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Abstract 

 

Effect of Surface Oxide Layer to  

Si-based Materials for Li-ion Batteries 
 

Byeong-Chul, Yu 

Department of Materials Science and Engineering 

The Graduated School 

Seoul National University 

 

The global energy demand is continually increasing, and it has been 

accelerated recently by the depletion of fossil fuels and by climate change caused 

by human activities. Hence, energy devices such as solar cells, fuel cells, 

rechargeable batteries, and supercapacitors have become increasingly important for 

energy harvesting, conversion and storage. Among them, Li-ion batteries have 

been the leading rechargeable battery and with the rapid development of mobile 

devices and EVs, their market has continued to expand.  

Currently, graphite (LiC6: 372 mAh g-1) is used as an anode material in 

rechargeable Li-ion batteries. To meet the requirements such as high capacity, high 

power, and stable cycle performance, many researchers have focused their 

attention on Si-based materials (Si,SiO and SiO2). However, the main problem 
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associated with the use of Li-alloys in rechargeable batteries is the large volume 

change during alloying-dealloying with Li, resulting in cracking and fracturing of 

active materials, causing deterioration of the anodes. Also another important factor 

is silicon oxide layer on surface of Si-based materials because a thick oxide layer 

hindered the Li–ion diffusion, reacting with active material. 

In this work, we investigated the oxide layer effect to Si-based materials (Si 

and SiO) for Li-ion batteries. The oxide layer of Si and SiO material was 

confirmed using HRTEM and XPS, respectively. And the oxide layer was etched 

by NaOH solution and etched samples were tested as an anode. As the oxide layer 

of Si and SiO reduced, the electrochemical performance was also significantly 

enhanced. Also, the self-limiting reaction behavior of nano-Si with oxide layer and 

a new mechanism of SiO with Li during first cycle were proposed. Finally, a new 

concept for the preparation of porous SiOx was suggested adopting Si as a pore 

generating agent and Si oxides as template using NaOH solution. The porous SiOx 

was tested as an anode for Li-ion batteries, and it showed excellent electrochemical 

performance without any carbon coating. These studies of oxide layer could 

provide basic information when the Si-based materials were used as an anode for 

Li-ion batteries.    
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Chapter 1. Introduction 

 There is an increasing demand for next-generation energy storage devices and 

systems with high energy and power densities, as well as cost-effective and facile 

strategies to provide sustainable power for modern lifestyles.[1,2] Compared to 

traditional energy storage devices such as lead acid batteries, nickel metal 

hydroxide batteries, nickel-cadmium[3-12], rechargeable lithium-ion (Li-ion) 

batteries are considered one of the most promising candidates for a variety of 

electrical energy applications due to their relatively high operational voltage, high-

energy density, and long cycle life. LIBs have been used mainly for portable 

electronics, especially cellular phones and notebook computers. Recently, the 

application area has been extended to power tools and battery-assisted electric 

bicycles. Several companies are working to adapt the lithium-ion system for use in 

hybrid electric vehicles to replace the Ni-MH. However, the development of new 

high-energy lithium systems has been neither simple nor easy. It has required a 

total system approach and the development of breakthrough technologies based on 

new anodes, cathodes, and non aqueous electrolytes to continue the steady 

improvement of high-energy lithium battery systems.   

 Among the component of LIBs, the low theoretical capacity of current 

commercialized graphite anodes (372 mAh g−1) cannot satisfy the demand of high 

energy density, and there are interests in developing new anode materials with 

higher capacities. Numerous materials have been researched for candidates 

replacing the graphite such as Si[13,14], Sn[15,16], Al[17], Sb[18,19], P[20], Zn[21], Ge[22], 
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Mg[23]. Most of all, researches on Si-based material have been intensified as an 

anode material to satisfy high power system.  

First, Si is an attractive anode material that is being closely scrutinized for use 

in Li-ion batteries because of its experimentally verified specific capacity of 3579 

mAh g−1 (Li15Si4) at room temperature and Low operating voltage (~0.4V).[24-26] 

However, silicon anode suffers from a large volume expansion (300%–400%) 

during lithiation/delithiation,[27] which causes pulverization of the bulk Si and a 

loss of electrical contact with the conducting additive or current collector. A solid 

electrolyte interphase (SEI) layer continuously formed due to the pulverizing of Si 

which led to fast capacity fading. Several strategies have been proposed to ease the 

volume expansion. For instance, nanostructured Si could overcome the 

pulverization because small-sized Si relaxes the stress during the significant 

volume expansion.[28–31] However, in the case of using nano-sized Si exclusively, 

cycle performance was still poor. Among other efforts to enhance electrochemical 

performance, materials with a core–shell structure have been widely applied.[32-36] 

The core–shell structure could buffer the severe volume change of active Si upon 

cycling, preventing it from being pulverized under mechanical stress. However, 

while the native amorphous surface SiO2 layer which forms on the Si surface has 

not attracted a great deal of attention,[37] it is important to design for a nano-

structured Si active material. McDowell et al. reported that the use of native SiO2 

on nanowire of a diameter of less than 50 nm could suppress the volume expansion 

during lithiation, inducing compressive stress that could act to limit the extent of 
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lithiation.[38] Also, using a controlled oxide layer, nanostructured silicon thin film 

and nanotube showed an excellent cycle performance without carbon or 

conducting material coating.[39,40] In the case of a spherical Si nano-particle, Xun et 

al. investigated the effect of surface oxide reduction on its initial performance 

using HF.[41] However, HF is harmful and difficult to handle due to the fast etching 

rate of SiO2. Also, etched Si still shows poor cycle performance, although its initial 

reversible capacity increased dramatically compared with bare Si. 

Second, SiO is considered to be an exceptionally attractive material since it 

shows high capacity with relatively stable cycle performances in LIBs.[42-48] 

However, it has some issue such as huge irreversible capacity at 1st cycle, 

relatively high synthesis cost with CDV process and unestablished reaction 

mechanism. A recent persuasive model for the microstructure of SiO has been 

proposed, in which the SiO consisted of nano-sized amorphous Si and SiO2 

surrounded by a sub-oxide matrix.[49,50] Several reaction mechanisms of SiO with 

Li have been suggested using various analytical methods.[51-53] In general, Li 

insertion at the first cycle resulted in the formation of Li2O, Li4SiO4, and Li–Si 

alloys. while Miyachi et al. proposed the existence of the Li2Si2O5 phase in a 

reaction mechanism of SiO with Li.[52] Most irreversible capacity originated from 

the Li4SiO4 phase in which Li reacted with amorphous SiO2 or SiO.[52,53] However, 

the reaction mechanism of SiO with Li is not yet clearly understood.  

 In this study, there are three subject. First, the thickness of the amorphous SiO2 

layer formed on nano-Si powders was controlled by simple etching with NaOH 
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solution. The effect of the amorphous SiO2 layer thickness on the electrochemical 

performances during cycling was investigated in this study. Also, the self-limiting 

reaction behavior of nano-Si with oxide layer was proposed. Second, since the SiO 

phase is not thermodynamically stable at all temperatures, the surface of SiO 

would be oxidized in the presence of oxygen. Also, the composition (thereby the 

valence state distribution of Si) of the surface of the SiO phase would be expected 

to differ from that of the inside bulk composition. A HEMM process followed by 

etching with NaOH solution was carried out to investigate the reaction mechanism 

with Li and to enhance the electrochemical properties of the SiO active material. A 

new reaction mechanism of SiO with Li during the first cycle was proposed. 

