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As industries develop, various devices consuming larger energy appeared. The en-

vironmental pollution and the exhaustion of existing fossil fuels became more seri-

ous. Therefore alternative energy sources with higher efficiency and environmental 

friendliness are needed to be invented, and researches about lithium secondary bat-

teries which are widely adopted to mobile devices have been proceeded actively for 

the last few decades. Among the component of lithium secondary batteries, the an-

ode material is the least developed one and the carbon electrode which is used in 
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commercial batteries has a gravimetric capacity of 372 mAh, far insufficient value 

to meet the need of fast-growing energy consumption and the miniaturization of 

devices. Si receives a lot of intensions as an alternative, and it has the highest grav-

imetric capacity (3600 mAh) among the candidates for anode material. However, 

when Si forms alloy with Li, an extremely large volume expansion of Si occurs and 

the pulverization of the electrode due to the stress by the expansion makes the ap-

plication of Si to the electrode impossible. To solve this, the active-inactive system 

was invented and the inactive matrix means materials that can endure the stress 

generated from the volume expansion of Si without forming any Li-silicide phases. 

In this thesis, a hard material, the Si-TiFeSi2 composite was synthesized by rapid 

cooling method to apply TiFeSi2 as the inactive matrix. The microstructure of the 

composite was analyzed with XRD, SEM, TEM, and confirmed that nano-sized Si 

particles are uniformly dispersed within the TiFeSi2 matrix phase. It is also con-

firmed that Si is transformed into amorphous and the matrix phase remained with no 

change after the first cycle by charge-discharge test and ex-situ analyses. The results 

from FE-SEM and EDS line scanning analyses showed nano-cracks around Si parti-

cles revealing that the TiFeSi2 matrix successfully endured the stress by the volume 

expansion and made the Si-TiFeSi2 electrode to retain a high reversible capacity 

over 50 cycles. 
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1. Introduction 

Industries have developed rapidly for last few centuries and made our lives 

smoother and abundant. But because the development was mainly relied on the fos-

sil fuels, the exhaustion of the fuel and environmental pollutions became a serious 

problem. Nowadays, needs for the energy is rapidly increasing and energy sources 

of a higher efficiency and low-pollution are needed to solve those problems. Among 

several energy sources, the energy obtained by chemical reactions with low pollu-

tion and high efficiency is the most useful one and this kind of energy sources is 

represented by electrochemical cell, a battery. 

A battery is a device that converts chemical energy stored in it into the electrical 

energy. The origin of a battery started from the voltaic cell and the voltaic pile 

which was invented by Alessandro Volta in 1794 and 1800, respectively. The voltaic 

pile consisted of several voltaic cells which have copper, zinc plates and brine-

soaked paper between the plates. After this, various kinds of batteries were designed 

and developed to the manganese battery which is still widely used these days. 

There are two types of batteries; primary batteries which can be used once until 

the reactant finishes its chemical reactions, and secondary batteries which can be 

used multiple times with recharging process that reverses the chemical reactions 

occurred during its use. There are various secondary batteries classified by the ac-
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tive material; lead-acid, Ni-Cd, Ni-MH and Li-ion batteries. 

Among secondary batteries, Li-ion batteries have been employed as the most suit-

able power source for electronic mobile devices for the last two decades. Nowadays, 

longer lasting batteries with greater energy capacity and power density are also re-

quired to meet the need for extended usage in applications such as electric vehicles 

and large energy storage units. To improve the performance of Li-ion batteries, new 

electrode materials with electrolytes have been investigated extensively.  

As an anode material, Si has a large theoretical capacity at room temperature 

(Li15Si4: ~3600 mAh g-1), so it has been used in making Si-based composites. [1,2] 

However a pure Si anode shows a fatal disadvantage when used in Li-ion batteries 

due to its severe volume change (Li15Si4: ~270%) [3,4] during cycling, which re-

sults in the pulverization of the anode material and leads to the loss of electrical 

contacts with the current collector, ultimately deteriorating of the cell performance. 

According to the many research groups that have studied various methods to solve 

this problem, active-inactive matrix systems are considered as an effective method 

for improving electrochemical performances. [1,2,5-8] To maintain the electrical 

contact with the current collector, the inactive matrix should endure the stress which 

arises from the volume expansion of the Si particles with the formation of Li sili-

cides during cycling. Additionally, active Si particles must remain without forming 

any other compounds within the matrix during synthesizing since Si actively forms 
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binary silicides.  

Usually, soft materials have been employed for inactive matrices to effectively ab-

sorb the stress generated by the formation of Li-silicides, typically carbonaceous 

materials [9-11], or those with elastic, ductile properties [12-14] but a hard material 

can also withstand the stress generated during cycling. [15-18] 

In this thesis, a ternary alloy system (TiFeSi2), mineral known as zangboite, [19] 

was selected as the inactive matrix to sustain the stress generated during cycling 

when active Si undergoes lithiation/delithiatiation. Arc melting followed by the sin-

gle roll solidification method (SRSM) was adopted to obtain the composite with 

active Si nanocrystallites embedded in the inactive TiFeSi2 matrix phase (Si-

TiFeSi2). The structure of Si-TiFeSi2 composite was characterized with XRD and 

HRTEM. The electrochemical behaviors of the composite were investigated and the 

phase change was confirmed with ex-situ XRD and ex-situ HRTEM analyses. The 

surface morphology of the electrode after the first cycle was also investigated to 

confirm how the hard inactive TiFeSi2 matrix could endures the stress generated by 

the volume expansion of Si particles. 
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2. Background 

2.1. History 

 A combination of electrochemical cells which stores chemical energy generated 

by oxidation-reduction reaction of electrodes is called as a battery. A battery basical-

ly consists of two electrodes, cathode and anode, where reduction and oxidation 

occurs respectively, and converts the chemical energy into the electrical energy. In 

