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Abstract 
 

Nanomaterials have been attracted due to their peculiar and fascinating 

properties, and applications superior to bulk materials. Various synthesis 

techniques for nanomaterials have been investigated and it is proven that the 

nanomaterials show the enhanced physical and chemical properties in various 

fields such as catalyst, sensors, and energy application.   

In this research, the three main topics will be discussed: 1) synthesis of 

SnO2 based hollow sphere and their electrochemical properties, 2) synthesis of 

one-dimensional SnO2 nanostructures and control growth, 3) preparation of 

silicon nanostructure by magnesiothermic reduction for Li-ion battery application. 

In the first chapter, design and synthesis of zero-dimensional SnO2 based 

nanostructures for anode material of Li ion battery is studied. The demand for 

high energy and power density lithium ion batteries (LIBs) has increased in hybrid 

electric vehicles (HEVs) as well as light-weight and portable electronic devices. 

In commercial LIBs, graphite-based materials are widely used as an anode, but the 

theoretical capacity is only 372 mAhg. Therefore, intensive researches have been 

focused on the high capacity electrode materials such as Si, Ge, Sn, and SnO2. 

Among various candidates, SnO2 is one of the promising materials for anode 

electrode in LIBs due to its high theoretical capacity (782 mAh g-1). However, a 
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large and uneven volume change, about 300%, occurs upon lithium 

insertion/extraction, which causes a pulverization and electrical connectivity loss. 

Hollow sphere is the most promising structure because the interior hollow space 

can accommodate the volume change during lithiation and delithiation. So, the 

electrochemical properties of SnO2-based hollow structures have been intensively 

investigated, and these structures showed an enhanced cycling performance 

compared to the solid SnO2 nanoparticles. However, most of the studies have 

focused on the fabrication of unique nanostructures, and their size was limited to 

100~200 nm. While the size of hollow spheres appears to be a crucial factor, the 

synthesis of size-controlled hollow spheres and the size dependence of the 

electrochemical properties have not been explored. In this study, the size-

controlled SnO2 hollow sphere is synthesized by simple sol-gel process at 

relatively low temperature and the SnO2 hollow sphere electrodes showed the size 

dependent electrochemical properties, and the smallest SnO2 (25 nm) hollow 

sphere exhibited a high reversible capacity of 750 mAh/g as well as excellent 

cyclability. Further improvement of reversible capacity is achieved by adding a 

Co3O4 on the SnO2 hollow sphere. The SnO2@Co3O4 hollow sphere electrode 

shows a high reversible capacity of 963 mAh/g after 100 cycles and good rate 

capability.  

In the second chapter, synthesis and control growth of one-dimensional 
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SnO2 nanostructures are investigated. Metal oxide nanostructured sensors are the 

most promising devices among the solid state chemical sensors, because they have 

many advantages such as a large surface to volume ratio, a Debye length 

comparable to dimension of nanostructure, and low power consumption. SnO2 is 

widely applied to semiconductor gas sensor, as well as anode for Li-ion battery. 

Especially, one-dimensional SnO2 nanostructures, such as nanotube and nanowire, 

have very thin wall-thickness or diameter so it is favorable to detect a low 

concentration of gas. A novel method is developed to fabricate a SnO2 nanotube 

network by utilizing electrospinning and atomic layer deposition (ALD), and the 

network sensor is proven to exhibit excellent sensitivity to ethanol owing to its 

hollow, nanostructured character. The electrospun polyacrylonitrile (PAN) 

nanofibers of 100–200 nm diameter are used as a template after stabilization at 

250 oC. An uniform and conformal SnO2 coating on the nanofiber template is 

achieved by ALD using dibutyltindiacetate (DBTDA) as the Sn source at 100 oC 

and the wall thickness is precisely controlled by adjusting the number of ALD 

cycles. The calcination at 700 oC transforms the amorphous nanofibers into SnO2 

nanotubes composed of several nanometer-sized crystallites. The SnO2 nanotube 

network sensor responds to ethanol, H2, CO, NH3 and NO2 gases, but it exhibited 

an extremely high gas response to ethanol with a short response time (<5 s). 

Furthermore, single crystalline SnO2 nanowire has been intensively investigated, 

as well. However, growth control of nanowire is important for fabrication of 
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reliable device and it required that understating the growth behavior of material. 

However, the growth behavior of SnO2 nanowire is not well-investigated. 

Generally, aligned nanowire could be induce by understanding of (hetero)-

epitaxial relationship between nanowire and substrate. In this study, SnO2 

nanowires were synthesized using a thermal evaporation and the epitaxial grown 

SnO2 nanowires were well-aligned on the r-cut sapphire substrate. Two-types of 

growth mode, vertical and horizontal growth, are observed on the r-cut sapphire. 

At first, the vertically aligned SnO2 nanowire shows three growth directions with 

specific growth angle and it is investigated that this growth behavior is resulted 

from rutile-tetragonal structure of SnO2. And horizontal growth is induced by 

control the distance of metal catalyst. The horizontally grown SnO2 nanowire is 

self-aligned along the one direction and the width of laterally grown nanowire was 

well-controlled by catalyst size.   

Most of all, silicon based systems are definitely attractive candidates since 

silicon has a large theoretical specific capacity at room temperature (Li15Si4 : 3600 

mAh g-1) and low operating voltage (around 0.1 V vs. Li/Li+). However, large 

volume change is occurred during the cycling and it leads to a poor rate capability. 

To overcome these problems, silicon nanostructures have been applied to anode 

materials of Li-ion battery and the enhanced electrochemical properties is 

achieved. But, synthesis of nanostructured silicon is required complicated route 
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with toxic precursor or high cost technique, such as CVD (chemical vapor 

deposition). Recently, magnesiothermic reduction is suggested as new method for 

synthesis of pure silicon from SiO2. This is a low energy consumption process due 

to low processing temperature and short-term heat treatment.  

 In this study, a synthesis of silicon nanosheet is presented by 

magnesiothermic reduction and commercial sand is used as template and silicon 

source. As currently-known, the reduced Si is composed of a few nanometers 

sized silicon grain but the synthesized silicon nanosheet has large sized silicon 

grain, at least 20 nm. The synthesized silicon nanosheet show relatively batter 

electrochemical performance than commercial nano-silicon powder. And the 

reversible capacity and cyclability is improved by applying the graphene 

wrapping on the silicon nanosheet. But the formation of large sized silicon grain is 

not explained by current reduction mechanism. So, the reduction mechanism is 

investigated, additionally. It is revealed that Mg2Si is formed as intermediate 

phase in the initial stage of reduction at 450 ~ 500 oC, and silicon is generated by 

consumption of Mg2Si. Furthermore, inverse opal liked silicon nanostructure is 

prepared on the concept of newly suggested reduction mechanism and the 

formation mechanism of inverse opal structure is investigated. 
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1.1 Wet chemical method for synthesis of nanostructure 

1.1.1. Homogeneous and heterogeneous nucleation and growth  

In the wet-chemical process, the precipitation (or nucleation) is generally 

occurred by concentration of a solute or decreasing temperature. In case of 

homogeneous nucleation of a solid phase from a supersaturated solution, the 

solution with solute exceeding the solubility or supersaturated possesses a high 

Gibbs free energy; the overall energy of the system would be reduced by 

segregating solute from the solution. Figure 1.1.1 is a schematic showing the 

reduction of the overall Gibbs free energy of a supersaturated solution by forming 

a solid phase and maintaining an equilibrium concentration in the solution.  

 

Figure 1.1.1. The reduction of the overall Gibbs free energy of a supersaturated 

solution by forming a solid phase.  

 

This reduction of Gibbs free energy is the driving force for both nucleation 
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and growth. The change of Gibbs free energy per unit volume of the solid phase, 

ΔG , is dependent on the concentration of the solute: 

 

ΔG 	= ln	  = ln	 1 σ   

 

where C is the concentration of the solute, C0 is the equilibrium concentration or 

solubility, Ω is the atomic volume, and σ is the supersaturation defined by (C-

C0)/C0. Without supersaturation (i.e., σ = 0), ΔG  is zero, and no nucleation 

would occur.  

When C > Co, ΔG is negative and nucleation occurs spontaneously. Assuming a 

spherical nucleus with a radius of r is formed, the change of Gibbs free energy or 

volume energy, Δμv, can be described by: 

 

Δμv = πr3ΔG  

 

However, this energy reduction is counter balanced by the introduction of surface 

energy, which accompanied with the formation of new phase. This results in an 

increase in the surface energy, Δμs, of the system: Δμs = 4πr2γ, where γ is the 

surface energy per unit area. The total change of chemical potential for the 

formation of the nucleus, ΔG homo, is given by: 
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ΔG homo = Δμv + Δμs = πr3ΔΔG  + 4πr2γ, (ΔG 	0) 

 

Figure 1.1.2 schematically shows ΔG homo. From this figure, one can easily see that 

the newly formed nucleus is stable only when its radius exceeds a critical size, r*. 

A nucleus smaller than r* will dissolve into the solution to reduce the overall free 

energy, whereas a nucleus larger than r* is stable and continues to grow bigger. At 

the critical size r = r*, dΔG/dr = 0 and the critical size, r*, and critical energy, 

ΔG*
homo, are defined by: 

 

r*
homo

 = 		

	 	
 , and ΔG*

 homo = 
	

	
	 

 

ΔG*
 homo is the energy barrier that a nucleation process must overcome and r*

 homo 

represents the minimum size of a stable spherical nucleus. The above discussion 

was based on a supersaturated solution; however, all the concepts can be 

generalized for a supersaturated vapor and a supercooled vapor or liquid. 

In the heterogeneous nucleation, the ΔG het, r
*

het and ΔG*
het are defined by: 

 ΔG het = πr ΔG 	4πr2γ S θ , (ΔG 	0)  

 r*
het

 = 		

	 	
 and ΔG*

 het = 
	

	
	S θ  
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where, S θ 	
 

 

S θ  has a numerical value 1, therefore the activation energy barrier against 

heterogeneous nucleation is smaller than that of homogeneous nucleation. But, the 

nucleus radius (r*) is not changed.  

 

 

Figure 1.1.2. The excess free energy of solid clusters for homogeneous and 

heterogeneous nucleation. 

 

* Note: This chapter is summarized from “Phase Transformations in Metals and 

Alloys”, D.A. Poter and K. E. Eastering. 

 

1.1.2. Sol-gel method 
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Sol-gel processing is a wet chemical route for the synthesis of colloidal 

dispersions of inorganic and organic-inorganic hybrid materials, particularly 

oxides, hydroxide and oxide-based hybrids. From such colloidal dispersions, 

powders, fibers, and thin films can be readily prepared and core-shell, hollow 

structure can be synthesized, as well. Furthermore, size of colloid particle is 

relatively controllable, so it is simply prepared bulk materials as well as 

nanomaterials. Although the fabrication of different forms of final products 

requires some specific considerations, fundamentals and general approaches in the 

synthesis of colloidal dispersions are the same. Sol-gel processing offers many 

advantages, including low processing temperature and molecular level 

homogeneity. Sol-gel processing is particularly useful in making complex metal 

oxides, temperature sensitive organic-inorganic hybrid materials, and 

thermodynamically unfavorable or metastable materials. Typical sol-gel 

processing consists of hydrolysis and condensation of precursors. Precursors can 

be either metal alkoxides or inorganic and organic salts. Organic or aqueous 

solvents may be used to dissolve precursors, and catalysts are often added to 

promote hydrolysis and condensation reactions: 

 

1)Hydrolysis:  

M(OEt)4 + xH2O  M(OEt)4-x(OH)x + xEtOH 

2) Condensation:  
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M(OEt)4-x(OH)x + M(OEt)4-x(OH)x  

 M(OEt)4-x(OH)x-1M-O-M(OEt)4-x(OH)x + H2O 

 

A synthesis of SiO2 is well-known sol-gel process. It is studied that the reaction 

rate and particle size were strongly dependent on solvents, precursors, amount of 

water, and ammonia.[1,2] For the different alcoholic solvents, reaction rates were 

fastest with methanol, slowest with n-butanol. Likewise, final particle sizes 

obtained under comparable conditions were smallest in methanol and biggest in n-

butanol. However, there was a tendency toward wide size distributions with the 

higher alcohols. Similar relationship with regard to reaction rates and particle 

sizes was found when comparing results with different ligand sizes in the 

precursors. Smaller ligand resulted in faster reaction rate and smaller particle size, 

whereas larger ligands led to slower reaction rate and large particle size. Ammonia 

was found necessary for the formation of spherical silica particles, since 

condensation reaction under a basic condition yields three dimensional structure 

instead of a linear polymeric chain which occurs under an acidic condition.  

 

1.2. Synthesis of one-dimensional nanostructure 

1.2.1. Synthesis of nanowire by VLS (vapor-liquid-solid) process  

Semiconductors or metal oxide are at the core of the most advanced 

technologies in electronic and optical devices, but defects induced by stress during 
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growth often degrade the electronic and optical properties. The vapor-liquid-solid 

(VLS) growth method, first described in 1964 [3], has attracted overwhelming 

renewed attention during the past decade, as a means of producing stress-free 

single-crystal semiconductor nanowires with unparalleled electronic and optical 

properties suitable for ultraminiaturized electronics [4], optoelectronics [5], Li-ion 

battery [6], solar cell [7,8], and chemical and biological sensing [9]. 

Nanowires are commonly grown using vapor, solution or (template 

directed) electrodeposition methods. High temperature growth from the vapor 

phase is often preferred due to the high crystal quality that can be obtained and the 

ability to grow large quantities of wires at once. So nanowires, grown by VLS 

mechanism, have been intensively attracted. The VLS mechanism consists of 

three stages which are illustrated in Figure 1.2.1(a) First, a metal particle (usually, 

gold) absorbs semiconductor material and forms an alloy. In this step the volume 

of the particle increases and the particle often transitions from a solid to a liquid 

state. Second, the alloy particle absorbs more semiconductor material until it is 

saturated. The saturated alloy droplet becomes in equilibrium with the solid phase 

of the semiconductor and nucleation occurs (i.e solute/solid phase transition). 

During the final phase, a steady state is formed in which a semiconductor crystal 

grows at the solid/liquid interface. The precipitated semiconductor material grows 

as a wire because it is energetically more favorable than extension of the 
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solid/liquid interface.   

 

 

Figure 1.2.1 (a) The stages of (I) alloying, (II) nucleation and (III) growth of 

nanowire synthesis according to the VLS growth mechanism. (b) Pseudobinary 

phase diagram of a semiconductor (SC)-gold system. The arrows indicate the 

subsequent phases when a gold droplet absorbs semiconductor material at a 

constant temperature.  

 

In the VLS mechanism, the diameter of nanowire could be controlled by 

catalyst size.[10] The diameter of nanowire is determined by the diameter of metal 

catalyst or alloy particle. However, there are limitations for downsizing of 

nanowire. Thermodynamically, the minimum radius of a liquid metal droplet is 

given as [11] 
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r 	
2
ln

	 

where  is the molar volume of the droplet, 	 is the liquid–vapor surface 

energy, and s is the degree of supersaturation of the vapor. According to this 

equation, using a smaller catalyst requires a higher degree of supersaturation. 

However, the chemical potential of the component in the metal–alloy catalyst 

becomes high as the size of the catalyst decreases due to the Gibbs–Thompson 

effect: 

∆μ 	
2

 

Here, ∆μ is the chemical potential difference of the component species in the 

liquid droplet,  is the surface energy, and r is the radius of curvature of the 

droplet. Therefore, dissolving a vapor component into a liquid alloy becomes 

increasingly difficult as the size decreases, making it difficult to reach 

supersaturation states that sufficiently induce the growth of nanowires. Indeed, it 

is known that the growth of 1D structure with diameters of several tenths of nm is 

feasible; however, ensuring a smaller diameter is difficult due to the 

thermodynamic limitations associated with the use of a nanocatalyst. Additionally, 

the deformation or evaporation of metal catalyst is also problem for diameter 

decreasing of nanowire. Usually, metal catalysts are applied in the shape of nano-

colloid or thin film. In case of nano-colloid, the agglomeration is occurred by 

strong van der Waals attractive forces and it disturbs the exact size control and the 
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downsizing. Moreover, the small sized metal catalyst is easily melted and 

evaporated, it is getting sever with size decreasing of metal catalyst. In case of 

thin film, thin film is changed to nanoparticle on the substrate during heating up to 

processing temperature. Uniform size control of metal catalyst from thin film is 

very difficult due to Ostwald ripening. Larger metal particles are more 

energetically favorable, so synthesis of smaller diameter of nanowire is limited, as 

well.[12] 

  

 

Figure 1.2.2. (a) Schematic illustrating size-controlled synthesis of Si NWs from 

Au nanoparticles, (b) Histograms of Si NW diameters grown from 5, 10, 20, and 

30 nm diameter of Au nanoparticles, (c) HRTEM images of 6.7-nm, 10.7 nm, and 

20.6 nm diameter NWs grown from 5, 10, and 20 nm catalysts, respectively. The 

scale bars are 2, 5, and 10 nm, respectively. The black lines indicate the crystalline 

Si core.[10] 
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1.2.2. Hetero/epitaxial growth of nanowire  

With increasing the attraction for nanowire and nanowire based devices, 

the well-grown, selectively-grown and well-aligned nanowires have been 

investigated. Recently, well-defined nanowires are applied toward various 

applications. Liber’s group show the nano-sized memory using selectively grown 

nanowire [13] and Yang et al investigated nano-laser by using vertically aligned 

ZnO nanowires [14]. Wang’s group developed the nanogenerator by using 

piezoelectric properties of well-aligned ZnO nanowire [15] and the Field-Effect 

Transistor is designed by vertically aligned nanowire [16]. Moreover, well-aligned 

nanowire is recently applied to solar cell and dye-sensitized solar cell [8]. 

The most effective approach for synthesis of well-aligned nanowire is using 

epitaxial (or hetero-epitaxial) relationship between nanowire and substrate. The 

(hetero)-epitaxial relationship of nanowire is exactly same to that of thin film. 