Finally, Porous-structured SiO has rarely been reported, because the preparation of 

SiO is usually carried out by vapor deposition techniques [54], which has hindered 

the application of synthesis for various porous structures. We report a facile route 

for preparing porous SiOx. Since SiO is thermodynamically unstable at all 

temperature, it disproportionate into a nano-crystalline Si and amorphous Si oxide 

during heat treatment above 800◦C.[44,47,55-56] After heat treatment at 900◦C, 

crystalline Si and Si oxide can be pore-generating agent and self-template, 

respectively, since etching rates of nanosize crystalline Si and amorphous Si oxides 

are different when etched with NaOH solution.[57,58] This new method is different 

from previous HF etching of SiO2 to provide a porous structure of Si.[59,60] The 

porous SiOx materials obtained were tested as an anode for Li storage, and showed 

a significantly improved electrochemical performance without carbon coating. 
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Chapter 2. Theoretical Background 

2.1 Definition of a Battery 

Batteries are referred to as galvanic or electrochemical cells because 

electrochemical reactions (oxidation or reduction) of anode and cathode are also 

termed galvanic and they can store electrical energy in the form of chemical energy. 

When two materials with different standard reaction potentials are connected by an 

electronic circuit, galvanic reactions are occur spontaneously due to favorable 

thermodynamic. The material with the lower positive standard reduction potential 

undergoes a oxidation to provide electrons through external circuit to the material 

with the higher positive standard reduction potential, which in turn is reduced. 

These half reactions occur concurrently resulting in the change of chemical energy 

to electrical energy through electron transfer of the external circuit. The negative 

electrode or anode is the material which has lower positive standard reduction 

potential, while positive electrode or cathode is the material which has the higher 

positive standard reduction. The history of batteries is summarized in Table 1.[61] 
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2.2 Fundamental of Li-ion Batteries 

2.2.1 History 

 At first, Lithium-metal anode primary batteries were developed in the early 

1970s, [62] which were consisted of nonaqueous electrolytes such as propylene 

carbonate-lithium perchlorate and lithium negative electrodes. And Matsushita 

introduced a lithium-carbon monofluoride primary cell in 1973, followed by 

commercialized primary lithium-manganese dioxide primary cells which were 

developed by Sanyo in 1975. A many researchers have studied to change lithium 

primary cells into rechargeable cells which have higher energy density. Most 

efforts have intensified on using inorganic cathode compounds in the 1970s and 

1980s. Also, Conducting polymer materials such as polyacetylene were used as 

anode and cathode electrode materials. But, these polymer materials have 

drawback which has less density than water. The early rechargeable lithium cells 

had safety problem in which lithium-metal anodes formed dendrites and powder 

deposits on recharging. Because lithium metal caused a safety problem, attention 

on anode shifted to the use of a lithium-intercalation material as an anode. After 

then, many alternative materials have been researched to satisfy safe, capacity, and 

stability. And Sony introduced the commercial Li-ion battery which consisted of 

graphite for an anode and LiCoO2 as a cathode in 1991.[63] 
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Year Systems 

1791 Galvani’s frog leg experiment 

1792 Volta’s battery Cu/H2SO4/Zn 

1834 Daniel’s battery Cu/CuSO4/ZnSO4/Zn 

1859 Plante’s Lead acid battery (lead-acid) PbO2/H2SO4/Pb 

1860 Leclanche’s battery (Zn/MnO2) 

1866 Siemens’s dynamo (charging method) 

1875 Edison’s 1st battery patent (MnO2 battery) 

1881 Sellow, lead-antimony alloy (Pb-Sb) 

1885 Bradly, Zn/Br2 battery patent 

1905 Edison, Ni/Fe battery commercialization 

1927 Andre, Zn/Ag battery 

1935 Haring & Thomas, Pb-Ca alloy (for Lead-Acid battery) 

1950 Ruben, Hermetic Zn/HgO battery 

1956 Bacon, Alkaline Fuel cell 

1966 Kummer & Weber, Na/S battery 

1972 Primary lithium Battery 

1980s Application of Hermetic Lead-acid battery, Zn/Br2 battery, 
Commerialization of Hydrogen Absorbing alloy electrode, 

Practical use of Li/MnO2 battery 

1990s Ni-MH battery/ Li ion battery 

 

Table 1. The history of Batteries 
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2.2.2 Principle 

In its most conventional structure, a lithium ion battery contains a graphite 

anode, a cathode formed by a lithium metal oxide (LiMO2, e.g. LiCoO2) and an 

electrolyte consisting of a solution of a lithium salt (e.g. LiPF6) in a mixed organic 

solvent (e.g. ethylene carbonate–dimethyl carbonate, EC–DMC) imbedded in a 

separator felt. In most common batteries operate on a process in figure 1: 

 

    Anode :   C + xLi+ + xe-  CLix 

    Cathode :  LiCoO2  Li1-x CoO2 + xLi+ + xe- 

    Total :     LiCoO2 + C  Li1-xCoO2 + CLix 

 

involving the reversible extraction and insertion of lithium ions between the two 

electrodes with a concomitant removal and addition of electrons. 

 

2.2.3 Terminology 

I. Specific energy (Wh/kg) : Energy available per unit weight (how light 

the batteries are with energy stored.) 

II. Energy density (Wh/ℓ) : Energy available per unit volume (how small the 

batteries are with unit energy stored) 

III. Specific power : Power available per unit weight (gravimetric power 

density) 
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IV. Power density : Power available per unit volume (volumetric power 

density), Power = Energy/Time = V*C/s = V*A => function of current  

V. State of charge (SOC) : Current value of the fraction of the maximum 

capacity 

VI. Charge capacity : The amount of charge which can be supplied to the 

external circuit from an electrochemical system.  

VII. Theoretical specific capacity : e- charge/ molecular weight of active 

material 

VIII. Coulumbic efficiency : Fraction of the prior capacity at charge that is 

available during the following discharge 

IX. Cyclability : Number of times that a battery can be effectively recharged 

before it’s performance has become too degraded 

X. Rate capability : Rate of discharge or charge expressed as C/R, where R is 

number of hours required to completely discharge or charge its nominal 

capacity 

XI. Self-discharge : A decrease in available capacity with time without energy 

being taken from the battery 
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Figure 1. The principle of commercialized Li-ion Batteries (Cathode : LiCoO2, 

Anode: graphite) 
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2.3 Anode Materials for Li-ion Batteries 

2.3.1 Li metal 

The commercial development of rechargeable lithium batteries used elemental 

lithium as the negative electrode to operate at near ambient temperatures. Li metal 

has many advantages with the lowest weight per unit charge, as well as the lowest 

potential and the highest theoretical capacity of 3860 mAh g-1. But, there are some 

problems with using elemental lithium. First, deposition is taken place on 

anywhere at which the electric potential is such that the element’s chemical 

potential is at, or above, that corresponding to unit activity. This lead to 

electrodeposition occurred at unwanted locations. Second, the location of the 

electrodeposition is not the same as place during discharging process. Therefore, 

the electrode metal deposits on new locations during cycling. Finally, the current 

density of solute depletion in the electrolyte near the electrode surface causes the 

local gradient of the element’s chemical potential in the electrolyte immediately 

adjacent to the solid surface to be positive. Under such a condition there will 

produce the surface roughness with protuberance and finally the formation of 

either dendrites or filaments. Due to the safety and cycle life problems of using 

lithium metal, all rechargeable lithium batteries have been replaced by lithium-

carbon alloys as negative electrode. 
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2.3.2 Carbonaceous Materials 

Among the carbon materials, graphite which is amphoteric is currently used as 

the negative electrode in commercial electric devices. Either cations or anions can 

be inserted into between the graphene layers. After inserting a cations into graphite, 

the host graphite structure became a negative charge (ex. Li+, K+, Rb+ and Cs+). 

Lithium can be inserted into the graphite up to a maximum concentration of one Li 

per six carbons (LiC6). The electrochemical behavior of carbon materials 

depending on the graphitic structure is variable. A more perfect graphitic structure 

react with lithium at more negative potentials rather than those of less well 

organized structures typically. It operates over much wider potential ranges 

resulting in both lower and more stat-of-charge of cell voltage. In a number of 

cases, the carbons of commercial batteries have been heated to temperature over 

about 2,400oC and become well graphitization. Whlie graphite has the maximum 

theoretical value (for LiC6) is 372 mAh g-1, the capacities of practical cell showed 

range from 300 to 350 mAh g-1. But, in case of amorphous graphite, there was 

some irreversible capacity of the first cycle. The reason of this phenomenon is that 

some lithium is trapped in the structure and does not come out during discharge. 