1791, Luigi Galvani performed an experiment with a dead frog’s leg and two differ-

ent metals making a closed circuit. He recognized that the leg twitched only with 

the connection to metals and explained the phenomenon with ‘animal electricity’. In 

1794, Alessandro Volta invented the voltaic cell with Cu, Zn plates and brine-

soaked paper between them. Also, he pointed out that the Galvani’s theory was 

wrong and suggested the current was generated by making a contact between two 

different metals. In 1802, Gautherot electrolyzed water using a Pt plate and ob-

served the polarity was formed on the plate. This ignited studies about batteries and 

Daniell cell was invented in 1939. After this, Grove, Bunsen, Poggendorf and Lech-

lanche cells were also designed and improved. These cells became the initiative for 

alkaline batteries that we are using today. The history of batteries is summarized in 

Table 1. 

 A Li-ion battery was proposed by M.S. Whittingham [20], then at Exxon in 
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1970s. Whittingham used Ti-sulfide as a cathode and Li metal as an anode. Despite 

of all efforts to improve the performance of the battery, the stability problems could 

not be solved. Bell Labs developed a graphite anode and replaced Li metal [21]. In 

1983, a team led by John Goodenough made a breakthough. Michael Thackeray, 

John Goodenough and co-workers identified Mn spinel as a cathode material [22]. 

Spinel structure has many advantages such as good electronic/ionic conductivity 

and structural stability. Though a pure Mn spinel has a drawback with a fading, this 

could be compensated by the modification of the material. After these products, 

many researches using structural characteristics have been performed to maximize 

performances such as capacity, stability, safety and so on. And the first commercial 

Li-ion battery was released by Sony in 1991 [23]. This battery used LiCoO2 as a 

cathode and graphite for an anode. 
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Table 1. The history of batteries 

Time Details Inventor 

1786 Galvani’s experiment with a dead frog’s leg Galvani 

1800 Voltaic piles Volta 

1813 Giant battery (2000 cells) Davy 

1834 Cu/CuSO4/ZnSO4/Zn Daniell 

1839 Principle of air cell Grove 

1859 Lead acid battery (PbO2/H2SO4/Pb) Plante 

1868 Zn/NH4Cl/C wet battery Leclanche 

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

1881 Pb-Sb Sellow 

1885 Zn/Br2 Bradly 

1905 Ni/Fe Edison 

1927 Zn/Ag Andre 

1930 Ni/Zn Drumm 

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

1950 Hermetic Zn/HgO battery Ruben 

1956 Alkaline fuel cell Bacon 

1966 Na/S Kummer & Weber 

1970 Primary Li battery Tobias 

1980s Practical use of Li/MnO2 battery Moli 

1990s 
Resuable alkaline Kordesch 

Commercial Li-ion battery Sony 
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2.2. Li-ion battery 

A Li-ion battery is one of secondary batteries, in which Li ions move from cathode 

to anode during discharging and reversed during charging. Since they have a high 

energy density, no memory effect and a slow self-discharge rate, a Li-ion battery is 

very popular in consumer electronics. 

There are three major compartments of a Li-ion battery; cathode, anode and elec-

trolyte. Cathode is an electrode where the reduction reaction occurs. Materials for a 

cathode have to be capable of allowing a large amount of lithium insertion and ex-

traction to achieve a large capacity and have high standard reduction potential for a 

high cell voltage and large energy density. Lithium manganese oxide (LMO), lithi-

um cobalt oxide (LCO), lithium iron phosphate (LFP) can be used as a cathode, and 

LCO is currently most-used one. Anode is another electrode where the oxidation 

reaction occurs. Materials with low standard reduction potential, light weight and 

high density are preferred. Graphitic carbon is commercially most-used one and 

other alloys and composites are now researched to meet the need of a large capacity. 

To provide the path of lithium ions between cathode and anode, electrolytes are 

electrolytic solutions that consist of salts dissolved in solvents. Electrolytes must 

have a good ionic conductivity, lithium ion transference number approaching unity, 

an electrochemical stability window for the high working potential of 3~4 V of Li-

ion batteries and a compatibility with other cell components. Polypylene carbonate 
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is known as the most preferred solvent due to its wide liquid range, high dielectric 

constant and stability with lithium, but solvated-intercalation problem limits the 

adoption with graphite electrode. Ethylene carbonate (EC) does not have that prob-

lem and used by mixing with linear carbonates, such as dimethyl carbonate (DMC), 

diethyl carbonate (DEC) or ethylmethyl carbonate (EMC). Lithium salts act as 

charge carriers during the cell operation. Various salts including LiPF6, LiBF4, 

LAsF6 can be used having good solubility and charge separation of anion and cation. 

LiPF6 offers high ionic conductivity in carbonate-based solutions and shows excel-

lent cycling properties at room temperature. 

The reaction equation of a commercial Li-ion battery using LCO as cathode mate-

rial and graphite as anode material is as follows. 

