermogravimetric analysis (TGA) was conducted to 
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confirmFigure the carbonization and decomposition temperature using a 

Mettler TG-50. Raman spectrum was obtained by using MonoRa500i.  

 

2.2.3 Preparation of SDS coated PS nanoparticle solutions [13,14]. 

PS nanoparticles were prepared via emulsion polymerization method. 

In a typical synthesis, 0.594 g SDS was dissolved in 58 ml D.I. water and 

heated up to 85 °C with stirring. Then, 15 ml styrene monomer was 

added to the solution. Polymerization of PS was started by injection of 

0.046 g of KPS and same amount of sodium bisulfate dissolved in 2 ml 

D.I. water. After 12 h, the polymerization was completed and white 

opaque dispersion of SDS coated PS nanoparticles in water was obtained.  

 

2.2.4 Preparation of SDS coated SiO2 nanoparticle solutions [15]. 

In a typical synthesis, 0.5 ml TEOS and 2.5 ml ammonia solutions 

were added to a mixture of 10 ml D.I. water and 90 ml ethanol with 

vigorous stirring. The mixture solution was further stirred for 24 h at 

room temperature. SDS was added to the SiO2 nanoparticles solution and 

stirred for 1h to prepare the SDS coated SiO2. 

 

2.2.5. Synthesis of HCNS using SDS-coated template nanoparticles. 
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The typical HCNS synthesis procedure is shown in Figure 1. In the 

polystyrene (PS) template synthesis, sodium dodecyl sulfate (SDS)-

coated PS nanoparticle powder was prepared by drying the as-

synthesized PS solution at 85 °C in a convection oven for 6 h. The 

resulting material was subsequently heat treated at 600 °C under a N2 

atmosphere for 3 h. Black HCNS powder was produced by the 

carbonization of SDS and the decomposition of PS template. In the SiO2 

template synthesis, the as-synthesized SiO2 nanoparticles solution was 

dried at 85 °C in a convection oven for 6 h, and the resulting material 

was then heat treated at 600 °C under a N2 atmosphere for 3 h. A carbon-

coated SiO2 black powder was produced according to the carbonization 

process of SDS. The SiO2 nanoparticle template was then etched by 

using a 6 M NaOH solution at 85 °C for 3 h. The HCNS powder was 

finally obtained after washing with D.I. water and drying at 100 °C in a 

convection oven for 6 h. 

 

2.2.6. Synthesis of Thin Layered Carbon Materials Using Non-

metallic Surfactants. 

The typical synthesis procedure was described in Figure 2.1b. CTAB 

1 g or oleic acid 1 ml and NaCl 10 g or Na2SO4 10 g were mechanically 
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mixed until became a homogeneous mixture. The resulting material was 

subsequently heat treated at 600 °C under a N2 atmosphere for 3 h. A 

black powder of carbon coated salts was produced. The thin layered 

carbon materials were produced after washing with D.I water for the 

removal of salts. 

 

2.2.7. Heat treatment experiments of metallic surfactants. 

Typical experiments were conducted to observe the thermal 

transformations of the metallic surfactants. 1 g of each metallic 

surfactant was placed in a 100 ml round-bottomed flask and maintained 

under a N2 flow at room temperature for 10 min. Subsequently, each 

sample was heated up to 350 °C at the increasing rate of 10 °C min-1. 
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Figure 2.1. Schematic of the direct carbonization of surfactants by a 

template method. (a) Hollow carbon nanospheres from 

metallic surfactants and (b) hollow nanocube from non-

metallic surfactants. 
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2.3. Results and Discussion 

 

Figure 2.1a shows the direct carbonization in the template synthesis 

method using metallic surfactants. PS and SiO2 nanoparticles were used 

as templates for the synthesis of HCNS. Two kinds of metallic 

surfactants - sodium dodecyl sulfate (SDS) and sodium oleate (SO) - 

were used as carbon sources for the HCNS. These metallic surfactants 

coated onto PS and SiO2 nanoparticles were directly carbonized and 

transformed into HCNS via heat treatment.  

In 2002, Jang et al. described the preparation of carbon nanocapsules 

and MCFs using multiple processes [16]. In their work, the metallic 

surfactant, SDS, was used as a stabilizer. However, in this experiment, 

SDS was converted to nanostructured carbon material during the heat 

treatment. Although there are many reports related to the catalytic effect 

of metal cation during the transformation of an organic compound to a 

carbon nanostructured material, the mechanism of the carbonization of 

SDS is yet to be clearly defined [17-19]. Mochida et al. investigated the 

carbonization of aromatic hydrocarbons catalyzed by alkali metal cations 

[20]. 
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Figure 2.2. Electron microscope images of the template nanoparticles 

and the carbon materials from metallic surfactants. (a) The 

as-synthesized SDS-coated PS, (b) SDS-coated SiO2 

nanoparticles, (c) FESEM image of HCNS from SDS-

coated PS and (d) TEM image of HCNS from SDS-coated 

SiO2. (Inset: High magnification image).  
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TEM images of SDS-coated PS and SiO2 nanoparticles are shown in 

Figs. 2.2a and 2.2b, respectively. The SDS-coated PS directly 

transformed into a hollow spherical structure after heat treatment at 

600 °C under a N2 atmosphere (Figure 2.2c). The high magnification 

TEM image (Figure 2.3) revealed that the carbon nanosphere had a 

hollow inner space with thin wall. The average diameter and wall 

thickness of the HCNS from the SDS-coated PS was about 30 nm and 

2.5 nm, respectively. HCNS was also generated by using SiO2 as a hard 

template (Figure 2.2d), but in this case, the synthesis procedure was 

slightly more complicated, as an additional NaOH etching process was 

needed. The wall of HCNS was extremely thin compared to the 

previously reported HCNS, due to the absence of additional carbon 

source. 
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Figure 2.3. Low and high magnification TEM images of HCNS obtained 

from SDS-coated PS nanoparticles. 
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The structure of an inorganic template should not undergo any change 

during the carbonization process, whereas an organic template can be 

allowed to melt or decompose. Hence, the decomposition temperature 

(Td) and melting point (Tm) of an organic template are critical factors in 

the production of a specific carbon nanostructure. In particular, for a PS 

template with Tm = 240 °C, the thermo gravimetric analysis (TGA) 

result confirmed that PS began to decompose at 400 °C (Td) (Figure 

2.4a). The experimental results showed that, in order to generate HCNS, 

the carbonization temperature (Tc) of a metallic surfactant must be lower 

than the Tm or Td of the organic template. If the Tc value of the metallic 

surfactant is higher than the Tm or Td values of the organic template, a 

hollow structure will not be created due to deformation of the organic 

template. Thus, the SO-coated PS nanoparticles did not generate a 

hollow structure as the Tc value of SO was higher than the Td value of 

PS. The PS nanoparticles therefore could not sustain their spherical 

structure before the carbonization of SO, resulting in the formation of 

non-hollow carbon material (Figure 2.5). Non-metallic surfactants, such 

as oleic acid and cetyltrimethylammonium bromide (CTAB), were 

completely decomposed without any residue after heat treatment under 

a N2 atmosphere due to the absence of any catalytic metal cation.  

８８ 
 



 

 

 

 

Figure 2.4. (a) TGA diagrams of various surfactants and (b) optical 

images after heat treatment. SEM images of carbon 

materials from pure (c) SDS and (d) SO. 
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Figure 2.5. SEM images of the carbon nanomaterials from (a and b) SO-

coated PS and (c and d) SO-coated SiO2 template. (Inset: 

High magnification TEM image). 
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In the case of non-metallic surfactants such as oleic acid and 

cetyltrimethylammonium bromide (CTAB), they were completely 

decomposed without any residue after the heat treatment under a N2 

atmosphere due to the absence of catalytic alkali metal. In order to 

generate carbon materials from non-metallic surfactants, alkali metal 

salts such as NaCl and Na2SO4 were used as a catalyst and a template. 

Figure 2.1b depicts a schematic of the synthesis of thin layered carbon 

materials from non-metallic surfactants using sodium based salts. 

