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Abstract 

 

In the past decades, sustainable and clean energy have been demanded because of a serious 

exhaustion of resources and environmental problems. For this reason, many researchers have tried to 

develop more efficient and powerful energy devices. Among them, lithium ion batteries (LIBs) have 

been considered the most promising energy storage devices, because they can exhibit high power and 

high energy densities that meet the requirements for hybrid electric vehicles (HEVs) and electric 

vehicles (EVs) applications. However, although LIBs have been successfully commercialized, a 

considerable improvement of anode materials is still required for large scale energy storage applications 

and advanced future electronic devices.  

Natural graphite anode in LIBs shows very small volume change (~10 % at high temperature), a 

stable cycling life, a low reaction potential (vs. Li/Li+) and a low cost. These factors satisfy the 

requirements for commercialization as LIB anodes. However, limited specific capacity (372 mAh g-1) 

of graphite hinders its usage to high-energy density applications. For this reason, alternative anode 

materials which can exhibit a high specific capacity at a low reaction potential have been studied. 

Silicon (Si) is one of the most promising candidates for the next -generation anode material due to its 

high theoretical specific capacity (>3500 mAh g-1 at room temperature), low lithiation potential (<0.5 

V vs. Li/Li+), low cost, and environmental safety. However, Si anode should solve two major problems 

to replace graphite anode in commercial LIBs. One is a large volume changes (>300%) upon insertion 

and extraction of lithium ions, leading to the pulverization and significant capacity fading. The other is 

a low intrinsic electrical conductivity. To overcome these critical obstacles, various strategies have been 

developed including design of novel structures, reduction of particle size, and combination of active 

materials and other materials having excellent electrical conductivity. 

In this study, we introduced nanomaterials with high electrical conductivity (e.g., silver, antimony-

doped tin oxide, etc.) on the surface of Si and graphite. These newly-developed anode materials 

exhibited significantly improved electrochemical properties, compared to bare Si or graphite anode 

materials. These simple, but straightforward synthetic routes can be extended to make other advanced 

anode materials for high-performance LIBs. 
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I. Introduction 

 

1.1 Principle of lithium ion batteries 

 

In these days, energy problems have been seriously raised because of the depletion of fossil fuels, so 

that the development of sustainable and renewable energy resources should be necessary. For this reason, 

applications of energy storage devices have attracted much attention.1-2 There are many types of energy 

storage devices, such as lead-acid battery, Na-S battery, flow batteries, supercapacitors, and lithium ion 

batteries (LIBs).3 Among them, LIBs are one of the attractive storage devices owing to their high energy 

density, long cycle life and economic considerations. First commercialized LIBs was developed in 1991 

by Sony Co.4 Although LIBs have been successfully commercialized, a noticeable improvement about 

the energy densities should be necessary to meet the requirements for the applications such as electric 

vehicles (EVs), or energy storage systems (ESS).5-6 Therefore, many advanced developments for LIBs 

have to be performed. 

The principle of LIBs is shown in Figure 1.2.a. During the discharge, an anode donates electrons and 

a cathode accepts electrons, while electrolyte allows the low of lithium ions and separator blocks the 

electronic flow between the anode and the cathode. The electrochemical reaction at all electrodes during 

the discharge and the charge can be explained through the following equations.7 

 

Cathode: LiCoO2 ⇄ Li1-xCoO2 + xLi+ + xe- 

Anode: C6 + xLi+ + xe- ⇄ LixC6 

Total reaction: LiCoO2 + C6 ⇄ Li1-xCoO2 + LixC6 

 

The driving force of LIBs is potential difference between anode and cathode (Figure 1.2.b). To increase 

energy density, cathode materials should have higher potential and anode should have lower potential. 

The amount of ions which inserts into electrodes determines a specific capacity of electrical storage 

devices. It indicates that the types of ions and materials are main factors that influence the amount of 

electric energy to be stored.8 
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Figure 1.1. Global LIBs market status and forecast (2009~2020). The demand of LIBs will be increased 

explosively.9 
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Figure 1.2. (a) Schematic illustration of typical LIBs where LiCoO2 and graphite are used as the cathode 

and the anode, respectively10, (b) potential versus capacity for cathode and anode electrodes presently 

used or under serious considerations for the rechargeable Li-based cells.8 

  

(a)

(b)
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1.2 Components of lithium ion batteries 

 

 LIBs are composed of four parts including cathodes, anodes, separators and electrolytes. The specific 

usable materials of each components in the LIBs are shown in Table 1.1.11 Cathode materials commonly 

used are lithium transition metal oxides that have layered structure with the formula of LiMO2 (M = 

Mn, Co, and Ni) and spinel LiM2O4, and lithium transition metal phosphates such as olivine LiMPO4. 

Cathode materials have been developed by surface coating, mixing, or compound formation to 

minimize some side reactions occurring on the cathode surface.12 

 In general, carbonaceous material (e.g., graphite) has been used as an anode material for LIBs, which 

has a theoretical capacity of 372 mAh g-1. Its specific capacity is not sufficient for the application of 

large scale energy storage devices. To realize the high energy and power density, Li alloy-based 

materials (Si, Al, Sn, Sb, Ge, etc) are considered as the alternatives. However, critical problems are a 

large volume expansion and formation of unstable solid electrolyte interphase (SEI) layers during 

cycling and should be solved to use in practical LIBs.7 Electrolyte is a medium for transporting solvated 

lithium ions between both electrodes during electrochemical processes and separator, keep an anode 

apart from a cathode physically and prevent the electronic current, but allow the lithium ions flow.5 The 

appropriate conditions for electrolyte and separator are fastidious, so, many researches have been tried 

in order to meet the complicated situations. 
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Table 1.1. Specific examples of major components in a LIBs.11 

 

Component Materials 

Cathode Transition metal oxide/phosphate: LiCoO2, LiMn2O4, LiNiO2, LiFePO4 

Anode Carbon/noncarbon materials: graphite, hard (soft) carbon, Li, Si, Sn, Ge. 