Especially, the strain energy due to lattice mismatch between nanowire and 

substrate releases during growth of nanowire, so generation of structural defect, 

such as dislocation, is restricted. Vertically well-aligned nanowires have been 

successfully synthesized using hetero-epitaxial growth by various techniques in a 

variety of systems including Si, Ge, InAs, GaAs, In2O3, Ga2O3, and ITO.[17-23] 

The large-scale assembly of horizontal nanowires with controlled 

orientation on surfaces remains a challenge toward their integration into practical 
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devices. For the fabrication of nanowire based devices, several assembly 

processes have been devised, including the use of Langmuir-Blodgett 

compression,[24] electric fields,[25] Fluidic flow assembly,[26] surface 

programmed assembly [27] and etc.[28] Although these post growth assembly 

methods yield relatively well-aligned arrays on a variety of surfaces on a wafer-

scale size, their alignment is subject to thermal and dynamic fluctuations. The 

assembled nanowires are usually not much longer, and there is no control over 

their crystallographic orientation. Moreover, these ex-situ alignment techniques 

are mostly complicated and nanowires might be contaminated by solvents during 

these process. So, in-situ alignment of nanowire during growth is a one of key 

technique for desirable nanowire-based device. Recently, horizontal (or lateral) 

growth behavior of nanowire toward various materials has been attracted because 

the horizontally grown nanowire is able to be aligned to one-direction by 

controlling of orientation or morphology of substrate without further assembly 

treatment. [29-33].  
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Figure 1.2.3. (a) Langmuir-Blodgett compression, (b) Electric field assembly, 

(c) Fluidic flow assembly, (d) Surface-programmed assembly (e) Direct contact  

printing. 

 

For example, horizontally grown GaN nanowires are shown in Figure 1.2.4. The 

horizontal GaN nanowires were controlled crystallographic orientations on 

different planes of sapphire. The growth directions, crystallographic orientation, 

and faceting of the nanowires vary with each surface orientation, as determined by 

their epitaxial relationship with the substrate, as well as by a graphoepitaxial 

effect that guides their growth along surface steps and grooves.  
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Figure 1.2.4. Graphoepitaxial effect on the guided VLS growth of horizontal 

nanowires. (A) Graphoepitaxial effect on C-plane sapphire (schematic). (B) 

Corresponding scanning electron microscope (SEM) images. (C) Graphoepitaxial 

effect on M-plane sapphire (schematic). (D) Corresponding SEM images.[29] 

 

1.3. Preparation of silicon by Reduction process 

1.3.1. Reduction of SiO2 to Si (Carbothermic Reduction) 

The most economically feasible way to produce silicon metal as a 

commodity material of high purity (>99%) is still by carbothermic reduction in an 

electric submerged arc furnace. Carbon from charcoal, wood chips, coal and coke 

is used as reduction agent in the silicon process to release the silicon from quartz. 
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At present, silicon (metallurgical grade silicon) is being produced using electric 

arc furnace based on carbothermic reaction. Fig. 1.3.1 shows the modern silicon 

plant for production of metallurgical grade silicon.[34] 

 

Figure 1.3.1. Principal parts of a modern silicon plant.  

 

 In this process, quartz rock and various reducing agents such as coke, 

coal and wood chips are charged to the furnace and the temperature raised up to 

2400K (2127 oC) by electric arc. Silica is reduced by the reaction with carbon. 

The following intermediate reactions occur to complete the reduction 

process,[35]  

 

SiO2(l) + Si(l) = 2SiO(g)              (1.3.1) 

SiO(g) + 2C(s) = SiC(s) + CO(g)        (1.3.2) 

SiO(g) + SiC(s) = 2Si(l) + CO(g)        (1.3.2) 
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In this process the reductant mixture consisting of lignite, petroleum-coke, 

charcoal and wood chips are the major source of various contaminants in the end 

product, and hence the purity level (99.88%). 

 

1.3.2. Magnesiothermic reduction for silicon nanostructure 

Sandhage’s group reported conversion of diatom frustules (SiO2) to porous 

nanocrystalline silicon using Mg vapor at 650°C (melting point of 

magnesium).[36] The reduction of SiO2, by magnesium, is conducted through the 

following reaction: 

SiO2 + 2Mg = 2MgO + Si ΔG°(650°C) = -260.9 kJ/mol  (1.3.1) 

 

The above reaction is generally accepted for the magnesiothermic 

reduction but it is also suggested that above reaction may involve formation of 

Mg2Si in the early stages, followed by reduction of SiO2 by Mg2Si through the 

following chemical reactions: 

 

SiO2(s) + 4Mg(g) = 2MgO(s) + Mg2Si(s) ΔG°(650°C) = -332.3 kJ/mol  (1.3.2)  

Mg2Si(s) + SiO2(s) = 2MgO(s) + 2Si(s) ΔG°(650°C) = -189.6 kJ/mol  (1.3.3) 
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The Mg2Si, intermetallic compound between Si and Mg, is quietly stable and 

formed from low temperature (Figure 1.3.2). The ΔG of these two reaction is 

negative from room temperature, and ΔG of equation (1.3.3) is more negative 

(Figure 1.3.3). This indicates that these possible reactions are thermodynamically 

more favorable than equation (1.3.1). But, these reactions are not proven 

experimentally because the magnesiothermic reduction is usually conducted at 

high temperature, over 650 oC. So, the kinetic during reduction is too fast to 

investigate the evolution states.  

 

 

Figure 1.3.2. Phase diagram of Mg-Si. 
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Figure 1.3.3. Gibbs free energy of the reactions as a function of temperature.  

 

The Mg2Si phase is also formed by applying excess Mg for 

magnesiothermic reduction: 

 

Si(s) + 2Mg(g) = Mg2Si(s) ΔG°(900°C) = -71.3 kJ/mol  (1.3.4) 

 

Even though Mg2Si phase is easily leached out at HCl solution, it is problem to 

form the silicon nanostructure. The Mg2Si contained reduced Si nanostructure 

might be collapsed by leaching of Mg2Si. So control of Mg2Si is very important 

for synthesis of silicon nanostructure. Recently, magnesiothermic reduction has 

been intensive attention due to low temperature process, but the exact reaction 
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mechanism and effect of reduction conditions have not been well established.  

The interior structure of silicon, prepared by magnesiothermic reduction, 

is composed of a few nano-sized silicon grains. Figure 1.3.3 shows the typical 

micro-structure of silicon, reduced by magnesiothermic reduction. During heating 

up to 650 oC, the SiO2 is reduced by magnesium and the MgO is generated and 

the MgO is located around silicon nano-grain (Figure 1.3.3 (c)). The MgO is 

easily leached out by HCl treatment and the porous silicon could be obtained. The 

figure 1.3.2 (d)-(f) is TEM image of reduced silicon nanostructure and the MgO 

site became pore. This porous structure is suitable to apply for anode of Li-ion 

battery because the porous structures more effectively accommodate a volume 

expansion during lithiation and delithiation.  

 

 

Figure 1.3.4. (a)-(c) as reduced Si-MgO composite, (d)-(f) Acid treated 

mesoporous silicon nanostructure. [37] 
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Currently, graphite is used as anode electrode for Li-ion battery for 

industry due to excellent capacity retention during the cycling. Nevertheless, 

graphite electrode has a low specific capacity (372 mAh g-1) and shows a poor 

rate capability.[38-40] Since the demand for safe Li-ion batteries exhibiting high 

power, large capacity, and high rate capability is ever increasing, new electrode 

materials is required to replace graphite of low capacity. Most of all, silicon based 

systems are definitely attractive candidates since silicon has a large theoretical 

specific capacity at room temperature (Li15Si4 : 3600 mAh g-1) and low operating 

voltage (around 0.1 V vs. Li/Li+).[41, 42] However, silicon based electrodes 

undergo a large volume Change during the cycling and it leads to a poor rate 

capability.[43,44] It is well-known that the nano-sized silicon show good cycle 

retention and high reversible capacity, but the synthesis of silicon nanostructure is 

still required the high cost technique or toxic precursor, such as SiCl4 or SiH4. 

Recently, synthesis of silicon nanostructure by magnesiothermic reduction has 

been intensively attracted. Silicon nanostructures, such as nanoparticle, thin film 

(or plate), hollow sphere, and nanotube, were successfully synthesized by 

magnesiothermic reduction and show high electrochemical performance for Li-ion 

battery.[45-50]  
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Figure 1.3.5. Silicon nanostructures, prepared by magnesiothermic reduction: (a) 

nanosheet,[45] (b) hollow sphere,[46] (c) nanotube,[47] (d) silicon-carbon 

composite, [48] (e) silicon-CNT composite, [49] (d) silicon-graphene composite. 

[50]    
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Chapter 2.  

 

Synthesis of Zero-dimensional SnO2  

Nanostructures for Li-ion Battery 
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2.1. Synthesis of SnO2 hollow sphere with size-control for 

Li-ion battery application 

 

2.1.1. Introduction 

The demand for high energy and power density lithium ion batteries 

(LIBs) has increased in hybrid electric vehicles (HEVs) as well as light-weight 

and portable electronic devices.[1-3] In commercial LIBs, graphite-based 

materials are widely used as an anode, but the theoretical capacity is only 372 

mAhg-1.[4] Therefore, intensive researches have been focused on the high 

capacity electrode materials such as Si, Ge, Sn, and SnO2.[5-7] Among various 

candidates, SnO2 has been attracted as a promising anode material due to its high 

capacity and low reactivity with electrolyte.[8,9] However, a large and uneven 

volume change, about 300 %, occurs upon lithium insertion/extraction, which 

causes a pulverization and electrical connectivity loss. As a result, SnO2 electrode 

shows a fast capacity fading. 

To relieve this problem, various nanostructures have been applied to LIB 

anode including nanoparticles,[10,11] nanotubes,[12,13] nanowires,[14-17] and 

porous structure.[18-20] Among them, hollow spheres are the most promising 

structure for anode electrode of LIBs due to a low density, high surface to volume 
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ratio, structural stability, etc.[21-23] Recently, the electrochemical properties of 

SnO2-based hollow structures have been intensively investigated, and these 

structures showed the enhanced cycling performance compared to the solid SnO2 

nanoparticles.[24-31] However, most of studies have been focused on the 

fabrication of the unique nanostructures, and their size was limited to 100~200 nm. 

The size of hollow spheres appears to be a crucial factor, but the synthesis of size 

controlled hollow sphere and the size dependence of the electrochemical 

properties have not been explored. 

In this study, the size effect of SnO2 hollow spheres is investigated for 

LIB anode application. The nano-sized SnO2 hollow spheres are fabricated by 

SiO2 template-based synthesis and the size of the hollow spheres is controlled by 

using different-sized templates. 

 

2.1.2. Experimental procedure 

 

1) Preparation of SiO2 Colloids: SiO2 colloids with different sizes were prepared 

by the modified Stöbber method. The size of silica nanoparticles was controlled 

by varying the amount of catalysts (28% ammonium hydroxide). The contents of 

reactants, solvent, catalyst, and pH value are shown in Table 2.1.1. For the 

synthesis, 75 mL methanol, 10 mL deionized water, and required amount of 

ammonium hydroxide were first mixed, and then, 2 mL of tetraethylorthosilicate 
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(TEOS, 98+%, Sigma Aldrich) was added. The reaction was conducted at room 

temperature for 2 h. After that, the prepared SiO2 colloid solution was dried with 

adding water, repeatedly, until pH reached about 8. The final volume of each SiO2 

colloid solution was 50 mL . 

 

Table 2.1.1. Experimental conditions for synthesis of SiO2 colloids. 

 

 

2) Synthesis of SnO2 Hollow Spheres: The SnO2 hollow spheres were prepared 

by using SiO2 colloid solution. In a typical experiment (25 nm SnO2 hollow 

sphere), 0.8 g of potassium stannate trihydrate (K2SnO3·3H2O, Sigma Aldrich,) 

was dissolved into 45 mL deionized water and 5 mL of prepared SiO2 colloid 

solution was added. And then, 25 mL of absolute ethanol was added into above 

solution. The solution was heated to 60 °C for 1 h with a mild stirring. The white 

product was collected by centrifuge and washed with deionized water three times, 

dried at 100 °C, and annealed at 600 °C for 1 h. The annealed powder was treated 

with 2 M NaOH solution at 50 °C for 1 h. After that, the SnO2 hollow sphere was 

obtained. 
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Table 2.1.2. Experimental condition for SnO2 coating process 

 

 

Electrochemical Test: For electrochemical measurements, the test electrodes 

consisted of active powder material (0.2 g), carbon black (Ketchen Black, 0.06 g) 

as a conducting agent and poly amide imide (PAI, 0.029 g) dissolved in N-methyl 

pyrrolidinone (NMP) at 60 °C as a binder. Each component was well mixed to 

form a slurry using a magnetic stirrer. The slurry was coated on a copper foil 

substrate, pressed, and dried at 200 °C for 4 h under a vacuum. A coin-type 

electrochemical cell was used with Li foil as the counter and reference electrodes, 

and 1 M LiPF6 in ethylene carbonate (EC)/diethylene carbonate (DEC) (5:5 (v/v), 

PANAX) was used as the electrolyte. The amount of active material loading on 

each copper foil was 1 mg and the mass of Li foil was 70 mg. The cell assembly 

and all electrochemical tests were carried out in an Ar-filled glove box. The 

cycling experiments were galvanostatically performed using a Maccor automated 

tester at a constant current density of 100 mA g-1 for the active material within a 

voltage range between 0.0 and 2.5 V (vs. Li/Li+). The rate capability test was 
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conducted in the following sequence of current density: 100, 300, 500, 1000, 1500, 

and 100 mA g-1. For reference, commercial SnO2 nanopowder (<100 nm, Sigma 

Aldrich) was also examined. 

 

2.1.3. Results and discussion 

Synthesis of nano-sized SnO2 hollow sphere 

The low magnification TEM image (Figure 2.1.1(a)) reveals the core-shell 

structure with bright center (SiO2 template) and dark shell (SnO2 layer). The shell 

thickness is quite uniform. The SnO2 layer is almost amorphous, but 

nanocrystallites are occasionally observed (Figure 2.1.1(b)). After annealing at 

600 ºC and removing SiO2 in NaOH, the SnO2 hollow structure is maintained 

(Figure 2.1.1(c)). The average size of the SnO2 hollow sphere was about 25 nm 

and the individual hollow sphere was agglomerated. The high magnification TEM 

image reveals that the hollow spheres are composed of interconnected 

nanocrystallites of ~3 nm size (Figure 2.1.1(d)). The lattice fringes are clearly 

discerned and the interplanar spacings are determined to be 0.335 and 0.264 nm, 

which are in good agreement with the (110) and (101) planes of SnO2, 

respectively. The shell thickness was less than 5 nm, which indicates that the 

hollow sphere shell consists of a maximum of one or two nanocrystallites. The 

selected area electron diffraction (SAED) patterns of SiO2-SnO2 core-shells 
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(upper) and SnO2 hollow spheres (bottom) are shown in Figure 2.1.1(e). In SiO2-

SnO2 core-shells, a clear diffraction pattern is not observed, whereas the ring 

patterns are evident in the SnO2 hollow spheres, which are completely indexed to 

rutile SnO2. The crystal structure of the samples is further investigated by X-ray 

diffraction (XRD) (Figure 2.1.1(f)). The diffraction peaks for as-coated SiO2-

SnO2 core-shells are broad with a very weak intensity because the SnO2 shells are 

not completely crystallized during the coating process. After annealing at 600 ºC 

and removing SiO2, the SnO2 hollow spheres are crystallized into a single phase 

rutile SnO2. All the peaks are broadened due to the nanocrystalline nature of the 

SnO2 particles. This result agrees well with the TEM image. To determine the 

specific surface area, Brunauer-Emmett-Teller (BET) nitrogen 

absorption/desorption analysis is performed. The BET surface area of annealed 

SiO2-SnO2 core-shells is 41.0 m2 g-1 and that of SnO2 hollow spheres is around 

117.9 m2 g-1. This increase is attributed to the hollow nature and nanoporous shell.  

 

The synthesis temperature of the SnO2 shell layer is varied from 40 to 100 

ºC, but no specific morphology change is observed (Figure 2.1.2). Hydrothermal 

method is commonly employed for SnO2 coating, which requires a relatively high 

temperature (> 160 ºC) and a long processing time.[31] The Sn precursor 

(K2SnO3∙3H2O) and solvent (ethanol-water) adopted in this study are similar to 

those used in the hydrothermal process, but the nanosized SnO2 coating is 
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successfully synthesized at a low temperature for a short time.  

 

The size of the hollow spheres is simply controlled by using different-

sized templates, and the shell thickness is fixed at about 5 nm (Figure 2.1.3). The 

larger sized SnO2 hollow spheres require a small amount of SnO2 precursor to 

achieve the constant shell thickness due to the decrease of surface area, i.e. the 

amount of K2SnO3∙3H2O is reduced. Three kinds of hollow SnO2 spheres are 

fabricated in this study, and their average sizes are 25, 54, and 103 nm. 

Irrespective of the size, the hollow spheres are composed of interconnected 

nanoparticles of about 3 nm, and the SAED patterns confirmed the formation of 

rutile SnO2. For convenience, each sample is named the 25, 50, and 100 nm-sized 

SnO2 hollow spheres. 