Electron microscope images (Figure 2.6) and Raman spectra (Figure 2.7) 

of obtained materials showed that they had thin layered carbon structures 

which were similar to the graphene. The Raman spectra showed two 

distinguishable peaks at around 1335 cm-1 (D band) and 1605 cm-1 (G 

band), indicating that the obtained carbon materials were disordered 

nanocrystalline graphite [21,22]. As it happened, hollow carbon cube 

was generated when NaCl was used as a template. It was obvious that 

NaCl acted as a template and a carbonization catalyst for the generation 

of thin layered carbon structures. 
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Figure 2.6. Electron microscope images of thin layered carbon materials 

from (a) Oleic acid/NaCl, (b) CTAB/NaCl and (c) CTAB/ 

Na2SO4. (d) Optical image of as-heat treated samples 

without washing process. (Inset: High magnification TEM 

image). 
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Figure 2.7. Raman spectra of thin layered carbon materials from non-

metallic surfactants. 

 

  

９３ 
 



To investigate the carbonization phenomena during the direct 

carbonization of metallic surfactants, a visual observation and TGA were 

conducted, and it was observed that the transformation of the organic 

compound precursors to carbon materials were occurred during the heat 

treatment (Figure 2.8). SDS powder was heated in a round-bottomed 

flask to 350 °C under nitrogen flow. The white SDS powder 

instantaneously became a black carbonaceous powder at around 220 °C 

without melting (Figure 2.8a). The TGA result of the SDS showed that 

the weight began to drop rapidly at 200–290 °C (Figure 2.4a). According 

to our observations, the Tc value of the SDS was strongly related to the 

weight decrease in the TGA result. Thus, the weight loss during the 

carbonization of SDS was essentially due to the volatilization of the 

organic compounds [23]. Similarly, SO powder, heated in a round bottom 

flask, melted at about 280 °C, and it could not transform into a 

carbonaceous material until 350 °C was reached (Figure 2.8b). The TGA 

result of the SO provided evidence of reduction in weight at temperatures 

of 400–520 °C. Moreover, after heat treatment at 600 °C, SO transformed 

into a carbonaceous powder. It was thus clear that SO melted and was 

subsequently carbonized above a temperature of 400 °C. Thus, as SDS 

was carbonized near 220 °C and SO was carbonized near 400 °C under 
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a N2 atmosphere, due to its low Tc, SDS was more favorable metallic 

surfactant than SO, for generating carbon nanostructures in the organic 

template method. In order to confirm the general applicability of the 

current direct carbonization process, sodium stearate and potassium 

stearate were also used as precursors to prepare nanostructured carbon 

under the same experimental conditions. Both of the two surfactants 

were directly carbonized to generate carbonaceous materials (Figure 

2.4b). 
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Figure 2.8. Photo images of (a) SDS, (b) SO, (c) SDS coated PS and (d) 

purified PS polymer in round bottle flasks during the heat 

treatment from room temperature to 350 °C under N2 

atmosphere. SDS was carbonized at 240 °C, while SO and 

PS were melted at 350 °C. 
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Figure 2.9. Ar isotherms (at 87 K) of the obtained nanostructured carbon 

materials obtained by direct carbonization of (a) SDS and 

(b) SO. 
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The specific surface area and pore volume of the obtained 

carbonaceous materials from metallic surfactants were measured by the 

Brunauer-Emmett-Teller method (Figure 2.9). The carbonaceous 

materials from metallic surfactants using a template synthesis had a 

higher specific surface area and pore volume compare to that without a 

template owing to their ordered and hollow structure. The specific area 

(429.19 m2/g) of the carbon from the SDS coated PS was higher than the 

carbon from the pure SDS (122.43 m2/g). The HCNS also had a larger 

surface area and pore volume than the carbon from the pure metallic 

surfactant (Table 2.1). 
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Table 2.1. Specific surface area and pore volume of carbonaceous 

materials from metallic surfactants. 

Sample SDS 
SDS 

coated PS 

SDS 

coated 

SiO2 

SO 
SO coated 

PS 

SO coated 

SiO2 

SBET_Ar 

[m2/g] 
122.43 429.19 788.38 14.16 36.91 973.31 

Vpore 

[cm3/g] 
0.247 1.507 1.349 0.050 0.087 1.87 
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2.4. Conclusion 

 

Over the past decade, the control of elemental composition, size and 

shape of nanostructures has been major research topics in the chemistry 

of nanostructures. Surfactant is an organic material that is amphiphilic 

and begins to form micelle at the critical micelle concentration (CMC) 

to reduce the surface tension. For this unique property, it is widely used 

as a detergent, wetting agent, emulsifier, foaming agent, and dispersant 

in many fields. Especially in nanochemisty, surfactant plays on important 

role such as nano-reactor, capping agent, self assembly monolayer (SAM) 

and so on. Surfactant can be classified by the group in its head [24-26]. 

In particularly, anionic surfactant has negative charge group in its head 

such as sulfate, sulfonate, phosphate and carboxylate. Negative charge 

group of anionic surfactant is normally conjugated with alkaline, alkaline 

earth and transition metal cation. When surfactant is used as a dispersant 

or stabilizer in nanochemistry, it is considered as an impurity so that 

subsequently removed by purification process with organic solvent or 

heat treatment.  

Various carbon structured materials including the HCNS and 3-

dimensional ordered mesoporous (3-DOM) structure were generated by 
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direct carbonization of metallic surfactants using template synthesis. PS 

nanoparticles are used as the organic template. SDS-coated PS 

nanoparticles are directly carbonized to generate HCNS by heat 

treatment. SO is also directly carbonized, but it does not generate hollow 

structures due to its thermal property. In the case of non-metallic 

surfactants, they are not carbonized themselves but carbonized by aid of 

the alkali metal salts. Thin layered carbon materials are generated from 

non-metallic surfactants using the alkali metal salts as a catalyst and a 

template. These synthetic methods simplify the complicated synthetic 

procedure of template method because additional processes were not 

necessary such as addition of catalyst or carbon source. Our approach 

will provide the easy synthesis route for the generation of carbon based 

nanocomposites with inorganic materials, including the catalyst, active 

electrode materials for diverse electrochemical applications. 
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Chapter 3. Self-assembled Ferrite/Carbon Hybrid Nanosheets for 

Lithium-Ion Battery Anodes 
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3.1. Introduction 

 

Rapidly growing demand for energy storage devices for portable 

electronic devices and electric vehicles will require high performance 

rechargeable batteries. Among the various rechargeable batteries, the 

lithium-ion battery (LIB) has been most intensively used for its 

outstanding energy and power density performance [1–3]. Although 

LIBs have been widely used in a variety of applications, many issues 

including their energy density, durability, and economic efficiency are 

still being intensively studied for further improvement. In particular, the 

development of noble electrode materials with high energy density and 

cycling stability is one of the hottest topics in the LIB research. 

Transition-metal oxides are promising high-energy-density materials 

with their high theoretical capacity (~1000 mAh g-1), which considerably 

exceeds that of commercial graphitic anodes (372 mAh g-1) [4,5]. 

However, low electrical conductivity and poor durability have impeded 

their use as LIB electrode materials. During charging and discharging of 

transition-metal oxide anodes, reversible intercalation of Li ions between 

the lattices occurs through the so-called conversion reaction mechanism 

[6]. This process causes considerable volume change and reduced 
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crystallinity of the anode material with prolonged cycling, degrading the 

anode performance [7,8]. Consequently, transition-metal oxide anode 

research has been focused on improving the charge transport and 

mechanical durability. 

Nanostructured electrode materials have attracted great interest as a 

solution to the above-mentioned problems [9-13]. Their nanostructures 

can provide short path lengths for the transport of electrons and Li ions, 

resulting in the good conductivity and fast charge/discharge rates. 

Furthermore, these nanomaterials can withstand mechanical strain 

during Li ion insertion/desertion better than that of bulk materials. 