Separator Polymer: polyethylene (PE), polypropylene (PP) , PVdF 

Electrolyte Nonaqueous organic solvent + lithium salt + additives 
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1.2.1 Cathode materials 

 

The most popular cathode materials are based on transition metal oxides, which enables the 

intercalation/de-intercalation of lithium ions between the close packed transition metal-oxygen layers 

with the formula of LiMO2 (M = Co, Mn, and Ni).12 

The first commercialized cathode material is LiCoO2 with the theoretical capacity of 274 mAh g-1, and 

it reacts with lithium ions around 4 V.13 However, LiCoO2 has a serious reversibility problem: the 

extraction of lithium ions from LixCoO2 (x<0.5) causes the limiting capacity to 160 mAh g-1.13-14 And 

it leads the irreversible structural change at the lithium ion deficient phases. Moreover, a toxicity, a poor 

safety and a high cost of cobalt limit the application for the large scale energy storage. To improve the 

electrochemical performances of LiCoO2, metal oxides (ZrO2, Al2O3, MgO, and SnO2) coating on the 

LiCoO2 surface or doping with the trivalent ions (Al and Cr) can be applied.14-16 

LiNiO2 is considered as alternative cathode to LiCoO2. LiNiO2 has a higher specific capacity of 200 

mAh g-1 compared to the specific capacity of LiCoO2.17 However, LiNiO2 shows a serious capacity 

fading during cycling and the collapse of delithiated LixNiO2.18 For this reason, the formation of LiNi1-

xCoxO2 via the substitution of Co for Ni is tired.17, 19 LiMnO2 is also considered as the alternative because 

if the high thermal stability, but its applications is limited because of the low specific capacity.20 

The other representative cathode material is LiMn2O4 with spinel structure. It is highlighted for the 

EVs and HEVs application due to their high power density, high thermal stability and low cost. However, 

LiMn2O4 has two major problems, one is the dissolution of manganese ions (Mn2+) at the elevated 

temperature. When Mn2+ dissolved in the electrolytes and moved to the anode, manganese ions deposit 

at the anode and inhibit the movement of lithium ions, thus the capacity fading occurs during cycling. 

The other problem is the irreversible structural transition by Jahn-Teller distortion. However, above all 

things, a low capacity (130mAh g-1) is the most critical problem of LiMn2O4.21-22 

Furthermore, many researchers have studied LiFePO4, which is one of the most prominent material 

for large scale storage applications. LiFePO4 with olivine structure has many advantages such as low 

cost of Fe, high theoretical capacity of 170 mAh g-1, excellent cycle life, and high safety. But its low 

electronic conductivity and low lithium ion diffusion rate should be needed to improve.23 

Generally, each cathode materials have similar problems that affect to long cycle life or high rate 

capability. These are caused by the structural deterioration. For example, when transition metal moved 

toward lithium site, it blocks the pathways of lithium ions, so that cycle retention or high rate 

performance is decreased. Also, cations react with electrolyte during charge and discharge, and the 

electrolyte with organic compounds is decomposed. As a result, by-products produced on the cathode 

material surface, and interrupt the diffusion of lithium ions and electron transfer. These problems can 

be solved various methods, such as coating, doping on the surface of cathode materials or downsizing 

of materials. 
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Figure 1.3. SEM images of pure LiCoO2 prepared at (a) 750 oC and (b) 900 oC, SEM images of Mg-

doped LiCoO2 prepared at (c) 850 oC and (d) 900 oC, (e) charge/discharge curves until 30th cycles and 

(f) cycling performance of LiCoO2 and Mg-doped LiCoO2.24 

  

(e) (f)



16 

 

1.2.2 Anode materials 

 

In the early stage of development in LIBs, lithium metal has been widely used as an anode material 

because of its high theoretical capacity (~3860 mAh g-1) and very low standard redox potential (-3.04V 

vs. SHE). However, lithium metal has serious problems: one is the dendrite formation during insertion 

and extraction of lithium ions, leading to short circuit and explosion. And the other is a low coulombic 

efficiency by the growth of unstable SEI layer.8 In order to overcome the disadvantages, many studies 

have been tried to replace lithium metal. 

 Among many candidates of the anode materials for LIBs, carbonaceous materials have received much 

attention. In particular, graphite is representative material that reacts with lithium ions by the 

intercalation/deintercalation reaction, and is very close to the lithium metal potential of electrochemical 

reaction (<0.2V vs. Li/Li+). Also, it indicates a low irreversibility capacity and low cost. But a low 

theoretical capacity of 372 mA h g-1 is not suitable for the demand of market.7, 25 Therefore, it is 

necessary to develop new materials to increase specific capacity for the large scale application. 

As alternative materials to the graphite, lithium alloying materials have been developed, such as Si, 

Sn, Ge, Al, and Ag.26 Lithium ions react with them through the alloy/de-alloying process and those have 

much higher specific capacity compared to the graphite. Among them, silicon (Si) is the most promising 

material because of its high theoretical capacity (>3500 mAh g-1 at room temperature) and a low 

lithiation potential (<0.4V vs. Li/Li+).27 However, the chronic problems, a large volume change (>300%) 

during cycling, which leads to pulverization and subsequent formation of unstable SEI layer.28 These 

problems were prevented through a morphology control (nanowires, nanotubes, porous structure, or 

hollow structure)29-30, a surface modification (carbon, metal, or polymer coating)31, and a formation of 

multiphase composites.32 

Metal oxides have been also studied as the anode materials for LIBs. Unlike others, each metal oxide 

has different reaction with lithium ions. For example, tin oxide (SnO2) reacts with lithium ions by alloy 

mechanism, and TiO2 has the insertion/extraction process. Moreover, conversion mechanism occurs in 

MOx (M = Co, Fe, Cu, Ni, etc.) materials.18, 33 The specific capacity of metal oxide is higher than the 

graphite, but they cannot use at the large scale application because their large irreversible initial capacity 

and a poor cycle life due to the Li2O formation.7, 33 Through a nanostructuring and a surface modification, 

problems of metal oxides can be improved.33-35 

Therefore, the development of advanced anode materials which has a high specific capacity, a long 

cycle life, an excellent rate capability, and environmentally friendly is significantly needed for the next 

generation LIBs. 
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Table 1.2. Specific examples of anode materials in a LIBs and their characteristics.36 

 

Materials 
Theoretical specific 

capacity (mA h g-1) 

Theoretical charge 

density (mA h cm-3) 

Potential 

(vs. Li/Li+) 

Volume change 

(%) 

Lithium 3862 2047 0 100 

Graphite 372 837 0.05 12 

Li4Ti5O12 175 613 1.6 1 

Si 4200 9786 0.4 320 

Sn 994 7246 0.6 260 

Al 993 2681 0.3 96 
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Figure 1.4. (a) Schematic illustration of hollow nanosphere synthesis, (b) cross-sectional and (c) side 

view SEM image of hollow Si spheres, (d) SEM image of scraped hollow Si spheres, (e) TEM image 

of interconnected hollow Si spheres, (f) energy dispersive X-ray spectroscopy (EDS) of hollow Si 

spheres, (g) charge/discharge profiles until 500th cycles, and (h) cycle performance and coulombic 

efficiency of hollow Si spheres.30 

  

(g) (h)
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1.2.3 Separators 

 

A separator is a permeable membrane placed between cathode and anode, which keeps the two 

electrodes physically apart.37-38 In lithium-based cells, the essential functions of separator are the 

prevention of electronic contact while enabling ionic transport between positive and negative electrodes 

and a good shutdown properties, related to battery safety.38 Generally, most separators consist of a 

polymeric membrane forming a microporous layer, and polymer is usually used polyolefin, 

polyethylene (PE) or polypropylene (PP).5 

Separator can be classified into many types, including microporous, nonwoven, ion exchange 

membranes, supported liquid membranes, polymer electrolyte or solid ion conductors. Especially, 

polymer electrolyte and solid ion conductors that combine the separator and the electrolyte into a single 

component have been recently developed.37 

The requirements of separators are stated as follows: (i) thickness, (ii) gurley (air permeability), (iii) 

porosity, (iv) wettability, and (v) chemical stability. First, the thickness of separator has to be less than 