Because of this extra capacity during the initially charging of this anode electrode, 

it is necessary to need extra capacity in the cathode electrode. Consequently, a 

significant amount of extra volume and weight is consumed.     
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2.3.3 Li-Alloy Materials 

 Lithium alloys has been focused as an alternative to elemental lithium due to 

2-10 times high theoretical specific capacities of alloy anodes compared with that 

of graphite. Theoretical capacities of various Li-M alloys are summarized in Table 

2. Second, there is advantage in which alloy anode have their moderate operation 

potential versus lithium. This moderate potential solves the safety concern of 

lithium deposition as with graphite anodes (~0.05V vs, Li). The main challenge for 

using an alloy anodes is their large volume change (up to 300%) during lithium 

alloying an dealloying leading to pulverization of the active particles and poor 

cycle stability.[64-66] In addition, the irreversible capacities of first cycle are too high 

for practical application. Extensive research has been carried out to address these 

two issues and significant progress has been made during the last two decades.[67-87]      

 

 

2.3.4 Silicon 

The increase in energy density and power density requirements for lithium-ion 

secondary cells for commercial applications has led to a search for higher capacity 

electrode materials than those available today. Silicon would seem to be a possible 

alternative for the graphite or carbon anode because its intercalation capacity is the 

highest known. Sharma and Seefurth[88] reported the formation of Li–Si alloys in 

high temperature cells operating in the 400–500 ◦C range. Itwas reported that the  
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Element 

(M) 

Li-M  

species 

Theoretical capacity 

Gravimetric capacity 

[mAh g-1] 

Volumetic capacity 

[mAh ml-1] 

C LiC6 372 870 

Si Li22Si5 4198 9785 

Ge Li22Ge5 1620 8618 

Sn Li22Sn5 993 7253 

Pb Li22Pb5 569 6489 

P Li3P 2596 7009 

As Li3As 1074 6140 

Sb Li3Sb 660 4372 

Bi Li3Bi 385 3771 

Al Li9Al4 2235 6035 

Ga Li2Ga 769 4544 

In Li13In3 1012 7395 

Mg Li11Mg3 4077 7094 

Ag Li4Ag 994 10437 

Zn LiZn 410 2927 

Cd Li3Cd 715 6185 

S Li2S 1672 3461 

 

Table 2. Theoretical capacity of various Li-M alloys 
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alloying process in silicon anodes results in formation of Li12Si7, Li14Si6, 

Li13Si4, and Li22Si5 alloys.[89] Study of the Li–Si binary system[88–90] indicated that 

each silicon atom can accommodate 4.4 lithium atoms leading to formation of 

Li22Si5 alloy, i.e., a specific insertion capacity of 4200 mAh g−1, the highest among 

the above alloying elements. In addition to its outstanding capacity, silicon is the 

second most abundant element on earth. Because of these attributes, a great deal of 

attention has been given to using silicon as Li-ion cell anode material. During Li 

insertion into Si in the first cycle, the voltage initially dropped quickly to 0.1V 

versus Li/Li+ and slow decrease took place as seen in the long potential plateau. 

This plateau is due to formation of Li–Si alloys, which co-exist with Si as 

twophase regions. During the discharge process, a rapid increase in voltage was 

observed, followed by a plateau between 0.3 and 0.4V. From the initial charge–

discharge profile, it was evident that silicon anodes operate in a narrow potential 

range between 0.0 and 0.4V, which would be suitable for use in Li-ion cells.. 

 However, Li insertion in Si results in the formation of successive Li–Si 

alloys, each of which result in progressively larger volume expansions of the 

parent lattice. The volume per silicon atom for Li22Si5 alloy is four times higher 

than that of the parent silicon atom, i.e., a 400% volume expansion of the silicon 

lattice occurs. These results in cracking and disintegration of the electrode, with 

active material loss via reduced electronic contact, giving severe capacity fade. To 

overcome these problems, several approaches have been suggested, including the 

preparation of nano active materials,[91-96] active/inactive composite materials[97-99]  
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and Si-based carbon composites.[99-104] These approaches have improved the 

electrochemical performance of Si-based anodes. 

 

2.3.5 Silicon Monoxide 

SiO is considered as a promising candidate for high capacity anode material 

because of high specific capacity and excellent cycle performance.[42-48] The 

microstructure of SiO is still controversial and has various models such as a 

random bonding (RB)[105], a random mixture (RM)[106] and a Si-suboxide matrix 

model[49-50]. Commercially available solid SiO is composed of amorphous Si with 

silicon suboxides of various valence states. Due to these unique microstructure, 

Several reaction mechanisms of SiO with Li have been suggested using various 

analytical methods.[51-53] Another interesting thing, the SiO could be transformed 

into a Si and SiO2 during heat treatment and is called a disproportionation reaction. 

[44,47,55-56] But, there are some drawbacks as using a commercial anode. SiO during 

first cycle showed the large irreversible capacity due to irreversible phases such as 

Li4SiO4, Li6Si2O7 and Li2O. Also, the preparation of SiO is usually carried out by 

expensive vapor deposition techniques[54], which has hindered the application of 

synthesis for various structures. Therefore, the more researchers on SiO anode will 

need to solve these problems. 
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2.4 Oxide Layer 

Since the Si surface has a 2~5 nm thick native SiO2 layer,[107] it is important to 

design experiments to determine the effect of an oxide layer on volume expansion 

and electrochemical characteristics. For nanowires with native SiO2, the surface 

oxide can suppress the volume expansion during lithiation for nanowires with 

diameters <~50 nm. Finite element modeling shows that the oxide layer can induce 

compressive hydrostatic stress that could act to limit the extent of lithiation.[38] 

Active silicon nanotube surrounded by an ion-permeable silicon oxide shell can 

cycle over 6,000 times in half cells while retaining more than 85% of their initial 

capacity. The outer surface of the silicon nanotube is prevented from expansion by 

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

resulting in a stable solid–electrolyte interphase.[39] In case of  another application, 

thick oxide layer in nano-Si/C could provide a void space after HF etching which 

allows the Si particles to expand freely without breaking the outer carbon shell, 

therefore stabilizing the solid-eletrolyte interphase on the shell surface.[40] However, 

electrochemical behaviors of nano-Si with oxide layer have not been investigated 

fully. Such a comprehensive investigation would be important for designing Si based 

composites.    
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2.5 Porous Material 

One way to overcome the problem of large volume expansion is to design 

three-dimensional porous electrode structures with sufficient porosity to 

accommodate the volume expansion. Yao et al. reported that Si hollow nanosphere 

electrodes was prepared HF etching of silica template in Si layer.[108] Also, the 3D 

porous Si was synthesized using SiO2 and alkyl-capped Si gel.[109] Jung et al. adopt 

an industrially established spray drying process to enable scalable synthesis of 

silicon−carbon composite particles in which silicon nanoparticles are embedded in 

porous carbon particles.[110] The void space existing in the porous carbon 

accommodates the volume expansion of silicon. In above and other papers, they 

typically used silica template as a pore agent after HF solution etching.     
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Chapter 3. Experimental 

3.1 Electrode Preparation 

3.1.1 Active Materials 

nano Si : nano-Si (Aldrich, ,100 nm, n-Si) powders as received were placed 

under air for 48 h to form a uniform native oxide layer followed by etching with 

0.1 M NaOH solution for various times (15, 20, and 25 min) at room temperature. 

Samples were referred to as n-Si (x), where (x) indicates etching time. The 

obtained Si powders were washed with distilled-deionized (DI) water several times 

and dried in a vacuum oven at 60 oC for 4h. To compare the n-Si (x), n-Si powers 

were placed into the 1% HF solution (diluted fromy50% HF solution, Baker) for 5 

min to completely remove the native oxide layer (n-Si(HF)). 