However, due to the high surface-to-volume ratio and high surface free 

energy of the nanomaterials, undesirable side reactions can occur easily 

on their surfaces, including electrolyte degradation. Many kinds of 

metal-oxide/carbon nanocomposites have been investigated to overcome 

these problems [14–19]. Coating a carbon layer on the surface of metal 

oxide nanoparticles can reduce the side reactions at the interface between 

metal oxide and electrolyte. Moreover, good electrical conductivity of 

carbon can complement the low conductivity of metal oxides. In recent 

years, several fabrication methods have been reported for metal-

oxide/carbon nanocomposites. Heating mixtures of metal salt and carbon 
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precursors has led to the formation of metal-oxide/carbon composites 

[20,21]. However, the products were usually poor quality in both 

uniformity and homogeneity of the composite structure [20]. 

Furthermore, the complicated synthetic process [21], comprising 

multiple reactions using autoclaves, lowers productivity compared to 

other single-step processes. Consequently, new easy fabrication methods 

are required for metal-oxide/carbon nanocomposites. Very recently, the 

Archer group reported an in situ synthesis of nanoparticles embedded in 

a porous carbon matrix through a miniemulsion polymerization process, 

which exhibited stable electrochemical cycling performance [22,23]. 

Piao et al. have developed a thermal treatment method, called as “wrap-

bake-peel process,” which can preserve the sizes and shapes of the 

nanocrystals during thermal treatment [24]. 

The controlled assembly of uniform-sized nanocrystals has been 

attracted great attention because well-aligned ensembles of inorganic 

nanocrystals often exhibit interesting collective properties that are 

different from those displayed by individual nanocrystals and bulk 

samples [25-33]. Various Synthetic approaches [34-39] were developed 

for periodically ordered arrays of the synthesized nanoparticles including 

“evaporation-driven” methods [36,37] and “destabilization-driven” 
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approaches [38,39]. However, as far as I know, there are no reports about 

synthesis and self assembly processes were simultaneously achieved to 

nanoparticle/carbon hybrid structure with long range ordered arrays. 

Herein, a single-step method for the direct preparation of self-assembled 

ferrite/carbon hybrid nanosheets, and their applications to high 

performance lithium ion battery anodes were presented. 
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3.2. Experimental Section  

 

3.2.1. Chemicals 

Iron(III) chloride hexahydrate (FeCl3∙6H2O 98%), manganese(II) 

chloride tetrahydrate (MnCl2∙4H2O, Aldrich, 98%)  and sodium sulfate 

powder (Na2SO4, 98%). were purchased from Aldrich Chemical Co. 

Sodium oleate (95%). was purchased from TCI.  

 

3.2.2. Characterization methods 

Transmission electron microscopy (TEM) images were obtained using 

a JEOL EM-2100F microscope, and field-emission scanning electron 

microscopic (FE-SEM) images were obtained with a Hitachi S-4800 

microscope. X-ray diffraction (XRD) analysis was carried out using a 

Rigaku Dmax 2500 diffractometer. Raman spectrum was obtained by 

using MonoRa500i. Electrical conductivity measurement was performed 

by using a CMT 100 MP four-point probe station. 

 

3.2.3. Preparation of 16-nm iron-oxide/carbon hybrid nanosheets 

In a typical synthesis, 0.36 g of iron(III) chloride hexahydrate 

(FeCl3∙6H2O, 1.33 mmol) was dissolved in 1.0 mL of DI water and then 
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mixed with 1.22 g of sodium oleate (4 mmol). The resulting mixture was 

aged at 85 ℃ for 3 hr, and then was mixed with 10 g of sodium sulfate 

powder (Na2SO4). The mixture was heated to 600 ℃ at the heating rate 

of 10 oC min-1 under N2 atmosphere and then kept at that temperature 

for 3 h. After cooling, the product was washed with DI water and dried 

at 100 ℃ for 6 h 

 

3.2.4. Preparation of 30-nm iron-oxide/carbon nanosheets 

In a typical synthesis, 0.36 g of iron(III) chloride hexahydrate 

(FeCl3∙6H2O, 1.33 mmol) was dissolved in 1.0 mL of DI water and then 

mixed with 1.22 g of sodium oleate (4 mmol). This mixture was aged at 

85 ℃ for 3 hr. The resulting material was mixed with 10 g of sodium 

sulfate powder (Na2SO4). The mixture was heated to 600 ℃ at the 

heating rate of 5 ℃ min-1 under N2 atmosphere, and then kept at that 

temperature for 3 h. After cooling, the product was washed with DI water 

and dried at 100 ℃ for 6 h. 

 

3.2.5. Preparation of 3-D nanocomposites 

The procedure was the same as the preparation of ferrite/carbon hybrid 

nanosheets described above except that sodium sulfate powder was not 
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added. 

 

3.2.6. Preparation of 10-nm manganese-ferrite/carbon nanosheets 

In a typical synthesis, 0.087 g of manganese(II) chloride tetrahydrate 

(MnCl2∙4H2O, 0.44 mmol) and 0.24 g of iron(III) chloride hexahydrate 

(FeCl3∙6H2O, 0.89 mmol, Aldrich, 98%) were dissolved in 1.0 mL DI 

water and then mixed with 1.22 g of sodium oleate (4 mmol). This 

mixture was aged at 85 ℃ for 3 h. The subsequent heating and post-

treatment procedures were the same as for iron-oxide/carbon nanosheets 

described above, except for the heating rate, which was 5 ℃ min-1. 

 

3.2.7. Preparation of electrodes for LIBs 

A working electrode was prepared by following scheme. A dry powder 

of the nanocomposite (active material), super P (carbon additive), and 

poly(vinylidenefluoride) (binder) (85:5:10) were mixed and coated on a 

piece of copper foil (current collector). After removing the residual 

moisture by drying in a vacuum oven at 120 ℃ for 12 h, the electrode 

plate was pressed to improve the inter-particle contact and to reinforce 

adhesion between particles and the current collector. The 

electrochemical tests were performed by using a coin-type 
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electrochemical cell (2032-type) which was fabricated with lithium foils 

as the counter and reference electrodes and 1.0 M LiPF6 dissolved in a 

mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:2 

in vol. ratio) as the electrolyte. In order to cycle the coin-type 

electrochemical cells, they were discharged with constant current of 100 

mA g-1 to 0.05 V (vs. Li/Li+) and constant voltage at 0.05 V (vs. Li/Li+) 

to 50 mA g-1 and charged with constant current of 100 mA g-1 to 3.0 V 

(vs. Li/Li+). In the rate capability test, the lithiation current density was 

fixed at 100 mA g-1, but the de-lithiation current density was changed 

every five cycles according to this sequence of values: 100, 200, 500, 

1000, 3000, and 5000 mA g-1.  
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Figure 3.1. (a) Schematic representation of the preparation of 

ferrite/carbon nanosheets by salt-template process. (b) 

FESEM image and (c-d) TEM images of the 16-nm iron-

oxide/carbon nanosheets. The inset shows a HRTEM image 

demonstrating the highly crystalline nature of the 

nanosheets. 
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3.3. Results and Discussion 

 

The overall synthetic procedure is depicted in Figure 3.1a. In the direct 

synthesis of the ferrite/carbon hybrid nanosheets, I adopted two 

strategies. First, the surface of thermally stable salt particles was used as 

the template for the 2-D nanostructure. Second, metal-oleate complex 

was used as the precursor of both ferrite [40-43] and carbon. Upon 

heating under inert atmosphere, the coating layer on the surface of the 

salt particles was converted to a carbon sheet of uniform thickness. In 

the synthesis, an aqueous solution of metal chloride and sodium oleate 

were mixed together, whereupon sodium sulfate was added and then 

ground mechanically until it became a fine powder. During this process, 

in situ formed metal-oleate complex was uniformly coated on the surface 

of sodium sulfate particles. This mixture was heated at ~ 600 ℃ under 

inert atmosphere to form 2-D ferrite/carbon hybrid nanosheet structures. 