Cathode : LiCoO 	↔ Li   CoO + 	 Li +  e  

Anode : C +  Li +  e ↔ C Li  

Overall : LiCoO + C 	↔ Li   CoO + C Li  
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2.3. Anode materials for Li-ion batteries 

2.3.1. Li metal 

 Li metal has a theoretical capacity of 3860 mAh g-1 and a very low redox poten-

tial. These are advantageous properties as an anode material for Li-ion batteries, but 

Li metal undergoes periodic dissolution and deposition of itself during cycling. This 

periodic process is associated with an extensive shape change and side reactions 

which occur with the electrolyte. To solve these problems, a Li-Mg solid solution 

cermet anode which suppresses the formation of dendrites during dissolution and 

deposition of Li in a non-aqueous electrolyte is suggested [24]. In the view of elec-

trolyte, additives in electrolyte, multi-solvent electrolyte or applying of another salt 

for electrolytes are suggested, which show the formation of stable SEI (Solid Elec-

trolyte Interface) and suppression of development of Li dendrite. 
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2.3.2. Carbonaceous materials 

The graphite is commercially used material for anode, because it has lower reduc-

tion potential and shows good cycle performance due to its layered structure. Car-

bonaceous materials can be divided into graphitic and non-graphitic carbons [25, 

26]. Graphitic carbons contain natural, synthetic, artificial, pyrolytic graphite and so 

on. They can be further divided into hexagonal and rhombohedral graphite by the 

stacking order of graphene layers [27] in detail. Graphitic carbons have layered 

structures and Li can be intercalated into those layers. Non-graphitic carbons have 

disordered crystalline structure and can be further divided into soft (graphitizing) 

and hard carbon (non-graphitizing) by the ability whether the material can transform 

into the graphite structure through the heating process at 1500-3000℃. In the view 

of intercalation of Li, non-graphitic carbons can be divided as high specific carbons 

(x>1 in LixC6) and low specific carbons (x<1 in LixC6). High specific carbons are 

prepared at relatively low temperatures from ~500℃ to ~1000℃ and the several 

mechanisms of Li storage are proposed. 
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2.3.3. Single elements 

Li can alloy with Al, Mg, Si, Sn, Ge, P, As, Bi and so on. Since Dey demonstrated 

the formation of Li alloys in 1971 [28], single element anode materials have been 

researched as alternatives to graphite to get higher energy density. However, these 

anodes undergoes a severe volume change during cycling and results in the pulveri-

zation and the loss of the material itself and electrical contact, followed by a rapid 

degradation of capacity. 

Nanomaterials are suggested as one of improvements for anode materials [29-31]. 

They show advantages including a high capacity with a larger interfacial area, a 

high rate capability with increased diffusion rate of Li ion and a stable cycling per-

formance with the accommodation of the strain generated during cycling. However, 

they also have disadvantages such as aggregation during cycling by high surface 

reactivity, complex synthesis method and poor initial Coulombic efficiency due to 

the presence of salts or oxides formed during the chemical synthesis.  
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Table. 2. Theoretical capacity (gravimetric and volumetric) of various Li-M alloys. 

Element Li-M alloy 
Theoretical capacity 

Gravimetric Volumetric 

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 
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2.3.4. Silicon based materials 

Si is abundant, cheap and environmental friendly element in the economic view. Si 

is known in the simple form of SiO2 and silica sand was used as raw materials for 

glass in the ancient Egypt. A Swedish chemist, J. Berzelius discovered the single 

element Si by reducing silicon fluoride with metallic potassium. Si exists in forms 

of oxide or silica salts and main component of the lithosphere of the earth. 

Amorphous Si is brown powder and crystalline Si is dark grey distorted octahe-

dron. It has diamond structure in the view of crystallography and a typical semi-

conductor as Ge. Si is stable in the air but reacts with F at RT, and reacts with Cl, O, 

N and etc. when heated. It reacts with carbon at high temperature to form silicon 

carbide. In the aqua regia, Si is slowly oxidated into SiO2, easily dissolved in hy-

droxyl alkali solution and the mixture of hydrofluoric acid and nitric acid but im-

mune to the other acids. It generates hydrogen by a reaction with caustic alkali solu-

tion and transforms into silicates. When Si is reacted with metallic sodium and alka-

li halides, organic silicides are formed. 
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The essentials and elemental properties 

Symbol : Si 

 Atomic Number : 14 

 Atomic weight : 28.0855 g mol-1 

 Density : 2330 kg m-3 

 Molar volume : 12.06 cm3 

 Young’s modulus : 47 GPa 

 Electrical resistivity : ~105 mΩ cm 

 Melting point : 1687 K 

 Boiling point : 3173 K 

 Thermal conductivity : 150 W m-1 K-1 

 Coefficient of linear thermal expansion : 2.6 x 10-6 K-1 

 Fusion enthalpy (ΔHfusion) : 50.2 kJ mol-1 

 Vaporization enthalpy (ΔHvap) : 359 kJ mol-1 
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Crystal data 

Space group :       (group number : 227) 

Structure : diamond 

Cell parameters : 

 a : 543.09 pm 

 b : 543.09 pm 

 c : 543.09 pm 

 α : 90.000o 

β : 90.000o 

γ : 90.000o 
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Si reacts with Li to form several Li-silicides, such as Li22Si5, Li15Si4, Li13Si4, 

Li21Si8, Li7Si3 which show distinguished voltage profile [3, 40] and result in differ-

ent but still large capacities of an electrode compared to that of carbonaceous one. 

However, Si has a disadvantage to apply as an electrode material for Li-ion battery; 

a poor reversibility showing a rapid degradation of reversible capacity during alloy-

ing with Li at RT. [41-43] As a reason which is responsible to this, it can be thought 

that Si expands into extremely large volume while transformed into those silicides 

and this is a huge obstacle to commercialize Si-based anodes. When Si reacts with 

Li to form Li22Si5, there occurs about 400% of volume change in Si crystal and the 

Si electrode severely pulverizes losing its active material and electrical contact with 

the substrate, finally results in the loss of capacity. Also the large volume change is 

responsible for the high irreversibility of the first cycle of pure Si electrode (35% 

Coulombic efficiency with 3260, 1170 mAh g-1 during discharge and charge, re-

spectively, at the first cycle [44]). To solve the volume change issue and disad-

vantages of nanomaterials mentioned above, several methods were tried and repre-

sentative 5 methods are listed below. 

