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Abstract 
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This thesis studies the new electrode materials that possibly replace the 

current electrode materials for Li ion batteries. Electrochemical properties of 

Si based anode materials and FeS2 cathode materials are studied and detailed 

microstructure observations are performed for the further understanding of the 

materials. This thesis is comprised of three parts. In the first part, we report 

the direct observation of microstructural changes of LixSi electrode with 

lithium insertion. HRTEM experiments confirm that lithiated amorphous 

silicon forms a shell around a core made up of the unlithiated silicon and that 

fully lithiated silicon contains a large number of pores of which concentration 

increases toward the center of the particle. Chemomechanical modeling is 

employed in order to explain this mechanical degradation resulting from 

stresses in the LixSi particles with lithium insertion. Because lithiation-
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induced volume expansion and pulverization are the key mechanical effects 

that plague the performance and lifetime of high-capacity Si anodes in 

lithium-ion batteries, our observations and chemomechanical simulation 

provide important mechanistic insight for the design of advanced battery 

materials. In the second part, we report a Si-Ti-Ni ternary alloy developed for 

commercial application as an anode material for lithium ion batteries. Our 

alloy exhibits a stable capacity above 900 mAh g-1 after 50 cycles and a high 

coulombic efficiency of up to 99.7% during cycling. To enable a highly 

reversible nano-Si anode, we employ melt spinning to embed nano-Si 

particles in a Ti4Ni4Si7 matrix. The Ti4Ni4Si7 matrix fulfills two important 

purposes. First, it reduces the maximum stress evolved in the nano-Si particles 

by applying a compressive stress to mechanically confine Si expansion during 

lithiation. And second, the Ti4Ni4Si7 matrix is a good mixed conductor that 

isolates nano-Si from the liquid electrolyte, thus preventing parasitic reactions 

responsible for the formation of a solid electrolyte interphase. Given that a 

coulombic efficiency above 99.5% is rarely reported for Si based anode 

materials, our alloy’s performance suggests a promising new approach to 

engineering Si anode materials. In the last part, we embed phase pure natural 
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cubic-FeS2 (pyrite) in a stabilized polyacrylonitrile (PAN) matrix. The PAN 

matrix confines FeS2’s electroactive species (Fe0 and Sn
2-) for good 

reversibility and efficiency. Additionally, the stabilized PAN matrix can 

accommodate FeS2’s 160% volume expansion upon full discharge because it 

is not fully carbonized. At room temperature, our PAN-FeS2 electrode delivers 

a specific capacity of 470 mAh g-1 on its 50th discharge. Using high resolution 

transmission electron microscopy (HRTEM) we confirm that FeS2 particles 

are embedded in the PAN matrix and that FeS2’s mobile electroactive species 

are confined during cycling. We also observe the formation of orthorhombic-

FeS2 at full charge, which validates the results of our previous all-solid-state 

FeS2 battery study. 
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Chapter 1: Introduction 

 

1.1 Concept of lithium ion battery 

Recent intense news coverage with critical energy issues indicate that 

worldwide concern is focusing on limited resources [1]. Natural resources 

such as fossil fuels and bio mass enable the use of modern technology but at 

the same time gaseous emissions from those resources not only pollute our 

environments but also create global warming [2]. Rising oil prices mainly 

caused by instability of Northern Africa and Middle East, worries about 

resource exhaustion, and aging nuclear plants with high potential for danger 

also make publics pay more attention to alternative energy sources [1]. So 

renewable solar and wind energy have attracted interests but variability in 

time and diffuse in space make renewables hardly replace the conventional oil 

and gas resources [2, 3]. Advanced batteries can store the occasional energy 

and give renewables an opportunity to replace the established energy 

resources.  

In the last two decades, various kinds of energy storage systems such as 

hydrogen storages, fuel cells and many kinds of batteries have been 
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intensively researched. Although each storage systems have their own 

advantages and drawbacks but most of them are failed to be commercialized 

or remained as small sized batteries. However rechargeable lithium ion 

batteries (LIBs) which have relatively high power and energy densities have 

been spot lighted as a promising energy storage method for future use and 

commercialized in 1990’s by Sony and Asahi Kasei. 

First LIBs were reported by M.S. Whittingham now at Binghamton 

University in 1970’s [5]. TiS2 was used as a cathode material with 

intercalation chemistry against Li metal anode. Following equation was 

proposed as TiS2’s single phase reaction. 

xLi + TiS2 → LixTiS2                                    Eq. (1.1) 

It has been passed many years and now LIBs have revolutionized the way we 

live by powering the portable electric devices that provides all the 

conveniences around our lives.  