SiO : HEMM was employed to reduce the size of SiO (Aldrich,-325 mesh) 

powders. SiO powders were put into an 80 cm3 steel vial with a stainless steel ball 

at a ball-to-powder ratio of 20 : 1. The HEMM process was conducted in an Ar 

atmosphere at 800 rpm for 6 h. The SiO and milled SiO powders (m-SiO) were 

etched using a 1 M NaOH solution for 2 h at room temperature. The etched SiO 

powders (SiO(NaOH) and m-SiO(NaOH)) were washed with distilled-deionized 

water several times and dried in a vacuum oven at 60 oC for 4 h. 

Porous SiO : Porous SiOx (P-SiOx) powders were synthesized using the 

following procedures. Bulk SiO (Aldrich, -325 mesh) was heat-treated at 900 ◦C 

for 3 h (H-SiO). To reduce the size of the H-SiO powder, high-energy mechanical 
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milling (HEMM) was performed under Ar atmosphere at 800 rpm for 6 h (mH-

SiO). To obtain the microporous structure, the mH-SiO was etched by 1 M NaOH 

solution for 4 h at room temperature. The P-SiOx powders were washed with 

distilled-deionized water several times and dried in a vacuum oven at 60 ◦C for 4 

h. 

 

3.1.2 Electrode and Cell Assembly 

The electrodes consisted of an active material powder (70 wt.%), Ketchen black 

(10 wt.%) as a conducting agent, and poly amide imide (PAI, 20 wt.%) as a binder. 

These were dissolved in N-methyl pyrrolidinone (NMP) and thoroughly mixed 

using a magnetic stirrer to form a slurry at 60 ◦C, which was coated onto copper 

foil. The samples were pressed and dried under a vacuum at 200 ◦C for 4 h. A 

laboratory-made coin-type cell was used with Li foil as the counter and reference 

electrodes. The electrolyte contained 1 M LiPF6 and 10% fluoro ethylene 

carbonate (FEC) in ethylene carbonate (EC)/diethylene carbornate (DEC) (3:7 

vol.%, PANAX).  

 

3.2 Electrochemical tests 

3.2.1 Discharge/Charge tests 

The cells were tested galvanostatically between 0.0 and 2.0 V (vs. Li/Li+) using 

a Maccor automated tester in an Ar-filled glove box. The assembled cell was rested 
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for 3 hours to reach equilibrium between electrolyte and the electrode. Li was 

inserted into the electrode during discharging, and extracted from the working 

electrode during charging. 

 

3.2.2 Differential Capacity Plot (DCP) 

In voltage profile curve (potential versus capacity), the plateau region of curve 

means that the reaction with lithium is taken place. But it is not distinguishable in 

case of several element system. Therefore, DCP is obtained by differentiate the 

charge-discharge curve and the plateaus in voltage profile show as peaks in the 

DCP. This plot is informative for ex situ analyses (XRD, TEM) to investigate 

reaction mechanism of active material.        

 

3.3 Material Characterization 

3.3.1 X-Ray Diffraction (XRD) 

The phases of prepared active material were indentified using X-Ray 

diffractometer (XRD, D-Max2500-pC,Rigaku) operating at 40 kV and 100mA 

from 10oC to 80o in the 2theta range at the scan rate of 10o/minute. For the ex situ 

XRD observation, A fully lithiated electrode was detached from the Cu substrate, 

washed with DEC, dried in a Ar-filled glove box and wrapped with kapton tape as 

an protective from air. Conditions for ex situ XRD were operating voltage 50 kV , 

current 200 mA, sampling width 0.02 mm and scanning rate 2o/minute. 
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3.3.2 Scanning Electron Microscope (SEM) 

Scanning Electron Microscope (JEM-5600,JEOL,SEM) was conducted to 

observed the morphology and particle size of materials. To prepare the SEM 

sample, the carbon tape was attached on SEM holder and the small amount of 

powder was loaded on it. The SEM sample was in oven for 1day before starting.    

 

3.3.3 Transmission Electron Microscope (TEM) 

To see the micro structure and phases with crystal or amorphous state, the 

ransmission Electron Microscope (JEOL 3000F, TEM) was employed. For the TEM 

sample, dilute suspension of samples was dropped onto a carbon-coated TEM grid 

and dried in a vacuum for 3 h. To confirm the product of reaction with lithium, ex 

situ TEM was conducted. The electrode were peeled off the cell and washed with 

DEC and dried in a Ar-filled glove box. And the same procedure as mentioned above 

was conducted.    

 

3.3.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS analyses (Kratos, AXIS) were also performed to confirm the valence of Si 

present in SiO samples (SiO, SiO(NaOH), m-SiO and m-SiO(NaOH) before and 

after sputtering (~20 nm) with Ar gas. For preparing XPS sample, Si wafer (1cm x 

1cm) was cut and carbon tape was covered with it. The powders were uniformly 

loaded on carbon tape.      
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3.3.5 X-Ray Fluorescence (XRF) 

To confirm the Si/O ratio of mH-SiOx and P-SiOx samples, X-ray 

fluorescence (XRF, Bruker AXS, S4 Poineer) was carried out three times for each 

sample. Lithium Borate for XRF bead was used to avoid the oxygen contamination 

from binder.   

 

3.3.6 Brunauer-Emmett-Teller (BET) 

Brunauer-Emmett-Teller (BET, ASAP2010) analyses were performed to 

measure the surface area using the nitrogen adsorption-desorption isotherms before 

and after etching of porous SiO powder. Before analysis, the powder samples was 

in the flask and vacuum condition was made by using pump to avoid gas flow of 

nitrogen.    

 

 

 

 

 

 

 

 

 



 

- 24 - 

 

Chapter 4. Results and Discussion 

4.1. nano Si Material 

4.1.1. Material Characterization 

 Figure 2 shows XRD patterns of various samples. In Figure 2a, all of the 

samples were identified as crystalline Si (JCPDF No. 01-077-2107), indicating that 

the NaOH etching process for 15 min or 20 min does not etch crystalline Si 

because Si-oxide shell protected the Si core.[57,58] SEM images show that n-Si 

particles (Figure 3a) were aggregated while n-Si (20) particles (Figure 3b) were 

well dispersed after etching, but the particle size was almost the same between 50 

and 100 nm.     

Figure 4 shows HRTEM images of n-Si and n-Si (x) samples with etching time 

and n-Si (HF). The n-Si powders were interconnected by a native oxide shell of 

8~9 nm (Figure 4a), and the native Si oxide was identified as an amorphous SiO2 

(a-SiO2) as mentioned previously.[41] When etched with NaOH solution, the oxide 

layer thicknesses of n-Si (x) were decreased to 5~6 nm for n-Si (15) (Figure 4b) 

and ~4 nm for n-Si (20) particles (Figure 4c), while the Si was not etched by the 

NaOH solution. However, after etching for 25 min, the core-shell structure was 

destructed locally due to the dissolution of the oxide layer and part of the Si was 

also etched by NaOH, showing an empty space (Figure 4d). Figure 4e shows that 

the native oxide shell was completely removed when etched with HF solution for 5 

min, and only pure n-Si could be obtained.  
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Figure 2. X-ray diffraction patterns of various electrode samples. 
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Figure 3. SEM images of (a) n-Si and (b) n-Si (20). 
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Figure 4. HRTEM images of (a) n-Si, (b) n-Si (15), (c) n-Si (20), (d) n-Si (25), and 

(e) n-Si (HF). 
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4.1.2. Electrochemical Test 

The etched n-Si(x) samples were electrochemically tested as anodes to 

investigate the effect of oxide layer present on the surface of n-Si. Figures 5a and 