1. Micro, Nano-sized material 

2. Active/Active nanocomposite 

3. Active/Inactive nanocomposite 
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4. Coating with various binder 

5. Thin filming of Si 

As active/active nanocomposites, Si/Sn [32], Si/C [10, 33, 34], etc. are researched 

and showed improved results. As active/inactive nanocomposites with matrix mate-

rial which is inactive to Li, Si/TiB2 [16], Si/TiN [17], Si/Cu3Si [35], etc. are re-

searched. Kim et al. synthesized nanocomposites by mechanical alloying amor-

phous Si and inactive TiB2 and TiN with good electrical conductivity, and studied 

the electrochemical properties of those composites. In their researches, inactive ma-

trix materials functioned as a buffer to the mechanical stress generated by the vol-

ume expansion and electrodes with these composites showed relatively good per-

formances. Li et al. and Gao et al. [41, 45] studied nano-sized Si. They dispersed 

nano-sized Si particles into Carbon Black or synthesized nano-structured Si by laser 

ablation, and tested the electrochemical performances. Hatchard et al. [46, 47] used 

the thin film process to disperse Si prticles in an active matrix and showed electro-

chemical results.Though these research products showed insufficient performances 

to apply materials to the commercial usage, they largely contributed to the devel-

opment of the Si-based anode materials. 
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2.4. Active-inactive system 

Various methods were studied to solve the problem related to the volume expan-

sion of Si during lithiation. Among the methods, the active-inactive matrix system is 

considered as the most effective one. This system consists of active phases which 

react with Li and inactive matrix phases which surround active phases as a buffer 

while enduring the stress repeatedly occurs from the volume expansion during elec-

trochemical alloying and de-alloying process without any reaction with Li. The in-

active matrix should have a high electrical conductivity, a good mechanical property 

enough to endure stresses and should not form any alloy with Li [1, 4, 5, 7, 8, 33, 39, 

48, 49]. Materials with elastic, ductile properties, such as nitinol (super-elastic NiTi 

alloy), CaSi2 and SiAg alloys [12-14] or high hardness, such as SiC, TiN and TiB2 

[15-18] appeared to have effective improvements. Also a silicon-graphite composite 

made by a simple dispersion of Si in a sol-gel graphite matrix was introduced and 

showed a successful result [33]. 
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2.5. Si-Ti-Fe system 

In the phase diagram of Si-Ti-Fe ternary system (Fig. 1), τ1 indicates TiFeSi2 

phase and the alloy at the dotted point, consists of 70 at.% of Si, each 15 at.% of Ti 

and Fe, can be reproduced in the form of a mixture of excessive Si particles with 

TiFeSi2. Since the melting point of Si and TiFeSi2 is 1687 K and 1601 K respec-

tively, the segregation of Si grains in the liquid TiFeSi2 phase occurs at the begin-

ning of the solidification of Si (at T, 1601 K < T < 1687 K) with a normal quenching 

speed and an alloy with non-desirable state for the performance of anode which 

consists of large segregated Si particles within the TiFeSi2 matrix. This is why the 

SRSM is applied and the extremely rapid quenching rate of SRSM suppresses the 

segregation of Si grains so that the alloy can get nano-sized Si grains uniformly dis-

persed in the TiFeSi2 matrix phase. 

TiFeSi2 is a major component of the natural mineral known as zangboite [19] 

which was discovered in harzburgite of the Luobusha ophiolite, Tibet, in the Indus-

Yarlong Zangbo suture zone along Yarlong Zangbo River. The mineral is known 

brittle and having a mid-range hardness. 
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Fig. 1. Fe-Si-Ti isothermal section at 800℃ in atomic percent. 
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2.6. Terminology 

a. Gravimetric specific charge (mAh g-1) 

This is the amount of charges that corresponds to a battery with weight of 1kg. If 

a battery has higher gravimetric specific charge, more energy can be generated 

with less increase of the weight of a battery. This has significance in measurement 

of performance of a battery. In case of currently available anode material, carbon, 

for Li-ion batteries, it has 372 mAh g-1 in fully lithiated state. 

 

b. Volumetric specific charge (mAh L-1) 

This is the amount of charges corresponds to the battery with volume of 1L. 

Higher volumetric specific charge a battery has, larger quantity of energy can be 

generated from a small volume increase. 

 

c. Specific energy (Wh kg-1) 

Specific energy is a criteria how much smaller the size of a battery can be re-

duced. This can be obtained with an equation below: 

Specific	energy = 	
 ℎ	( ℎ    	        ) ×  	(       )

    ℎ 
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d. Energy density (Wh L-1) 

This is same criteria as the specific energy, but a volumetric specific energy. 

 

e. Cycle life 

The capacity of a battery decreases as cycling (discharge/charge process) pro-

ceeds. Basically the cycle life is defined as the capacity of a battery goes down to 

the 60% of initial capacity. 

 

f. Rate performance 

This means how much longer a battery can last. C-rate concept is used for this 

term. 1C is the rate to charge or to discharge a battery in 1 h. If a battery shows in-

significant difference at test with varing C rates, the battery can be said to have an 

excellent rate performance. 

 

g. Self-discharge 

This is a phenomenon in batteries where internal chemical reactions reduce the 
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stored charge of the battery without any connection to the circuit. The rate of self-

discharge varies by the type of the battery. Li batteries suffer the least amount of 

self-discharge of 2~3% for a month. This occurs just as a closed circuit discharge 

and prefers to proceed more actively at high temperature. Thus, storing batteries at 

lower temperature would be good for the preservation of energy of a battery. 