LIBs are an indispensable power source for a variety of hand-held 

electronic devices and nowadays, LIBs are being developed with new 

electrode materials to provide electric vehicles (EV), hybrid electric vehicles 

(HEV) and plug-in hybrid electric vehicles (PHEV) with an affordable and 
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energy dense storage system [6, 7]. These applications demand electrode 

materials with a higher specific energy than that provided by commercially 

available materials. And from a life cycle perspective, it is essential that LIBs 

are made with environmentally benign materials. 

Figure 1.1 describes a general concept of LIB. Generally LIBs are 

composed of anode, cathode, electrolyte, separator and current collectors. 

Simplified definition of terminologies can be found as follows. 

 Anode – Electrode that undergoes oxidation during discharge and has a 

lower potential vs. Li compared to cathode. 

 Cathode – Electrode that undergoes reduction during discharge and has a 

greater potential vs. Li compared to anode. 

 Electrolyte – Organic liquid comprised of a lithium bearing salt-compound 

to promote Li-ion transport between anode and cathode. 

 Current Collector – Electrically conductive metal to allow for the flow of 

electrons to each electrode. 

 Separator – Porous, fibrous, silica sheet that prevents physical contact 

between anode and cathode while allowing for the flow of electrolyte/Li ion.
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Figure 1.1. Simplified schematic of Li ion battery. 
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Since current LIBs are generally composed of LiCoO2 cathode and graphite 

anode, electrochemical reactions of cathode and anode during charge and 

discharge are represented as 

LiCoO2 ↔ Li1-xCoO2 + xLi+ + e-                           Eq. (1.2) 

Cn + xLi+ + xe- ↔ LixCn                                  Eq. (1.3) 

And overall reaction is described as 

LiCoO2 + Cn ↔ LixCn + Li1-xCoO2                         Eq. (1.4) 

Repeatable charge and discharge reactions enable the function of 

rechargeable LIBs. During the charge, Li ions carry electrons and flow from 

cathode to anode in a conducting electrolyte, through a separator. While the 

LIBs are discharged, Li ions flow back to the cathode.  

Difference in the chemical potential between two electrodes is the 

chemical driving force and this is expressed as Standard Gibbs free energy 

change per mole of reaction, △Go
r. This is determined by the difference 

between the standard Gibbs free energy of formation of products and 

reactants. When the Li ion moves from the cathode to the anode or vice versa, 

the Li potential in the cathode and anode changed. The Li chemical potential 

of the cathode and anode are defined in terms of the Li chemical potential in 
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its standard state and the activity of Li in the cathode or anode material. 

μc
Li = μo

Li + RT ln ac
Li                                                           Eq. (1.5) 

μa
Li = μo

Li + RT ln aa
Li                                                   Eq. (1.6) 

△μ = -nFE                                               Eq. (1.7) 

Voc = (μc
Li - μa

Li) / F                                         Eq. (1.8) 

Since the voltage in Eq. (1.8) is defined as the difference between the 

chemical potentials at the cathode and anode that is divided by Faradaic 

constant, F. And a relationship between voltage and activity is derived in Eq. 

(1.7) and known as Nernst equation [9].  

The open-circuit voltage Voc of LIBs is determined by the energies 

involved in both the electron transfer and the Li ion transfer. The energy 

involved in electron transfer is related to the work functions of the cathode 

and anode, which involved in Li ion transfer determined by the crystal 

structure and the coordinating geometry of the site into/from Li ions are 

inserted or extracted. Thermodynamic stability considerations require the 

redox energies of the cathode and the anode to lie within the band-gap of the 

electrolyte, so that no unwanted reduction or oxidation of the electrolyte 

occurs during the charge/discharge process. Thus the electrochemical stability 
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requirement imposes a limitation on the cell voltage as follow. 

eVoc = μc
Li - μa

Li < Eg                                                            Eq. (1.9) 
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1.2 Cathode materials 