Finally, the hybrid nanosheets were separated by dissolving sodium 

sulfate particles in deionized (DI) water. 
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Figure 3.2. SEM images of (a,b) Na2SO4 salt, (c) 16-nm iron 

oxide/carbon nanosheet on Na2SO4 salt, and (d) 16-nm iron 

oxide/carbon nanosheet after removal of sodium sulfate salt 

powder. 
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The morphology of the hybrid nanosheets was analysed by scanning 

electron microscopy (SEM) and transmission electron microscopy 

(TEM). In Figure 3.1, it is shown that well-ordered uniform iron oxide 

nanocubes were embedded in a carbon sheet. The mean size and relative 

standard deviation of the nanocubes were measured to be 16 nm and 

5.9%, respectively (16-nm iron-oxide/carbon nanosheets). Due to their 

size and shape uniformity, they were assembled in a highly ordered 2-D 

array that was evenly distributed across the carbon matrix, and each 

nanocrystal was perfectly concealed within a carbon layer which was a 

few nanometers thick. The carbon sheet itself was very thin, and the 

surface profile of the carbon sheet reflects roughly the embedded array 

of nanocubes, as shown in the SEM image (Figure 3.1b). SEM analysis 

on as-prepared nanosheets before removing the salt powder revealed that 

they were actually formed on the surface of the salt particles (Figure 3.2), 

which confirms the role of salt particles as the template for the 2-D 

structure. Furthermore, the dimensions of the 2-D nanocomposites were 

on the micrometer scale, which is roughly the same as the size of a flat 

surface of the salt particles. As shown in the inset of Figure 3.1d, the 

nanocubes were highly crystalline and d-spacings of the lattice fringes 

indicate that the faces of the nanocubes are {100} planes of ferrite 
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structure (Figure 3.3). The evolution of the cubic shape is attributed to 

the relative stabilization of the {100} face compared to the {111} and 

{110} faces [44]. 

The size and shape of the iron oxide nanocrystals were controlled by 

the heating rate and the temperature. When the heating rate was 5 ℃ 

min-1, the size of the iron oxide nanocrystals was increased to ~30 nm 

(30-nm iron-oxide/carbon nanosheets), and the shape became more 

spherical compared to the 16 nm-sized nanocubes (Figure 3.4a,b). In 

general, when the heating rate was higher or lower than 10 ℃ min-1, the 

size distribution of the nanocrystals became broadened with the mean 

size of > 30 nm (Figure 3.5,3.6). The size of the iron oxide nanocrystals 

was also affected by the heating temperature (Figure 3.7). According to 

TEM analysis, the formation of iron oxide nanocrystals was initiated at 

~250 ℃. Considering that carbonization of organic precursors usually 

takes place at temperatures higher than 400 ℃, it is likely that iron oxide 

nanocrystals were formed and assembled into a 2-D array as the 

temperature was increased from 250 ℃ to 400 ℃, which is followed 

by the conversion of surfactant layer to carbon phase. 
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Figure 3.3. High magnification TEM image of the 16-nm iron-

oxide/carbon nanosheet. The inset figure represents 

electron diffraction patterns of the 16 nm iron oxide 

nanoparticles. 
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Figure 3.4. (a) FESEM image and (b) TEM image of the 30-nm iron-

oxide/carbon nanosheets, (c) FESEM image and (d) TEM 

image of the 10-nm manganese-ferrite/carbon nanosheets. 
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Figure 3.5. TEM images of 30-nm iron-oxide/carbon nanosheet 

prepared at the heating rates of (a) 20 °C min-1, (b) 10 °C 

min-1, (c) 5 °C min-1, and (d) 2.5 °C min-1. Annealing 

temperature was fixed at 600 °C. 
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Figure 3.6. Size distributions of the iron oxide nanocrystals measured on 

TEM images in Figure 3.5. 
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Figure 3.7. TEM images of the iron-oxide/carbon hybrid nanosheets 

prepared at different annealing temperature of (a), (d) 250 °

C, (b), (e) 300 °C, and (c), (f) 600 °C. Heating rate was 

fixed at 5 °C min-1. 
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The current synthetic process is easy to scale up, and when I ran the 

reaction using 13.3 mmol of iron oleate precursor, 1.3 g of the iron-

oxide/carbon nanocomposite was obtained (Figure 3.8). The synthetic 

procedure for iron-oxide/carbon nanocomposite can be easily extended 

to other ferrites. Using a mixture of manganese(II) and iron(III) chloride, 

manganese-ferrite/carbon nanosheets were obtained through the 

optimized heating rate of 5 oC min-1. As shown in Figure 3.4c, the 2-D 

array of manganese-ferrite/carbon nanosheets was as uniform as the 

array of 16-nm iron-oxide/carbon nanosheets in Figure 3.1, and the mean 

size of the manganese-ferrite nanocrystals was 10 nm (10-nm 

manganese-ferrite/carbon nanosheets). The composition of Mn and Fe in 

the nanocrystals was controlled by varying the ratio of manganese(II) 

chloride to iron(III) chloride added during the formation of metal-oleate 

complexes (Figure 3.9). 
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Figure 3.8. Large scale synthesis of 30-nm iron-oxide/carbon nanosheet. 

(a) A photograph showing ~1.3 g of the synthesized 30-nm 

iron-oxide/carbon nanosheet nanosheets. (b) TEM image of 

30-nm iron-oxide/carbon nanosheet in large-scale. 
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Figure 3.9. (a) Mn to Fe ratio in manganese ferrite from was determined 

by inductively coupled plasma auger electron spectrometry 

(ICP-AES). (b-e) TEM images of manganese-

ferrite/carbon nanosheets synthesized using various ratios 

of manganese(II) and iron(III) chlorides in the oleate 

synthesis step. 
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The crystal structures of the metal oxide nanocrystals in the 

nanocomposites were investigated by powder X-ray diffraction (XRD) 

measurement (Figure 3.10). The XRD patterns of the 16 nm- and 30 nm-

sized iron oxide nanocrystals in the composite matched well with the 

standard pattern of maghemite (γ-Fe2O3, JCPDS 39-1346) and magnetite 

(Fe3O4, JCPDS 85-1436), respectively. The size-dependent transition of 

iron oxide nanocrystals from γ-Fe2O3 to Fe3O4 has been reported 

previously [28]. The XRD pattern of manganese ferrite nanocrystals in 

the composite could be assigned to the standard of manganese ferrite 

(MnFe2O4, JCPDS 73-1964). 

It is worth emphasizing here that the carbon nanostructure of our 

composite material is very unique. To observe its morphology in detail, 

I removed embedded iron oxide nanocubes via acid etching. When the 

ferrite/carbon nanosheets were refluxed in 2.5 M HNO3 solution for 1 h, 

hollow 2-D carbon nanoframes were obtained. The 2-D nanofoam sheets 

were free-standing and well-dispersible in various solvents including 

ethanol and water. Interestingly, in the TEM images (Figure 3.11), the 

carbon nanostructure remained intact after etching, indicating its 

mechanical rigidity, and regularly-spaced carbon networks extended 

continuously throughout the whole sheet.  
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Figure 3.10. XRD patterns of the ferrite/carbon hybrid nanosheets. 
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Before investigating the electrochemical properties of the nanosheets, 

I prepared 3-dimensional iron-oxide/carbon nanocomposites (3-D 

nanocomposites) for comparison with the ferrite/carbon nanosheets 

(Figure 3.12). The synthetic procedure was the same as that for the 30-

nm iron-oxide/carbon nanosheets except that salt powder was not added 

before the heat treatment. Without the template, carbon agglomerates 

embedded with spherical iron oxide nanocrystals with a diameter of ~40 

nm were generated. The array of nanocrystals in the composite was less 

ordered than in the ferrite/carbon nanosheets due to the broad size 

distribution. The carbon contents (Table 3.1) of the 16-nm iron-

oxide/carbon nanosheets, 30-nm iron-oxide/carbon nanosheets, and 3-D 

nanocomposites were 32–35 wt%, 44 wt%, and 25 wt%, respectively. To 

reduce carbon contents of the hybrid nanocomposites, I changed the 

precursor from iron(III) oleate to iron(III) carboxylates with shorter 

hydrocarbon chain length, i.e., iron(III) caprylate and iron(III) laurate. 