25 μm for portal electronic devices, but the thicker separator (40 μm) is needed to the EV/HEV 

applications.39 And gurley value is proportional to electrical resistivity, for a given separator 

morphology. In LIBs, the gurley value of separator should be low (~25) because of good electrical 

performance.37 Also, the porosity of separators have >40% and control of porosity is very important for 

the rate capability of LIBs.40 The proper pore size is proper from 100 nm to 0.1 mm in order to prevent 

lithium dendrite penetration.38, 40 Moreover, separator should be wet quickly and completely in typical 

electrolyte, and should be chemically stable. For example, polyolefin-based separator exhibit a high 

resistance to most of the conventional chemicals and good mechanical properties. A role of separator is 

very important at high temperature, related to the safety.37,41 When the temperature become over 130 

oC, the thermal shutdown of batteries exhibits a large increase in impedance that effectively stops ionic 

transport between the electrodes.41,42 

Separator is not contribute the specific capacity of LIBs directly, but its structure and properties 

indirectly affect the electrochemical performances, including an energy and power densities, a cycle 

life, and a safety. 
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Table 1.3. General requirements for LIBs separator.37 

 

Parameter Requirements 

Thickness (μm) <25 

Electrical resistance 

(MacMullin no., dimensionless) 
<8 

Gurley (s) ~25 

Pore size (μm) <1 

Porosity (%) ~40 

Tensile strength (%) <2% offset at 1000 psi 

Shutdown temperature (oC) ~130 

High-temp melt integrity (oC) >150 

Wettability Complete wet out in typical battery electrolytes 

Chemical stability Stable in battery for long period of time 

Dimension stability Separator should lay flat; be stable in electrolyte 
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1.2.4 Electrolytes 

 

An electrolyte is a substance that dissociates in organic solvent to form ions, thus increasing the extent 

to which the liquid conducts electricity.43 As a result, electrolyte transport ions from one electrode to 

another electrodes. When the charging, lithium ions were dissociated from the cathode and they were 

transported through the electrolyte. Finally, lithium ions reacted with the anode active material. The 

most common electrolyte is an ionic solution, but molten electrolytes and solid electrolytes are also 

possible.7 

Typically, liquid electrolytes are composed of organic solvents, lithium salts, and additives. The most 

common organic solvents are mixture of the cyclic carbonate such as ethylene carbonate (EC) or 

propylene carbonate (PC), and linear carbonate such as dimethyl carbonate (DMC), diethyl carbonate 

(DEC), and ethyl methyl carbonate (EMC).44 Their structure and characteristics are shown in Table 

1.4.43 

In case of the organic solvents, these should meet several requirements. First, the organic solvents 

should be inert to all of cell components, especially charged surfaces of cathode and anode.43 Second, 

the organic solvents should have a high dissolution ability of lithium salt, in other words, it should have 

a high dielectric constant.45 However, a high dielectric constant causes a high viscosity, and an ionic 

conductivity will be decreased. Third, the viscosity of organic solvents has to be low. Viscosity is the 

measure of a liquid resistance to flow. If the viscosity of solvent is high, ionic mobility will be decreased, 

leading to a low ionic conductivity. Therefore, the movement of lithium ions will be interrupted in 

LIBs.46 Fourth, a wide temperature range has to be required, means that a melting point is as low as 

possible and a boiling point is as high as possible.47 Because low melting point of electrolyte guarantees 

the ion conduction at low temperature, and thus a LIBs can be used to get the electric energy. Fifth, the 

electrolyte should be safe, nontoxic, and economical. Most of organic solvents are flammable at the 

elevated temperature, so, the flash point of electrolytes has to be high.48 It is difficult to meet all those 

requirements because of complicated considerations. Therefore, many researches have been developed 

to find advanced electrolytes for the next generation LIBs. 
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Table 1.4. Representative cyclic and linear carbonates as electrolyte solvents and their characteristics.43 

 

Solvent Structure 
Molecular 

weight 
Tm (oC) Tb (oC) Tf (oC) 

ε 

(25 oC) 

η/cP 

(25 oC) 

EC 

 

88 36.4 248 160 89.78 
1.90 

(40 oC) 

PC 

 

102 -48.8 242 132 64.92 2.53 

DMC 

 

90 4.6 91 18 3.107 0.59 

DEC 

 

118 -74.3 126 31 2.805 0.75 

EMC 

 

104 -53 110  2.958 0.65 
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II. Synthesis of highly dispersive and electrically conductive silver-

coated silicon of anode material for lithium ion batteries 

 

2.1 Introduction 

 

In the past decades, there has been great interest in developing advanced electrode materials for 

lithium-ion batteries (LIBs) with high power and energy densities that meet the requirements for hybrid 

electric vehicles (HEVs) and electric vehicle (EVs) applications.1-4 Lithium alloying compounds (e.g., 

Si, Ge, Al, Sn, Sb, etc.) have been intensively studied, since such electrodes provide much higher 

theoretical specific capacity than that of graphite anodes (~372 mAh g-1) used in conventional LIBs.5-7 

Among them, Si has been considered the most promising anode materials due to its high theoretical 

specific capacity (>3500 mAh g-1 at room temperature), low lithiation potential (<0.5 V vs. Li/Li+), low 

cost, and environmental safety.8-14 The commercial use of Si powder is, however, still hindered owing 

to two major problems. One is the low intrinsic electrical conductivity of Si and the other is a large 

volume change (>300%) during the alloying/de-alloying reaction of Si with Li+ ions (Si + xLi+ + xe- ↔ 

LixSi (0 ≤ x ≤ 4.4), which leads to pulverization and causes significant capacity loss.8-10 

  The use of nanostructured materials (e.g., nanoparticles, nanowires, nanotubes, hollow structures) is 

a typical approach for improving the electrochemical properties of these electrodes.11-16 Compared to 

bulk materials, nanomaterials have several advantages, including (i) a higher interfacial area that can 

enhance charge/discharge rates, (ii) shorter path lengths of Li+ ion transport that increase power 

capabilities, and (iii) release of the mechanical strain during lithiation/delithation process that can 

improve the cycling life. However, the nanostructured electrodes also have several disadvantages, 

including (i) a serious side reaction due to a high surface activity, (ii) a low tap density related to the 

large surface-to-volume ratio, and (iii) a tendency of aggregation during the lithiation/delithiation 

process that degrades the cycling life. 