 

The discharge/charge voltage profile of the 25 nm sized SnO2 hollow 

sphere electrode is shown in Figure 2.1.4(a), and the shape of the voltage profile 

is similar to that of the typical SnO2.[13, 24, 29] The initial discharge and charge 

capacities are 2105 and 1029 mAh g-1, respectively, which are higher than the 

theoretical value. The high discharge capacity is explained by formation of Li2O 

and SEI, and additional reaction from conducting agent. In case of charge 

procedure, the reversible polymerization of electrolytes might be affected to the 

high discharge capacity.[37, 38] The SnO2 hollow spheres of the other sizes show 
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similar voltage profiles (Figure 2.1.5). The low 1st cycle efficiency (about 48.9 %) 

might be caused by the irreversible reduction of SnO2 to Sn and the formation of 

Li2O and solid electrolyte interphase on the surface of the active material,[8] 

which is expected to be improved by the addition of conducting materials (CNT, 

graphene) or transition metal oxides.[39,40] The rate capability test of the SnO2 

(25 nm) electrode (Figure 2.1.4(b)) shows that the reversible capacity at a current 

density of 200 mA g-1 is about 700 mAh g-1 and it is about 530 mAh g-1 at 500 

mA g-1. This good rate capability is due to the nano-sized SnO2 hollow sphere and 

thin shell thickness. To demonstrate the size effects, the cyclability of each hollow 

SnO2 is compared at a current density of 100 mA g-1 (Figure 2.1.4(c)). All 

samples show good cyclability, but the reversible capacity of each electrode 

differs. The capacity is strongly dependent on the hollow size and increases with a 

decrease in the size of the hollow sphere. The capacity of the 100 nm sized SnO2 

hollow sphere is 547 mAh g-1 after 50 cycles, which is close to the previous 

result.[24] As the size of the SnO2 hollow spheres is reduced, the electrodes show 

higher reversible capacities. The reversible capacity of the SnO2 (25 nm) electrode 

is about 750 mAh g-1 after 50 cycles and this value is close to the theoretical 

capacity of SnO2. To investigate the effect of the hollow structure on the 

electrochemical properties, the result of cycle test for the commercial SnO2 

nanopowder (9.55 m2 g-1 of BET surface area) is included. The SnO2 hollow 

sphere electrode shows better electrochemical properties than the SnO2 
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nanopowder electrode. The cyclic capacity of the nanopowder continuously 

decreased, and the capacity was only 250 mAh g-1 after 50 cycles. After 50 cycles, 

the reversible capacity of the SnO2 nanopowder is only 33 % of the theoretical 

value. It is reported that the nanocrystalline CdS in spherical shell geometry is 

capable of withstanding extreme stresses,[41] and the maximum tensile stress in a 

hollow Si sphere is ~5 times lower than that in a solid sphere with an equal 

volume of Si during lithiation.[21] The larger size SnO2 hollow sphere is more 

fragile and it is inferred that the smaller sized hollow sphere is mechanically 

strong and more effectively endures the large volume change without a 

pulverization of electrical pathways.  

 

 To confirm the retention of the hollow structure after cycling, the TEM 

and SEM analyses are conducted on the SnO2 hollow spheres (Figure 2.1.6). 

Compared to the pristine SnO2 hollow spheres, some deformation (from a circular 

to an elliptical shape) is observed, but the entire hollow structure is maintained 

and each hollow sphere is interconnected. The HRTEM image indicates that the 

shells are composed of nanocrystallites and the shell thickness slightly increases, 

but a severe grain growth or agglomeration is not observed. The drastic grain 

growth of SnO2 or Sn-based material during charge/discharge is the main reason 

for poor cycle retention, but the current observation indicates that the grain 

growth is noticeably restricted. Thus, we infer that the hollow nature of the SnO2 
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with nano-sized crystallites effectively reduces the grain growth, which results in 

a high reversible capacity and good cycle retention. 

 

2.1.4. Conclusion 

In summary, a robust and simple process to fabricate the nano-sized SnO2 

hollow spheres is suggested. The size of SnO2 hollow spheres is varied from 25 to 

100 nm with a constant shell thickness of ~5 nm. Moreover, the size effect of the 

hollow spheres on the electrochemical properties is demonstrated. The hollow 

spheres show the stable cycling performance, and the capacity dramatically 

increases with decreasing the size. The capacity of the smallest SnO2 hollow 

sphere is about 750 mAh g-1 after 50 cycles and this value approaches the 

theoretical value of SnO2. Therefore, it can be concluded that the nano-sized 

hollow sphere is an ideal structure for the anode material. 
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Figure 2.1.1. (a, b) Low and high magnification TEM images of as-coated SiO2-

SnO2 core-shells; (c, d) 25 nm sized SnO2 hollow spheres after annealing and 

removal of SiO2; (e) SAED patterns of as-coated SiO2-SnO2 core-shells (upper) 

and SnO2 hollow spheres (bottom); (f) XRD patterns of SiO2-SnO2 core-shells 

and SnO2 hollow spheres. 
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Figure 2.1.2. As prepared SiO2-SnO2 core-shells at different synthesis 

temperature: (a) 40, (b) 60, (c) 80, and (d) 100 °C. 
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Figure 2.1.3. TEM and HRTEM images of size controlled SnO2 hollow sphere: (a, 

b) 50 nm; (c, d) 100 nm. 
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Figure 2.1.4. (a) Charge/discharge voltage profile of 25 nm sized SnO2 hollow 

sphere between 0.01 and 2.5 V at 100 mA g-1; (b) rate capability test of 25 nm 

sized SnO2 hollow sphere; (c) cyclability of SnO2 hollow spheres with different 

size and commercial SnO2 nanopowder at 100 mAh g-1. 
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Figure 2.1.5. Charge/discharge voltage profiles of SnO2 hollow spheres between 

0.0 and 2.5 V at 100 mAh g-1 : (a) 50 nm, (b) 100 nm, and (c) commercial SnO2 

nanopoweder, (d) columbic efficiency. 
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Figure 2.1.6. TEM images of SnO2 electrode: a) pristine and b) after 20 cycles; c) 

HRTEM image of b). d) SEM images of SnO2 hollow sphere after 50 cycles. 
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2.2. Transition metal oxide coated SnO2 hollow sphere 

and their extraordinary electrochemical properties 

 

2.2.1. Introduction 

Recently, various hetero-structured metal oxides, such as core-shell, 

branch and hierarchical structure, have been intensively applied to anode 

electrode of Li-ion battery. Among various hetero-structures, one of noble 

strategy is a formation of composite between transition metal oxide and SnO2. 

The strategy of structural design in this works is follow: SnO2 hollow sphere is 

applied to a core material for SnO2-Co3O4 composite structure. The hollow sphere 

shows the good cyclability and rate capability because hollow nature could 

accommodate the large volume expansion without a pulverization of electrical 

pathway and the short diffusion path of Li+ within thin-shell layer is significant 

advantage for an enhanced rate capability. And, the transition metal oxide (Co3O4) 

is formed as outer layer, because the presence of Co nanoparticle leads a 

polymer/gel-like film, of 150 mAh g-1 capacity, on the surface of electrode.[42] 

Moreover, the Co nanoparticle, located at the interface between SnO2 and Co3O4, 

might increase the reversibility of the reduction reaction of Li2O.[43] So, 

additional reversible capacity could be induced by structural design of composite 

nanostructure. Based on the strategy, the synthesized SnO2@Co3O4 hollow sphere 
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showed impressive electrochemical performances with extraordinary reversible 

capacity (1083 mAh g-1 after 50 cycles at 100 mA g-1), good cyclability, and high 

rate capability. 

 

2.2.2. Experimental procedure 

 

Cobalt oxide coating on SnO2 hollow sphere: 0.1 g of SnO2 hollow sphere was 

dispersed in D. I. water and 0.18g Co(NO3)2·6H2O, 1 g of PVP 

(Polyvinylpyrrolidone), 2.4 g of urea was added. And then, the solution was 

heated at 80 °C for 10 h with mild stirring. 

Electrochemical Test: For electrochemical measurements, the test electrodes 

consisted of active powder material (0.2 g), carbon black (Ketchen Black, 0.06 g) 

as a conducting agent and poly amide imide (PAI, 0.029 g) dissolved in N-methyl 

pyrrolidinone (NMP) at 60 °C as a binder. Each component was well mixed to 

form a slurry using a magnetic stirrer. The slurry was coated on a copper foil 

substrate, pressed, and dried at 200 °C for 4 h under a vacuum. A coin-type 

electrochemical cell was used with Li foil as the counter and reference electrodes, 

and 1 M LiPF6 in ethylene carbonate (EC)/diethylene carbonate (DEC) (5:5 (v/v), 

PANAX) was used as the electrolyte. The amount of active material loading on 

each copper foil was 1 mg and the mass of Li foil was 70 mg. The cell assembly 
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and all electrochemical tests were carried out in an Ar-filled glove box. The 

cycling experiments were galvanostatically performed using a Maccor automated 

tester at a constant current density of 100 mA g-1 for the active material within a 

voltage range between 0.0 and 2.5 V (vs. Li/Li+). The rate capability test was 

conducted in the following sequence of current density: 100, 300, 500, 1000, 1500, 

and 100 mA g-1. For reference, commercial SnO2 nanopowder (<100 nm, Sigma 

Aldrich) was also examined. 

 

2.2.3. Results and discussion 

Synthesis of SnO2@Co3O4 hollow sphere 

For the coating of Cobalt oxide, urea was used as catalyst for hydrolysis of 

Co(OH)2. Generally, sodium hydroxide (NaOH), sodium acetate (NaAc), 

ammonia (NH3∙H2O) has been used for synthesis of metal hydroxide 

nanostructure.[44-46] However, these catalyst leads to fast hydrolysis for metal 

hydroxide, so metal hydroxide nanostructure is formed by homogeneous 

nucleation. In contrast, urea is slowly decomposed and hydrolysis of metal is 

occurred with follow reactions, so control of heterogeneous nucleation (coating) is 

relatively favorable.[47-49] 
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CO(NH2)2 + H2O ↔ CO2 + 2NH3        (2.1) 

NH3 + H2O ↔ NH+
4 + OH−            (2.2) 

Mn+ + nOH− → M(OH)n          (2.3) 

2M(OH)n → M2On + nH2O         (2.4) 

 

Figure 2.2.1(a) and (b) show a field-emission scanning electron 

microscopy (FE-SEM) image of SnO2 hollow sphere and SnO2@cobalt oxide 

hollow sphere. SnO2 hollow sphere has quietly uniform size and the size of 

hollow sphere is not severely changed after cobalt oxide coating but the surface 

morphology of SnO2@ cobalt oxide hollow sphere became rough than that of 

SnO2 hollow sphere.  

 

The crystal structures of the hollow spheres were investigated by X-ray 

diffraction (XRD) (Figure 2.2.2). The diffraction peaks for SnO2 hollow sphere 

are crystallized into a single phase rutile SnO2 (ICDD # 41-1445). All the peaks 

are broadened due to the nanocrystalline nature of SnO2 particles. However, the 

any peak of Co oxide, such as CoO or Co3O4, is not observed and SnO2 peaks 

became weak and broad in SnO2@Coblat oxide multi-layered hollow sphere,. To 

reveal oxidation status of Co-oxide shell layer, the XPS analysis was conducted 
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(Figure 2.2.2(b)). The binding energies obtained in the XPS analysis were 

corrected for specimen charging by referencing the C 1s peak to 284.60 eV. The 

2p XPS spectra show two major peaks with binding energy values at 780.5 and 

796.2 eV, corresponding to the Co 2p3/2 and Co 2p1/2 spin-orbit peaks, 

respectively. These results are well-matched to the binding energy of Co3O4.[ 49, 

50]   

 

Figure 2.2.3 show the TEM image of SnO2 hollow sphere and 

SnO2@Co3O4 hollow sphere. The low magnification TEM image reveals 

SnO2@Co3O4 hollow sphere with bright center (cavity) and dark shell (SnO2@ 

Co3O4 layer). The average size of SnO2@Co3O4 hollow sphere is about 50 nm 

with wall thickness of less than 10 nm. The wall thickness of SnO2@ Co3O4 

hollow sphere is not noticeably different from SnO2 hollow sphere and severe 

grain growth of Co3O4 is not observed after annealing.[51, 52]  

 

To confirm the layered cobalt oxide on SnO2 hollow sphere, SnO2@ 

Co3O4 hollow sphere was investigated by scanning transmission electron 

microscope (STEM) and Energy dispersive x-ray spectroscopy (EDS). Sn element 

is almost corresponded STEM image and Co element is uniformly dispersed on 

SnO2 hollow sphere, even though cobalt oxide phase is not detected in the XRD 

and TEM analysis (Figure 2.2.4). A STEM-EDS line scan through the center of 
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hollow sphere demonstrates that Sn and Co are present over the entire region, and 

the line profiles indicate the hollow nature (Figure 2.2.4(e). Moreover, Sn and Co 

almost overlap, so Co shell layer is not distinguished from inner SnO2 hollow 

structure. This profile means small amount Co is coated as very thin layer or 

particle liked structure. It might be the reason that X-ray and electron diffraction 

of cobalt oxide are not observed from SnO2@Co3O4 hollow sphere. 

 

Electrochemical Properties 

Figure 2.2.5 shows the results of electrochemical cell tests for SnO2 

hollow sphere and SnO2@Co3O4 hollow sphere electrode. The discharge/charge 

voltage profile of the two electrodes are shown in Figure 2.2.5(a) and (b), the 

initial discharge and charge capacities of SnO2 hollow sphere are 2167 and 981 

mAh g-1, respectively. And the low 1st cycle efficiency, about 45.3 %, might be 

caused by irreversible reduction of SnO2 to Sn and formation of Li2O and solid 

electrolyte interphase on the surface of active material. In case of SnO2@Co3O4 

hollow sphere electrode, the initial discharge and charge capacities of SnO2 

hollow sphere are 2208 and 1280 mAh g-1,and the 1st cycle efficiency, 58%, is 

higher than that of SnO2 hollow sphere. The both electrodes show the good rate 

capability, as shown in Figure 2.2.5(c) and (d). Especially, the SnO2@Co3O4 

hollow sphere electrode show higher reversible capacity than SnO2 hollow sphere 

electrode at all current density. The reversible capacity at rates of 200, 300, 500, 
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900 mA g-1 is about 982, 907, 822, 746 mAh g-1, respectively, and finally back to 

961 mAh g-1 at 100 mA g-1. The short diffusion path of Li+ within thin-shell layer 

is significant advantage to get an enhanced rate capability at even higher rates. 

The extraordinary reversible capacity of SnO2@Co3O4 hollow sphere electrode 

could not be explained with traditional theory of mixture electrode. According to 

traditional theory, the theoretical capacity of SnO2 and Co3O4 is 782 and 890 mAh 

g-1, respectively, so the reversible capacity of SnO2@Co3O4 hollow sphere 

electrode could not be over the theoretical capacity of Co3O4. Recently, Xue et al 

reported that the extra reaction is occurred in the SnO2-MoO3 system. From this 

study, they suggested that Li2O, generated from SnO2, is reacted to 

electrochemically reduced Mo metal and this reaction might contribute to 

increasing the reversible capacity of SnO2-transiton metal oxide composite.[32] In 

this study, we intentionally designed double shelled hollow structure to maximize 

this reaction even though the reaction mechanism for extraordinary capacity has 

not been well-established. And the reversible capacity of SnO2@Co3O4 hollow 

sphere is successfully improved. The increasing of 1st cycle columbic efficiency 

might be resulted from this reaction, and further possibility for this phenomenon 

will be discussed in last paragraph.  

 

The both of SnO2@Co3O4 hollow sphere and SnO2 hollow sphere 

electrodes show the good cyclability due to their hollow nature (Figure 2.2.6). The 
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reversible capacity of SnO2@ Co3O4 hollow sphere is about 963 mAh g-1 after 100 

cycles while that of SnO2 hollow sphere is about 580 mAh g-1. And the good 

cyclability of SnO2@Co3O4 hollow sphere electrode is well maintained at even 

higher current density at 500, 900 mA g-1.    

 

TEM image of SnO2@Co3O4 hollow sphere electrode after 50 cycles show 

the retention of the hollow structure (Figure 2.2.7). Compared to the pristine 

SnO2@Co3O4 hollow sphere electrode, the entire hollow sphere is well-

maintained. The weak and broad ring pattern is observed from SAED pattern and 

it is index only Sn phase. The significant grain growth is usually occurred Sn 

based material during discharge and charge process. But the very weak and broad 

ring pattern indicates that aggregation of Sn is not occurred and those components 

is still existed as nanocrystalline. However, cobalt oxide related phase is not 

observed.    

  

 Figure 2.2.8(a) is the differential capacity plot (DCP) of the nano-

SnO2@Co3O4 hollow sphere electrode when the electrode was cycled betwee

n 2.5 V and 0.0 V (vs. Li/Li+) for the first and second cycle. Ex situ XRD 

and HRTEM analyses were conducted to establish the reaction mechanism 

of the SnO2@Co3O4 hollow sphere electrode at selected potentials as indicate

d in DCP. The ex-situ XRD was performed but any peak was not obtained from 
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pristine, lithiated and delithiated electrodes due to their nano-sized hollow nature.  

 

Figure 2.2.9 and 2.2.10 show the TEM images and selected area electron 

diffraction (SAED) patterns of the SnO2@Co3O4 hollow sphere electrode. The 

interplanar spacings (d-values) corresponding to the marked regions and their 

comparison with the reported values of LixCo3O4, SnO2, Sn, Co and Co3O4 from 

the JCPDS files are shown.[53] The SAED pattern comprises diffuse set of 

rings/diffuse bright spots indicating the very small size of crystallites and it seems 

that some of the planes are overlapped and appearing as the diffuse bright rings 

and spots. Those d-values, derived from the Figure 2.2.9 and 2.2.10, are also 

shown in Table and show pretty good agreement with the reported values. When 

the potential was lowered to 1.20 V, LixCo3O4 (Li1.47Co3O4) and SnO2 patterns 

were observed. And, when the potential was reached to 0.0V, patterns of Li22Sn5 

and Co were observed. These results, about SnO2 and Co3O4 reaction with Li, 

were agreed with other individual reports.[54, 55] During the charging process, 

Li-Sn binary phase was decompose to Sn at 0.49 V and some SnO phase was 

observed when the electrode was charged to 2.50 V. In case of Co3O4 layer, Co is 

fully oxidized to Co3O4 when the electrode was charged to 2.50 V even though Co 

phase is not clearly observed at 0.90 V. Indeed, the oxidation from Sn to SnO2 is 

still controversial; Lian et al and Mohamedi et al suggested that the partial 
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recombination is occurred at near 1.2 V after dealloying process of Li-Sn binary 

phase.[56,57] The high reversible capacity of SnO2@Co3O4 is suggested with 

follow reasons. First, reduced Co nanoparticles on the surface of SnO2 hollow 

sphere leads to the formation of stable polymer/gel like film. Tarascon eta al 

studied that the highly reactive metallic nanoparticle promotes the growth of a 

conducting polymeric film, which show the reversible capacity of 150 mAh/g. 

This polymer/gel liked film forms at low voltage (between 0 and 1.8 V) and fully 

dissolves at over 2 V. And the partial recombination of Sn to SnO or SnO2 by Co 

(or Co3O4) nanoparticle on SnO2 hollow sphere might slightly contribute to the 

extra reversible capacity.  