4b show the voltage profiles and cycle performances of n-Si, n-Si (15), n-Si (20), 

and n-Si (HF), respectively, at a constant current of 200 mA g-1. Discharge and 

charge capacities of n-Si for the first cycle were 2656 and 1562 mAh g-1, 

respectively, with an initial Coulombic efficiency of 58.8%. The capacity and the 

first cycle Coulombic efficiency of n-Si were low since a relatively thick oxide 

layer hindered the Li-ion diffusion, reacting with active Si. After etching of the 

oxide layer on the surface of n-Si, the reversible capacity and cycle efficiency 

increased dramatically. The initial Coulombic efficiencies of n-Si (15), n-Si (20), 

and n-Si(HF) were 75.7%, 74.3% and 74.2%, respectively. Figure 5b shows the 

cycle performance of the above samples. The rapid capacity fade was observed for 

the n-Si electrode despite a relatively small reversible capacity (small volume 

expansion)[27] caused by the difficulty of the Li insertion/deinsertion during cycling 

due to the relatively thick oxide layer. This indicated that cycle performance was 

affected not only by volume expansion but also by Li-ion diffusion through the 

oxide layer formed on the surface. The reduced thickness of the a-SiO2 layer using 

NaOH solution provided an easy Li-ion diffusion path resulting in a larger 

discharge capacity. Also, the thin oxide layer could accommodate a compressive 

stress due to the volume expansion improving the cycle performance and 

stabilizing the core Si, preventing a solid-electrolyte interphase (SEI) repetitively  
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Figure 5. (a) Voltage profiles, (b) cycle performances of n-Si, n-Si (15), n-Si (20), 

and n-Si(HF). 
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forming on the new Si surface due to pulverization.[38,40]  The optimum etching 

time with NaOH in this study was 20 min before the destruction of the a-SiO2/Si 

core-shell structure. The reversible capacity retention of the n-Si (20) electrode 

was ~1800 mAh g-1at the 50th cycle, and the electrochemical behavior of the n-Si 

(20) electrode was superior to that of the other Si core shell without a conducting 

material coating.[34,111,112] The n-Si(HF) electrode without an oxide shell on the 

surface was also tested under the same condition. The discharge capacity was 3636 

mAh g-1 (including ~120 mAh g-1 from the conducting agent), which was close to 

the theoretical value (Li15Si4: ~3579 mAh g-1), but the cyclability faded and the 

cycle retention of n-Si(HF) was only 45% of the initial charge capacity at the 50th 

cycle. 

To identify the final product when the n-Si(20) electrode was fully 

lithiated/delithiated, ex situ XRD of n-Si (20) at 0.0 and 2.0 V at the first cycle was 

carried out and the result is shown in Figure 6. The pristine electrode was 

identified as crystalline Si and Cu foil. When the potential was lowered to 0.0 V, 

the Li15Si4 phase was formed and unreacted Si appeared to remain. At 2.0 V, the 

Li-Si alloy disappeared and only crystalline Si was identified. The unreacted Si 

was still confirmed after the 5th cycle.  

To observe the micro-structure of n-Si (20) powders during cycling, ex situ 

HRTEM was conducted at the same voltage steps as indicated in the ex situ XRD 

(Figure 6). Figure 7a shows the core-shell structure of n-Si (20) after the first 

lithiation at 0.0 V. The magnified image shows that Si partially reacted with Li,  
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Figure 6. Ex situ XRD patterns of n-Si(20) electrode at 0 V and 2 V at the 1st 

cycle, and 2 V at the 5th cycle. 
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Figure 7. Ex situ HRTEM images of n-Si (20) with FFT patterns at (a) 0 V, (b) 0 V 

followed by heat treatment at 500 oC for 12 h, (c) 2 V at the 1st cycle, and (c) 2 V 

at the 5th cycle. 
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forming a crystalline Li15Si4 phase, while unreacted Si remained near the center of 

the particle, and an amorphous LixSi phase could also form. To identify the 

stoichiometry of the amorphous LixSi phase, heat treatment was performed, and a 

crystalline Li21Si8 phase was detected as shown in Figure 7b. Liu et al. showed that 

Li initially reacted with the surface Si, forming an amorphous LixSi shell and the 

core Si progressively reacted with Li, although they did not identify the final 

product when fully lithiated.[113] In our case, the thin oxide layer limited the Li ion 

diffusion from the surface to the core Si, and resulted in the formation of LixSi 

alloy and Li15Si4 phases below the oxide layer, while the core Si remained 

unreacted. As the Li was extracted from the Li-Si alloy at 2 V, it was transformed 

to amorphous Si with unreacted core crystalline Si (Figure 7c). After five cycles, 

the thin oxide layer remained with the amorphous Si and unreacted crystalline Si 

phases as shown in Figure 7d, which was the same form as the first cycle (Figure 

7c), which concurred with the ex situ XRD results shown in Figure 6.   

Obrovac and Krause demonstrated that crystalline Si was partially converted to 

amorphous Si after the first cycle by the voltage control method, while the 

crystalline core Si remained inactive[114] and the electrochemical performance 

could be enhanced. In our case, the n-Si (20) electrode behaved similarly to a core-

shell structure without voltage cutoff, indicating the self-limiting reaction behavior 

of Si with Li due to the retardation effect of lithiation induced stress similar to Si 

nanowires[115]. Figure 8 illustrates the schematic representation of the phenomenon 

occurring during the discharge and charge steps showing the unique dual core shell  
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Figure 8. Schematic view of self-limiting reaction behavior during cycling. 
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structure of the electrode particle. It could be concluded that, after the first cycle, 

the a-SiO2/amorphous Si/crystalline Si dual core-shell was maintained during 

cycling and Li only reacted with the amorphous Si part.  

Figure 9 shows the rate capability of n-Si(20) at various current rates. Even at a 

rate of 4000 mA/g (approximately 2C rate), the n-Si(20) electrode exhibited a very 

high discharge capacity of over 900 mAh g-1. The excellent rate capability of the n-

Si(20) electrode was due to the self-limiting reaction behavior in which crystalline 

core Si remained unreacted. The dual core with thin amorphous Si oxide shell 

structure also provided an advantage for small volume expansion and fast Li-ion 

diffusion, leading to the enhancement of electrochemical properties.     
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Figure 9. Rate capability of n-Si (20) at various current rates (200 mAh g-1, 400 

mAh g-1, 1000 mAh g-1, 2000 mAh g-1, and 4000 mAh g-1. 
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4.2. SiO Material 

4.2.1. Material Characterization 

 Figure 10 shows the XRD patterns of four different samples. All XRD 

patterns showed the typical amorphous nature of the SiO samples without any 

variation. Figures 11b-e show the SEM images of the samples; the particle size 

decreased from ~10 µm to generally a few µm for milled samples.  

Figure 12a shows the XPS spectrum of Si 2p for each sample before sputtering, 

while the amount of Si oxidation state is presented in Table 3. The positions of 

binding energy are 99.15 eV for Si0, 100.19 eV for Si+, 101.23 eV for Si2+, 102.03 

eV for Si3+, and 102.88 eV for Si4+.[116] If each Si species is present as an 

amorphous oxide form such as Si2O(Si+), SiO(Si2+), Si2O3(Si+3), and SiO2(Si4+), 

the ratio of O/Si for each sample would be 1.28 for SiO, 1.15 for SiO(NaOH) and 

m-SiO, and 1.08 for m-SiO(NaOH). As the amount of Si4+ (amorphous SiO2) near 

the surface of the sample increased, the Li-insertion potential decreased, which 

agreed with the above statement. Similar XPS analyses were carried out after 

sputtering the surface of the samples (~ 20 nm). Figure 12b shows the XPS spectra 

of Si 2p, and the amount of the Si oxidation state is presented in Table 4. The 

abundance percentages of Si oxidation states for all four samples were almost the 

same with the O/Si ratio close to 1.03. It can be concluded that HEMM and the 

etching process did not affect the distribution of the Si oxidation state inside the 

SiO.  
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Figure 10. XRD patterns of SiO, SiO (NaOH), m-SiO, and m-SiO (NaOH). 
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Figure 11. SEM imagaes of SiO, SiO (NaOH), m-SiO, and m-SiO (NaOH). 