 

h. Memory effect 

This phenomenon is often observed in Ni-Cd batteries. When it comes to repeti-

tion of shallow discharge/charge, NiOH forms a solid solution by an irreversible 

reaction. Finally, this solid solution leads to an eternal loss of capacity. 
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3. Experimental 

3.1. Preparation of pristine material 

Commercially available Si (REC, 99.999%), Ti (Timet, 99.5%) and Fe (Hoeganess, 

99.9%) were used as precursors to synthesize the active material. Ternary Si-Ti-Fe 

alloy buttons were obtained by arc melting in a Cu hearth using a non-consumable 

tungsten electrode (Samhan Vacuum Development Co.) under Ar atmosphere. The 

atomic ratio of Ti and Fe was equal to unity (~14.5 at.% each) and the total amount 

of Si was selected to be about 71 at.% to form the mixture of Si and TiFeSi2 accord-

ing to the ternary phase diagram [36]. The buttons were re-melted three times to 

ensure homogeneity. SRSM ribbons were produced by the graphite nozzle single-

roll method under an inert environment to prevent the oxidation of materials. SRSM 

ribbons obtained were mechanically crushed into powders in an attrition mill at a 

rotating speed of 150 rpm with zirconia beads. To confirm the inactiveness of the 

TiFeSi2 matrix to Li, the powders of Ti, Fe, and Si of atomic ratio 1:1:2 were me-

chanically milled in a Spex 8000 mill with hardened steel balls in a hardened steel 

vial at a rotation speed of 800 rpm for 48 h, followed by heat-treatment at 900℃ 

for 9 h in Ar atmosphere to synthesize the crystalline TiFeSi2 phase. 
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3.2. Electrochemical characterization 

3.2.1. Electrode preparation 

Pure Si, TiFeSi2, Si-TiFeSi2 electrodes were fabricated by coating slurries dis-

solved in N-methyl-2-pyrrolidinone (NMP) on Cu foil substrates. Each slurry con-

sisted of the active material (86.6 wt.%), polyimide (PI, 10 wt.%) as the binder and 

Ketchen Black (3.4 wt.%) as the conducting agent. The Cu foil substrates coated 

with slurries were pressed, dried under vacuum at 200℃ for 2 h and cut into disc 

shape electrodes of 10 mm in diameter. Coated electrode material on a part of each 

electrode was removed and weighed to ensure the exact weight of the electrode ma-

terial remained. Ni wire which does not react with lithium was attached by spot 

welding to assemble into the coin-type electrochemical cell. 
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3.2.2. Cell assembly 

The coin-type cell used in all experiments composed of the fabricated working 

electrode, explained in 3.2.1., Li foil as counter and reference electrodes, Celgard 

2400 as a separator and 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate 

(DEC) (3 : 7 by volume) + 10.0% fluoro ethylene carbonate (FEC) (PANAX Star-

lyte) as an electrolyte. Since only galvanostatic experiments were performed, no 

reference electrode is needed and Li foil can be used as both counter and reference 

electrodes by itself. The cell assembly was processed in an Ar-filled glove box to 

avoid the contact of Li foil with oxygen and containing of oxygen in the cell. 
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3.2.3. Galvanostatic charge-discharge test 

Galvanostatic tests were performed with each cell at a current density of 100 mA 

g-1 between 2.0 and 0.0 V (vs. Li/Li+) using a Maccor automated tester. Another 

galvanostatic test to compare the cycle performance of the pure Si electrode with 

that of the Si-TiFeSi2 electrode in the same state of charge (SOC) between 2.0 and 

0.075 V (vs. Li/Li+), and the voltage range for this test was determined from the 

voltage profile of the pure Si electrode and the pure Ketchen Black electrode. The 

cell was connected to the tester open-circuited for 3 h to let the fabricated electrode 

reach its open circuit potential. Li was inserted into the electrode during discharge 

from 2.0 to 0.0 V (vs. Li/Li+) and extracted during charge from 0.0 to 2.0 V (vs. 

Li/Li+). These tests were performed right after the cell assembly in the glove box 

mentioned in 3.2.2. The voltage profile, cycleability and DCP (Differential Capacity 

Plot) could be obtained from results of galvanostatic tests. DCP is plotted by differ-

entiate the charge-discharge curve and is similar to electrochemical voltage spec-

troscopy (EVS) curve. In this plot, voltage plateau in charge-discharge plot can be 

expressed as peaks. This can give the information about both the reaction character-

istics and performance as an electrode for batteries of active material. 
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3.3. Material characterization 

3.3.1. Ex-situ sample preparation 

Each electrode for the ex-situ analysis was prepared to confirm the phase change 

during charge and discharge process. The preparation and the cell assembly are 

same as galvanostatic tests. The target potential determined from the DCP was set to 

the procedure of test and the electrode was sustained for several hours at the poten-

tial. The electrode was separated from the cell, rinsed with DEC and dried in the Ar-

filled glove box. A part of the dried electrode was sealed with a protective Kapton 

tape for the ex-situ XRD analysis. Another part of the electrode was put in a sealed 

vial containing anhydrous ethanol, subjected to ultrasonic treatment to detach the 

electrode material from Cu foil and dispersed into proper size for the TEM analysis. 

The dispersed suspension was put on a TEM grid made of Cu and the grid was dried 

in vacuum overnight to evaporate ethanol. 
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3.3.2. X-Ray Diffraction (XRD) 

The synthesized Si-TiFeSi2 material powder was characterized with an X-ray dif-

fractometer (XRD, D-MAX2500-PC, Cu-Kα, Rigaku) operating at 40 kV and 100 

mA from 25o to 65o in the 2θ range at the scan rate of 10o/minute. Ex-situ samples 

were also characterized with same diffractometer in same 2θ range operating at 50 

kV and 200 mA at the scan rate of 2o/minute. 