 

2.2.4. Conclusion 

In this study, the SnO2@Co3O4 hollow sphere was prepared by simple sol-

gel process. The morphology of hollow sphere became rough after coating of 

cobalt oxide, but cobalt oxide related phases were not detected by XRD and TEM. 

The oxidation state of cobalt oxide is matched to that of Co3O4. The STEM 

analysis demonstrated that the Co element is well dispersed on the SnO2 hollow 

sphere. The SnO2@Co3O4 hollow sphere showed the higher electrochemical 

capacity than SnO2 hollow sphere. The reversible capacity of SnO2@Co3O4 
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hollow sphere electrode is 963 mAh g-1 after 100 cycles, and it showed also good 

rate capability. At higher current density of 500 and 900 mA g-1, the 

SnO2@Co3O4 hollow sphere electrode show good cyclability and high reversible 

capacity (721 mAh g-1 at 500 mA g-1and 394 mAh g-1 at 900 mA g-1after 50 

cycles).    
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Figure 2.2.1. SEM images of (a) SnO2 hollow sphere and (b) SnO2@cobalt oxide 

hollow sphere. 
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Figure 2.2.2. (a) XRD of SnO2 hollow sphere and SnO2@cobalt oxide hollow 

sphere, (b) Co2p XPS of SnO2@cobalt oxide hollow sphere.   
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Figure 2.2.3. TEM images of SnO2@cobalt oxide hollow sphere (a) low- and (b) 

high- magnification.  
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Figure 2.2.4. (a) STEM images of SnO2@cobalt oxide hollow sphere and EDX 

mapping of (b) cobalt and (c) Tin. (d) and (e) line scan profile of Co and Tin 

elements. 
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Figure 2.2.5. Voltage profiles of (a) SnO2 and (b) SnO2@Co3O4 multi-layered 

hollow sphere between 0.01 and 2.5 V at 100 mA g-1, rate capabilities of (c) SnO2 

and (d) SnO2@Co3O4 multi-layered hollow sphere. 
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Figure 2.2.6. (a) cycling performance of SnO2 and SnO2@Co3O4 multi-layered 

hollow sphere at 100 mA g-1, (b) cycling performance of SnO2@Co3O4 multi-

layered hollow sphere at 100, 500, and 900 mA g-1. 
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Figure 2.2.7. (a) and (b) TEM images of SnO2@Co3O4 hollow sphere afther 50 

cycles at 100 mA g-1.  
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Figure 2.2.8. (a) DCP (differential capacity plot) of SnO2@Co3O4 hollow sphere 

at 1st and 2nd cycles, (b) ex-situ XRD analysis. 
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Figure 2.2.9. Ex-situ TEM images with SAED patterns of the SnO2@Co3O4 

hollow sphere electrode. Discharge process: (a) 1.20 V, (b) 0.68 V, (c) 

0.00V . 
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Figure 2.2.10. Ex-situ TEM images with SAED patterns of the SnO2@Co3O4 

hollow sphere electrode. Charge process: (a) 0.90 V, (b) 2.50 V. 
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3.1. Synthesis of SnO2 nanotube for gas sensing 
application 

 

3.1.1. Introduction 

Tin dioxide (SnO2) is a wide band gap (3.6 eV) n-type semiconductor and 

extensively studied as gas sensors detecting various flammable and toxic gases [1-

8]. To enhance the sensitivity and selectivity toward certain gases or to reduce the 

operating temperature, various techniques have been explored to fabricate SnO2 

nanostructures. Among them, nanotubes are highly expected to enhance the gas 

sensing performance [7-10], because the tublar structure can provide a higher 

surface-to-volume ratio (outer an ner surfaces) for gas adsorption/desorption. 

Various mehods to fabricate d in nanotubes have been explored incluidng thermal 

evaporation [11][12], hydrothermal process [13], infiltration casting [14], sol-gel 

template [15][16], electrochemical deposition [17,18], etc. The commonly 

employed templates for nanotube fabrication were anodized aluminum oxide 

(AAO), polycarbonate membranes, etc [17-20]. However, the nanotubes based on 

these templates have structual limitations, such as large crystallites, thick wall 

thickness (over 10 nm), and short tube length (a few μm at most).  

Electrospinning has been proved to be a versatile and effective method to 

fabricate one-dimensional nanoscale fibers for inorganic as well as organic 
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materials. Electrospun metal oxide fibers are generally composed of 

nanocrystallites, which stimulates great interest in applications such as gas sensor 

[6,19,20], photocatalyst [21], lithium ion battery [22], and solar cell [23], etc. In 

addition, electrospun polymeric nanofibers have been used as a template for metal 

oxide nanotube synthesis because of their low cost, easy control of nanofiber 

dimension, and high yield [24-29]. Atomic layer deposition (ALD) has been 

employed to fabricate the metal oxide nanotubes on elecrospun polymer fibers 

because it is a self-limiting process and has unique advantages such as superior 

step coverage, unifromity, and atomic scale thickness control [24, 26] compared to 

sol-gel [28], PVD, and CVD methods [29]. Al2O3 and TiO2 nanotubes have been 

fabricated by ALD on the electrospun polymer templates [24-27], but this strategy 

has not been applied to the fabrication of SnO2 nanotube for gas sensing 

application. 

Here, we study a novel strategy to synthesize SnO2 nanotubes with a 

precisely controlled diameter and wall thickness by combining electrospinning 

and ALD techniques and to fabricate the nanotube network sensor for gas sensing 

application. Polyacrylonitrile (PAN) was chosen as a electospinning material and 

electrospun PAN nanofibers were used as a template for SnO2 coating, which is 

durable under O2 plasma during ALD process and can be removed by calcination 

for the nanotube formation. For SnO2 deposition on the polymeric PAN 
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nanofibers, plasma enhanced atomic layer deposition (PEALD) using dibutyl tin 

diacetate (DBTDA) as Sn source has been explored to reduce the growth 

temperature down to 100 oC and overcome the halide contamination [30] instead 

of commonly employed SnCl4 [31,32] and SnI4 [31,33], which requires a 

relatively high growth temperature (~600 oC). The SnO2 nanotube network was 

placed on the Pt electrode patterned SiO2/Si substrate and the gas sensing 

characteristics of network sensor were investigated, particularly focusing on the 

ethanol detection. 

 

3.1.2. Experimental procedure 

1) Preparation of electrospun PAN Nanofiber: For electrospinning, PAN (MW= 

200,000 g mol-1, Misui chemical) was dissolved in dimethylformamide (DMF, 

purity = 99.5%, Daejung chemical) and the concentration of the solution was 

fixed to be 10 wt% to produce the uniform nanofibers with an average diameter of 

100~200 nm. The optimum electrospinning conditions were deternined as follows; 

applied voltage: 20 kV, tip-to-collector distance: 10 cm, and flow rate of solution: 

0.5 ml h-1. The as-electrospun PAN nanofibers were subsequently stabilized at 250 

oC for 2 h to transform their linear molecular structure to six-membered ring 

structure. The stabilized PAN nanofibers could withstand in thermally harsh 

environment, i.e. O2 plasma and became an adequate template for subsequent 

SnO2 coating by ALD.  



75 

2) SnO2 coating on PAN Nanofiber by PEALD: SnO2 thin films were coated on 

the stabilized PAN nanfibers by plasma enhanced atomic layer deposition 

(PEALD). Dibutyltindiacetate (DBTDA) ((CH3CO2)2Sn [(CH2)3-CH3]2) was used 

as Sn precursor and it was evaporated at 40 oC and transported to the deposition 

chamber by Ar (99.99%) gas of 50 sccm. The O2 (99.99%) and Ar (99.99%) gases 

of 50 sccm were used as plasma and purge gases, respectively. The time sequence 

for source pulse, first purge, plasma pulse, and second purge was 3, 12, 12, and 12 

s, respectively. The deposition was conducted with an rf power of 100 W at 240 

mtorr and the substrate temperature during deposition was maintained at 100 oC. 

The thickness of SnO2 thin films was controlled by the number of ALD cycles, 

e.g., 100, 300, and 500 cycles. The SnO2 thin film coated PAN nanofibers were 

annealed at 700 oC for 1 h to burn out the PAN template and crystallize the SnO2.  

3) Characterization: The phase of as-prepared SnO2 nanotubes was examined by 

X-ray diffraction (XRD, M18XHF-SRA, MAC Science Co.). The morphology 

was observed by field emission scanning electron microscopy (FE-SEM, JSM-

6330F, JEOL) and high resolution transmission electron microscopy (HRTEM, 

JEM-3000F, JEOL).    

4) Measurement of gas sensing properties: For the gas sensing measurements, a 

pair of comb-like Pt electrodes were formed on the SiO2/Si substrate by sputtering 

through a mask and Au wires were attached to them using silver (Ag) paste. The 
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Pt patterned SiO2 substrate was then annealed at 600 oC for 1 h in order to ensure 

the electrical contact between Ag paste and Au wires. Thereafter, a piece of SnO2 

nanotube sheet was distributed on the Pt patterned SiO2/Si substrate and then 

annealed again at 600 °C for 1 h in air for a stable sensing. The sensor devices 

were placed in a quartz tube located inside an electrical tube furnace with a gas 

inlet and outlet. A continuous flow-through measurement system was used and the 

sample gases used were ethanol (5~100 ppm), H2 (100 ppm), CO (100 ppm), NH3 

(100 ppm), and  NO2 (100 ppm) balabced with air. The gas sensing properties 

were determined by measuring the changes of the electric resistance between the 

sample gas and the reference gas (pure air) at various operatring temperatures 

ranging from 300 to 500 °C. The magnitude of the gas response (S, sensitivity) 

was defined as a ratio of Rair/Rgas, i.e., the ratio of the electrical resistance in air 

(Rair) to that in the sample gas (Rgas). The response time (t90%) was defined as the 

times required for the sensor to reach 90% of the final signal.   

 

3.1.3. Results and discussion 

Fabrication and characterization of SnO2 nanotubes 

SnO2 nanotubes were fabricated in four steps, and the representative 

FESEM images in each step are presented in Figure 3.1.1. The as-electrospun 
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PAN nanofibers had a relatively uniform diameter of 100~200 nm and were 

connected each other forming a self-supporting network (Figure 3.1.1(a)). The 

surface of as-electrospun nanofibers appeared to be wavy, which became smooth 

after stabilization at 250 oC for 2 h without a significant change of their 

dimensions (Figure 3.1.1(b)) [34]. The ALD process yielded the uniform and 

conformal SnO2 coating on the PAN templates preserving the original 

arrangements of as-electrospun nanofibers (Figure 3.1.1(c)). The calcination at 

700 oC removed the PAN nanofiber cores resulting in the SnO2 nanotubes, and the 

inset in Figure 3.1.1(d) clearly showed the nanotubes of uniform wall thickness 

without any structural distortion such as wrinkle or collapse. In case of non-

stabilized PAN nanofiber templates, SnO2 nanotubes showed a wrinkle structure 

and in some cases, they were partially disintegrated (Figure 3.1.2). 

 

No distinctive diffraction peaks were observed in the XRD patterns of as-

electrospun and as-stabilized PAN nanofibers except the broad peak around 20 o 

(Figure 3.1.3(a) and (b)). It was reported that as-electrospun PAN nanofibers had 

the diffraction peaks at 16.8 and 28.6 o, and as-stabilized PAN nanofibers 

exhibited the broad peak at 25.3 o [35].  These diffraction peaks might be 

obscured by the broad background originating from the glass holder and could not 

be observed in this study. Furthermore, the SnO2 coated PAN nanofibers did not 
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exhibit any diffraction peak (Figure 3.1.3(c)), possibly due to a non-crystalline 

nature of oxide coating resulting from the low substrate temperature of 100 oC. It 

was reported that the crystalline SnO2 thin film could be realized at the substrate 

temperature of ≥ 200 oC by PE-ALD using DBTDA [30]. However, the 

calcination of SnO2 coated PAN nanofibers at 700 oC crystallized the amorphous 

coating material and resulted in a single phase of rutile SnO2 (Figure 3.1.3(d)). All 

the diffraction peaks were broadened, which is believed to be due to a 

nanocrystalline nature of the obtained SnO2 nanotubes.  

 

The developed SnO2 nanotubes were further characterized by transmission 

electron microscopy (TEM) after ultrasonically dispersing them on carbon grid. 

Low magnification TEM image (Figure 3.1.4(a)) revealed the tube-like structure 

with the center bright and the outside dark. The diameter of nanotubes was ~100 

nm and the wall thickness was seen to be uniform along the entire length. High 

magnification TEM image (Figure 3.1.4(b)) indicated that the nanotubes were 

indeeed composed of interconnected nanoparticles (or nanocrystallites) of <10 nm 

and it clearly displayed the lattice fringes, indicating a high crystallinity. The spots 

and rings in the selected area electron diffraction (SAED) pattern revealed the 

randomly oriented polycrystalline nature of the nanotubes, and the patterns were 

completely indexed to the rutile SnO2 (JCPDS No. 41-1445) (inset in Figure 

3.1.4(b)). Some of nanoparticles clearly exhibited the lattice fringes with a lattice 
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spacing of 0.34 nm, which is close to the (110) interplanar spacing of cassiterite 

SnO2 (Figure 3.1.4(c)). 

 

The wall thickness of SnO2 nanotubes was determined by TEM (Figure 

3.1.5(a), (b), (c)) and plotted as a function of ALD cycle number (Figure 3.1.5 (d)). 

The average wall thickness was 8, 22, and 37 nm for 100, 300, and 500 ALD 

cycles, respectively. The wall thickness increased linearly with the ALD cycle 

number and the average growth rate was determined to be 0.08 nm cycle-1. The 

results in Figure 3.1.5 indicates that the wall thickness of SnO2 nanotubes can be 

precisely controlled by the number of ALD cycles because of its excellent layer-

growth by self-limiting surface reaction [24][26]. The quantitative determination 

of crystallite size in nanotubes was not possible due to the overlapping, but TEM 

micrographs revealed that the crystallite size was not significantly changed with 

the number of ALD cycles and remained approximately 10 nm size. 

 

Gas sensing properties towards ethanol 

Figure 3.1.6(a) shows an optical micrograph of SnO2 nanotube network 

sensor formed on the Pt patterned SiO2/Si substrate for gas sensing measurement. 

The gap between Pt electrodes was 0.2 mm and the width was 6.4 mm, and a 

piece of SnO2 nanotube sheet was distributed in the middle of the pattern marked 
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by dash line. The SEM micrograph indicates that SnO2 nanotubes were 

homogenously distributed between Pt electrodes and connected each other 

forming the network (Figure 3.1.6(b)). Moreover, the micrographs of nanotube 

networks show that the length of nanotubes is more than several ten micrometers. 

 

A typical response transient of SnO2 nanotube network sensor toward 100 

ppm ethanol balanced with air measured at 450 oC is shown in Figure 3.1.7. Upon 

injecting a target gas, the resistance rapidly decreased by more than two orders of 

magnitude. The recovery was slightly slow, but the sensing signal was quite stable 

and reversible even after switching the gases several times. The determined 

magnitude of gas response (S) and response time (t90%) toward 100 ppm ethanol 

are shown in Figure 3.1.8 as a function of sensing temperature for the sensors 

formed after different ALD cycles. For comparison, the sensor was fabricated 

using the commercial SnO2 powder (325 mesh, Aldrich) after dispersing in 

ethanol and depositing in the same Pt-patterned electrodes [36], and its sensing 

behavior was included in Figure 3.1.8(a). At low temperature (300~350 oC), the 

magnitude of gas response in the nanotube sensors was comparable to that of 

commercial powder sensor, but it was an order of magnitude higher above 400 oC. 

Furthermore, the nanotube sensor with a thinner wall (100 ALD cycles) showed 

the substantially higher gas response. Thus, the highest gas response of 188 

toward 100 ppm ethanol was observed at 450 oC in the sensor formed after 100 
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ALD cycles, which was comparable or higher than that observed in other metal 

oxide sensors [37-40], other SnO2 nanostructures such as nanoparticle [41,42], 

nanowire [43,44], nanofiber [6], nanoplate [45], and hollow sphere [46], and the 

commercial ethanol sensor [TGS2620, Figaro Eng.]. The crystallite size of the 

nanotubes was not strongly dependent on the number of ALD cycles and it was 

comparable to the Debye length of SnO2 (~6 nm) [47]. It appears that the highest 

gas response in the sensor of 100 ALD cycles is due to the complete electron 

depletion and fast effective gas diffusion through thinnest and permeable wall of 

nanotubes [48]. The nanotube network sensor responded very rapidly toward 

ethanol and the response time was a few seconds at the temperature range 

investigated. In particular, the response time was significantly reduced by 

decreasing the wall thickness at low temperature (Figure 3.1.8(b)). 

 

The response transients of SnO2 nanotube network sensors are shown in 

Figure 3.1.9(a). All the sensors were stable and reversible and reponded to ethanol 

down to 5 ppm. The magnitude of the gas response increased almost linearly with 

increasing ethanol concentration from 5 to 100 ppm at 450 oC (log (gas response) 

vs log (concentration)) (Figure 3.1.9(b)), and the sensor formed after 100 ALD 

cycles exhibited the higher gas response in the concentration range investigated. 

The nanotube network sensors also responded toward H2, CO, NH3, and NO2 
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gases (Figure 3.1.9(c)), but the magnitude of gas response toward other reducing 

gases was signficantly lower than that of ethanol. Thus, the SnO2 nanotube 

network sensors exhibited the excellent selectivity toward ethanol against H2, CO, 

and NH3 gases. The higher selectivity toward ethanol is not well understood at 

this stage, but it is believed to be associated with higher reactivity of ethanol in 

this temperature range [44,49] and more electron generation when the same 

number of gas molecules react with the surface-adsorbed oxygen species than the 

other gases [50]. On the other hand, the gas response of nanotube network senor 

toward oxidizing NO2 was comparable to that of ethanol and the nanotube 

network sensors showed a weak selectivity. 