  To emphasize the advantages and minimize the disadvantages of Si-based nanomaterials, a rich 

variety of methods have been developed, such as dispersing Si into an inactive/active matrix,17,18 design 

of novel structures,19-22 surface coating with an inactive layer,23,24 and surface coating with electronically 

conductive layer.25-27 Among them, a simple, but straightforward route is to coat the Si surface with 

conductive materials which can enhance the electrical conductivity of Si and may alleviate a large 

volume change during cycling. Typically, carbon coating process has been used with several advantages, 

like (i) preventing aggregation of Si particles, (ii) buffering a large volume change, (iii) forming a stable 

solid-electrolyte interface (SEI) layer, and (iv) increasing the electrical conductivity.10,14,19,20 However, 

the carbon coating process requires high-temperature process (>700 oC), such as a carbonization of 

carbon source materials or thermal decomposition of acetylene gas. 
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  To further enhance electrical conductivity of Si-based materials, metal coating process (e.g., Ag, Fe, 

Co, and Cu) is one of the effective methods which can be used at relatively low temperature.28-32 For 

example, Yu et al. reported that Ag nanoparticles were coated on the surface of Si particles via Ag-

mirror reaction process, resulting in improving the battery performance and reversible lithium storage 

capacity.32 As another example, Cu deposition on the Si surface enhanced the electrical conductivity of 

Si particles, leading to increasing initial coulombic efficiency and capacity retention, compared to 

carbon-coated Si electrodes.28,30,33 Above mentioned examples have been used a multi-step process to 

coat the metal particles on the Si surface. 

Herein, we report a simple chemical approach for synthesizing Ag-coated Si nanoparticles via a one-

pot reduction process in the presence of alkylamine at low temperature, in which Ag-amine complex 

suppresses the growth of Ag nanoparticles, leading to a uniform Ag coating on a Si surface. The Ag-

coated Si particles are highly dispersive in aqueous and alcoholic solvents and significantly increase 

the electrical conductivity of Si electrodes. These results demonstrate that highly conductive Ag-coated 

Si electrodes (i) reduce charge transfer resistance, (ii) increase a specific reversible capacity, (iii) 

enhance a cycling stability, (iv) improve a high rate capability, and (v) alleviate a large volume change 

during cycling. 
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2.2 Experimental 

 

2.2.1 Synthesis of silver-coated silicon 

 To synthesize the silver-coated silicon, 0.25 g of Si powder with average diameter of 50nm (Aldrich) 

was dispersed into 20 mL of ethanol at 50 oC in a propylene reactor. The propylene reactor avoids any 

binding between Ag ions and the container. And then, 5-200 mM of silver nitrate (AgNO3, Aldrich) was 

added to the solution and 1.5-200 mM of n-butylamine (Aldrich) was added subsequently. To know the 

variation of silver coverage on the silicon surface, the molar ratio of AgNO3/butylamine and the AgNO3 

concentration were controlled. After stirring for 10 min, Ag-coated Si particles were rinsed with ethanol 

to remove residual Ag precursors. Finally, it was filtered out and dried at 80 oC for 12 h in a vacuum 

oven. 

 

2.2.2 Characterization of silver-coated silicon 

 The morphology of bare Si and Ag-coated Si were characterized by a transmission electron 

microscopy (TEM, JEM-1400) operating at the acceleration voltage of 120 kV. For the TEM 

measurement, the silver-coated silicon was dispersed in the ethanol, and then transferred on the 

Formvar-coated coppoer grid. The high power X-ray diffractometer (Rigaku D/MAX) at 2500 V was 

performed in order to investigate the microstructures of bare Si and Ag-coated Si particles. To compare 

the dispersion of bare Si and Ag-coated Si, both samples were measured by a scanning electron 

microscope (SEM, Nano SEM 230, FEI) operating at 10 kV. The electrical conductivities of bare Si and 

Ag-coated Si were measured thorough a four point probe method using Advanced Instrument 

Technology (AIT) CMT-SR1000N. 

 

2.2.3 Electrochemical tests 

The electrochemical properties of bare Si and Ag-coated Si electrodes were tested by galvanostatic 

discharging and charging in coin-type half cells (2016 R-type). The cells that were composed of active 

material/super P carbon black/binder composite as a working electrode and lithium metal as a counter 

electrode, were prepared in an argon-filled glove box. The electrode was composed of active material 

(bare Si or Si@Ag, 70 wt%), super P carbon black (10 wt%), and poly(acrylic acid)/sodium 

carboxymethyl cellulose (50/50 wt%/wt%, Aldrich) binder (20 wt%). The resulting slurry was coated 

on a Cu current collector and dried in a vacuum oven at 150 oC for 2h. The electrolyte was composed 

of 1.3M LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC, 30/70 v/v, Panaxetec) with 10 wt% 

fluoroethylene carbonate (FEC). The cells were cycled at a rate of 0.05-20 C between 0.005-1.5 V (vs. 

Li/Li+). All electrochemical measurements were carried out with a WBCS-3000 battery cycler 

(Wonatech Co.) at room temperature. 
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2.3 Results and discussion 

 

Typically, silver coated silicon particles have been synthesized through a silver-mirror reaction that 

silver nitrate (AgNO3) was directly reduced by a glucose, the average Ag particle size of <200 nm.31,32,34 

In this study, we used a butylamine as a reducing agent instead of glucose, so, 0.25 g of Si powder was 

dispersed into 20 mL of ethanol at 50 oC, and then, 5 mM of AgNO3 was added to the solution and 5 

mM of butylamine was added subsequently with 10 min stirring. In general, the solubility of AgNO3 in 

alcohol solvent is a quite low, however, when amine-based chemical is added, the solubility of Ag 

precursors in ethanol enhances significantly.31,32,34 Compared to a strong reducing agent (e.g., NaBH4, 

NH2NH2), the butylamine slowly reduces Ag precursors to Ag nanoparticle. In the presence of 

alkylamine, Ag nanoparticles are grew by the following complex equilibrium.34 

[Ag(R-NH2)2]+  [Ag(R-NH2)]+ + R-NH2   (1) 

[Ag(R-NH2)]+  Ag+ + R-NH2            (2) 

The Ag-amine complex ions gradually release Ag+ ions for a slow reduction process and Ag 

nanoparticles are formed with the size of <20 nm on the Si surface (Scheme in Figure 2.1). The size of 

Ag particles and the surface coverage can be tuned easily by controlling the ratio of butylamine and 

AgNO3, consequently the dimension of Ag nanoparticles can be changed. 

Figure 2.1 shows TEM images of Ag-coated Si nanoparticles synthesized via a chemical reduction of 

Ag precursor in the presence of butylamine. As-synthesized Ag-coated Si particles were deposited on a 

Formvar-coated copper grid to characterize the size of Ag particles. The Ag nanoparticles were 

uniformly coated on the Si surface with an average diameter of 13 nm (Figure 2.1.a & 2.1.b). It should 

be noted that the as-synthesized Ag-coated Si nanoparticles are suspended well in water and ethanol, 

while bare Si particles are aggregated in the bottom of solution. In order to investigate the dispersion of 

bare Si and Ag-coated Si particles in H2O, 10 mg of Si (or Ag-coated Si) was dispersed in 3 mL of H2O 

and drop casted on Si substrates. The Ag-coated Si particles were highly dispersed without any 

aggregation, while the bare Si particles were aggregated seriously each other (Figure 2.1c & 2.1d). The 

magnified SEM images showed more clearly the dispersion of both samples (Figure 2.2). 