 

3.3.3. Scanning Electron Microscopy (SEM) 

Normal SEM (JEM-5600, JEOL) and FE-SEM (Field Emission-SEM, SU70, Hi-

tachi) images with energy dispersive spectroscopy (EDS, Oxford) were obtained to 

observe the appearance of pristine powder and the structural change of surface of 

ex-situ samples during cycling. Normal SEM uses thermally activated electrons 

from an electron gun and FE-SEM uses cold cathode field emission type gun as 

their electron sources. Images of higher resolution can be obtained with FE-SEM 

whose electron beam interacts with sample without thermal energy. 
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3.3.4. Transmission Electron Microscopy (TEM) 

A transmission electron microscope (TEM, JEM-3000F, JEOL) with energy dis-

persive spectroscopy (EDS, Oxford) analyses was also performed on the pristine 

ribbon sample prepared by using a focused ion beam (FIB, SMI3050SE, SII Nano-

technology) to confirm the embedment of Si particles within the TiFeSi2 matrix. 

Analytical TEM (Tecnai F20, FEI), HRTEM (JEM-3000F, JEOL) images with se-

lected area diffraction pattern (SADP) were obtained from ex-situ samples prepared 

in 3.3.1. 
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4. Results and discussion 

4.1. Structure of the pristine material 

4.1.1. SEM with EDS 

The morphology of the powder was observed with normal SEM (Fig. 2). The par-

ticle size was less than 2 μm. As seen in the EDS mapping result (Fig. 3), Si, Ti and 

Fe were uniformly distributed in the material without an aggregation of any specific 

element. EDS point analysis was also performed and revealed that the atomic ratio 

of Si, Ti and Fe was 71.11, 14.19 and 14.70 %, respectively. According to these re-

sults, the Si-TiFeSi2 composite was identified to have intended composition and 

phases. 
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Fig. 2. Normal SEM image of the pristine powder. 

Fig. 3. SEM-EDS mapping result for elements, Si, Ti and Fe. 
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4.1.2. XRD 

The XRD analysis result (Fig. 4) confirmed that only crystalline Si and TiFeSi2 

phases exist without any binary phases, such as Si-Ti, Si-Fe and Ti-Fe. Peaks of 

crystalline Si were referenced to JCPDS code 00-001-0791 and those of TiFeSi2 

were referenced to JCPDS code 01-075-2180. Although peaks of Si and TiFeSi2 

near 2theta of 47.5o are overlapped, both phases can be identified as existing, since 

major peaks of two phases definitely exist. 
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Fig. 4. XRD patterns of the pristine Si-TiFeSi2 powder and JCPDS reference pat-

terns. 
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4.1.3. TEM 

In Fig. 5, a TEM image with the SADP of the pristine ribbon sample prepared by 

FIB showed that nano-sized crystalline Si particles are well dispersed within TiFe-

Si2 matrix phases with Si grain size of about 50 nm. And EDS results shown in Fig. 

6 confirmed that the brighter grains were crystalline Si and the darker grains were 

TiFeSi2 matrices. Signals of Ti and Fe which appears in the spectrum 1 of Si particle 

is inevitable because the size of grains is smaller than electron beam and the beam 

interacts with grains next to the targeted one and spectra of Cu are from the TEM 

grid which is made of Cu. 

Since the solidification temperatures of Si and TiFeSi2 are 1687 K and 1601 K 

[36], respectively, Si started to nucleate and grow followed by the solidification of 

TiFeSi2 matrix phase before the formation of any binary silicides. In this tempera-

ture range, the grain growth of Si nuclei in the liquid TiFeSi2 phase would be sup-

pressed by the rapid quenching rate of SRSM. Also the rapid quenching rate result-

ed in nano-sized Si grains. [37] 
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Fig. 5. TEM image and SADP of the pristine ribbon. 
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Fig. 6. EDS point analysis result of the pristine ribbon. 
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4.2. Electrochemical characteristics 

4.2.1. Voltage profile 

Voltage profiles of Si-TiFeSi2 and TiFeSi2 electrodes are shown in Fig. 7 and Fig. 

8, respectively, with the inset images of each figure showing their DCPs of the first 

cycle. From DCP (Fig. 7), the Si-TiFeSi2 electrode reacted with Li at the typical 

reaction potential of Si[38] The initial discharge and charge capacities of the Si-

TiFeSi2 electrode were 1513 and 1350 mAh g-1, respectively, with an excellent ini-

tial Coulombic efficiency of 89 %. Each peak in the DCP curve appeared during 

lithiation and delithiation, indicating the formation and decomposition of Li sili-

cides, respectively. The difference in the potential plateau profile between the first 

and the other cycles was due to the transformation of the crystalline Si phase into an 

amorphous LixSi alloy phase during the first electrochemical alloying process. [4,39] 
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Fig. 7. The voltage profile of Si-TiFeSi2 anode and DCP curve of the first cycle 

(inset). 



40 

 

4.2.2. Ex-situ XRD and HRTEM results 

To identify the intermediate and final products formed during the first cycle, ex-

situ XRD (Fig. 9) and HRTEM (Fig. 10) analyses were carried out at the potentials 

indicated in the DCP (triangles in Fig. 8). When the potential was lowered to 0.3 V, 

both XRD patterns (Fig. 9) and HRTEM image (Fig. 10(a)) showed that the crystal-

line Si and TiFeSi2 phases remained. The sample discharged to 0.0 V showed that 

the disappearance of the crystalline Si phase and the appearance of the Li21Si8 phase 

(Fig. 9 and Fig. 10(b)). During delithiation at 0.3 V, the Li21Si8 phase still remained 

(Fig. 9 and Fig. 10(c)), but disappeared at 0.6 V (Fig. 9 and Fig. 10(d)). In the fully 

delithiated state (2.0 V), only the TiFeSi2 matrix phases could be observed (Fig. 9 

and Fig. 10(e)) and the peaks of the crystalline Si phase did not reappear, indicating 

the amorphous nature of Si after delithition. There was no change in the matrix, 

TiFeSi2 phases, throughout the cycle. In the first cycle, the crystalline Si in TiFeSi2 

matrix reacted with Li to form the Li21Si8 phase during lithiation, but changed to 

amorphous phase during delithiation while the matrix underwent no change due to 

its inactiveness. Ex-situ XRD (Fig. 11) and HRTEM (Fig. 12) analyses were also 

carried out during the second cycle to confirm any other phase changes after the 

first cycle. But both XRD patterns and HRTEM images showed no other changes. 