 

 

 



 

- 40 - 

 

 

 

 

 

 

Figure 12. XPS spectra of SiO, SiO (NaOH), m-SiO, and m-SiO (NaOH) (a) 

before and (b) after sputtering with 20nm depth. 
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SSaammppllee   SSii
00  
((%%))  SSii
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((%%))  SSii

22++  
((%%))  SSii

33++  
((%%))  SSii

44++  
((%%))  

SiO  12.6 1.1  0.7  22.5  63.1  

SiO (NaOH)  11.6 11.9 1.6  19.3  55.6  

m-SiO  12.5 7.2  4.7  26.1  49.5  

m-SiO (NaOH)  11.2 14.4 0.6  33.9  39.9  

 

Table 3. Abundance percentages for Si oxidation states of Si 2p spectra before 

sputtering of SiO, SiO (NaOH), m-SiO and m-SiO (NaOH). 
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((%%))  SSii

22++  
((%%))  SSii

33++  
((%%))  SSii

44++  
((%%))  

SiO  11.8 8.5  18.8 28.6  32.3  

SiO (NaOH)  11.6 8.8  19.6 27.1  32.9  

m-SiO  12.1 7.9  21.4 25.5  33  

m-SiO (NaOH)  11.1 8.3  21.7 26.4  32.4  

 

Table 4. Abundance percentages for Si oxidation states of Si 2p spectra after 

sputtering of SiO, SiO (NaOH), m-SiO and m-SiO (NaOH). 
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4.2.2. Electrochemical test 

Figures 13a and 13b show the voltage profiles and differential capacity curves 

(DCPs), respectively, of SiO, SiO (NaOH), m-SiO and m-SiO (NaOH) samples at 

a constant current of 150 mA g-1. The DCPs showed that the m-SiO (NaOH) 

started to react with Li at the highest potential near 0.64 V, m-SiO near 0.57 V, SiO 

(NaOH) near 0.44 V followed by SiO near 0.35 V. This indicated that a larger 

overpotential was required for the SiO electrode probably due to a thin layer with a 

higher oxidation state existing at the surface and acting as the barrier for the initial 

Li reaction and diffusion. The first discharge capacities of SiO, SiO(NaOH), m-

SiO, and m-SiO(NaOH) were 2667, 2737, 2526, and 2366 mAh g-1, respectively, 

with the corresponding Coulombic efficiencies of 53%, 59%, 59%, and 62%, 

respectively. The first Coulombic efficiency of the etched sample (m-SiO(NaOH)) 

increased by approximately 10%.  

Since the first cycle efficiency and the cyclabilty of m-SiO(NaOH) were 

superior to the other samples, only the m- SiO(NaOH) electrode was analyzed to 

investigate the reaction mechanism. Compared to the pure SiO electrode, a new 

reaction of m-SiO(NaOH) with Li occurred near 0.64 V, which was not observed 

previously. Ex situ HRTEM analyses were performed at selected potentials 

indicated in DCP (Figure 13b) since no XRD peaks were observed as shown in 

Figure 14a. When the potential was lowered to 0.55 V, the Li6Si2O7 and Li2Si2O5 

phases of 5~10 nm size were identified (Figure 14b), while Chang et al. identified 

the existence of the Li2Si2O5 phase at much lower potential at 0.27 V in a reaction  
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Figure 13. (a) Voltage profiles and (b) DCPs of SiO, SiO (NaOH), m-SiO and m-

SiO (NaOH) electrodes. 
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Figure 14. (a) Ex situ XRD and Ex situ HRTEM images with SAED patterns of m-

SiO (NaOH) at specified potentials, (b) discharge at 0.55 V, (c) discharge at 0.37 V, 

(d) discharge at 0.14 V, (e) discharge at 0.0 V, (f) discharge at 0.0 V followed by 

heat treatment at 500 oC for 12h,  (g) charge at 0.4 V, and (h) charge at 2 V. 
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mechanism of SiO2 with Li.[117] However, the Li2O phase was not detected, 

probably due to the amorphous nature of Li2O, and this has been previously 

confirmed by various analytical techniques.[51,52] At the potential of 0.37 V (Figure 

14c), the same Li-silicates phases could be observed. As the potential reached 0.14 

V as shown in Figure 14d, additional Li-silicate, Li4SiO4 phase appeared with the 

Li6Si2O7 and Li2Si2O5 phases. The Li4SiO4 phase was formed near 0.25 V as 

reported previously[45,47,51-53, 117]. When the electrode was fully lithiated (0.0 V, 

Figure 14e), no crystalline Li-Si alloy phase was observed. While the crystalline 

Li15Si4 phase was generally formed at 0.0 V, Si formed amorphous Li-Si alloy 

above 0.05 V when Si was subjected to react with Li at room temperature. Heat 

treatment was carried out to identify the mole fraction of Li-Si alloy phase as 

mentioned, and crystalline Li21Si8 phase could be identified as shown in Figure 14f. 

Upon charging at 0.4 V, all three Li-silicates remained. When the electrode was 

fully delithiated at 2.0 V, the Li2Si2O5 phase disappeared while the Li6Si2O7 and 

Li4SiO4 phases remained. This indicated that the Li2Si2O5 phase was reversible 

while the Li6Si2O7 and Li4SiO4 phases were irreversible during cycling.  

Based on the above argument, the reaction sequence with Li during the first 

discharge and charge can be expressed as,  

Discharge 

3SiO + (114/35)Li+ + (114/35)e- a-Li2O + (1/7)Li6Si2O7 + (1/5)Li2Si2O5 + 

(81/35)Si 

SiO + Li+ + e-  (1/4)Li4SiO4 + (3/4)Si  



 

- 47 - 

 

Si + xLi+ + xe- a-LixSi (Li21Si8 phase) 

  Charge 

a-LixSi (Li21Si8 phase)  Si + xLi+ + xe-  

Li2Si2O5 + 3Si  5SiO +2Li+ +2e- 

Here, a-Li2O and a-LixSi indicated amorphous phases.  

Figure 15a shows a comparison of cycle performance of SiO, SiO (NaOH), m-

SiO, and m-SiO (NaOH). The cycle performance of SiO decreased drastically, and 

m-SiO and SiO(NaOH) showed better capacity retentions compared with SiO. The 

m-SiO (NaOH) exhibited a reversible capacity of 1260 mAh g-1 over 50 cycles 

with 86.5% retention. The enhancement of reversible capacity and cycling for the 

m-SiO (NaOH) electrode could have contributed to the reduced particle size by 

HEMM and the removal of the oxygen rich SiO phase on the surface of SiO with 

NaOH, which would restrict the reaction and diffusion of Li. Also, the Li2Si2O5 

phase formed during discharge had an open tunnel structure along the c-axis, 

which could provide easy diffusion paths for Li ion.[117]  

The rate capability of the m-SiO(NaOH) electrode was also tested and is 

shown in Figure 15b, and here 0.1C was equal to 150 mA g-1. Even at a rate of 

1500 mA g-1 (=1C), the m-SiO (NaOH) exhibited a charge capacity of 550 mAh g-

1. 
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Figure 15. (a) Comparison of cycle performance of SiO, SiO (NaOH), m-SiO, and 

m-Si (NaOH) with 150 mA g-1, and (b) rate capability of m-SiO(NaOH) with 

different rates. 
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4.3. Porous SiO Material 

4.3.1. Material Characterization 

Figure 16 illustrates a schematic of the experimental process to synthesize 

porous SiOx (P-SiOx). When bulk SiO was heated at 900oC under Ar atmosphere 

(H-SiO), disproportionation reaction occurred, and nanosize crystalline Si (nc-Si, 

10~20 nm) was dispersed into the SiOx matrix [44]. After HEMM, the particle size 

dropped to less than 20 μm, and more nc-Si was exposed (mH-SiO). Finally, the 

obtained mH-SiO was etched in NaOH solution (P-SiOx). However, silicon (sub) 

oxides could be etched very slowly, while nc-Si was attacked vigorously by NaOH 

etching [57]. To identify the different etching rate of nc-Si and SiOx, commercial n-

Si with the native oxide layer was etched using 1 M NaOH solution for 20 min. 