However, these precursors were decomposed before the carbonization 

process, resulting in the irregular shaped nanoparticles without 2-D 

assembled structure (Figure 3.13, Table 3.2). 

The characteristics of carbon in the nanosheets were characterized by 

electrical conductivity measurements and Raman spectroscopy. 
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Electrical conductivity of the ferrite/carbon nanosheets was measured to 

be 4 × 10-3 S cm-1. The Raman spectrum of the ferrite/carbon nanosheets 

showed two distinguishable peaks at around 1335 cm-1 (D band) and 

1605 cm-1 (G band) with similar intensity (Figure 3.14), indicating that 

the obtained carbon materials were disordered nanocrystalline graphite 

[45,46] 
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Figure 3.11. (a) Schematic representation of the preparation of the 

carbon nanofoams. (b-c) TEM images of the carbon 

nanofoam after removal of the 16 nm iron oxide 

nanocrystals from the nanosheets. 
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Figure 3.12. (a,b) FESEM and (c,d) TEM images of 3-D nanocomposite. 
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Figure 3.13. TEM images of iron-oxide/carbon composites by using (a) 

iron caprylate and (b) iron laurate as the precursors. 
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Figure 3.14. Raman spectrum of 30-nm iron-oxide/carbon nanosheets. 
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Table 3.1. Ferrite and carbon contents of ferrite/carbon hybrid 

nanosheets based on CHN analysis. 

Composites 

Carbon 

Contents 

(%) 

Ferrite 

Contents 

(%) 

6-nm iron-oxide/carbon nanosheet 32 68 

30-nm iron-oxide/carbon nanosheet 44 52 

3-D nanocomposite 25 75 

10-nm manganese-ferrtie/carbon nanosheet 35 65 
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Table 3.2. Ferrite and carbon contents of ferrite/carbon composites using 

(a) iron caprylate and (b) ironlaurate as the precursors. 

Composites 

(Precursor) 

Carbon 

Contents 

(%) 

Ferrite 

Contents 

(%) 

Iron(caprylate)3 1 99 

Iron(laurate)3 1 99 

 

  

１３６ 
 



As a demonstration of the ferrite/carbon nanosheets as LIB anode 

materials, electrochemical tests were carried out in a coin type cell 

assembly. First, galvanostatic discharge/charge voltage profiles were 

obtained at a current density of 100 mA g-1 (Figure 3.15). In the first 

cycle, the profiles of the four electrodes, 16-nm iron-oxide/carbon 

nanosheets, 30-nm iron-oxide/carbon nanosheets, 10-nm manganese-

ferrite/carbon nanosheets, and 3-D nanocomposites, appeared similar. 

Plateaus at about 1.6 and 0.8 V versus Li+/Li in the lithiation and de-

lithiation curves are a well-known signature of the conversion reactions 

of transition-metal oxides [6]. However, the specific capacity of each 

electrode evolved quite distinctly from the others in the subsequent 20 

cycles. The capacities of all the ferrite/carbon nanosheet electrodes 

stabilized after 10 cycles, while the capacity of the 3-D nanocomposite 

electrode faded rapidly. In Figure 3.16a, the de-lithiation capacities of 

the electrodes were plotted in terms of cycling number. In the plot, the 

de-lithiation capacities of the ferrite/carbon nanosheet electrodes were 

kept near or above 600 mAh g-1 after 50 cycles. On the other hand, the 

capacity of the 3-D composite electrode was reduced considerably to 323 

mAh g-1. These data clearly show the contribution of 2-D nanosheet 

morphology to capacity retention during cycling. The rate capability of 
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the electrodes is also shown in Figure 3.16b. At a very high rate of 5000 

mA g-1, 81.5% of original capacity was retained for the manganese-

ferrite/carbon nanosheets, whereas 68.7%, 56.8%, and 41.6% were 

retained for 16-nm iron-oxide/carbon nanosheets, 30-nm iron-

oxide/carbon nanosheets, and 3-D nanocomposites, respectively. 
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Figure 3.15. Galvanostatic discharge (lithiation, downward) and charge 

(de-lithiation, upward) voltage profiles. 
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Figure 3.16. (a) Lithiation/de-lithiation capacities, and (b) rate 

performance according to the cycle number of the 

ferrite/carbon nanosheet electrodes. 
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In electrochemical cycling of the ferrite/carbon nanocomposites, 

considerable change in the volume of metal oxide takes place due to the 

conversion reactions which lower the integrity of the electrode structure 

and increase the internal resistance. It has been reported that the presence 

of carbon coating can reduce mechanical deformation by buffering the 

volume change of the active materials in the electrode [47,48]. 

Comparing the ferrite/carbon nanosheets and 3-D nanocomposites, well-

ordered ferrite/carbon nanosheets have several advantages in terms of 

resistance to mechanical deformation. The self-assembled nanocrystal 

structure seems to induce the regularly-spaced carbon walls between the 

nanocrystals, providing high tensile strength in the vertical direction of 

the carbon sheet. In addition, ferrite/carbon nanosheets have more room 

to expand in this direction than 3-D nanocomposites, which can provide 

a buffer for the volume change of the nanocrystals. As a result, these 

structural factors can contribute to good cycle performance of the 

ferrite/carbon nanosheets, as shown in Figure 3.16a. To investigate the 

mechanical deformation of the ferrite/carbon nanosheets during the 

electrochemical cycling, TEM observations were made on the nanosheet 

electrodes after 10th charge/discharge cycling at a rate of 100 mA g-1 

(Figure 3.17). The ferrite nanoparticles maintained the shape and size, 
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and the assembled nanosheet structure was sustained without peeling off. 

The encapsulating carbon shells seem to help to maintain the structure of 

ferrite/carbon nanosheet electrodes. The rate capacity of the electrodes is 

affected by the diffusion of lithium ions from the electrolyte to the active 

material. In Figure 3.16b, the ferrite/carbon nanosheets show much better 

performance than the 3-D nanocomposite. This superior electrochemical 

performance of the ferrite/carbon nanosheets is due to their short 

diffusion path and large accessible surface for the effective insertion of 

lithium ions. Moreover, the size of the ferrite nanocrystals strongly 

affected the electrochemical performance at high charging/discharging 

rates. Smaller-sized ferrite nanocrystals were more efficient for fast 

diffusion process, and the coulombic efficiency of the nanosheets seem 

to be less affected by the decomposition of electrolytes on the surface of 

electrodes because carbon shell protected the ferrite nanocrystals [49]. 

Furthermore, the large coulombic capacity at high discharge rates seems 

to be resulted from the uniform-sized ferrite nanoparticles [50]. 
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Figure 3.17. TEM images of (a, b) 16-nm iron-oxide/carbon nanosheets, 

and (c, d) 10-nm manganese-ferrite/carbon nanosheets after 

10th charge/discharge cycling at a rate of 100 mA g-1. 
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3.4. Conclusion 

 

With the ever-increasing energy needs of the world, the development 

of next-generation technology for energy conversion and storage is one 

of the most pressing challenges facing our civilization. The potential for 

lithium-ion batteries to help fill this need could be greatly enhanced by 

advances in the anode materials.  

Consequently, highly monodisperse metal-oxide nanocrystals and 

carbon materials were synthesized simultaneously through a single 

heating procedure using metal-oleate complex as the precursors for both 

the metal oxide and carbon. A 2-D nanostructure was obtained by using 

sodium sulphate salt powder as a template. In comparison with a 3-D 

composite, the prepared iron-oxide/carbon and manganese-

ferrite/carbon 2-D nanocomposites exhibited good cycling stability and 

high capacity. 