The amorphous Si and the TiFeSi2 matrix still remained and Li-Si alloy was also 

Li21Si8. 
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Fig. 8. DCP curves of the first and second cycle of the Si-TiFesi2 anode. 
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Fig. 9. Ex-situ XRD results of the first cycle of the Si-TiFeSi2 anodes at 

indicated potentials in DCP curve (Fig. 8). 
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Fig. 10. HRTEM images with SADPs at (a) 0.3V, (b) 0.0V during 

lithiation, at (c) 0.3V, (d) 0.6V and (e) 2.0V during delithiation. 
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Fig. 10. HRTEM images with SADPs at (a) 0.3V, (b) 0.0V during 

lithiation, at (c) 0.3V, (d) 0.6V and (e) 2.0V during delithiation. 

(continued) 
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Fig. 10. HRTEM images with SADPs at (a) 0.3V, (b) 0.0V during 

lithiation, at (c) 0.3V, (d) 0.6V and (e) 2.0V during delithiation. 

(continued) 
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Fig. 11. Ex-situ XRD results of the second cycle of the Si-TiFeSi2 anodes at indi-

cated potentials in DCP curve (Fig. 8). 
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Fig. 12. HRTEM images with SADPs at (a) 0.175V, (b) 0.0V dur-

ing lithiation, at (c) 0.3V during delithiation. 
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Fig. 12. HRTEM images with SADPs at (a) 0.175V, (b) 0.0V dur-

ing lithiation, at (c) 0.3V during delithiation. (continued) 
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4.2.3. The inactiveness of TiFeSi2 matrix 

Since the TiFeSi2 matrix has Si in its structure, anodes which consisted of only 

TiFeSi2 phase as the active material were fabricated by process mentioned in 3.1.1 

and analyzed with XRD and performed an electrochemical test to examine whether 

the matrix reacts to Li. The result of XRD analysis (Fig. 13) shows that the fabricat-

ed powder consisted of only TiFeSi2 without residual Si. The TiFeSi2 matrix did not 

react with Li during discharge (Fig. 14) without any peak in the DCP curve. The 

discharge and charge capacities of 111 and 23 mAh g-1 at the first cycle are due to 

Ketchen black, the conducting agent which is known to have the discharge capacity 

of ~4000 mAh g-1 when the electrode is made of 100% Ketchen black. Since the 

ratio of Ketchen black of the fabricated electrode is 3.4 wt.%, 111 mAh g-1 is a rea-

sonable value to be certain that the TiFeSi2 did not react with Li. 
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Fig. 13. XRD pattern of the TiFeSi2 powder. 
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Fig. 14. The voltage profile of TiFeSi2 anode and DCP curve of the first cy-

cle (inset). 
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4.2.4. Cycleability 

The cycle performance of the Si-TiFeSi2 electrode was compared with that of the 

pure Si electrode in Fig. 15. The Si-TiFeSi2 electrode exhibited excellent electro-

chemical performance and stability, while those of the pure Si electrode decreased 

drastically before 10 cycles. Surely the amount of active Si is larger in the pure Si 

electrode than Si-TiFeSi2 electrode, the discharge-charge capacity of the first cycle 

is more than double of Si-TiFeSi2 electrode. But the pure Si electrode underwent an 

extreme volume change during lithiation, severely pulverized and finally lost elec-

trical contacts and active material itself. By contrast, the discharge-charge capacity 

of the first cycle of the Si-TiFeSi2 electrode were 1513 and 1350 mAh g-1 with ex-

cellent coulombic efficiency of 89% and the reversible capacity of the Si-TiFeSi2 

electrode was maintained at approximately 1200 mAh g-1 over 50 cycles. This is the 

evidence that the TiFeSi2 matrix effectively absorbs the stress by the expansion of 

Si particles when they transformed into Li21Si8. The pure Si electrode which was 

tested within 2.0 and 0.075 V (vs. Li/Li+) in the same SOC with the same volume 

expansion by the formation of the Li21Si8 phase also showed drastic degradation of 

the capacity retention and the stress generated by the Li21Si8 phase was less than the 

stress by the Li15Si4 phase, but still large to endure for the pure Si electrode by itself. 

So it can be confirmed that the TiFeSi2 matrix is responsible for the excellent cycle 

performance from these comparisons. 
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Fig. 15. Cycle performances of pure Si, Si-TiFeSi2 anodes between 2.0 and 

0.0V, and pure Si anode between 2.0 and 0.075V at a current density of 100 

mA g-1. 
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4.2.5. Nano-cracks and the change of the surface morphology 

To clarify the role of the TiFeSi2 matrix, FE-SEM and EDS analyses were per-

formed and the pulverization phenomenon after discharging to 0.0 V at the first cy-

cle was observed. Figs. 16(a) and (b) show two different positions of the particles, 

and show the nanometer-sized cracks (nano-cracks). EDS line (yellow line) scan-

ning profiles of Si, Fe and Ti concentrations near the nano-cracks showed that the 

concentration of Si was higher at both sides of nano-cracks while the concentrations 

of Fe and Ti remained almost the same along the line. Since Li-silicides were 

formed at the Si crystallites embedded within the TiFeSi2 matrix of a particle, it 

could be concluded that the nano-cracks generated during Li insertion occurred at 

the Si crystallites while the TiFeSi2 matrix remained unchanged. The measured 

hardness of the TiFeSi2 matrix was 10.3 GPa which was about half those of TiN (20 