Figure 17a and 17b show bright field TEM images of commercial nano Si powder 

and etched n-Si, respectively. Only outer oxide layer (dark grey region) was 

remained after etching as shown in Figure 17b. This indicated the possibility of the 

self-template process in which the exposed nc-Si could act as a main pore-

generating agent to provide fine pores during etching, while the template SiOx was 

dissolved slightly. The SiO reacted with Li, resulting in the formation of various 

Li-Silicates (Li4SiO4, Li6Si2O7 and Li2Si2O5) and Li-Si alloy (Li21Si8) 
[118], which 

induced the stress due to the volume expansion. In order to ease the volume change, 

mH-SiO samples were etched for 4 h to obtain pore size greater than 100 nm.  
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Figure 16. Schematic views of the preparation of porous SiOx. 
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Figure 17. Bright Filed TEM images of (a) commercial nano Si powder (Aldrich, 

<100nm) and (b) etched n-Si using 1M NaOH solution for 20 min. 
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Samples from each step were examined by X-ray diffraction (XRD), as shown 

in Figure 18. The pristine SiO sample showed an amorphous nature, and mainly 

consisted of amorphous Si and SiO2 surrounded by sub-oxide matrix [119,120]. The 

XRD pattern of H-SiO powders indicated that crystalline Si was formed by the 

disproportionation reaction. After the milling process (mH-SiO), Si peaks became 

broadened, although there was no change in microstructure [118]. After etching, a 

part of the Si within the particles still remained, as can be seen in the XRD pattern. 

The surface morphology of the mH-SiO sample was compared before and after the 

etching process. Unlike the surface of mH-SiO (Figure 19a), the surface of P-SiOx 

showed a well-developed porous structure with pore size of 200~500 nm (Figure 

19b), in which the exposed nc-Si and part of the SiO was dissolved, providing 

voids during etching. Figure 20a-d show the TEM bright field and HRTEM 

images with SEAD patterns before and after the etching processes. The powders of 

mH-SiO were dense without voids in the matrix (Figure 20a), and the 

nanocrystalline Si of the same size was dispersed in the SiOx matrix after the 

milling process (Figure 20b). In the case of etched SiOx (P-SiOx, Figure 20c), the 

porous SiOx matrix template remained, although some of the nc-Si within the SiOx 

matrix was still present, which supported the XRD data shown in Figure 18.  

The N2 adsorption-desorption isotherms of mH-SiO and P-SiOx samples are 

compared in Figure 21. The large adsorption-desorption isotherm of P-SiOx was 

attributed to the pores generated by the dissolution of nc-Si. The BET surface area 

was found to increase from 19.57 m2 g-1 for mH-SiO to 105.41 m2 g-1 for P-SiOx,  
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Figure 18. XRD patterns of SiO, H-SiO, mH-SiO and P-SiOx powders. 
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Figure 19. FESEM images of (a) mH-SiO and (b) P-SiOx. 
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Figure 20. HRTEM and TEM bright field images with SAED patterns of (a,b) 

mH-SiO and (c,d) P-SiOx. 
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Figure 21. N2 adsorption/desorption isotherm of mH-SiO and P-SiOx. 
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SSii//OO  rraattiioo  11sstt   22nndd   33rrdd   
AAvveerraaggee  

SSii//OO  rraattiioo  

mH-SiO 0.995  0.995  0.005  0.995  

P-SiOx  0.961  0.964  0.964  0.963  

 

Table 5. X-ray fluorescence (XRF) data of mH-SiO and P-SiOx. 
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an increase in surface area by a factor of more than five. The average Si/O ratios of 

mH-SiO and P-SiOx samples from XRF data were 0.995 and 0.963, respectively, 

which confirmed that the exposed nc-Si (2.04 wt.%) was dissolved during the 

etching process (Table. 5).  

4.3.2. Electrochemical test 

Figure 22 shows the differential capacity plot (DCP) and voltage profile (inset 

graph) of P-SiOx. To investigate the mechanism during the first cycle of P-SiOx, ex 

situ HRTEM was conducted at selected potentials indicated in DCP as shown in 

Figure 22b-f.  When the potential reached 0.4 V during discharge, Li2Si2O5 and 

Li6Si2O7 phases were formed (Figure 22b). At 0.15 V, Li4SiO4 phase was also 

observed in addition to the aforementioned Li silicates (Figure 22c). As the 

potential was reduced to 0.0 V, crystalline Li21Si8 phase was detected (Figure 22d). 

During discharge, the Li21Si8 phase disappeared at 0.4 V (Figure 22e). At 2.0 V, 

the Li2Si2O5 phase disappeared, while the Li4SiO4 and Li6Si2O7 phases remained 

as irreversible phases (Figure 22f). These ex situ analyses agreed well with the 

previous report on the reaction mechanism of SiO with Li [118].       

The electrochemical performance of four samples used as anode materials for 

Li storage was tested. Figure 23a shows a comparison of the cycle performance of 

each sample. The rate of all samples was 0.1C (150 mAh g-1) for the first cycle, 

and 0.2C for later cycles. The discharge capacities of SiO and H-SiO were 2612 

mAh g-1 and 1853 mAh g-1, respectively. After disproportionation reaction at high  
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Figure 22. (a) DCP (inset graph: voltage profile) of P-SiOx at the first cycle. Ex 

situ HRTEM images with SAED patterns of P-SiOx electrode at various potential 

indicated in DCP. (b) Discharge at 0.4 V, (c) discharge at 0.15 V, (d) discharge at 0 

V, (e) charge at 0.4 V and (f) charge at 2 V. 
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Figure 23. Electrochemical behaviors of various samples. (a) cycle performance 

(0.1 C for first cycle, then 0.2 C for later cycles) of SiO, H-SiO, mH-SiO and P-

SiOx powders and (b) rate capability of mH-SiO and P-SiOx. 
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temperature, the SiO2 ratio increased which hindered the Li-ion diffusion into the 

SiOx matrix [44]. Hwa et al. reported that disproportionated SiO at 1200oC was 

made active to Li-ions after milling, because the Si oxide layer on the surface was 

partially broken, and active Si was exposed on the surface [47]. With similar 

behavior, the discharge capacity of mH-SiO increased again to 2653 mAh g-1. The 

first Coulombic efficiencies of SiO, H-SiO, mH-SiO, and P-SiOx were 56.3%, 

28.8%, 60.8%, and 64.4%., respectively. The Coulombic efficiency of P-SiOx 

increased by 8%. The P-SiOx without a carbon coating exhibited a reversible 

capacity of 1242 mAh g-1 over 100 cycles, while cycles of other materials 

decreased rapidly. This was attributed to the porous structure of P-SiOx, which 

could accommodate the large volume expansion during Li insertion. The rate 

capability of P-SiOx was also tested at various current rates, as shown in Figure 

23b. Without a carbon coating, the discharge capacity at the 1C rate was 890 mAh 

g-1 due to the fast Li-ion diffusion within pores filled with electrolyte. 

To confirm the structural integrity of the P-SiOx during cycling, ex situ 

HRTEM was conducted after 100 cycles, and the results are presented in Figure 

24a and 24b. The pores in the SiOx matrix were well maintained as shown in bright 

field image (Figure 24a) and were almost the same with those before cycling as 

illustrated in Figure 20c. This indicated that the pores present in the P-SiOx were 

effective in reducing the volume change, which led to a good cycle performance. 

Fig. 24b shows the HRTEM image with SAED pattern after 100 cycles which 

Li6Si2O7 and Li4SiO4 crystallites were still remained as irreversible phases. 
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Figure 24. Ex situ (a) TEM bright field and (b) HRTEM images with SAED 

patterns of P-SiOx electrode, respectively, after 100 cycles. 
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5. Conclusions 

 

In this thesis, oxide layer of Si-based materials (Si and SiO) was confirmed using 

HRTEM and XPS analyses and the effect of the amorphous SiO2 layer on 

electrochemical behaviors was investigated. To remove the oxide layer, NaOH 

solution was used not HF solution. And we proposed the self-limiting reaction 

behavior of n-Si, new reaction mechanism of SiO and novel approaches to 

synthesis of porous SiO. The following points are summarized.   