 

 

3.1.4. Conclusions 

SnO2 nanotube network was successfully prepared by combining 

electrospinning of PAN nanofiber and atomic layer deposition of SnO2 on 

nanofiber template. The diameter of the obtained SnO2 nanotubes was 100~200 

nm, and the wall thickness was controlled by the number of ALD cycles ranging 

from 8 to 37 nm. The structural analyses by XRD and TEM revealed that 

nanotube was a polycrystalline SnO2 of cassiterite structure and composed of 



83 

several nanometer-sized crystallites. The gas sensing performance was 

investigated toward various gases, but SnO2 nanotube network sensor showed an 

excellent selectivity toward ethanol with a fast response time. In particular, the 

network sensor with a thinnest wall thickness of ~8 nm showed the highest gas 

response of 188 toward 100 ppm ethanol at 450 oC, which was higher than the 

best values reported previously.  
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Figure 3.1.1. FESEM images of (a) as-electrospun PAN nanofibers, (b) as-

stabilized PAN nanofibers at 250 oC, (c) SnO2 coated PAN nanofibers by ALD 

(300 cycles at 100 oC), and (d) SnO2 nanotubes after calcination at 700 oC. The 

inset  clearly showed the tubular morphology of nanofibers. 
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Figure 3.2.2. FESEM images of non-stabilized PAN nanofibers (a) after SnO2 

coating by ALD at 100 oC, (b) after calcining of (a) at 700 oC, (c) after SnO2 

coating by ALD at 200 oC, and(d) after calcining of (c) at 700 oC. 
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Figure 3.1.2. XRD patterns of (a) as-electrospun PAN nanofibers, (b) as-

stabilized PAN nanofibers at 250 oC, (c) SnO2 coated PAN nanofibers by ALD 

(300 cycles at 100 oC), and (d) SnO2 nanotubes after calcination at 700 oC. 
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Figure 3.1.3. (a) Low magnification and (b), (c) high resolution TEM images of 

SnO
2
 nanotubes (100 cycles at 100 oC) after calcination at 700 oC. The inset in (b) 

is the SAED pattern of SnO2 nanotubes. 
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Figure 3.1.4. Low magnification TEM images of of SnO
2
 nanotubes after 

calcination at 700 oC; (a) 100 (b) 300 (c) 500 ALD cycles, and (d) Wall thickness 

of SnO2 nanotubes as a function of ALD cycles measured by TEM.  
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Figure 3.1.5. (a) Optical and (b) SEM microgrpahs of SnO2 nanotube network 

sensor placed on Pt patterned SiO2/Si substrate. 
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Fgure 3.1.6. Typical response transient of SnO2 nanotube network sensor toward 

100 ppm ethanol. 
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Figure 3.1.7. (a) Magnitude of gas response and (b) response time of SnO2 

nanotube network senosrs toward 100 ppm ethanol as a function of sensing 

temperature.  
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Figure 3.1.8. (a) Ethanol concentration dependence of gas response (b) 

concentration dependence of gas response at 450 oC, and (c) selectivity of SnO
2
 

nanotube network sensor toward ethanol against H2, CO, NH3, and NO2 gases. In 

(a), the resistance in sample gas was nomalized by the resistance in air for clarity. 
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3.2. Vertically grown SnO2 nanowire on r-cut sapphire 

 

3.2.1. Introduction 

The alignment and placement of nano-materials are one of the key factors 

in the nano-scale devices. Thus, vertically well-aligned nanowires have attracted 

much attention because of their potential applications as vertically integrated field 

effect transistors (FETs),[51] light-emitting diodes,[52] highly efficient dye-

sensitized solar cells,[53] nanogenerators,[54] and Li-ion batteries.[55] Well-

aligned nanowires have been fabricated using hetero-epitaxial growth by various 

techniques in a variety of systems.[56-59] 

Tin dioxide (SnO2) is a wide bandgap (Eg=3.6 eV) n-type 

semiconductor[60] that has been used in gas sensors and bio sensors,[61,62] 

transparent electrodes,[63] transparent FETs,[64] and Li-ion batteries.[65] Various 

SnO2 nanostructures such as urchin-like nanostructures,[66] nano-trees,[67] 

nanotubes,[68] nanofibers,[69] and nanoplates,[70] have been synthesized to 

improve the desired properties for many applications. The differently aligned or 

oriented nanostructures, particularly nanowires, are expected to exhibit the 

different optical and electrical properties.[71-74] However, there are a few reports 

on highly aligned growth of SnO2 nanowires on single crystal substrates,[75-80] 

and the understanding of aligned SnO2 nanowire growth behavior is very limited. 

Recently, highly aligned (101) SnO2 nanowires were epitaxially grown on 
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(101) TiO2 substrate by carbothermal reduction via Au catalyzed vapor-liquid-

solid (VLS) growth, and the orientation relationship and interface structure 

between nanowire and substrate were determined.[81] The (101) oriented 

epitaxial or polycrystalline SnO2 thin films have been deposited on the r-cut (012) 

sapphire substrate and the heteroepitaxial relationships have been reported.[82] 

However, to our knowledge, the fabrication of vertically aligned (101) SnO2 

nanowires and their heteroepitaxial relationships have not been demonstrated on 

the r-cut sapphire substrate. 

The growth of branched nanowires has been demonstrated in many 

material systems,[83-85] and they offer another approach to increase structural 

complexity and provide greater functionality.[86-88] The branched nanowires are 

commonly synthesized via a controlled multistep catalyst mediated VLS 

process.39-40 In some instances, the branched nanowires were fabricated without 

a multistep catalyst deposition. In that case, the catalyst migration from the tip or 

residual catalyst on the surface of nanowires was responsible for the growth of 

branches via VSL mechanism.[83,91] SnO2 nanowires with branches have been 

synthesized in a single or multiple step procedure,[88,90,92-93] but there is lack 

of report on the growth of branch nanowires from the vertically aligned trunk (or 

stem) nanowires and orientation relationships between substrate, trunk nanowire, 

and branch nanowire. 



95 

Herein we successfully fabricated the well-aligned SnO2 nanowires on the 

r-cut sapphire substrate by carbothermal reduction via Au-catalyzed 

heteroepitaxial growth. The orientation relationship and interface structure 

between nanowires and substrate were determined by X-ray pole figure and high 

resolution transmission electron microscopy. The interface between Au catalyst 

and SnO2 nanowires was also investigated to find out the orientation relationship 

because metal catalysts could affect the alignement or growth direction of 

nanowires.[94] In addition, branch nanowires were synthesized on the vertically 

aligned SnO2 nanowires in one step without a multiple catalyst deposition just by 

changing the growth condition (Ar flow rate). 

 

3.1.2. Experimental procedure 

 

1) Preparation of Au coated substrate: For the vertical growth of SnO2 nanowire, 

the Au catalyst was deposited by sputter. The sputtering was conducted for 15 s at 

5 mA current under 0.075 torr.  

 

2) Nanowire growth condition: For SnO2 nanowire synthesis, the feedstock 

source was prepared by thoroughly mixing SnO2 powder (purity 99.99%) and 

graphite (purity 99.99%) in a 2:1 ratio. The feedstock was loaded into an alumina 
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boat and placed 7 cm upstream from the Au-coated substrate in a quartz tube. The 

quartz tube was then inserted into a horizontal tube furnace and evacuated by a 

rotary pump to a pressure of 5×10-2 torr. The furnace was heated to 800 oC at a 

heating rate of 10 oC/min and maintained at that temperature for 30 min under a 

constant Ar gas flow (300 sccm) at a total pressure of 10 torr. After deposition, the 

furnace was cooled to room temperature and the samples were retrieved and 

characterized.  

 

3) Characterization: The morphology of as-synthesized product was observed by 

field-emission scanning electron microscopy (FE-SEM, JSM-7401F, JEOL). The 

phase and in- and out of-plane orientation relationships between nanowires and 

substrate were examined by X-ray diffraction (XRD) and X-ray pole figure 

(X’Pert Pro, PANalytical). High-resolution transmission electron microscopy 

(HR-TEM, JEM-3000F, JEOL) analysis was further performed to investigate the 

crystal structure of nanowires and the nanowire/substrate interface.  

 

3.2.3. Results and discussion 

The field emission scanning electron microscopy (FESEM) imgage of as-

grown SnO2 nanowires on r-cut sapphire is shown in Figure 3.2.1(a). The tilted 
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view revealed that majority of the nanowires were vertically grown and a few 

nanowires were aligned with an inclination to the substrate (two different 

directions). The average diameter of nanowires was ~20 nm and the length was ~1 

m. The growth rate in length direction was ~33 nm·min-1. The density of 

nanowires was estimated to be ~45 wires·m-2. The nanowires had the rectangular 

cross section (inset of Figure 3.2.1(a)). The out-of-plane orientation of SnO2 

nanowires on r-cut sapphire was investigated by X-ray diffraction (Figure 

3.2.1(b)). The only (101) peak of SnO2 (JCPDS Card No. 41-1445, space group: 

P42/mnm, a=b=0.4738 nm, c=0.3187 nm) and {012} peaks of sapphire (JCPDS 

Card No. 46-1212, space group: R3c, a= b=0.4758 nm, c=1.2992 nm) were 

observed. This result indicates a strongly preferred (101) orientation of  

nanowires normal to the substrate even though as-grown SnO2 nanowires 

exhibited the three different growth directions. The in-plane orientation of 

nanowires was examined by X-ray pole figure. The {001} pole figure of (012) 

sapphire and {101} pole figure of SnO2 nanowires are shown in Figure 3.2.2 (a) 

and (b), respectively. Only reflections from {101} family of planes ((101), (011), 

(101), (011)) appeared in the pole figure of SnO2, which exactly matched with the 

(101) stereographic projection of SnO2 (Figure 3.2.2(d)). This implies that the 

SnO2 nanowires were heteroepitaxially grown on r-cut sapphire and there exists 

in-plane orientation relationship between nanowires and sapphire. The determined 

in-plane relationships were 010 ∥ 100  and 101 ∥ 121 , 
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which are consistent with the previously reported epitaxial relationships of SnO2 

thin films.[73, 82] 

   

Based on the heteroepitaxial relationships, the as-grown (101) SnO2 

nanowires were further examined by FESEM along the [100] and 121  

directions of r-cut sapphire (Figure 3.2.3). The cross-sectional images clearly 

showed the characteristic angular orientations (aligned direction) of the nanowires 

with respect to r-cut sapphire substrate. When viewed along the	 100  direction 

of sapphire substrate (Figure 3.2.3(a)), majority of the nanowires were inclined at 

an angle of 68° to the substrate plane and a few nanowires had an inclination 

angle of 56°. Three aligned directions were evident when viewed along the 121  

direction of sapphire (Figure 3.2.3(b)). The major aligned direction was vertical to 

the surface, while the other two minor aligned directions were projected at an 

angle of 29° to the surface forming the mirror images. The observed growth 

directions and angles of (101) SnO2 nanowires  were consistent with those 

calculated from the rutile SnO2 crystal structure (Figure 3.2.4). Indeed, the (101) 

SnO2 nanowires exhibited the three different growth directions of [101], [011], 

and 011 . Au nanoparticles were found at the tips of all the nanowires indicating 

that SnO2 nanowires were grown via a vapor-liquid-solid (VLS) mechanism. 
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TEM specimens were prepared using the focused ion beam (FIB) lift-out 

technique to further analyze the crystallographic growth directions and interfaces 

between nanowires and substrate.[95] The cross-sectional TEM images viewed 

along [100] direction of sapphire ([010] direction of SnO2) is shown in Figure 

3.2.5. The low magnification, bright field image clearly showed the angular 

growth of SnO2 nanowires (Figure 3.2.5(a)). The measured angle of 68º was 

consitent with  FESEM observation. The nanowires had a nearly constant 

diameter of ~20 nm with a smooth surface. The slight bending of nanowirs was 

introduced during the specimen preparation. The nanowires had the larger 

diameter (broadened) base. The reason is not well understood at this stage, but it 

could be formed by a surface tension acting on the Au droplet during VLS 

growth.46 HRTEM image of nanowire (Figure 3.2.5(b)) demonstrated the clear 

lattice fringes without obvious defects or dislocations confirming the high single 

crystallinity of nanowires. The fast Fourier transformation (FFT) pattern (Figure 

3.2.5(c)) of nanowire was completely indexed to rutile viewed along the [010] 

zone axis and the side wall of the nanowire was parallel to the (101) plane. The 

FFT pattern of interface (Figure 3.2.5(d)) indicated that (101) plane of SnO2 and 

(012) plane of sapphire were parallel confirming the orientation relationships of 

101 ∥ 012  and 010 ∥ 100 , determined by XRD and 

X-ray pole figure. The growth direction of nanowires, angled 68º to the (101) 

plane, was determined to be [101]. Thus, the SnO2 nanowires grew along the [101] 



100 

direction with an inclination angle of 68º to (101) plane. A high magnification 

image of the interfacial region (Figure 3.2.5(f)) revealed that the interface is clean. 

The (101) plane of SnO2 was conneteced to the (014) plane of sapphire at the 

interface. The misfit dislocation can be easily seen in the Fourier filtered image 

(Figure 3.2.5(g)) and the misfit dislocation was rather irregular due to the 

roughness of the sapphire substrate. This misfit dislocation was resulted from the 

large lattice mismatch (11.09 %) in the 101  direction of SnO2 ( 121  direction 

of sapphire).[82] In addition, the growth direction of the nanowires inclined at an 

angle of 56º to the substrate when viewed along the [100] direction of sapphire 

was determined to be [011] or 011  (Figure 3.2.4), and  these nanowires had 

the same hetero-epitaxial relationships with sapphire (Figure 3.2.6). From these 

observations, it can be concluded that the (101) SnO2 nanowires were hetero-

epitaxially grown on the r-cut sapphire substrate without a distinct buffer layer. 

 

The interface of Au catalyst and SnO2 nanowire was further investigated 

by TEM. The HRTEM image (Figure 3.2.7(a)) showed that semi-spherical, 

crystalline Au catalyst were present at the tip of nanowire and the interface was 

relatively sharp and straight. The FFT patterns of Figure 3.2.7(b) and (c), viewed 

along the [010] direction of SnO2 (or [101] direction of Au), were completely 

indexed to be Au and SnO2, respectively, and the interface was parallel to the (101) 

plane of SnO2 (or (020) plane of Au).  
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The energy dispersive X-ray spectroscopy (EDS) analysis indicates that 

the nanoparticle on the tip was only composed of Au and no evidence of Sn and O 

was found (Figure 3.2.8). The presence of diffused Au atoms along the Si 

nanowire has been reported,[97] but Au was not detected along the SnO2 

nanowire within the detection limit of EDS. The interface between Au and SnO2 

was atomistically well defined (Figure 3.2.7) and the orientation relationships 

were found to be 020 	‖	 101  and 101 	‖	 010 . It was 

reported that the crystalline orientation of the catalyst might determine the growth 

direction and side surfaces of nanowires and nanobelts.[94] In this study, the 

crystallographic orientaion of SnO2 nanowire was primarily determined by the 

hetero-epitaxial relationships with sapphire and thus, the influence of Au catalyst 

on the growth behavior of SnO2 nanowire is less likely. 

 

In addition, when the Ar gas flow rate increased from 300 to 500 sccm, the 

growth rate of SnO2 nanowires increased from 33 to 56 nm·min-1, and the 

nanowires having several branches at upper part appeared. The branches were not 

obviously observed in SEM micrograph (Figure 3.2.9(a)), but they were clearly 

seen in TEM micrographs (Figure 3.2.9(b) and (c)). Surprisingly, the branch 

nanowires had an inclination angle of 68 ° to the original nanowire (trunk) grown 

on sapphire substrate. The branch nanowire even had a secondary branch, which 
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was parallel to the trunk nanowire. The FFT patterns of trunk nanowire (c,d), 

branch nanowire (f), and interface region (e) marked in Figure 3.2.9 were exactly 

matched one another, and the HRTEM image showed that the lattice fringes were 

continued across the interface between trunk and branch nanowires. These results 

implies that the branch nanowires were homo-epitaxially grown (101) SnO2 

nanowires with <101> family growth directions. Each growth direction was 

presented in Figure 3.2.9(a). The branch nanowires had the similar diameters to 

the trunk nanowire with the broadened bases, and Au catalyst was frequently 

observed at the tip (Figure 3.2.9(h) and (i)). The branched nanowires have been 

achieved via a controlled multistep catalyst mediated VLS process in many 

systems.[88, 90] However, in this study, the branched nanowires were obtained in 

one step without a multiple catalyst deposition just by changing the Ar flow rate. 

 

3.2.4. Conclusion 

 

In summary, well-aligned (101) SnO2 nanowires were fabricated on r-cut 

sapphire by carbothermal reduction via Au-catalyzed heteroepitaxial growth. 

Epitaxially grown (101) SnO2 nanowires exhibited three angular growth 

directions with different inclination angles to the substrate due to a tetragonal 

crystal structure. The orientation relationship between Au catalyst and SnO2 
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nanowire was determined by TEM, but the effect of catalyst on the growth 

behavior of SnO2 nanowire was unlikely. The branched SnO2 nanowires were 

developed on the vetically aligned trunk nanowires just by changing the growth 

conditions. The branched nanowires were homo-epitaxially grown on the trunk 

nanowires and thus, they were (101) SnO2 nanowires with <101> growth 

directions.  
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Figure 3.2.1. (a) Tilted FESEM image of aligned SnO2 nanowires grown on r-cut 

sapphire. The inset is the cross-sectional view of individual nanowire. (b) 2 X-

ray diffraction of SnO2 nanowires. 

 

 



105 

 

 

 

 

Figure 3.2.2. (a) {001} pole figure of (012) sapphire substrate. (b) {101} pole 

figure of SnO2 nanowires at 33.89 º Bragg angle.Stereographic projection of (c) 

(012) sapphire and (d) (101) SnO2. 
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Figure 3.2.3. Cross-sectional FESEM images of aligned SnO2 nanowires grown 

on r-cut sapphire; (a) viewed along the [100] direction and (b) viewed along the 

[121] direction of r-cut sapphire. 
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Figure 3.2.4. (a) Crystal structure of rutile SnO2. The <101> family directions 

of SnO2 viewed along the (a) [010] and (b) [100] direction. 
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Figure 3.2.5. (a) Cross-sectional TEM image of (101) SnO2 nanowires grown on 

sapphire ([101] growth direction). (b) HRTEM image of a SnO2 nanowire on 

sapphire. Incident beam is in the [100] direction of sapphire. (c), (d), and (e) FFT 

patterns of SnO2 nanowire, interface, and sapphire substrate marked by the boxes 

in panel (b), respectively. (f) high-magnification image of SnO2/sapphire interface. 