These synthetic procedures are not only easily scalable for mass 

production but also extensible to various 2-D inorganic-

nanocrystal/carbon nanocomposites that can potentially be applied to 

practical energy storage and conversion devices. 
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Chapter 4. γ-Fe2O3/Graphene Nanocomposite for Lithium-Ion 

Battery Anodes 
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4.1. Introduction 

 

Rechargeable Li-ion batteries (LIBs) are the most preferred power 

source in mobile communication and portable electronic devices owing 

to the outstanding energy and power density of LIBs. However, the 

current supply of LIBs is not sufficient to meet the huge demand for 

advanced long-lifespan batteries. Many critical issues such as the high 

energy density, high durability, low cost, and light weight of LIBs have 

been widely discussed [1-3]. Nanostructured materials including 

nanoparticles, nanofibers, nanotubes, and their composites have been 

extensively investigated to develop electrode materials with high energy 

density and improved cycling stability for LIBs [4-8]. 

Metal oxide nanoparticles are promising candidates for such electrode 

materials owing to their high theoretical capacity (~1000 mAh g-1) than 

commercial graphite anodes (372 mAh g-1) [9-11]. However, the poor 

electrical conductivity and severe volume change are critical barriers to 

their applications in commercial Li-ion batteries. The mechanisms of 

transition-metal-oxide anodes during charging/discharging in LIBs have 

been explained by conversion reactions [12]. The repeated 

charge/discharge reactions between the metal oxides and Li ions result 
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in large variation in volume, which is a major reason for the poor cycling 

performance of transition-metal-oxide materials [13-15]. 

 Accordingly, many research groups have used metal-oxide/carbon 

composites as anode materials, which show enhanced cycling stability 

and electronic conductivity [16-23]. Graphene has recently attracted 

tremendous interest because of its high surface area (theoretical value: 

2630 m2 g-1), good electronic conductivity, mechanical stability, and so 

on [24,25]. These properties make graphene a very promising electrode 

material for various electrochemical applications [26,27]. As anode 

materials for LIBs, graphene-based composite materials exhibit an 

enhanced cycling stability with high capacity at low charge/discharge 

rates [28-32].  

In the chapter 3, a direct method of synthesizing 2-dimensional metal-

oxide/carbon nanocomposites for application as LIB anodes was 

introduced [33]. The prepared metal-oxide/carbon nanosheets exhibited 

good cycling stability and high capacity because of their short diffusion 

path and large accessible surface area for effective insertion of Li ions. 

Herein, a single-step method of preparing an iron-oxide/graphene 

nanocomposite and the application of this nanocomposite as anodes to 

enhance the performance of LIBs is introduced. This nanocomposite 
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material has the combined advantage of both metal oxides and graphene, 

exhibiting enhanced high-rate and cycling performance. The outstanding 

high-rate-performance of iron-oxide/graphene nanocomposite can 

mainly be attributed to the ability of graphene to maintain intimate close 

contact with iron oxide nanoparticles during the repeated 

charge/discharge reactions. 
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4.2. Experimental Section  

 

4.2.1. Chemicals 

Iron(III) acetylacetonate (Fe(acac)3) and oleic acid was purchased 

from Aldrich Chemical Co. 

 

4.2.2. Characterization methods 

Transmission electron microscopy (TEM) images were obtained using 

a JEOL EM-2100F microscope, and field-emission scanning electron 

microscopic (FE-SEM) images were obtained with a Hitachi S-4800 

microscope. X-ray diffraction (XRD) analysis was carried out using a 

Rigaku Dmax 2500 diffractometer. The Brunauer-Emmett-Teller (BET) 

method was used to confirm the pore structure using a BELSORP-mini 

II (BEL JAPAN) nitrogen absorption analyzer. X-ray photoelectron 

energy spectra (XPS) was obtained using AXIS-His spectrometer. 

 

4.2.3. Preparation of graphene 

Graphene oxide (GO) was prepared from graphite powder (Aldrich, < 

20 micron) by an improved Hummers method [34]. Graphene was 

obtained by a thermal expansion of the GO under high vacuum. The GO 
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was put into a two-neck round-bottom flask that was sealed at one end 

and the other end was connected to the high vacuum pump. The flask 

was rapidly heated under a high vacuum. At about 200 °C, a dramatic 

expansion of GO was observed. To remove the remaining functional 

groups completely, the power was kept at 300 °C for 5h. 

 

4.2.4. Preparation of iron-oxide nanoparticles/graphene composite 

In a typical synthesis, 2 mmol Fe(acac)3 was mixed with 6 mmol oleic 

acid. These iron-oleate complexes were mixed with 0.2 g as-prepared 

graphene by using a pestle and mortar. The mixture was heated to 600 °C 

at the heating rate of 10 °C min-1 under N2 atmosphere and then kept at 

that temperature for 3 h. 

 

4.2.5. Preparation of iron-oxide nanoparticles 

In a typical synthesis, iron oxide nanoparticles were simply obtained 

through the heat treatment of as-prepared iron-oxide/graphene 

nanocomposite at 400 °C under air atmosphere for 6h. 

 

4.2.6. Preparation of electrodes for LIBs 

A working electrode was prepared by following scheme. A working 
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electrode was prepared by following scheme. A dry powder (active 

material), super P (carbon additive), and poly(vinylidenefluoride) 

(binder) (85:5:10) were mixed and coated on a piece of copper foil 

(current collector). In graphene electrode preparation, the ratio was 

changed to 70:0:30. After removing the residual moisture by drying in a 

vacuum oven at 120 °C for 12 h, the electrode plate was pressed to 

enhance the inter-particle contact and to reinforce adhesion between 

particles and the current collector. The electrochemical tests were 

performed by using a coin-type electrochemical cell (2032-type) which 

was fabricated with lithium foils as the counter and reference electrodes 

and 1.0 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and 

dimethyl carbonate (DMC) (1:2 in vol. ratio) as the electrolyte. In order 

to cycle the coin-type electrochemical cells, they were discharged with 

constant current of 100 mA g-1 to 0.05 V (vs. Li/Li+) and charged with 

constant current of 100 mA g-1 to 3.0 V (vs. Li/Li+). In the rate capability 

test, the lithiation current density was fixed at 100 mA g-1, but the 

delithiation current density was changed every five cycles according to 

this sequence of values: 100, 200, 500, 1000, 3000, 5000 and 100 mA g-

1.  
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Figure 4.1. Schematic representation of the preparation of iron-

oxide/graphene nanocomposites and iron oxide 

nanoparticles. 
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4.3. Results and Discussion 

 

The schematics shown in Figure 4.1 illustrate the synthetic route for 

direct formation of iron-oxide/graphene nanocomposite. Graphene was 

prepared by thermal expansion of graphene oxide under high vacuum 

[35]. The specific surface area of graphene was 370 m2 g−1, as 

determined by the Brunauer-Emmett-Teller (BET) method (Figure 4.2b). 

The total pore volume and average pore size of the graphene were 0.987 

cm3 g-1 and 10 nm. X-ray photoelectron spectroscopy (XPS) revealed 

that the as-prepared graphene had oxygen-containing functional groups 

on the graphene surface (Figure 4.2c). For preparing iron oxide 

nanoparticles, iron-oleate complex was used as the precursor [36]. Iron-

oleate complex was homogeneously mixed with the graphene by simple 

grinding. The mixture was then heated at ~600 ℃ under an inert 

atmosphere to form an iron-oxide/graphene nanocomposite. The iron-

oleate complex was converted into monodisperse iron oxide 

nanoparticles on the surface of the graphene upon heating under the inert 

atmosphere. Field-emission scanning electron microscopy (FESEM) and 

transmission electron microscopy (TEM) were performed to characterize 

the surface morphology of the iron-oxide/graphene nanocomposite. As 
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shown in Figure 4.3a, the as-prepared graphene had a thin wrinkled 

paper-like structure. From Figure 4.3b and c, it is evident that iron oxide 

nanoparticles were well dispersed throughout the graphene layer (Figure 

4.4). Both the iron oxide nanoparticles and graphene were in close 

contact with each other, and they acted as mutual spacers in the 

nanocomposite to prevent the aggregation of the nanoparticles and the 

restacking of the graphene layers. The typical size of the iron oxide 

nanoparticle was ~30 nm, as determined from the TEM image shown in 

Figure 4.3c. Further, the nanoparticles were found to be highly 

crystalline, as seen from the inset in Figure 4.3c, with a d-spacing of 

0.295 nm. The observed d-spacing was consistent with the d-spacing of 

the (220) plane of maghemite (γ-Fe2O3). The crystal structure of the iron 

oxide nanoparticles in the nanocomposite was further characterized by 

powder X-ray diffraction (XRD) (Figure 4.2a). The carbon contents of 

the iron-oxide/graphene was 68.1 wt% which was measured by TGA 

analysis (Fig. 4.5). 
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Figure 4.2. (a) XRD patterns of iron-oxide/graphene nanocomposite, 

iron oxide nanoparticle and graphene. (b) N2 isotherms at 

77 K and (c) XPS spectra of as-prepared graphene. 
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Figure 4.3. (a) FESEM image of as-prepared graphene, (b) FESEM 

image and (c) TEM image of iron-oxide/graphene 

nanocomposite and (d) SEM image of iron oxide 

nanoparticle. The inset figure represents high resolution 

TEM image of iron oxide nanoparticle. 
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Figure 4.4. (a) Low and (b) high magnification FESEM image and (c) 