GPa) and SiC (25 GPa) used as coating material to increase hardness of substrates 

and as abrasive material, respectively. Since the volume expansion estimated for Si 

crystallites during the formation of the Li21Si8 phase was approximately 190% 

(~270% during the formation of the Li15Si4 phase, Table. 1.), the TiFeSi2 matrix was 

hard enough to sustain the stress applied during lithiation of Si nanocrystallites. The 

surface morphologies of the electrodes after cycling were observed with normal 

SEM, as shown in Figs. 17(a)-(c). The electrodes were washed with DEC and dried 

under vacuum. After the first cycle (Fig. 17(b)), the SEM image showed macro-



55 

 

cracks, which developed during the drying process compared with the pristine elec-

trode (Fig. 17(a)), and the density and size of the macro-cracks were similar to those 

of 10 cycles (Figs. 17(c)), indicating that micron size particles of the active material 

(Si and TiFeSi2) still held together. Also the TiFeSi2 matrix phase had good electri-

cal conductivity and provided reliable electrical contact with the current collector. 
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 Fig. 16. (a) and (b) FE-SEM images with EDS line scanning 

profiles of electrode surfaces after the first cycle. 
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Table 3. Rates of the volume expansion of several Li-silicides 

 

 

 

 

 

 

 

 

 

Li-silicide Volume expansion (ΔV) 

Li22Si5 300% 

Li15Si4 270% 

Li13Si4 240% 

Li21Si8 180~200%* 

Li7Si3 160% 

* estimated value from the other data due 
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Fig. 17. Normal SEM images of electrode surfaces (a) before cy-

cling, (b) after 1 cycle and (c) after 10 cycles. 
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5. Conclusions 

In this thesis, the Si-TiFeSi2 composite anode for lithium secondary batteries were 

synthesized, examined and the electrochemical characteristics were investigated as 

follows: 

1. The Si-TiFeSi2 composite was synthesized with arc melting followed by SRSM. 

The microstructure of the material was analyzed with XRD and TEM-EDS. It is 

confirmed that nanosized Si grains were uniformly embedded in the TiFeSi2 matrix 

phase.  

 

2. According to the result of electrochemical test, the discharge-charge capacity of 

the first cycle was 1513 and 1350 mAh g-1 respectively with a Coulombic efficiency 

of 89%. The anode retained the reversible capacity of approximately 1200 mAh g-1 

over 50 cycles. Ex-situ XRD and ex-situ HRTEM analyses were also performed to 

investigate the phase change of the Si-TiFeSi2 anode during the first and second 

cycles. The crystalline Si reacted with Li to form Li21Si8 phase as the final phase 

during lithiation and transformed into amorphous Si state after delithiation while 

TiFeSi2 matrix phase was inactive to Li during cycling. The amorphous Si, TiFeSi2 

matrix also underwent no change during the second cycle and so was Li21Si8.  
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3. Based on FE-SEM observations with EDS line scanning profile of several sites, 

the nano-cracks were developed only at the active Si sites while the TiFeSi2 matrix 

was not changed due to its hardness during cycling. The Si-based anode studied in 

this thesis was revealed to have a successful active-inactive system by applying a 

hard inactive TiFeSi2 matrix. 
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초록 

산업이 발달함에 따라 에너지를 사용하는 장치들의 종류가 다양해졌고 

그 사용량 또한 크게 늘었다. 환경오염과 기존 화석연료의 고갈로 에너지 

위기가 나날이 심각해짐에 따라 높은 효율을 가지면서도 친환경적인 에

너지원의 개발이 필요하게 되었고, 그 중에서도 모바일 기기에 널리 사용

되는 리튬 이차 전지에 대한 연구가 최근 수십 년간 활발히 진행되고 있

다. 이 중 음극 재료에 대한 연구가 가장 미진하며, 현재 상용전지에 사

용되는 탄소전극은 단위 무게당 용량이 372 mAh로현재 급증하는 에너지 

수요와 기기의 소형화를 감당하기에는 턱없이 부족한 성능이다. 이를 대

체하기 위해 각광받는 물질이 실리콘으로, 현재 음극재료로 사용될 수 있

는 물질 중 가장 높은 용량 (단위 무게당 3600 mAh)을 가진다. 하지만 리

튬과 결합하여 합금을 형성할 경우 발생하는 부피 팽창으로 인해 전극 

심각하게 열화 되어 전지에의 적용이 불가능하다. 이를 해결하기 위해 활

성-비활성 기지 개념이 개발되었으며, 비활성 기지는 리튬과 반응을 하지 

않으면서 실리콘의 부피팽창으로 인한 응력을 견딜 수 있는 물질을 뜻한

다. 

이 논문에서는 TiFeSi2 라는 고경도의 물질을 기지상으로 적용하고자 급

냉법을 이용하여 Si-TiFeSi2 복합체를 제조하 다. X선 회절법, 주사전자현

미경, 투과전자현미경을 이용하여 복합체의 미세구조를 관찰하 고, 나노 

크기의 실리콘 입자들이 TiFeSi2 기지상에 고루 분포되어 있음을 확인하
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다. 또한 충방전 시험과 ex-situ 분석을 통해 실리콘은 첫 충방전 후 비

정질화 되었으며 기지상은 리튬과 반응하지 않았음을 확인하 다. 전계방

출 주사전자현미경을 통한 관찰로 실리콘 입자 주변의 기지상에서 나노

크기의 크랙을 발견하 으며, 이를 통해 기지상이 실리콘 팽창으로 발생

되는 응력을 성공적으로 견뎌내어, 결과적으로 Si-TiFeSi2로 만든 음극이 

높은 용량을 갖고 50회 이상 안정적으로 충방전됨을 확인할 수 있었다. 
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