Figure 2.1.e shows the X-ray diffraction (XRD) patterns of bare Si and Ag-coated Si particles. The 

bare Si showed a pure crystalline Si and a small amount of native oxide (SiOx). However, Ag-coated Si 

showed three additional diffraction peaks at 2 = 38.2o, 44.4o, 64.6o that correspond to (111), (200), and 

(220) planes of face-centered cubic Ag (JCPDS Card No. 4-783). From the XRD patterns, we calculated 

the crystal size (~7.8 nm) of the Ag using the Scherrer equation, L = 0.9λ/(Bcos), where L is the 

diameter of the crystallites, λ is the X-ray wavelength, B is the full width at half maximum, and  is the 

Bragg angle.35 The result is similar as an average particle size (~7 nm) obtained from TEM. Morever, 

the Ag content was measured as ~3 wt% by inductively coupled plasma mass spectrometry (ICP-MS). 
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Figure 2.1. Top: schematic illustration showing synthetic route of Ag-coated Si. Bottom: (a), (b) TEM 

images of Ag-coated Si synthesized by a chemical reduction of 5 mM AgNO3 with 5 mM butylamine. 

SEM images of (c) bare Si and (d) Ag-coated Si prepared on Si substrates. (e) XRD patterns of bare Si 

(black) and Ag-coated Si (red) 
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Figure 2.2. SEM images of (a) bare Si and (b) Ag-coated Si particles dispersed on the Si substrates. 
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The particle size and surface coverage of Ag nanoparticles on the Si surface can be controlled by 

various molar ratio of AgNO3/butylamine as shown in Figure 2.3. When a fixed concentration of 5mM 

AgNO3 reacts with 1.5, 5, 10, and 20 mM of butylamine in ethanol solution containing 0.25 g Si 

powders, Ag nanoparticles with an average particle size of 4, 7, 14, and 15 nm were decorated on the 

Si surfaces, respectively. When a small molar ratio of butylamine/AgNO3 (0.3) was used, small Ag 

nanoparticles of ~4 nm were formed due to insufficient reduction reaction (Figure 2.3.a). With 

increasing the molar ratio of butylamine/AgNO3, Ag particle size was also increased and reached 

plateau at molar ratio of ~4 (Inset of Figure 2.3.a). Considering Ag particle size and surface coverage, 

the equal amounts of AgNO3 and butylamine are best condition to make Ag-coated Si nanoparticles 

(Figure 2.3.b). It should be noted that there is no any colloidal Ag particles formed in the solution, it 

means that no nucleation center existed in the solution, because butylamine is a very weak reducing 

agent.36,37 

Moreover, we investigated the effect of the amount of AgNO3 and butylamine with a fixed molar ratio 

(AgNO3/butylamine = 1) on the size and surface coverage of Ag nanoparticles. When the concentration 

of AgNO3 was tuned from 10 to 200 mM, an average diameter of Ag nanoparticles steadily increased, 

but Ag nanoparticles were seriously aggregated with a high surface coverage (Figure 2.4). From a plot 

of Ag content versus concentration of AgNO3, we can see that surface coverage of Ag nanoparticles is 

exponentially increased at low AgNO3 concentration regions (5-50 mM), and steadily increased at high 

concentration (100-200 mM) (Figure 2.5). 
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Figure 2.3. TEM images of Ag-coated Si synthesized by four different molar ratios of AgNO3 and 

butylamine. 5mM of AgNO3 reacts with (a) 1.5mM, (b) 5mM, (c) 10mM, and (d) 20mM of butylamine 

at 50 oC for 10 min. Inset of Figure 2(a) shows the average Ag particle size as a function of butylamine 

concentration. 
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Figure 2.4. TEM images of Ag-coated Si synthesized by a fixed molar ratio (AgNO3/butylamine = 1) 

but four different concentrations of (a) 10 mM, (b) 50 mM, (c) 100 mM, and (d) 200 mM of AgNO3 

and butylamine. 
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Figure 2.5. Ag particle size and weight percent of Ag as a function of AgNO3 concentration. (a) Particle 

size versus concentration of AgNO3 and (b) Ag contents versus concentration of AgNO3. Ag-coated Si 

particles were prepared by several different AgNO3 concentrations with a fixed molar ratio 

(AgNO3/butylamine = 1). 
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The electrochemical performances of bare Si and Ag-coated Si particles as anodes in LIBs was tested 

with a coin-type half (2016R) within 0.005-1.2 V (vs. Li/Li+). In case of the Ag-coated Si electrode, 

sample that contained 3 wt% of Ag content was used to minimize an alloying reaction between lithium 

and Ag, since Ag particles can alloy with lithium below 0.1 V.38 

 Figure 2.6.a shows the first cycle discharge (lithiation) and charge (delithiation) voltage profiles of the 

bare Si and the Ag-coated Si electrodes at 0.1 C rate. The bare Si shows first discharge capacity of 1690 

mA h g-1 and charge capacity of 1300 mA h g-1, respectively, corresponding to a coulombic efficiency 

of 76.9%. The specific charge capacity of the bare Si electrode was significantly decreased due to the 

poor electrical conductivity of Si materials. However, the Ag-coated Si electrode exhibited a discharge 

capacity of 1940 mA h g-1 and a charge capacity of 1550 mA h g-1, indicating an enhanced coulombic 

efficiency of 80%. The increased charge capacity of the Ag-coated Si is attributed to the enhnacement 

of electrical conductivity. When the conductivity of both electrodes were measured by four point probe 

method, the electrical conductivity of the Ag-coated Si (1.62 x 10-4 S/cm) was one order of magnitude 

higher than that of the bare Si electrodes (3.07 x 10-5 S/cm). It should be noted that the Ag coating layer 

acted as the effective pathway for electrical conduction (Figure 2.8). 