Low and (d) high magnification TEM image of iron-

oxide/graphene nanocomposite. 
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Figure 4.5. TGA result of iron-oxide/graphene nanocomposite. 
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Three different samples were produced out of the iron-oxide/graphene 

nanocomposite particles, iron oxide nanoparticles, and graphene sheets 

(hereafter referred to as iron-oxide/graphene, iron oxide, and graphene 

electrodes, respectively). The electrochemical performance of the 

electrodes was examined in a coin-type cell assembly. The galvanostatic 

charge/discharge voltage profiles were obtained at a current density of 

100 mA g-1 (Figure 4.6a-c). During the initial cycles, the voltage profiles 

for the three electrodes showed little difference. The iron oxide electrode 

was lithiated in the range 0.5–1.0 V and was delithiated in the range 1.5–

2.0 V. The charge/discharge voltage profiles obtained for the iron oxide 

electrode are consistent with those reported for the electrochemical 

conversion reaction Fe2O3 + 6Li+ + 6e- ↔ 2Fe + 3Li2O (theoretical 

capacity = 1007 mAh g-1) [37,38]. However, the lithiation capacity (1538 

mAh g-1) of the electrode was larger than the theoretical capacity, 

probably due to irreversible electrolyte decomposition [39]. The 

graphene electrode is lithiated/delithiated over wide voltage ranges as a 

sloping voltage. The discharge (lithiation) voltage profile, however, 

shows some plateaus which are not distinguishable clearly, consistent 

with the data reported in literature [40]. In this voltage range, lithium 

ions are deposited as multi-layer on graphene surface at lithiation. The 
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high initial irreversible capacity of 74% may be due to the formation of 

a solid electrolyte interphase on the electrode surface and the reaction 

between Li ions and the oxygen-containing functional groups on the 

graphene surface [41]. The voltage profile for iron-oxide/graphene 

electrode appears to be a superimposition of the profiles for iron oxide 

and graphene electrodes. The plateaus in the range 0.5–1.0 V measured 

during lithiation and in the range 1.5–2.0 V measured during delithiation 

were exhibited as well as a sloping voltage in the wide region. And 

delithiation capacity of the nanocomposite was 982 mAh g-1. This is 

similar to calculated value according to the iron-oxide and graphene 

contents. The initial coulombic efficiency enhancement of graphene 

nanocomposite can be explained by the heat treatment of high 

temperature (600 ℃) in the synthesis process because some impurity on 

the graphene surface such as hydroxyl group could be removed. 
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Figure 4.6. Galvanostatic discharge (lithiation, downward) and charge 

(delithiation, upward) voltage profiles of (a) iron oxide 

nanoparticle, (b) graphene and (c) iron-oxide/graphene 

nanocomposite. (d) Lithiation/delithiation capacities 

according to the cycle number of iron-oxide/graphene 

nanocomposite, iron oxide nanoparticle and graphene; 

Efficiency of iron-oxide/graphene nanocomposite. (e) Rate 

performance and efficiency of iron-oxide/graphene 

nanocomposite. (f) AC impedance spectra (Nyquist plot) 

obtained with the iron oxide nanoparticle and iron-

oxide/graphene nanocomposite at fully lithiation state.  
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The cycle performances of the three electrodes measured at a current 

density of 100 mA g-1 are compared in Figure 4.6d. The capacity of the 

iron-oxide/graphene electrode stabilized rapidly, while those of the iron 

oxide and graphene electrodes deteriorated within the first few cycles. 

During the first 10 cycles, the delithiation capacity of graphene electrode 

decreased slightly from 750 to ~500 mAh g-1. This initial capacity 

deterioration of the graphene electrode seems to result from lithium 

trapping by the continuous irreversible reaction of graphene. In contrast, 

the iron oxide electrode exhibited rapid capacity deterioration within 

only a few cycles, which seems to result from the considerable change 

in the volume of the metal oxide due to the electrochemical conversion 

reactions. Repeated large volume changes lead to the pulverization of the 

nanoparticles and causes interparticle contact loss [42]. The iron-

oxide/graphene electrode, however, does not seem to exhibit such 

deterioration in cycle performance. The delithiation capacity of the iron-

oxide/graphene electrode remained constant at ~900 mAh g-1 for up to 

50 cycles without any capacity losses. The efficiency of that is more than 

95% during the cycles except first few cycles. The excellent cycle 

performance can be attributed to the structure of the iron-oxide/graphene 

nanocomposite: in the iron-oxide/graphene electrode, uniform-sized iron 
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oxide nanoparticles are well dispersed in graphene and the nanoparticles 

and graphene are in close contact. With this structure, the surrounding 

graphene can accommodate the volume expansion of the embedded iron 

oxide nanoparticles and still maintain a close contact with them. 

Moreover, the uniform nano size of the iron oxide particles can prevent 

interparticle aggregation because their volume can uniformly expand or 

contract as small range during cycling [43]. 

The iron-oxide/graphene electrode was tested at various current 

densities from 100 to 5000 mA g-1, and the results are plotted in Figure 

4.6e. The electrode exhibited an excellent high-rate capability. At the 

high current densities of 1000, 3000, and 5000 mA g-1, the electrode 

exhibited high reversible capacities of almost 730, 600, and 500 mAh g-

1, respectively. These values are significantly higher than that of previous 

reported iron-oxide/graphene composite electrodes [44-47]. The 

excellent high-rate capability is ascribed to the favorable high 

conductance of graphene and the shorter diffusion length for the Li ions 

insertion/deinsertion into the iron oxide particles which is attributed to 

uniform-nano-sized particles. To investigate the influence of graphene 

on conductivity, AC impedance measurement was employed on two 

electrodes (iron oxide nanoparticle and iron-oxide/graphene 
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nanocomposite) as shown in Fig. 4.6f. In this figure, two distinct 

semicircles are recognized in each sample. The semicircle at the higher 

frequency region is associated with the SEI resistance, whereas the one 

at the lower frequency region is the charge transfer resistance. The total 

resistance of nanocomposite electrode is smaller than that of iron oxide 

nanoparticle electrode. This resistance decrease is ascribed to 

conductivity improvement by graphene and that seems to be the key 

factor of rate capability enhancement on nanocomposite electrode. 
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The structural deformation of the iron-oxide/graphene electrode 

during electrochemical cycling at a rate of 100 mA g-1 was investigated 

using TEM by observing the surface morphology of the electrode after 

the 50th charge/discharge cycle (Figure 4.7). The TEM image in Figure 

4.7a shows that the overall surface morphology was retained and that 

severe deformation had not occurred during cycling. Although the iron 

oxide nanoparticles were pulverized into several smaller particles (<5 nm) 

because of the close contact between the pulverized nanoparticles and 

the graphene was still maintained and the pulverized particles did not 

aggregate, both of which are clearly shown in the high-magnification 

TEM image (Figure 4.7b). Graphene seems to help maintain the initial 

structure of the iron-oxide/graphene nanocomposite and the close 

contact between the pulverized iron oxide particles and graphene. 
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Figure 4.7. TEM images of iron-oxide/graphene nanocomposite after 