(g) Fourier filtered image of (f). 
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Figure 3.2.6. (a) Cross-sectional TEM image of (101) SnO2 nanowire on sapphire 

([011] growth direction). (b), (c), and (d) FFT patterns of SnO2 nanowire, 

interface, and sapphire, respectively. 
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Figure 3.2.7. (a) HRTEM image of Au catalyst at the tip of SnO2 nanowire. (b) 

and (c) FFT patterns of Au catalyst and SnO2 nanowire, respectively. (d) high 

magnification image of Au/SnO2 interface. 
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Figure 3.2.8. EDS spectra of Au catalyst and SnO2 nanowire. 
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Figure 3.2.9. (a) and (b) TEM images of branched SnO2 nanowires. (c)-(f) FFT 

patterns of nanowires marked by the boxes in panel (b). (g) HRTEM image of 

nanowire junction. (h) and (i) TEM images of branched SnO2 nanowires with Au 

catalyst. 
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3.3. Horizontal growth of SnO2 nanowire with one-

directional Alignment 

 

3.3.1. Introduction 

As the conventional microelectronic industry approaches its technological 

and financial limitations, new advanced devices based on inorganic nanowires 

(NWs) have received extensive attention as one of the next-generation device 

architectures. According to this trend, wafer-scale integration of nanowire with 

well-alignment has been intensively investigated for high operation reliability of 

nanowire based devices. As mentioned in the chapter 1, ex-situ alignment 

techniques are mostly complicated and nanowires might be contaminated by 

solvents during these process. So, in-situ alignment of nanowire during growth is 

a one of key technique for desirable nanowire-based device. 

In this chapter, horizontally grown SnO2 nanowires with self-alignment 

will be discussed. The synthesis condition of the horizontally grown SnO2 

nanowire is similar to the vertically grown SnO2 nanowire. In this case, Au 

nanoparticle colloid is used as catalyst for VLS growth, because the distance 

between catalyst could be altered by controlling concentration of Au colloid. The 

horizontal growth of SnO2 nanowire is synthesized by using r-cut sapphire 
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substrate and the SnO2 nanowire is grown on r-cut sapphire substrate and a 

epitaxial relationship between nanowire and substrate is the same to vertically 

grown SnO2 nanowires. 

 

3.3.2. Experimental procedure 

1) Preparation of Au coated substrate: For the horizontal growth SnO2 nanowire, 

the Au was deposited by using Au colloid. The cleaned substrate was immerged in 

Poly-L-lysine (PLL, 10 wt. %) solution for 2 min, and washed by D. I. water. 

After that, Au colloid was dispersed on PLL. The colloids were immobilized on 

the surface modified substrate. A thin layer of polyelectrolyte adsorbed onto the 

substrate surface by a quick immersion in 0.1 wt % poly-L-lysine. After rinsing 

with DI water, the substrates were immersed in the Au nanoparticle solution 

(1010-1011 particles/mL, Ted Pella Inc.). The polymer possesses a net positive 

charge in aqueous solution at neutral pH and hence adsorbs onto the substrate due 

to its electrostatic attraction to deprotonated hydroxyl groups on surface of 

substrate. Consequently the polymer film presents a positively charged surface to 

the negatively charged Au colloids in aqueous solution, attracting them to the 

surface. Following a final rinse with DI water and drying, the substrates were used 

for nanowire growth in tube furnace.  
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2) Nanowire growth condition: For SnO2 nanowire synthesis, the feedstock 

source was prepared by thoroughly mixing SnO2 powder (purity 99.99%) and 

graphite (purity 99.99%) in a 2:1 ratio. The feedstock was loaded into an alumina 

boat and placed 7 cm upstream from the Au-coated substrate in a quartz tube. The 

quartz tube was then inserted into a horizontal tube furnace and evacuated by a 

rotary pump to a pressure of 5×10-2 torr. The furnace was heated to 800 oC at a 

heating rate of 10 oC/min and maintained at that temperature for 30 min under a 

constant Ar gas flow (300 sccm) at a total pressure of 10 torr. After deposition, the 

furnace was cooled to room temperature and the samples were retrieved and 

characterized.  

 

3) Characterization: The morphology of as-synthesized product was observed 

by field-emission scanning electron microscopy (FE-SEM, JSM-7401F, JEOL). 

The phase and in- and out of-plane orientation relationships between nanowires 

and substrate were examined by X-ray diffraction (XRD) and X-ray pole figure 

(X’Pert Pro, PANalytical). High-resolution transmission electron microscopy 

(HR-TEM, JEM-3000F, JEOL) analysis was further performed to investigate the 

crystal structure of nanowires and the nanowire/substrate interface. 
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3.3.3. Results and discussion 

Figure 3.3.1 is SEM images of as grown SnO2 nanowires catalyzed using 

50 nm sized Au nanoparticle. All of nanowires are aligned with and one-direction, 

and it is [101] or [101] direction of SnO2 and [121] or [121] of sapphire (Figure 

3.3.1(a)). The nanowire exhibits the quite uniform diameter and it indicates that 

the Au nanoparticles were well-dispersed and the aggregation of Au is not 

occurred during heating process. The periodical nodes are interestingly observed 

in Figure 3.3.1(b). And tilted view of SEM image shows the thickness of 

nanowire is thinner than the diameter of nanowire and a top surface of nanowire is 

not flat.  

 

The out-of-plane orientation of lateral grown SnO2 nanowires on r-cut 

sapphire substrate was investigated by X-ray diffraction (Figure 3.3.2). Only 

reflections from the {101} family of planes ((101), (1 01), (011), (01 1)) appeared 

in pole figures for horizontally grown SnO2 nanonwires. This indicates that SnO2 

(101) nanowires were epitaxially grown on r-cut sapphire substrate with in-plane 

relationships of  
2S nO sapphire[010] [02 1 ]  and 

2SnO sapphire[101] [121]
. 

Thus, the obtained SnO2 nanowires were heteroepitaxially grown on r-cut 

sapphire substrate similar to heteroepitaxial SnO2 films and vertically aligned 
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SnO2 nanowire. The growth direction of SnO2 nanowire with orientation of 

sapphire is already index in Figure 3.3.1. In case of lateral grown SnO2 nanowire, 

this relationship is an unexpected result because horizontal nanowire is grown 

along large lattice mismatch direction (11.24%, [101]//[121]).  

 

In other studies, the horizontal growth of nanowire is induced by various 

approach, epitaxial relationship, faceted surface (on mis-cut substrate), and 

corrugated surface, and the growth direction of nanowire could be controlled their 

relationships.[98-100] Recently, it is investigated that growth direction and 

growth mode (vertical and horizontal growth) of noble metal nanowire could be 

steered by flux direction of supply.[101] We investigated the growth direction 

with different gas supply direction, as well. As seen Figure 3.3.3, the substrate 

was position with different angle to injection direction, but nanowire is grown 

according to substrate orientation instead of following the flux direction. So it is 

concluded that the flux direction does not affect to the growth direction of 

nanowire and the growth of SnO2 nanowire is controlled by thermodynamic 

condition of SnO2 nanowire.  

 

To further investigate the morphology of nanowire and the interface 

between nanowires and substrate, cross sectional TEM specimens were prepared 
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using the focused ion beam (FIB) lift-out technique. The cross-sectional TEM 

image viewed along [100] direction of sapphire substrate is shown in Figure 3.3.4. 

The interesting cross section TEM image is the formation of periodical sawtooth-

facet, the morphological instability. The rough surface and periodical nodes, 

observed in SEM images, is well-corresponded to cross-sectional TEM images. 

The SAED pattern of nanowire and sapphire exhibits the nanowire is hetero-

epitaxially grown on sapphire but lots of deformations are observed at the 

interface of nanowire and substrate. Even though some of defect exists at the 

interface, the specific defect was not observed at the body of nanowire.  

 

The cross-sectional TEM analysis according to the growth direction of 

nanowire is investigated as well. The (101) and (020) side facet of nanowire is 

clearly shown in Figure 3.3.5. The lattice of nanowire and sapphire is well-

matched due to small lattice mismatch. While clear lattice fringe is observed in 

Figure 3.3.5(e), some of lattice distortion is observed at the body of nanowire 

(Figure 3.3.5(f)) even though it seems not to form the dislocation or planar defects.    

 

 The growth behavior of SnO2 nanowire with different catalyst size is 

shown in Figure 3.3.6. The size of Au catalyst is 5nm, 20 nm and 80 nm, 
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respectively. It is directly observed that the SnO2 nanowire is more snaked with 

decreasing catalyst size. It has been known that the size of Au catalyst affects to 

the growth mode and behavior of horizontal nanowire. When the increasing of Au 

catalyst size, the horizontal nanowire become disordered (loss their alignment) 

and the larger sized catalyst leads to transformation from horizontal to vertical 

growth. This is resulted by strain at interface between nanowire and substrate. 

Generally for using smaller sized catalyst, the strain is also small so nanowire 

growth is determined by underlying substrate. When the Au catalyst size becomes 

larger, the strain is large enough to overcome the direct influence of substrate, so 

the nanowire might be randomly grown or vertically grown. However, the 

horizontally grown SnO2 nanowires show the counteracting to previous results. In 

our case, horizontal nanowire is straighten and well-aligned with increasing 

catalyst size. Interestingly, horizontal SnO2 nanowires are a tendency to grow 

according to [121] of sapphire in whole cases, even though the nanowire is getting 

loss their alignment with decreasing catalyst size.  

 

In this study, we use the catalyst as Au colloids for control of spacing 

between Au particles and density. Au nanoparticle is randomly located on 

substrate, as the result the further length control is difficult. So we use pattern Au 

thin film as catalyst to synthesis of ultra-long horizontal SnO2 nanowire.  As 
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expected, the large amount of vertically grown SnO2 nanowire is observed in high 

density region of Au catalyst and the horizontally grown SnO2 nanowire is shown 

at the edge of Au pattern (Figure 3.3.7). The length of nanowire is more than 10 

μm with well-alignment, as well. 

 

We additionally investigated the transformation from lateral to vertical 

growth, as well. Even though it is well-known that high density of Au catalyst 

leads to vertical (or perpendicular) growth, the procedure, toward vertical growth, 

has not been demonstrated. We could successfully observe the transformation 

progress by using Au thin film as catalyst for high density nanodots array. Figure 

3.3.8 shows the transformation behavior from lateral to vertical growth. In the 

initial state, Au thin film turns to the randomly distributed Au nanodots and the 

horizontal nanowire is grown when gas feeding is supplied. In this state, 

horizontal nanowire is randomly grown because near Au catalyst disturbs their 

preferred alignment. When collision of the horizontal nanowire is occurred, the 

nanowire is not horizontally grown any more. And the nanowire is vertically 

grown, finally. In our previous works, we show the hetero-epitaxial relationship 

and the specific growth behavior, angular growth of SnO2 nanowire. This results 

indicates that the horizontal nanowire of initial state is also followed the hetero-
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epitaxial relationship, even though they seem to be grown with random growth 

direction. 

 

3.3.4. Conclusion  

The SnO2 nanowires are horizontally grown on r-cut sapphire with self-

alignment by Au-catalyzed thermal evaporation. The results of pole-figure 

indicate the nanowires are epitaxially grown and the growth direction of [101] is 

parallel to the large mismatch direction with r-cut sapphire. The upper facet of 

nanowire shows surface roughening while the side facet is flat. This might be 

result from large lattice mismach between SnO2 nanowire and r-cut sapphire. The 

further studies about growth behavior of SnO2 nanowire and the surface 

roughening will be conducted. 
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Figure. 3.3.1. SEM images of horizontally grown SnO2 nanowire.  
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Figure 3.3.2. (a) {001} pole figure of (012) sapphire substrate. (b) {101} pole 

figure of SnO2 nanowires at 33.89 º Bragg angle. Crystal structure of (c) (012) 

sapphire and (d) (101) SnO2. 
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Figure 3.3.3. The growth of horizontal SnO2 nanowire with different direction of 

gas injection. 
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Figure 3.3.4. Cross-sectional TEM image with [010] zone axis of SnO2. 
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Figure 3.3.5. Cross-sectional TEM image with [101] zone axis of SnO2. 
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Figure 3.3.6. The horizontally grown SnO2 nanowire with different catalyst size, 

(a) and (b) : 5 nn, (c) and (d) : 20 nm, (e) and (f) 80 nm. 
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Figure 3.3.7. Ultra-long, horizontally grown SnO2 nanowire from patterned Au 

thin-film. 
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Figure 3.3.8. Transformation of growth behavior of SnO2 nanowire from 

horizontal to vertical growth. 
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Chapter 4.  

 

Magnesiothermic Reduced Silicon Nano-

structure for Li-ion Battery Application 
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4.1. Synthesis of reduced graphene oxide wrapped silicon 
nanosheet from natural sand and their electrochemical 
properties 

 

4.1.1. Introduction 

Currently, graphite is used as anode electrode for Li-ion battery for 

industry due to excellent capacity retention during the cycling. Nevertheless, 

graphite electrode has a low specific capacity (372 mAh g-1) and shows a poor 

rate capability.[1-3] Li-ion battery have predominantly provided the electrical 

power necessary to operate small portable electronic devices such as cellular 

phones, laptop computers, and camcorders in the past decade. Recently, it has 

been applied to both HEVs (hybrid electric vehicles) and back-up electricity 

storage units for renewable energy sources. Since the demand for safe Li-ion 

batteries exhibiting high power, large capacity, and high rate capability is ever 

increasing, new electrode materials is required to replace graphite of low capacity. 

Most of all, silicon based systems are definitely attractive candidates since silicon 

has a large theoretical specific capacity at room temperature (Li15Si4 : 3600 mAh 

g-1) and low operating voltage (around 0.1 V vs. Li/Li+).[4,5] However, silicon 

based electrodes undergo a large volume change during the cycling and it leads to 

a poor rate capability.[6,7] To mitigate these problems, various nanostructures 

were employed to anode material for Li-ion battery. But, synthesis of 
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nanostructured silicon is required complicated route with toxic precursor or high 

cost technique, such as CVD (chemical vapor deposition).[8-11] Sandhage group 

reported that synthesis of porous silicon from SiO2, which is a magnesiothermic 

reduction. They demonstrate that three-dimensional silica was formed into micro-

porous silicon replicas in a sealed steel ampoule at 650 °C by the following 

reaction: 2Mg + SiO2 (s) → 2MgO (s) + Si (s).[12,13] Recently, the 

magnesiothermic reduction process has been attracted and various silicon 

nanostructures, such as nanotube, hollow sphere, porous structure, etc., were 

formed via this technique.[14-16] These studies show good electrochemical 

properties but most research is required a several step to synthesize a 

nanostructured SiO2.  

Herein, a silicon nanosheet is successfully prepared by magnesiothermic 

reduction with natural sand. As well-known, two-dimensional silicon 

nanostructures, such as nanosheet and nanoplate, are a promising structure. But, 

two-dimensional silicon nanostructure is required complicate process with CVD 

technique, as well.[17,18] Even though, silicon nanosheet is recently prepared by 

using graphene oxide as template and magnesiothermic reduction.[19] This 

process is also required a purified SiO2 source, TEOS. In this study, the sand was 

used as precursor and template for synthesis of silicon nanosheet. This might be 

the lowest cost process for synthesis technique of silicon nanostructure.       
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4.1.2. Experimental procedure 

1) Synthesis of Silicon Nanosheet: 1 g of commercial sand (ficher) was crushed 

by planetary ball milling for 4h. The crushed sand was washed with D. I. water, 

dried and calcined to remove organic impurities at 600 °C for 1h. Then, 0.4 g of 

calcined sand and 0.32 g of magnesium (325 mesh, Stream) were mixed by 

grinding. The mixture was heated in a tube furnace at 700 °C for 4h at 5 vol. % 

H2/N2 atmospheres. The brown products were washed with hydrochloric acid 

solution and hydrofluoric acid solution. (10 wt. %) 

 

2) Synthesis of graphene oxide: Graphite oxide (GO) was prepared through 

Hummers’method,[20] by reacting commercially obtained graphite powder in a 

mixture of H2SO4, NaNO3, and KMnO4. After completion of the reaction, H2O2 

was added to the reaction vessel. The GO was filtered and washed twice with 1 M 

HCl and twice with DI water. The GO separated in the form of a dry, brown 

powder. 

 

3) Graphene wrapping: 0.1 g of prepared silicon nanosheet was dispersed in 100 

mL absolute ethanol and 2 mL of APTES was added.[21] After stirring for 4h, 

the above solution was wash and centrifuged with absolute ethanol. And, 0.15 g 
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G.O was dispersed in 80 mL water by tip-signification and 20 mL silicon 

nanosheet water solution was added in prepared G.O solution. The stirring of 

mixture solution is conducted for 4h. The solution was washed and centrifuged 

by D.I.water and the Si-G.O. composite was filtered and dried. Finally, the 

obtained powder was reduced at 400 °C for 6h under 5 % H2/N2. 

 

4) Elctrochemcial Test: The test electrodes consisted of the active powder 

material (70 wt.%), carbon black (Ketjen Black, 10 wt.%) as a conducting agent 

and poly amide imide (PAI, 20 wt.%) dissolved in N-methyl pyrrolidinone 

(NMP) at 60℃ as a binder. Each component was well mixed to form a slurry 

using a magnetic stirrer. That slurry was coated on a copper foil substrate, 

pressed, and dried at 200 ℃ or 4 h under a vacuum. A coin-type 

electrochemical cell was used with lithium foil as the counter and reference 

electrode and 1 M LiPF6 and 10% fluoroethylene carbonate (FEC) in ethylene 

carbonate (EC)/diethyl carbonate (DEC) (3:7 (v/v), PANAX) as the electrolyte. 

The cell assembly and all of the electrochemical tests were carried out in an Ar-

filled glove box. The cell experiments were galvanostatically performed using a 

Maccor automater tester at a constant current of 200 mA g-1 (200 mA g-1, 500 

mA g-1, 1000 mA g-1, 2000 mA g-1, 3000 mA g-1, 200 mA g-1 at each step in the 

rate capability test) for the active material within the voltage range between 0.0 
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V and 2.0 V (vs. Li/Li+). 