Figure 2.6.b shows differential capacity (dQ/dV vs. capacity) profiles of Ag-coated Si electrodes in 

the first (black) and second (red) cycles. In the first discharge (lithiation), one broad peak between 0.17-

0 V is observed, which is attributed to the phase transition of amorphous LixSi phases to crystalline 

Li15Si4.8, 39 And two broad peaks were observed at 0.28 V and 0.44 V during first charge (delithiation), 

which is due to the phase transition between amorphous LixSi and amorphous Si. Upon the second 

discharge, additional broad peak between 0.35 and 0.15 V was observed, resulting from overlapping of 

at least two reaction processes based on the two peaks appearing in the charging process.39 The dQ/dV 

curves of Ag-coated Si is consistent with the previous results reported in the literature for Si 

electrode.6,8,14,39,40 In typical, Ag particles can react with lithium to form lithium alloying.38 However, 

any additional redox peaks were not observed until second cycles, indicating that small amounts of Ag 

nanoparticles (3 wt%) in the Ag-coated Si powder serve as a conducting additive. Meanwhile, the 

differential capacity profiles of bare Si electrode showed similar peak features below 0.3 V (versus 

Li/Li+) compared to Ag-coated Si electrode, except for the shift of first cathodic peak from 0.08 V (bare 

Si) to 0.05 V (Ag-coated Si) because of the formation of different SEI layers (Figure 2.7).39 
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Figure 2.6. Electrochemical performances of bare Si and Ag-coated Si electrodes: (a) First cycle of 

bare Si and Ag-coated Si at 0.1 C in the range of 0.005-1.6 V, (b) differential capacity (dQ/dV) plots 

of both electrodes in the first and second cycles, (c) cycling performance and (d) rate capabilities (0.2-

5 C) of bare Si and Ag-coated Si. 
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Figure 2.7. Differential capacity (dQ/dV) plots of bare Si electrode in the first (black) and second (red) 

cycles. 
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Figure 2.8. Electrical conductivities of bare Si and Ag-coated Si electrodes. 
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The charge capacity of Ag-coated Si electrode after 100 cycles was 1320 mAh g-1 at a 0.2 C rate, 

indicating the capacity retention of nearly 100%, compared to the second cycle charge capacity (Figure 

2.6.c). However, the bare Si electrode showed a serious capacity fading until 30 cycles at the rate of 0.2 

C, which is attributed to the internal resistance due to the formation of unstable SEI layers. The excellent 

cycling performance of Ag-coated Si electrode can be explained as follows: (i) electrically conductive 

Ag layers enhance the electrical conductivity of Si significantly. (ii) Nano-sized Si particles can 

withstand effectively the stress caused by the large volume change without fracture.41 (iii) Ag-coating 

layers prevent the aggregation of Si nanopowders. And (iv) Ag-coating layers are mechanically strong, 

these can effectively prevent the pulverization of Si and support a stable SEI layer formation. These 

characteristics enabled the Ag-coated Si electrode to serve a fast discharging/charging process in LIBs. 

The rate capabilities in the range of 0.2 to 5 C rates of bare Si and Ag-coated Si electrode were plotted 

in figure 2.6.d. The bare Si electrode showed a reversible charge capacity of 420 mAh g-1 at 5 C rate, 

corresponding to the capacity retention of 29.8% compared to 0.2 C rate. In contrast, the Ag-coated Si 

exhibited an enhanced reversible capacity retention of 46.4% at 5 C rate, compared to the bare Si. 

Additionally, excellent electrochemical performances of the Ag-coated Si electrode are attributed to 

stable Ag-coating and SEI layers. As mentioned before, the formation of stable SEI layers is one of the 

critical factors to obtain a stable cycling performance. When the potential where Si react with lithium 

was considered, the electrolyte used in this study will be decomposed inevitably on the Si surface. 

Therefore, continuous discharging and charging cycles cause the formation of thicker and thicker SEI 

layers on the Si surface. The electrically insulating SEI layers and the increase of lithium diffusion 

distance result in a low rate capability and a capacity fading.22  
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Figure 2.9. TEM images of bare Si ((a) and (b)) and Ag-coated Si ((c) and (d)) electrodes after 100 

cycles. 
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In order to investigate morphologies and SEI layers of Si nanoparticles after cycling, we disassembled 

both electrodes and washed them with dimethyl carbonate (DMC) to remove a residual LiPF6-based 

electrolyte. Figure 2.9 shows TEM images of the bare Si and the Ag-coated Si electrodes after 100 

cycles. The morphology of bare Si particles changed from spherical shape to sponge-like structures and 

serious aggregations of Si nanoparticles were observed due to a formation of thick SEI layers and a 

large volume change on repeated cycling (Figure 2.9.a & 2.9.b). In contrast, the morphology of Ag-

coated Si particles was similar to that of as-synthesized Ag-coated Si, except for the thin SEI formation 

(Figure 2.9.c & 2.9.d). It should be noted that the Ag-coated Si nanoparticles maintain structurally intact 

and Ag nanoparticles are still attached to the Si surface even after 100 cycles, providing the excellent 

electrochemical performance. Moreover, Ag nanoparticles greatly reduce the aggregation of Si 

nanoparticles, giving a stable cycling performance of active materials. 

The electrochemical impedance spectra (EIS) of bare Si and Ag-coated Si electrodes were also 

measured to investigate the effect of Ag coating layer on the cycling performance. The AC impedance 

spectra of cells after 100 cycles were analyzed (Figure 2.10). A semicircle at the high frequency region 

indicates the diffusion resistance of Li ions through the SEI layer (RSEI). The cell impedance of the bare 

Si electrode was RSEI = 167 , while the Ag-coated Si exhibited a significantly reduced diffusion 

resistance, RSEI = 100 . It may be attributed to the uniform dispersion of Si particles with good 

electrical connectivity of Ag-coating layers, giving the reduction in charge-transfer resistance. 
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Figure 2.10. Electrochemical AC impedance spectra of bare Si (black) and Ag-coated Si (red) 

electrodes after 100 cycles. 
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2.4 Conclusion 

 

We described a facile, but straightforward process to synthesize Ag-coated Si particles via a one-pot 

chemical reduction process at low temperature. The uniformly Ag-coated layers on the Si surface were 

electrically conductive and Ag particle size and surface coverage could be controllable. Also, the highly 

dispersive Ag-coated Si particles and the significant conductivity enhancement of Si led to markedly 

improved electrochemical performances, including a high reversible capacity, a superior cycling life, 

and excellent rate capabilities in lithium-ion batteries. This simple chemical reduction process can be 

extended to other metal and/or metal oxide materials to synthesize high-performance anode materials 

for practical battery applications. 
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III. Synthesis of antimony-doped tin oxide coated natural graphite and 

its electrochemical property as battery anode 

 

3.1 Introduction 

 

Currently, lithium-ion batteries (LIBs) have attracted much attention as energy storage devices 

owing to their high energy and high power density, light weight, and environmental safety.1 Among 

many anode materials, natural graphite is a standard material due to its high reversibility, small volume 

change and low cost. However, since large size energy storage systems have been required for electric 

vehicles (EVs) and smart grids,2-6 limited capacity (372 mA h g-1) of graphite has been problems 

concerning high-energy density applications.7-8 Therefore, many researchers have studied to develop 

anode materials which exhibit a high capacity, a long cycling life and an excellent high rate performance. 

Various strategies have been developed including carbon-based materials,9 polymers,10 metal oxides, 

11-16, and their composites.17-20 Among them, SnO2 has been considered as a potential anode owing to 

its higher theoretical specific capacity of 790 mAh g-1 and reasonable discharge potential (<1.5 V). 

However, its large volume expansion and severe aggregation during the Li+ insertion and extraction 

leads to pulverization and loss of capacity.21-26 To solve these problems, antimony (Sb) particles are 

doped within the SnO2 particles (denoted as ATO), in which Sb is a common n-type dopant in SnO2. 