50th charge/discharge cycling at a rate of 100 mA g-1. The 

inset figure represents high resolution TEM image of the 

pulverized iron oxide nanoparticle. 
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4.4. Conclusion 

 

In this chapter, iron-oxide/graphene nanocomposite was directly 

synthesized from an iron-oleate precursor and graphene. The 

electrochemical performance of the iron-oxide/graphene nanocomposite 

anode was excellent and was significantly better than those of the anodes 

prepared with only iron oxide nanoparticles or graphene. In particular, 

the nanocomposite electrode exhibited rapid initial stabilization and 

enhanced cycling stability and rate performance. Such outstanding 

electrochemical properties prove the huge potential for application of the 

nanocomposite as an anode material in LIBs. Furthermore, the method 

of synthesizing the nanocomposite can be easily extended to 

synthesizing nanocomposites of other metal oxides and graphene and 

producing advanced materials for use as anodes in LIBs. 
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5.1. Conclusion 

 

Nowadays, it is essential to develop new electrode materials with a 

high charge/discharge rate and a high reversible capacity to meet the 

increasing demand for higher energy density batteries. Nano-sized metal 

or metal oxides particles such as Sn, SnO2, Si, MnO2, Co3O4, MoO3, and 

Fe2O3 are very promising electode materials due to their significantly 

larger reversible capacity than that of commercial graphite. Their 

nanostructures could improve the reversible capacity and rate capacity, 

which can be attributed to shortened Li ion insertion/extraction pathways. 

However, transition metal oxides typically break into small metal 

clusters because they react with Li to form LixMy alloy or M0, leading to 

a large volume expansion and a destruction of the structure upon 

electrochemical cycling, especially at high rates, thus resulting in severe 

loss of capacity with cycling and a poor electrical conductivity. 

Consequentially, the metal or metal oxide nanoparticle should be used 

with carbonaceous materials such as graphene, CNT, and porous carbon 

as anode for LIBs to improve the electrical conductivity and prevent the 

degradation from the volume exchange during the charge/discharge 

cycling. 

In this thesis, various designed synthetic methods of carbon-based 

nanomaterials have been investigated for using as LIBs anode. Initially, 

using various synthetic methods, different kinds of carbon-based 
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materials have been obtained from the organic precursors such as 

surfactants and fatty acid. Monodispersed silica nanoparticles were used 

as templates and various metallic surfactants were used as carbon sources. 

Different shaped carbonaceous nanomaterials including hollow carbon 

nanostructures and 3-dimensional ordered mesoporous structures were 

obtained through the carbonization of metallic surfactant precursors. 

Next, two dimensional (2-D) nanomaterials composed of highly 

monodisperse metal oxide nanoparticles and carbon were synthesized 

via simple heat treatment process using salt powder as template. The iron 

oleate complex was prepared by “Heating-up” method. 2-D 

nanostructure of the nanocomposite was created by using sodium sulfate 

salt powder as template. Finally, the iron-oxide/graphene nanocomposite 

was directly obtained by heat treatment of a mixture of iron-oleate and 

graphene. The experimental results showed that uniform sized γ-Fe2O3 

nanoparticles were homogeneously embedded in the graphene layers, 

and they acted as mutual spacers in the nanocomposite to prevent the 

restacking of the graphene layers and the nanoparticle’s aggregation. 

These carbon-based nanocomposites were shown to be excellent 

anode materials for Li-ion batteries with high capacity, good rate 

performance and stable durability. 
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5.2. Future works 

 

The use of high capacity materials including nano-sized metal or 

metal oxides particles such as Sn, SnO2, Si, MnO2, Co3O4, MoO3, and 

Fe2O3 as LIBs anode, stability of solid electrolyte interface (SEI) layer 

at the interface between the active materials and the electrolyte is another 

critical factor in achieving a long cycle life. As shown in Figure 5.1, the 

SEI layer is formed on the electrode surface by electrolyte decomposition 

due to the low potential of the anode during battery charging. This SEI 

layer is a lithium-ion conductor, but an electronic insulator. The solid 

electrode nanoparticles expand out towards the electrolyte during the 

lithiation, then the SEI layer is formed on the surface of expanded 

electrode nanoparticles. The SEI on the lithiated expanded electrode 

nanoparticles is broken as the nanostructure shrinks during delithiation. 

The SEI layer is formed again on the fresh electrode surface to the 

electrolyte during the re-lithiation. Consequentely, the SEI layer is 

becoming thicker by repeated charge/discharge cycles. This thicker SEI 

layer results in a degradation in LIBs performance. The longer lithium 

diffusion pathway through the thick SEI layer and the thicker electrically 

insulating layer acts as registance in battery system. The formation of a 

stable SEI layer is critical factor for a long cycle life in large volume 

change anodes [1-7]. 

Considering a stable SEI layer is essential to develop new electrode 

materials with higher energy density and improved cycling stability for 
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LIBs. As further study, designed nanostructured anode materials such as 

mesoporous, hollow, and anisotropic nanostructures should be 

investigated for generating an effective and stable SEI layer. 
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Figure 5.1. Schematic image of SEI formation on the surface of high 

capacity materials including nano-sized metal or metal 

oxides particles. 
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국 문 초 록 

 

지난 반세기 동안 나노재료의 조성, 크기 등을 포함하는 구조 

및 물성 제어에 관한 많은 연구가 진행되고 있다. 특히, 탄소 

재료는 우수한 전기화학적 특성과 안정성 때문에 에너지 저장 

및 변환 장치에 적용이 가능하여 전극재료로 많은 연구가 

진행되었다. 실제로 탄소재료는 연료전지용 촉매 담체, 

이차전지용 전극재료, 슈퍼캐패시터용 전극재료 등으로 널리 

사용 및 연구되고 있다. 또한 탄소재료는 나노기술을 

접목함으로써 다양한 구조 제어가 가능하고 그에 따른 다양한 

물성 제어가 가능하기 때문에 에너지 응용분야의 성능 및 

효율향상이 기대가 된다. 

일반적으로 탄소나노재료는 유기물 전구체를 고온에서 

열처리하여 제조가 가능하며 다양한 합성법을 통해 구조 및 

물성 제어가 가능하다. 특히, 전구체 종류와 제조 조건에 따라 

물리화학적, 전기적 특성과 같은 다양한 탄소재료의 물성을 

제어할 수 있다. 또한 주형합성법과 같은 합성법을 통해 

다양한 형상, 구조 및 물성을 갖는 탄소나노재료의 합성 또한 

가능하다. 
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최근에는 탄소나노재료를 기반으로 하여 그래핀, 금속, 

금속산화물 등과 같은 재료를 복합화함으로써 탄소재료 

본연의 특성을 향상시키려는 연구가 활발히 진행되고 있다. 

본 학위 논문에서는 탄소나노재료를 기반으로한 복합재료의 

합성 및 리튬이차전지 전극재로의 응용에 대한 내용을 

기술하고자 하였다. 구체적으로는, 계면활성제 및 지방산을 

탄소 전구체로한 탄소 나노재료의 합성, 이차원 판상 구조를 

갖는 금속산화물과 탄소 복합재료의 합성 및 리튬 이차전지 

음극재로의 응용, 그래핀과 금속산화물의 복합화를 통한 

그래핀/금속산화물 나노 복합재료 합성 및 리튬 이차 전지 

음극재 응용에 관한 내용이다. 

다양한 방법을 통해 탄소나노재료 및 복합재료의 구조 및 

형상을 제어하여 리튬 이차전지 전극재로 적용하였을 때, 기존 

소재 대비 월등한 성능 향상 및 내구성 향상을 확인할 수 

있었다. 

 

주요어: 탄소재료, 금속산화물 나노입자, 그래핀, 나노 복합재, 

리튬이온 이차전지 
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