 

4.1.3. Results and discussion 

Phase and morphology of synthesized silicon nanosheet  

X-ray diffraction (XRD) analysis shows that the crushed sands were 

converted to Si nanosheet by magnesiothermic reduction. The XRD patterns of 

ball-milled sand, as reduced specimen, after HCl and HF treatment are shown in 

Figure 4.1.1. The XRD pattern of the ball-milled is indexed to quartz-SiO2. After 

reduction, silicon (JCPDS No. 27-1402), magnesium oxide (MgO, JCPDS No. 45-

0946), magnesium silicide (Mg2Si, JCPDS), and remained quartz-SiO2 is 

observed. When mixing the ball-milled sand and magnesium, the molar ratio of 

the sand and magnesium is 1: 0.8 according to SiO2+2Mg=Si+2MgO. But it is 

impossible to form a perfect mixture with micro-sized the sand and magnesium 

power, so unreacted sand and Mg2Si, resulted from excess Mg, is observed. 

Indeed, the solid phase of magnesium is transformed to liquid or gas phase at 

700 °C processing temperature while the ball-milled sand is micro-scaled solid. 

Therefore, most of the ball-milled sand powders are exposure to the Mg excess 

condition. The peaks of MgO are disappeared after HCl treatment, silicon and 

quartz, unreacted sand, phases are observed after HCl treatment. After HF 

treatment, only silicon peaks are observed. 
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The SEM image of commercial sand is shown in Figure 4.1.2(a). The 

commercial sand is a few hundreds micrometer size and it reduced to hundreds 

nanometer ~ micrometer during planetary ball-milling (4.2(b)). Especially, a few 

micrometers sized sand show flat surface and it is the critical role as template for 

growth of silicon nanosheet. As seen in Figure 4.1.2, the silicon nanosheet is 

formed on the surface of sand, so flat and large surface is favorable for synthesis 

of wide silicon nanosheet. After HF treatment, two-dimensional silicon nanosheet 

is obtained (4.1.2(c) and (d)). The nanosheet has a fallen leaves liked shape and 

the diameter is a few hundreds nanometer. The torn region of silicon nanosheet 

might be resulted by HF treatment. The exact thickness of silicon nanosheet is not 

measured from SEM image, but the nanosheet is flexible and very thin, compared 

to the area of nanosheet. 

 

Transmission electron microscopy (TEM) images of the synthesized 

silicon nanosheet are shown in Figure 4.1.3. The low-magnification TEM image 

shows the widely dispersed silicon nanosheet and the selected area electron 

diffraction (SAED) indicated the synthesized silicon nanosheets are well-

crystallized as single phase without other impurities, as well. At higher 

magnification, the 2-dimesional structure is revealed with over 50 nm width. Even 

though polycrystalline liked morphologies are shown, the silicon nanosheet is, 
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indeed, composed of single crystal. The high resolution TEM image of Figure 

4.1.3(d) clearly shows the silicon nanosheet is the single crystal. In the general 

concept of magnesiothermic reduction, the reduced silicon has polycrystalline 

nature with a few nano-sized grains but our synthesized silicon nanosheet is the 

single crystalline and the size (or width) is from 20 nm to a few hundreds 

nanometers. This single crystalline structure indicates that the represented silicon 

nanosheets are formed by different mechanism from general magnesiothermic 

reduction.  

 

Figure 4.1.4 shows nitrogen adsorption–desorption isotherms and surface 

area of silicon nanoparticle and synthesized nanosheet. The BET surface area and 

pore parameters of the samples determined from the nitrogen adsorption–

desorption isotherm by the BJH (Barrett–Joyner–Halenda) method are 

summarized in Table 4.1.1.  

 

Synthesis sequence of silicon nanosheet  

 

To understand a formation of the silicon nanosheet, the HCl treated sand, 

reduced by magnesiothermic reduction, was investigated by TEM analysis. It is 

revealed the most of powers have the yolk/shell liked structure or hollow structure 

(Figure 4.1.5). The large size spherical particle is not observed in SEM image 
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(Figure 4.1.2) because SiO2 is dissolved by HF treatment, so core material might 

be SiO2. From this observation, it is concluded that the Mg did not reach to the 

core and the large amount of SiO2 remained in our condition, only surface of sand 

was reacted and reduced. The hollow space might be results of dissolution of 

Mg2Si in HCl because Mg2Si is easily dissolved in HCl solution. As seen in 

Figure 4.1.5(d), the silicon nanosheet is formed with follow step: the core-shell 

structure of SiO2/Mg2Si/silicon is, at first, formed during magnesiothermic 

reduction. Then, the Mg2Si and SiO2 are dissolved during HCl and HF treatment, 

sequentially, and the shell-layer of silicon is partially etched by HF solution, as 

well. Finally, the silicon nanosheet is obtained. A HR-TEM image of shell-layer 

reveals the thickness of silicon nanosheet (Figure 4.1.5(c)). The thickness of shell 

layer is about 20 nm and it is composed of multi layered structure. The thickness 

of silicon nanosheet is supposed to about 20 nm through these results even though 

the thickness of silicon nanosheet was directly not measured. 

 

Graphene wrapped silicon nanosheet  

For improvement of electrochemical properties, the silicon nanosheets 

were encapsulated to overcome their low electrical conductivity and to support the 

large volume expansion by graphene. The graphene was simple prepared by well-

known hummer method and the encapsulation was conducted by 

aminopropyltrim-ethoxysilane (ATPES) modification.[20,21] The TEM images of 
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graphene encapsulated silicon nanosheet is shown in Figure 4.1.6. The graphene is 

not well observed in low-magnification TEM and SAED is exactly the same to the 

bare silicon nanosheet. The HRTEM image clearly reveals that silicon nanosheet 

is well-encapsulated by graphene.  

 

Electrochemical properties 

The electrochemical properties of silicon nanosheet and graphene 

encapsulated silicon (Si@ Graphene) nanosheet electrodes were shown in Figure 

4.1.7. The electrochemical test was carried out in the voltage of 0-2 V with a 

current density of 200 mA g-1. The voltage profiles of silicon nanosheet and Si@ 

Graphene are shown in Figure 4.1.7(a). The first cycle discharge and charge 

capacity of silicon nanosheet were 3563 and 2431 mAh g-1 and those of 

Si@Graphene were 3769 and 2625 mAh g-1. The charge capacity of Si@ 

Graphene is similar to that of silicon nanosheet and specific difference of voltage 

profile was not observed at the first cycle. This indicates the silicon is fully 

lithiated to Li15Si4. Figure 4.1.7(b) clearly shows the higher cyclability of 

graphene encapsulated silicon nanosheet. The silicon nanosheet exhibits higher 

reversible capacity than commercial nano-silicon even though it was synthesized 

from sand. The graphene wrapping effectively improved the cyclability of silicon 

nanosheet and the rate capability of graphene wrapped silicon nanosheet is very 

impressive. The reversible capacity of graphene wrapped silicon nanosheet is not 
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decreased with increasing a discharge current density and it show 1113 mAh g-1 at 

a high discharge current density at 3 A g-2.    

 

4.1.4. Conclusions 

In summary, we simply synthesized the silicon nanosheet by the 

magnesiothermic reduction with natural sand as source and template. The 

synthesized silicon nanosheet was well crystallized and showed better 

electrochemical properties than commercial silicon nanopowder for anode of 

lithium rechargeable battery and further enhancement was achieved by graphene 

encapsulation. Indeed, there are still a few questions about the synthesis 

mechanism even though we proposed the formation mechanism of silicon 

nanosheet. 
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Figure 4.1.1. XRD patterns of (a) ball-milled sand, (b) as reduced silicon, (c) 

HCl and (d) HF acid treated silicon nanosheet. 
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Figure 4.1.2. SEM image of (a) commercial sand, (b) ball-milled sand, (c) and  

(d) synthesized silicon nanosheet. 
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Figure 4.1.3. (a) low magnification TEM image of silicon nanosheet, (b) SAEP of 

silicon nanosheet, (c) and (d) HRTEM image of silicon nanosheet.  
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Figure 4.1.4. Nitrogen adsorption–desorption isotherms of (a) commercial silicon 

nanoparticle, (b) synthesized silicon nanosheet. 

 

 

 

Table 4.1.1. (a)-(c) HCl treated products, (d) Schematic illustration of the 

synthesis of silicon nanosheet. 
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Figure 4.1.5. (a)-(c) HCl treated products, (d) Schematic illustration of the 

synthesis of silicon nanosheet. 
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Figure 4.1.6. TEM and SAEP image of graphene wrapped silicon nanosheet. 
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Figure 4.1.7. (a) Voltage profiles of silicon nanosheet and graphene encapsulated 

silicon nanosheet electrodes after 1, 2, 10, 30, 50 cycles at 200 mA g-1 between 0 

and 2.0 V. (b) Cyclability of commercial nano-silicon power, silicon nanosheet 

and graphene wrapped silicon nanosheet, (c) rate capability of graphene wrapped 

silicon nanosheet.     
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4.2. Understanding of magnesiothermic reduction 

 

4.2.1. Introduction 

In previous chapter, synthesis of silicon nanosheet is demonstrated, but the 

exact formation mechanism is not sill established. A multi-layered structure of 

SiO2@Mg2Si@Si is formed during synthesis of silicon nanosheet. However the 

formation of this multi-layered structure could not be explained by according to 

general reaction of magnesiothermic reaction, SiO2 + 2Mg = 2MgO + Si. So the 

detailed reduction mechanism of magnesiothermic reduction is investigated in the 

chapter.    

Barati et al recently suggested the Mg2Si might be involved during 

reduction reaction at the early stage of reduction process and the SiO2 is reduced 

by Mg2Si.[22] Figure 4.2.1 show that comparison of Si yield and Mg2Si yield with 

processing temperature and Mg/SiO2 mol ratio. When decreasing of Mg2Si, the Si 

yield is increasing. From these results, they suggested that Mg2Si is consumed for 

the SiO2 reduction. Due to the accelerated kinetics of the reactions at higher 

temperatures, reduction by Mg2Si (Mg2Si+SiO2 = 2Si + 2MgO) that requires solid 

state reaction or diffusion can take place to a greater extent, giving rise to more 

reduction of SiO2 at the expense of Mg2Si.  
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This is the one of evidence for understanding the reaction mechanism of 

magnesiothermic reduction. The reaction of SiO2 + 2Mg = 2MgO + Si could be 

divided into followed two reactions as mentioned in chapter 1.3: 

SiO2(s) + 4Mg(g) = 2MgO(s) + Mg2Si(s),  

ΔG°(650°C) = -332.3 kJ/mol                (1.3.2)  

Mg2Si(s) + SiO2(s) = 2MgO(s) + 2Si(s),  

ΔG°(650°C) = -189.6 kJ/mol                (1.3.3) 

The reaction of (1.3.2) and (1.3.3) is thermodynamically stable but it has not been 

observed in experimental results.   

In this chapter, two topics will be discussed; 1) the initial stage of 

reduction mechanism, and 2) the formation of inverse opal liked porous silicon 

nanostructure. The initial stage of reduction mechanism is investigated by using 

100 nm sized SiO2 nanoparticles and the reduction was conducted at various 

temperatures, from 475 to 700 oC. And inverse opal liked silicon structure is 

induced from 50nm sized SiO2, the SiO2 nanoparticle was mixed with magnesium 

powder and formed a pellet.   
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Figure 4.2.1. (a) Effect of magnesium/silica ratio and temperature on (a) Si yield 

and (b) Mg2Si amount.[22] 

 

4.2.2. Experimental procedure 

Synthesis of silicon nanoparticle and inverse-opal liked silicon nanostructure: 

Nano-sized SiO2 powder and magnesium powder were used as precursor. The 

SiO2 nanopowder was synthesized by Stöbber method (details in the experimental 

section, chapter 2. The synthesized SiO2 nanopowder was annealed at 600 C for 

1h. After that, the SiO2 and well-grinded magnesium powder were mixed with 2:1 

weigh ratio (0.2 g of SiO2 and 0.16 g Mg). For the synthesis of silicon 

nanoparticle, the mixture powder was heated in a tube furnace at a certain 
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processing temperature (from 425 to 700 oC). And the mixture powder was 

uniaxially pressed into pellets (green body) of 10 mm in diameter at 40 kg/cm2 

pressure for synthesis of inverse opal liked silicon nanostructure. The green body 

was located at the center of tube furnace and the reduction process was conducted 

at 700 °C for 30 min. All of reduction process was conducted under Ar 

atmosphere. The products were collected and washed with hydrochloric acid 

solution and hydrofluoric acid solution (10 wt. %). 

 

4.2.3. Results and discussion 

Reduction mechanism of silicon nanoparticle 

To reveal the initial stage of reduction process, the process was conducted 

at different temperature. The mixture powder of Mg and 100 nm sized SiO2, with 

weight of 0.8:1, is used as starting material. As seen the figure 1.3.3, reaction of 

“SiO2 + 4Mg = 2MgO + Mg2Si” is thermodynamically more favorable than “SiO2 

+ 2Mg = 2MgO + Si”. However, the initial stage of reduction process has not been 

investigated in the previous studies. Usually, the reduction process was conducted 

at around 650 ~ 750 oC, but these temperatures are not suitable for investigation of 

initial stage due to the accelerated kinetics of the reaction at higher temperature. 

Figure 4.2.2 shows the XRD pattern of reduced SiO2 various temperature, from 
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425 to 700 oC. Mg2Si and MgO phase is observed from 475 oC and Mg is still 

remained, but any silicon phase was not observed. The Mg2Si peaks are increased 

to 500 oC and it is slightly decreased from 550 oC and it might reveal the 

formation of Mg2Si is almost finished. In contrast, silicon phase is observed from 

at 600 oC and the highest intensity is shown at 650 and 700 oC. But further 

increasing of silicon peaks is not observed. The appeared phases at different 

temperature are shown in the Table 4.2.1. The XRD results indicate that the Mg2Si 

is formed at the initial stage of reduction and Si is generated by consuming the 

Mg2Si.  

Indeed, kinetic factors, such as diffusion length into SiO2 and evaporation 

rate, of Mg are strongly dependent on the reducing temperature and it might affect 

to the reducing process of SiO2. Mg diffusion into SiO2 could control the 

formation of Mg2Si and MgO for all of case solid state, liquid-solid, gas-solid 

reaction, and it directly related to internal structure of reduced silicon 

nanostructure. And evaporation rate of Mg is increased by increasing the reducing 

temperature. In the diffusion point of view, higher temperature is favorable to 

form the well-distributed Mg2Si and to uniformly reduce SiO2 nanostructure. 

However, higher temperature also induces to accelerate the evaporation of Mg, 

thus uniform reduction is restricted by loss of reducing agent. In other words, 
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increasing reducing temperature for increasing diffusion of Mg has to be limited 

by the term of Mg evaporation.         

 

The phase evolution during reduction process with increasing processing 

temperature is confirmed in previous section. In this section, the phase evolution 

with reaction time as constant temperature will be discussed. Figure 4.2.3 shows 

the XRD results of reduced SiO2 powder with different reaction time at 500, 600, 

and 700 oC. As seen the Figure 4.2.3, strong Mg2Si peaks are observed when 

reducing temperature is at 500 oC and the Mg2Si is getting disappeared with 

increasing temperature. From these results, two possibilities of silicon formation 

are deduced. The first, silicon is generated form the reaction of “Mg2Si + SiO2 

(unreacted) = 2MgO + 2Si”. And precipitation of silicon from Mg2Si is also 

possible, because Mg2Si have to decompose into Mg and Si to react with SiO2. 

The former reaction is acceptable because the Gibbs free energy of this reaction is 

negative, as seen the Figure 1.3.3. But the latter reaction is still controvertible 

because it is difficult to observe the precipitation of silicon from Mg2Si. When 

increasing the reaction temperature, the reduction time is decreased. Whole 

reduction process is completed in 1h above reduction temperature of 600 oC ,   

To investigate how the mg2Si forms inside of SiO2 and the silicon is 

generated from between Mg2Si and SiO2, the TEM analysis is conducted. 
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Unfortunately, as reacted (or reduced) SiO2 is covered by Mg2Si or MgO, so it is 

impossible to observe. HCl treated reduced SiO2 is shown in Figure 4.2.4. Figure 

4.2.4(a)-(c) is the TEM image of sample, reduced at 500 oC without holding time. 

As seen the 4.2.3, this sample is composed of Mg2Si, MgO, and unreacted SiO2, 

so pore region of this figure is expected as Mg2Si and MgO region. After 8h 

reaction, silicon is generated and the TEM image of this sample is shown in 

Figure 4.2.4(d)-(g). The SAED pattern is indexed as silicon phase and the reduced 

silicon sphere is comprised of interconnected silicon nanoparticle. 

In summary, the sequence of magnesiothermic reduction is schematically 

shown in Figure 4.2.5. The reaction “SiO2(s) + 4Mg(g) = 2MgO(s) + Mg2Si(s)” is 

occurred at from around 450 to 500 oC, and this reaction is completed in short 

time. At this stage, the Mg2Si is uniformly formed inside of SiO2. After that, Si is 

generated by followed reaction; “Mg2Si(s) + SiO2(s) = 2MgO(s) + 2Si(s)”. This 

reaction might be required more time, and it is possible to react under 650 oC 

(melting point of magnesium). 
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Figure 4.2.2. XRD pattern of reduced SiO2 with different processing temperature. 
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Table 4.2.1. The phase evolution of magnesiothermic reduction with different 

temperature. 

 

                 * (heating up with 5 oC/min, without holding time) 
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Figure 4.2.3. (a) 500 oC for 0, 1,4, 8 h, (b) 600 oC for 0, 1, 2h, (c) 700 oC for 0, 1h. 
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Figure 4.2.4. HCl treated reduced SiO2, (a)-(c) 500 oC for 1h, (d)-(g) 500 oC for 

8h. 
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Figure 4.2.5. Schematic illustration of magnesiothermic reduction. 
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Formation mechanism of inverse opal-liked silicon nanostructure 

A very interesting structure of silicon nanostructure was synthesized by 

using Mg/SiO2 pellet instead of mixture powder. The SEM image of SiO2 

nanopowder is shown in Figure 4.2.6(a). The SiO2 nanopowder, served as 

template and silicon source, is spherical shape and the size is quietly uniform. 