The concentration of free electrons in SnO2 significantly increases after Sb doping, so that the ATO 

exhibits high electrical conductivity and high optical transmission. With these advantages, ATO has 

been attracted much attention to numerous applications, such as transparent electrodes, displays, 

electrochromic windows, rechargeable LIBs, and energy storage devices.27-29 

In this paper, we describe synthesis of new type of graphite composite whose surface is homogenously 

covered with ATO nanoparticles. The as-synthesized ATO-graphite composite exhibits significantly 

improved electrochemical performances including a high specific reversible capacity, highly stable 

cycling property, and excellent rate capability, compared to pristine graphite. 
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3.2 Experimental 

 

3.2.1 Synthesis of ATO-coated graphite 

1.5 g of natural graphite powder was put into a hydrogen peroxide (H2O2, 34.5 wt%, SAMCHUN 

Chemical), and the mixture was stirred at 50 oC for 30 minutes to activate the surface of graphite. 

Subsequently, the natural graphite was separated by a centrifugation and dried at 80 oC in a vacuum 

oven. Then, 0.25-1.5 g of ATO colloidal solution (an average particle size = 20 nm, solid content = 30 

wt% in methanol, FNC CHEM Co.) was added to the 5 mL of methanol (>99.9 %, Aldrich) and 1.5g of 

activated natural graphite was added with stirring for 2 hr. Also, citric acid (Aldrich) was added to the 

mixture of ATO and graphite to coat ATO on the graphite more uniformly and to use as a carbon source. 

After the sufficient stirring, the mixture was dried at 80 oC in a vacuum oven to remove the methanol 

completely. The dried sample was heated to 400 oC at a speed of 2 oC min-1 for 5 h in air.  

 

3.2.2 Characterization of ATO-coated graphite 

 Surface morphologies of pristine graphite and ATO-coated graphite were characterized by a scanning 

electron microscopy (SEM, Nano SEM 230, FEI) operating at 10 kV. The microstructure of both 

graphite particles were analyzed from high power X-ray diffractometer (Rigaku D/MAX) at 2500 V 

between 10° and 80° at a scan rate of 2° min-1. The elemental analysis (EA) was performed in order to 

investigate the contents of ATO nanoparticles on the graphite surface. 

 

3.2.3 Electrochemical tests 

The electrochemical properties of pristine graphite and ATO-coated graphite electrodes were tested 

by galvanostatic discharging and charging in coin-type half cells (2016 R-type). The cells that were 

composed of active material/super P carbon black/binder composite as a working electrode and lithium 

metal as a counter electrode, were prepared in an argon-filled glove box. The electrode was composed 

of active material (pristine graphite or ATO-coated graphite, 90 wt%), super P carbon black (2 wt%), 

and poly(acrylic acid)/sodium carboxymethyl cellulose (50/50 wt%/wt%, Aldrich) binder (8 wt%). The 

resulting slurry was coated on a Cu current collector and dried in a vacuum oven at 150 oC for 2 hr. The 

electrolyte was composed of 1.3M LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC, 30/70 v/v, 

Panaxetec) with 10 wt% fluoroethylene carbonate (FEC). The cells were cycled at a rate of 0.2-5 C 

between 0.005-3 V (vs. Li/Li+). All electrochemical measurements were carried out with a WBCS-3000 

battery cycler (Wonatech Co.) at room temperature. 
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3.3 Results and discussion 

 

We developed a facile synthetic process to produce the ATO nanoparticles-based surface modification 

of graphite materials, denoted as ATO-NG. Schematic illustration describes synthetic routes of ATO-

NG materials (Figure 3.1). Typically, because the surface of natural graphite is very hydrophobic, it is 

hard to modify the surface with other materials. For this reason, the natural graphite was activated to 

improve the reactivity with different material. The graphite powders were put into a hydrogen peroxide 

at 50 oC with 30 min stirring. Then, 0.5 g of 30 wt% ATO colloidal solution was added to the 5 mL of 

methanol and 1.5g of activated graphite was added subsequently with 2 hr stirring. Owing to the good 

dispersion of ATO nanoparticles in methanol, the graphite particles were compatible with the ATO 

colloids. After 2 hr, the mixture was dried to remove the solvent completely and heated at 400 oC for 5 

hr under air atmosphere to make ATO-encapsulated natural graphite. 

SEM images in Figure 3.1 shows the surface morphologies of the ATO-NG particles. To investigate 

the effect of surface activation of graphite, two samples were prepared; one is non-activated natural 

graphite and the other is activated natural graphite. The pristine graphite (Figure 3.1.a & 3.1.b) showed 

smooth planes with the size of around 20 μm. The ATO-NG using non-activated graphite (Figure 3.1.c 

& 3.1.d) exhibited small amount of ATO nanoparticles. In contrast, activated natural graphite (Figure 

3.1.e & 3.1.f) showed ATO-NG particles decorated with large amount of ATO particles. It should be 

noted that the surface of graphite was changed from hydrophobic to hydrophilic through the activation 

process, so that ATO nanoparticles could be easily deposited on the graphite surface. 

To confirm the ATO nanoparticles, we obtained XRD patterns of pristine graphite and ATO-NG 

particles (Figure 3.2). The XRD patterns of pristine graphite showed a pure graphite (JCPDS Card no. 

23-0064), while the ATO-NG showed new peaks which are in good agreement with the reflections of 

cassiterite SnO2 (JCPDS Card no. 21-1250). Meanwhile, antimony (Sb) doping made shift of peak 

positions a little, indicating that Sb is cooperated into the SnO2 lattice to form the ATO solid solution.30-

31 
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Figure 3.1. Top: schematic illustration showing synthetic process of ATO-NG. Bottom: SEM images 

of (a) and (b) bare natural graphite, (c) and (d) ATO-NG1:10 using non-activated NG, (e) and (f) ATO-

NG1:10 using activated NG. 
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Figure 3.2. XRD patterns of bare natural graphite (black), ATO-NG1:10 using non-activated NG (red), 

and ATO-coated graphite1:10 using activated (blue). 
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The surface coverage of ATO nanoparticles on the graphite surface can be tuned by controlling the 

amount of ATO colloidal solution. We synthesized three samples with different ratio of natural graphite 

to ATO nanoparticles. When 1.5 g of natural graphite reacted with 0.25 g (0.075 g of pure ATO, ATO-

NG1:20), 0.5 g (0.15 g of pure ATO, ATO-NG1:10), and 1.5 g (0.45 g of pure ATO, ATO-NG3:10) of ATO 

colloidal solution, the increasing amount of ATO nanoparticles showed higher surface coverage to the 

graphite (Figure 3.3). The SEM images in Figure 3.3 show various surface morphologies of ATO-NG 

particles. The ATO-NG1:20 (Figure 3.3.a & 3.3.b) looked like no ATO nanoparticles on the graphite 

surface in a low magnification due to small amount of ATO. However, ATO nanoparticles were 

observed in a high magnification. The ATO-NG1:10 was clearly seen in the SEM image (Figure 3.3.c & 

3.3.d). In case of the ATO-NG3:10, more densely covered ATO nanoparticles were seen on the graphite 

surface (Figure 3.3.e & 3.3.f). However, non-uniformly coated ATO and serious aggregated ATO were 

observed on the graphite surface. From these results, we can say that the optimum condition is ATO-

NG1:10. 