 

1. Commercial n-Si with native oxide of about 8–9 nm was simply etched with 

NaOH solution. When etched with NaOH solution, the oxide layer thicknesses of 

n-Si (x) were decreased to 5–6 nm for n-Si (15) and ~4 nm for n-Si (20) particle, 

while the Si was not etched by the NaOH solution. 

 

2. The capacity and the first cycle Coulombic efficiency of n-Si were low since 

a relatively thick oxide layer hindered the Li–ion diffusion, reacting with active Si. 

After etching of the oxide layer on the surface of n-Si, the reversible capacity and 

cycle efficiency increased dramatically. The reduced thickness of the a-SiO2 layer 

using NaOH solution provided an easy Li-ion diffusion path resulting in a larger 

discharge capacity. Also, the thin oxide layer could accommodate a compressive 

stress due to the volume expansion improving the cycle performance and 

stabilizing the core Si, preventing a solid-electrolyte interphase (SEI) repetitively 
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forming on the new Si surface due to pulverization. 

 

3. The optimum etching time with NaOH in this study was 20 min before the 

destruction of the a-SiO2/Si core–shell structure. The n-Si (20) electrode consisted 

of an amorphous SiO2 layer, amorphous Si, and core crystalline Si after the first 

cycle. Owing to the unique dual core–shell structure, the electrode showed a 

reversible charge capacity of approximately 1800 mAh g-1 over 50 cycles with an 

excellent rate capability due to the self-limiting reaction behavior. 

 

4. Since the SiO phase is not thermodynamically stable at all temperatures, the 

surface of SiO would be oxidized in the presence of oxygen. Also, the composition 

(thereby the valence state distribution of Si) of the surface of the SiO phase would 

be expected to differ from that of the inside bulk composition. XPS analyses 

showed that the surface of SiO had different Si oxidation valence states from 

inside the bulk of SiO, and the O/Si ratio on the surface was 1.28 while that of the 

bulk was 1.03. 

 

5. HEMM followed by etching with NaOH solution was conducted to enhance 

the electrochemical properties of the SiO active material. The DCPs showed that 

the m-SiO (NaOH) started to react with Li at the highest potential near 0.64 V, m-

SiO near 0.57 V, SiO (NaOH) near 0.44 V followed by SiO near 0.35 V. This 

indicated that a larger overpotential was required for the SiO electrode probably 
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due to a thin layer with a higher oxidation state existing at the surface and acting as 

the barrier for the initial Li reaction and diffusion.  

 

6. To investigate the reaction mechanism of m-SiO (NaOH), the ex situ 

analyses were employed using XRD and TEM. During the first discharge of the m-

SiO (NaOH) electrode, the Li2O, Li6Si2O7, and Li2Si2O5 phases were formed at 

0.55 V followed by Li4SiO4 at 0.14 V, and finally the amorphous LixSi alloy (close 

to Li21Si8) phase at 0.0 V. Both the amorphous LixSi alloy and Li2Si2O5 phases 

were reversible, and Li2O and other Li-silicates (Li6Si2O7 and Li4SiO4) were 

irreversible during cycling. The reaction sequence with Li during the first 

discharge and charge can be expressed as, 

Discharge: 

3SiO + (114/35)Li+ + (114/35)e-  a-Li2O + (1/7)Li6Si2O7 + (1/5)Li2Si2O5 + 

(81/35)Si 

SiO + Li+ + e-  (1/4)Li4SiO4 + (3/4)Si 

Si + xLi+ + xe-  a-LixSi (Li21Si8 phase) 

Charge: 

a-LixSi(Li21Si8 phase)  Si + xLi+ + xe- 

Li2Si2O5 + 3Si  5SiO + 2Li+ + 2e- 

 

7. We report a facile route for preparing porous SiOx. Since SiO is 

thermodynamically unstable at all temperature, it disproportionate into a nano-
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crystalline Si and amorphous Si oxide during heat treatment above 800 ◦C. After 

heat treatment at 900 ◦C, crystalline Si and Si oxide can be pore-generating agent 

and self-template, respectively, since etching rates of nanosize crystalline Si and 

amorphous Si oxides are different when etched with NaOH solution. This new 

method is different from previous HF etching of SiO2 to provide a porous structure 

of Si. 

 

8. The surface morphology of the mH-SiO sample was compared before and 

after the etching process. Unlike the surface of mH-SiO, the surface of P-SiOx 

showed a well-developed porous structure with pore size of 200∼500 nm (Fig. 

2(c)), in which the exposed nc-Si and part of the SiO was dissolved, providing 

voids during etching. The surface area of the etched SiO was increased more than 

5 times compared with not-etched SiO. The average Si/O ratios of mH-SiO and P-

SiOx samples from XRF data were 0.995 and 0.963, respectively, which confirmed 

that the exposed nc-Si (2.04 wt.%) was dissolved during the etching process. 

 

9. The porous SiOx was tested as an anode for Li-ion batteries, and it showed 

excellent electrochemical performance without any carbon coating. This was due 

to the alleviation of volume expansion during cycles and facilitated Li-ion 

transport through the pores. We anticipate that this approach of facile porous SiOx 

preparation via self-template etching technique can be extended to the synthesis of 

other porous materials. 
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초록 

 

 세계 에너지 소비가 점차적으로 증가하면서 화석 연료의 고갈과 인간 활동의 

의한 기후 변화가 가속화되고 있다. 그러므로 태양 전지, 연료 전지, 이차 전

지, 슈퍼커패시터와 같은 에너지 소자가 에너지 생성, 변환, 저장을 위해서 매

우 중요해지고 있다. 그 중에서 모바일 장치와 전기자동차의 빠른 발전과 함

께 리튬 이온 전지는 이차 전지를 주도해 왔으며 그 시장도 계속해서 커지고 

있다.  

현재 흑연은 충전 가능한 리튬 이온 전지에 음극으로 사용되고 있고, 높은 

용량, 높은 파워 그리고 안전한 사이클 특성을 만족하기 위해서 많은 연구가 

실리콘계 물질에 집중되어 왔다. 하지만 이차전지에 리튬-합금들의 사용에 있

어서 큰 문제는 리튬과의 충방전 과정에서 매우 큰 부피변화가 야기되고, 그 

결과 활성 물질의 파괴가 발생하여 전지의 악영향을 미치게 된다. 또한 다른 

중요한 요소는 실리콘계 물질들의 표면에 형성되는 실리콘 산화물이다. 두꺼

운 산화층은 활성 물질과 반응하는 리튬 이온의 확산에 방해는 요소이다.     

본 연구에서는 산화층이 리튬 이온 전지용 실리콘계 물질에 미치는 영향을 

알아보았다. 실리콘과 일산화 실리콘 물질의 산화층은 투과전자현미경과 X선 

광전자 분광법을 통해 확인하였다. 그리고 산화층은 수산화 나트륨 용액으로 

에칭하였고 에칭한 샘플들은 음극으로 테스트하였다. 실리콘과 일산화 실리콘

의 산화층이 감소함에 따라 전기화학적 특성은 크게 향상되었다. 또한, 나노 

실리콘의 self-limiting reaction behavior과 첫 사이클에서 리튬과 반응하는 

일산화 실리콘의 새로운 반응 기구를 제시하였다. 마지막으로 수산화 나트륨 
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에칭을 사용하여 실리콘을 기공제, 실리콘 산화물을 템플릿으로 이용하는 다

공성 구조의 실리콘 산화물에 대한 새로운 제조 방법을 제안하였다. 다공성 

실리콘 산화물은 리튬 이온 전지의 음극으로 테스트하였고, 카본 코팅없이도 

뛰어난 전기화학적 특성을 보였다. 산화층에 대한 이런 연구들은 실리콘계 물

질들을 리튬 이온 전지에 음극으로 사용할 경우 기초적인 정보를 제공할 수 

있을 것이다.  

 

주요어 : 리튬 이온 전지, 음극, 실리콘계 물질, 산화층, 수산화 나트륨 

학번 : 2011-30191 
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