After reduction and acid (HCl and HF) treatment, the SiO2 nanoparticle was 

converted to inverse opal liked silicon nanostructure. The prepared silicon 

nanostructure is presented in Fig.4.2.6(b)-(d). Even though the particle size is not 

uniform, all particle show porous (or inverse opal liked) structure. The particle 

size might be resulted from packing process into mold during formation of pellet, 

but the further detailed investigation of particle size was not conducted.  

 

The XRD patterns of as reduced and HCl treated sample shown in Figure 

4.2.7. The XRD peaks of as reduced sample, at 700 oC for 30 min, are well-

matched to Mg2Si, MgO, Si and Mg2SiO4 (unmarked peaks, JCPDS 34-0189). 

Especially, the silicon peaks of inverse opal liked silicon are slightly sharper than 

that of spherical nanoparticle. It indicates that the inverse opal liked silicon has 

larger grain size. After HCl and HF treatment, all of by-products are disappeared 

and only silicon phase is observed.    
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The TEM images clearly show the internal structure of porous silicon 

nanostructure (Figure 4.2.8). The porous silicon structure is composed of thin wall 

around the pore and the SAED patterns are indexed as single phase of silicon. The 

HRTEM image and FFT pattern show the silicon wall is single-crystalline silicon 

structure. Figure 4.2.8(f) is the inverse FFT image of figure 4.2.8(e) and this 

image directly reveal the size of single crystalline silicon is over 20 nm.  

 

To understand the formation mechanism of inverse opal liked silicon, the 

further XRD analyses were conducted. The XRD patterns of the reduced SiO2 

under different temperature (without holding time) and the observed phase are 

shown in Fig.4.2.9. Generally, the magnesiothermic reduction is conducted over 

650 oC because melting point of magnesium is 650 oC. The diffracted peaks of 

silicon and MgO were strongly appeared from 450 oC and it indicates the 

precipitation of silicon is occurred from around 450 oC. The nano SiO2 powder is 

amorphous phase so the completion of reduction for all SiO2 is not known from 

XRD results. It might be concluded that the reduction or generation of silicon is 

almost finished because further increasing the peak intensity of Si and MgO is not 

observed. Mg2Si peaks of tiny intensity are detected, and the Mg2Si might be 

crucible factor to formation of nano-porous silicon. As seen the figure 4.2.2 and 

4.2.3, the formation of Mg2Si is very fast but the reduction, from Mg2Si, requires 

long time or high temperature. So we believe that the formation of inverse opal 
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liked silicon is different from magnesiothermic reduction.    

During reduction process, the pellet burst to powder, but this phenomenon 

is not occurred in case of powder mixture. The burst powder is blown away from 

center of tube furnace to around 30 cm away in the quartz tube. This indicated 

quietly high pressure is applied to inside of pellet. Indeed, it is not still clear how 

much gas pressure applied to the pellet and how to influence the formation of 

inverse opal liked silicon structure. Further experiments with different heating 

schedule were conducted to reveal the effect of gas pressure. To fully release the 

gas, trapped at contact area of SiO2 power and pellet, the pellet was calcined at 

400 oC for 30 min ~ 8 h. In this case, it was assumed that the reaction between Mg 

and SiO2 could be ignored at 400 oC because the calcination temperature is much 

below the melting point of Mg and any reaction at 400 oC was detected in Figure 

4.2.9. The FESEM image of calcined sample clearly (Figure 4.2.10) shows that 

the silicon nanoparticle was obtained instead of formation inverse opal structure. 

So it is believed that the trapped gas in the pellet strongly affects the formation of 

inverse opal liked structure.   

    

Up to now, the precipitation behavior of silicon is not investigated too 

much. There are a few studies about the precipitation (or growth) of silicon. For 

example, the precipitation of silicon is studied in the Al-Mg-Si alloys with high 
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content of silicon. For the alloys without an excess of silicon, the decomposition 

of the solid solution obtained after quenching from the solutionizing temperature 

is generally believed to be as follows: supersaturated solid solution (SSS) → 

cluster (independent cluste of Si and Mg atoms, co-clusters of Si and Mg atoms) 

→ Guinier-preston (GP) zones → β″ (Mg5Si, coherent precipitates) → β′ (Mg1.8Si, 

semi-coherent precipitates) → β (Mg2Si) incoherent precipitates.[23] In contrast, 

precipitation sequence of the alloy with high silicon content is followed: SSS → 

cluster → GP zones → β″ → β′ + Si → Si + β (Mg2Si).[23,24] With increasing 

silicon content, a certain amount of silicon is simultaneously released from β′ 

phase, and precipitation of silicon and β phase is accelerated. Another example is 

the growth of silicon nanowire by SLS mechanism (soild-liquid-solid). In this 

case, the amorphous silicon nanowire is synthesized and a Si-Ni liquid droplet is 

used as catalyst. The deposited Ni film can react with the Si substrate at relatively 

high temperature, above 930 oC, and forms NiSi2 eutectic liquid alloy droplets. 

Because of the relatively high solubility of Si in NiSi2 eutectic alloy, more Si 

atoms will diffuse through the solid (the substrate) - liquid inter-face into the 

liquid-phase (the NiSi2 droplets). Other liquid - solid (nanowire) interface will 

form when the liquid phase becomes supersaturated due to thermal or 

compositional fluctuations, resulting in the growth of silicon nanowires.[25] Even 

though above two examples are not directly related to our study, but these studies 

show that the silicon precipitation is possible from metal silicide.  
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The previous results and related inferences are summarized in the below 

table. 

Result and 

inference 

∙ The Mg2Si is formed as intermediate phase at the initial stage of 

reduction process. (Figure 4.2.1) 

∙ The SiO2@Mg2Si@Si multi-layered structure might be generated. 

(Figure 4.1.1 and 4.1.5) 

∙ Large grain sized silicon is obtained. (Figure 4.1.3 and 4.2.7) 

 Precipitation of silicon is main process for formation of silicon 

nanostructure instead of general concept of magnesiothermic 

reduction. 

Result and 

inference 

∙ When mixture power was reduced as pellet, the burst power was 

collected as product. And the sintered body, consisted of 

nanoparticle, was obtained when calcination was applied. (Figure 

4.2.9) 

∙ In case of pellet sample, the reduction process is completed at 

around 450 oC. (Figure 4.2.8) 

 The burst phenomenon is necessary for formation of inverse opal 
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liked silicon nanostructure.  

 The gas in the pellet accelerates the precipitation or generation of 

silicon. 

 

From above consideration, the formation mechanism of inverse opal liked 

silicon structure is schematically suggested in Fig.4.2.11. And the detailed 

explanation is followed:  

1) At the first step, the SiO2 converted to Mg2Si by followed reaction; SiO2 

+ 4Mg = 2MgO + Mg2Si. Unreacted SiO2 and generated MgO are also 

located in the inside of SiO2 nanoparticle.  

2) At the next step, the formed Mg2Si is reacted with unreacted SiO2 and 

SiO2 is reduced to Si with follow reaction; Mg2Si + SiO2 = 2MgO + 2Si. 

While reducing to Si, the excess Mg is simultaneously reacted with 

reduced Si and Mg2Si is repeatedly formed by followed reaction at the 

outside of reduced Si nanoparticle; Si+2Mg=Mg2Si.    

3) Mg element of newly formed Mg2Si as shell layer is diffused into inside 

of nanoparticle. At this time, Mg concentration of Mg2Si is dramatically 

decreased and the Si is simultaneously precipitated to maintain the 

composition balance of Mg2Si.  



177 

4) As the result, the single crystalline liked silicon hollow structure, with 

large grain size, is generated and this each structures are interconnected 

and inverse opal liked structure is formed.(Mg2Si, MgO and unreacted 

SiO2 is leached out during acid treatment) 
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Figure 4.2.6. SEM image of (a) SiO2 nanopowder, (b)-(d) inverse opal liked 

silicon nanostructure. 
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Figure 4.2.7. XRD pattern of (a) as reduced SiO2, at 700 oC for 1hr, and (d) HCl 

treated sample. 
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Figure 4.2.8. (a),(c),(d) TEM image of invers opal liked silicon structure and (b) 

SAED. (e) HR-TEM image of silicon and (f) inverse FFT image of (e). 
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Figure 4.2.9. XRD pattern of different reduction temperature (without holding 

time).  
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Figure 4.2.10. Different shape of silicon nanostructure with different processing 

schedule, (a) inverse opal liked silicon and (b) silicon nanoparticle. 
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Figure 4.2.11. Schematic illustration of formation mechanism (inverse opal liked 

silicon).  
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4.3. Conclusion 

In this chapter, the synthesis of silicon nanostructure is demonstrated. At 

the first, silicon nanosheet was synthesized by the magnesiothermic reduction 

with natural sand as source and template. The synthesized silicon nanosheet was 

well crystallized and showed better electrochemical properties than commercial 

silicon nanopowder for anode of lithium rechargeable battery and further 

enhancement was achieved by graphene encapsulation. The formation sequence of 

silicon nanosheet was suggested by XRD and TEM analysis during reduction and 

acid process. However, the suggested formation sequence is rather different from 

the general concept of magnesiothermic reduction. To investigate the details of 

reduction process, spherical SiO2 was used as starting material spherical SiO2. The 

reduction process was conducted from 425 to 700 oC, it was revealed that the 

Mg2Si was formed as intermediate at the initial stage of reduction process. In the 

silicon nanosphere, Mg2Si was formed inside of SiO2 sphere, and reduced silicon 

sphere is composed of a few nano-sized silicon grains. Furthermore, inverse opal 

liked silicon nanostructure was formed when reduction was conducted as pellet, of 

Mg and SiO2. In contrast of nanosphere, the silicon phase was obtained form 450 

oC and further phase change was not observed. The abridged formation 

mechanism of inverse opal liked silicon structure is suggested.   
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국문 초록 

 

본 연구에서는 1) 산화주석 나노 중공체 및 복합체의 합성 및 

전기화학 특성 평가, 2) 일차원 산화주석 나노 구조물의 합성 및  성장 

제어, 3) 마그네슘 환원법을 이용한 실리콘 나노 구조체의 합성에 대한 

연구를 수행하였다 

첫 번째 장에서는 크기가 제어된 산화주석 중공구체의 합성과 

이를 기반으로 형성된 나노복합체의 형성 및 이에 따른 전기 화학 

특성평가를 수행하였다. 지난 20여 년간 리튬이차전지는 소형 휴대형 

전자기기의 전원으로 사용되어 왔으나, 현재는 전력, 전기 자동차와 

같은 고성능 이차전지에 대한 수요가 급증하고 있다. 따라서 현재의 

상용 리튬 이차 전지에 비해 더 높은 에너지 밀도와 출력 밀도를 갖는 

전지의 개발을 위해 음극, 양극, 분리막 및 전해질과 같은 주로 소재에 

대한 신재료의 개발이 요구되고 있다. 이 중 음극재의 경우, 현재 

탄소계 재료가 가장 널리 사용되고 있으나, 탄소의 낮은 이론용량 (372 

mAh g
-1
)의 한계로 인해 이를 대체할 고용량 음극소재에 대한 연구가 

활발히 진행되고 있다. 다양한 대체 소재 중 산화 주석은 탄소계 
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소재의 두 배 이상의 이론용량 (782 mAh g
-1
)을 가지고 있으나, 충방전 

시 나타나는 부피변화 및 리튬산화물의 형성에 의한 용량의 손실 등의 

문제가 여전히 남아 있다. 본 연구에서는 우선적으로 산화 주석 나노 

중공체를 형성함으로써 부피 변화에 따른 손실을 최소화 하여 우수한 

순환성을 구현하였으며, 중공구체의 크기의 감소에 따라 가역용량이 

증가하는 것을 확인하였다. 특히 25 나노의 크기를 갖는 산화주석 

중공구체의 경우 50회의 충방전 평가 후에도 이론 용량에 근접한 

가역용량 (750 mAh g
-1
)을 나타내는 것을 확인하였다. 또한 코발트 

산화물층을 산화주석 중공구체 위에 형성시킴으로써, 우수한 

순환성뿐만 아니라 초기 효율의 향상 및 가역용량이 비약적으로 

증가하는 것을 확인하였으며 투과전자현미경 분석을 통해 성능향상의 

메커니즘을 제시하였다.   

두 번째 장에서는 일차원 나노 구조의 산화주석의 합성 및 성장 

제어에 대한 연구 결과를 수록하였다. 금속산화물 기반의 반도체식 

가스센서는 넓은 비표면적으로 인한 고기능성 및 낮은 소비 전력 등의 

장점으로 인하여 가스감지를 위한 화학센서로써 많은 연구가 진행되고 

있다. 특히 산화 주석의 경우, 이차전지뿐만 아니라 가스 센서에 
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있어서도 훌륭한 감지능력을 나타내며, 특히 나노 튜브와 나노선과 

같은 일차원의 나노구조를 형성하는 경우 가스감지 능력이 향상될 수 

있다. 본 연구에서는 전기 방사된 고분자나노섬유 위에 원자층 

증착법을 통해 산화주석을 코팅함으로써 산화주석 나노 튜브를 

합성하는 방법을 제시하고, 합성된 나노 튜브의 가스감지 능력을 평가 

하였다. 나노튜브의 두께는 원자층 증착 방법을 통해 정밀히 제어가 

되었으며, 수 나노의 산화주석 입자로 나노 튜브가 구성되어 있음을 

투과전자현미경을 통해 확인하였다. 합성된 산화주석 나노튜브 

네트워크는 수소, 일산화탄소, 암모니아 질소 산화물 가스에 대해 

반응하였으며, 특히 에탄올 가스에 대해 5초내외의 반응속도로 우수한 

반응도를 나타내었다. 일차원 나노구조체 연구 분야에 있어서는 

다결정체의 나노튜브 뿐만 아니라 단결정으로 구성된 나노선의 합성 및 

성장 제어 연구도 병행되어 수행되었다. 나노선의 성장 제어 및 배열은 

나노선 기반 소자의 신뢰성에 가장 중요한 요소이나 현재까지 산화주석 

나노선의 성장거동에 대한 명확한 연구는 부족하다. 본 연구에서는 

금속 촉매를 사용하는 열증착 방법을 통해 나노선을 합성하였으며, 

산화주석 나노선의 경우, r-cut 사파이어 기판 상에서 산화주석의 
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결정구조에 기인된 특정 성장 특성이 발현됨을 확인하였다. 특히 금속 

나노 촉매의 거리를 변화함으로써 수직 및 수평 성장의 두 가지 성장 

거동을 제어할 수 있음을 제시하고, 이때 나타나는 나노선과 기판과의 

에피텍셜 관계를 규명하였다. 특히 수평 성장된 나노선의 경우, 

기판과의 에피텍셜 관계를 따라 일방향으로 배향되는 것이 확인되었다. 

또한 산화주석 나노선의 수평 성장 시에는 성장되는 금속 촉매 및 

나노선 간의 물리적 간섭이 사라지게 되어, 나노 촉매의 크기 변화에 

따른 나노선의 크기 제어가 정확히 이루어질 수 있었다.    

실리콘계 음극물질은 큰 이론용량 (Li15Si4 : 3600 mAh g
-1
)과 낮은 

작동 전압 (약 0.1 V vs. Li/Li
+
)을 가지고 있어 탄소계 전극물질을 대체

할 후보로써 많은 연구가 진행되고 있다. 하지만 충전과 방전 과정 시 

수반되는 음극 물질의 큰 부피 변화가 전극의 파괴현상을 일으키고 이

는 전기화학특성에 악영향을 미치게 된다. 이와 같은 문제를 나노구조

의 실리콘을 형성함으로써 해결하고자 하는 연구가 현재까지도 활발히 

진행되고 있다. 하지만 현재까지 제시되고 있는 실리콘 나노구조의 합

성 방법은 주로 화학 기상 증착 (CVD) 방법을 통해 이루어 지고 있으

나, 이와 같은 공정은 독성있는 전구체를 사용하거나 높은 공정단가의 
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기술이기 때문에 사용의 문제점이 있다. 이를 극복하고자 마그네슘 환

원 반응을 이용한 실리콘 나노구조의 합성 방법이 제시되어 현재 활발

한 연구가 진행 중에 있다. 본 방법은 나노 구조의 SiO2로부터 구조를 

유지한 체 실리콘으로 환원할 수 있으며, 기존의 환원 공정에 비해 낮

은 공정온도 (약 650도) 및 짧은 공정 시간을 필요하기 때문에 다른 기

술에 비해 상용화의 가능성이 높다. 본 연구에서는 마그네슘 환원 방법

을 이용한 박막 형태의 이차원 실리콘 나노구조의 합성 및 전기화학특

성 평가를 수행하였다. 특히, 실리콘의 원재료인 모래를 합성의 전구체 

및 모형틀로 사용하여 연구가 진행되었다. 현재까지 알려진 반응 기구

에 따른 환원된 실리콘 나노구조의 입자의 경우 수 나노의 크기를 갖는 

것에 반해, 본 연구에서 합성된 실리콘 나노구조체는 수십 나노크기의 

입자로 구성되어 있다. 합성된 실리콘 나노구조체의 경우 상용 실리콘 

나노 분말에 비해 향상된 전기화학 특성을 나타내었으며, 전기화학특성

의 향상을 위해 그래핀을 코팅한 결과 가역 용량의 향상 및 우수한 순

환성이 확인되었다. 보다 정확한 환원 기구를 살펴보기 위하여, SiO2 나

노 분말을 사용하여 환원 반응 기구에 대한 연구를 진행하였다. 이를 

통해, 환원과정의 초기 단계에서 Mg2Si 상이 중간상으로 형성되고, 실질



192 

적인 환원 공정은 마그네슘으로부터 이루어지는 것이 아니라, Mg2Si로

부터 이루어지는 것이 확인되었다. 또한 혼합 분말의 형태가 아닌 분말

성형체 (pellet)를 형성하여 열처리를 한 결과, 역오팔 (invere opal) 구조

의 실리콘 나노구조체가 합성됨을 확인하였다.  
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