The XRD patterns of three ATO-NG samples were analyzed to confirm the ATO nanoparticles (Figure 

3.4). All samples showed typical peaks of natural graphite and ATO nanoparticles, and no other peaks 

were existed. 
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Figure 3.3. SEM images of (a) and (b) ATO-NG1:20, (c) and (d) ATO-NG1:10, (e) and (f) ATO-NG3:10. 
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Figure 3.4. XRD patterns of ATO-NG1:20 (black), ATO-NG1:10 (red), and ATO-NG3:10 (blue).  
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Numerous studies on the modification of natural graphite have been reported including mild 

oxidation, metals or metal oxides deposition, polymer coating, carbon coating, and so on.8 Especially, 

carbon coating process has been used with several advantages, such as increasing the electrical 

conductivity and forming a stable solid-electrolyte interface (SEI) layer.32-33 

To use of several advantages of carbon layers, we modified synthetic routes mentioned above. When 

citric acid, which acts as a carbon precursor, was added to the mixture of ATO colloidal solution and 

activated graphite. Since the solubility of pure citric acid in alcohol is quite high, citric acid is dispersed 

well in ATO nanoparticle-dispersed methanol. Subsequent process is the same as that of ATO-NG 

synthesis. Only different thing is that the citric acid evaporates at 400 oC in air, and then changed to 

inert Ar atmosphere in order to carbonize the citric acid. The surface morphologies of ATO-coated 

graphite were shown in Figure 3.5. SEM images of ATO-NG1:20 with carbon layers (Figure 3.5.a and 

3.5.b) and ATO-NG1:10 with carbon layers (Figure 3.5.c and 3.5.d) show that more uniformly coated 

ATO nanoparticles are obtained by introduction of citric acid. Also, we confirmed that carbon coating 

process was not change the microstructure of ATO nanoparticles by XRD patterns (Figure 3.6). 

To investigate the contents of ATO nanoparticles, the element analysis (EA) was performed; the ratio 

of ATO nanoparticles to natural graphite=1:10 was fixed (Figure 3.7). Among several samples, ATO-

NG1:10 using non-activated graphite and without carbon coating (Figure 3.7.a) had a smallest ATO 

contents due to the poor reactivity between ATO nanoparticles and graphite, compared to ATO-NG1:10 

using activated graphite without carbon coating (Figure 3.7.b) and non-activated graphite with carbon 

coating (Figure 3.7.c). These results showed similar contents of ATO particles, indicating that ATO 

nanoparticles should be coated well on the graphite surface. As expected, large amount of ATO 

nanoparticles were detected in the ATO-NG1:10 using activated graphite with carbon coating (Figure 

3.7.d).  
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Figure 3.5. SEM images of (a) and (b) ATO-NG1:20 with carbon coating, (c) and (d) ATO-NG1:10 with 

carbon coating. 
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Figure 3.6. XRD patterns of bare natural graphite (black), ATO-NG1:20 with carbon coating (red), and 

ATO-NG1:10 with carbon coating (blue). 
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Figure 3.7. Elemental analysis (EA) of ATO-NG. The amount of ATO colloidal solution was fixed to 

0.5 g: Without carbon coating using (a) non-activated graphite and (b) activated-graphite, and with 

carbon coating using (c) non-activated graphite and (d) activated graphite.  
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The electrochemical properties of pristine graphite and three different ATO-NG particles were tested 

by galvanostatic discharging and charging using a coin-type half cell (2016R) within 0.005-3.0 V (vs. 

Li/Li+). Figure 3.8.a shows the first voltage profiles of all electrodes at 0.2 C rate. ATO-NG1:20 showed 

discharge (lithiation) and charge (delithiation) capacities are 432 and 380 mAh g-1, respectively, and 

the ATO-NG1:10 has a discharge (charge) capacities of 475 (399) mAh g-1. In particular, ATO-NG1:10 

with carbon layers exhibits an enhanced discharge capacity of 533 mAh g-1 and charge capacity of 460 

mAh g-1, corresponding to an initial coulombic efficiency of 83%. We can explain the increasing 

capacity as follows: ATO nanoparticles are deposited easily and uniformly on the graphite surface 

through carbon coating process, so that ATO-NG1:10 with carbon layers show the highest contents of 

ATO (Figure 3.7). In this case, approximately 20wt% ATO nanoparticles contributed to the specific 

capacity. Theoretical capacity of graphite is 372 mAh g-1, while ATO exhibits 1500 mAh g-1.34  

Figure 3.8.b shows the cycling performance of all samples at 0.5 C rate. The natural graphite exhibits 

low charge capacity of 277 mAh g-1 after 50 cycles, corresponding to the capacity retention of 87% 

compared to initial capacity. Meanwhile, the ATO-NG1:10 with carbon layers exhibits the charge 

capacity of 394 mAh g-1 after 50 cycles, with a capacity retention of 86%. All ATO-NG electrodes show 

stable cycle retention, because ATO nanoparticles can also enhance the electrical conductivity.35 

The rate capabilities of electrodes are plotted in Figure 3.9. The natural graphite shows a significant 

capacity drop at 3 C rate and a specific capacity of only 43% at 5 C compared to the capacity at 0.2 C 

rate. In contrast, ATO-NG1:10 with carbon layers showed outstanding rate capability until a high rate of 

5 C, with a specific capacity of 81 % at 5 C compared to 0.2 C. This result indicates that uniformly 

coated ATO particles leads to a significant enhancement in the electrical conductivity, resulting in 

superior electrochemical properties. 
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Figure 3.8. Electrochemical performances of bare natural graphite and ATO-coated graphite electrodes: 

(a) First cycle at 0.05 C in the range of 0.005-3 V and (b) cycling performance of bare natural graphite 

and ATO-coated graphite electrodes. 
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Figure 3.9. Rate capabilities (0.2-5 C) of bare natural graphite and ATO-NG electrodes. 
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3.4 Conclusion 

 

In summary, we described a simple process to synthesize ATO-coated graphite particles. The ATO 

nanoparticles were deposited on the graphite surface via a heat treatment and the surface coverage could 

be tuned by controlling of the amount of ATO colloidal solution. In order to coat a more uniform ATO 

layers, the carbon coating process of ATO-NG was introduced using carbon source. The ATO-coated 

graphite particles considerably improved electrochemical performances, including a high reversible 

capacity, a superior cycling life, and an excellent rate capability in LIBs, because the ATO nanoparticles 

on the graphite surface contributed to increase specific capacity and electronic conductivity. This 

strategy can be extended to other materials to synthesize advanced anode and cathode materials for 

practical LIB applications. 
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