The lithium cobalt oxide, LiCoO 2 , was among the lithium    

intercalation materials first reported by Mizushima in 1980’s [10], and is 

currently the most extensively used cathode material for LIBs. Theoretical 

capacity of LiCoO2 is about 274 mAh g-1. However specific capacity of ~150 

mAh g-1 is reversibly cycled due to structural restriction [11, 12]. Generally 

0.5 mole of Li ions (Eq. (1.2)) participates intercalation reaction voltages up 

to 4.2 V (vs Li/Li+) for stable cycle ability [13]. Using a voltage range above 

4.2 V may results in increase of specific capacity but also leads the raid 

capacity fade over 4.2 V. Figure 1.2 well describes a layered LiCoO2 structure 

[8]. It has been known that over charging higher than 4.2 V causes LiCoO2 

structure degradation and electrolyte decomposition [14]. As Li ion is 

removed from LixCoO2, Co3+ is oxidized to unstable Co4+. Increase of Co4+ 

amount damages the structure of LiCoO2 with decrease of C-axis caused by a 

phase transition. The volume contraction along C-axis results in mechanical 

failure in LiCoO2 structure which also leads rapid capacity fade during 

cycling. It has been also reported that the capacity degradation of LiCoO2 is 

partially related with the dissolution of Co3+ ion into the liquid electrolyte  
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Figure 1.2. Models of the layered LiCoO2 structure. (a) Drawn with lithium 

ions horizontally between CoO2 octahedra. Lattice parameters ahex. = bhex. = 

2.8138 Å and chex. = 14.0516 Å. (b) Projection along the [110] zone axis 

shows lithium, cobalt and oxygen atoms in columns. The projected cell is 2.44 

Å by 14.05 Å 
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solution [15, 16]. 

Figure 1.3 shows the typical discharge voltage plateau of LiCoO2 with 

variation of particle size and atomic layer deposition (ALD) coating [17]. 

Since the theoretical capacity of LiCoO2 is limited by ~150 mAh g-1, lots of 

efforts to improve the cycle abilities have been made. Two major approaches 

for the improvement of cycle ability of LiCoO2 were use of nano sized 

LiCoO2 particles and ALD surface coatings. Nano sized particles decreases 

the over-potential compared to bulk sized particle and thus achieved capacity 

is increased. This indicates that more surface area helps to increase the 

kinetics and contribute to accelerate charge transfer reaction [17]. Al2O3 ALD 

coatings on LiCoO2 particles or electrode surfaces are now well known 

approach to improve in cycle performance of LiCoO2. It is known that surface 

engineering of LiCoO2 particles by using ALD coatings are effective for 

lowering interfacial resistance and reducing Co dissolution during cycling. 

Therefore good cycle stability is achieved by ALD coating even with a high 

upper limit voltage over 4.2 V [17, 18]. However intrinsic theoretical capacity 

of LiCoO2 is still insufficient for advanced batteries and various LiMO2 (M = 

transition metal) layered structure materials are developed. Among materials  
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Figure 1.3. Discharge voltage profiles of the LiCoO2 cycled at different 

current densities (a) uncoated bulk LiCoO2 (br-bLCO) (b) uncoated nano-

LiCoO2 (br-nLCO), and Al2O3-coated nano-LiCoO2 by (c) 2ALD and (d) 

6ALD cycles on the electrodes. 
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Li[Ni1/3Co1/3Mn1/3]O2 materials that has the same amounts of transition metal 

of Ni, Mn, and Co will be introduced here to understand the role of each 

transition metal ions in the layered structure [19]. This material has the same 

structure with LiCoO2 but 3 different elements have different oxidation state 

and enables super lattice structure which is more stable than LiCoO2. In 

Li[Ni1/3Co1/3Mn1/3]O2, oxidation state of Ni, Co, and Mn are +2, +3, and +4, 

respectively. So electrochemically inactive tetravalent Mn provides the 

structural stability during cycling against Li even at high voltage of 4.6 V and 

also reduced Co+3 improves the thermal stability comparing to LiCoO2 [20]. 

As a result, Li[Ni1/3Co1/3Mn1/3]O2 shows higher than 200 mAh g-1 of specific 

capacity at voltage of 4.6 V and now attracts a lot of attention as a possible 

cathode materials.  

However it seems hard to meet the continuous demands for higher power 

with energy dense system with these layered LiMO2 with intercalation 

reaction limited by its inevitable capacity limits owing to number of 

exchanged electron [21-23]. So-called conversion reaction materials which 

are represented by Sulfur have brought interest with an expectation of higher 

gravimetric and volumetric capacity system [25]. A lot of effort has been 
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being made on sulfur for the use of reversible Li/S batteries. However it has 

not yet to be commercialized due to electrochemical irreversibility with Li. 

The most reason of irreversibility of sulfur lies on the head of solubility of 

polysulphide to liquid electrolyte. Among the sulphide materials that have 

conversion reaction [21], iron sulphides (FeS2) have been considered as 

lithium primary batteries [22] due to its high specific capacity (894 mAh g-1 

for FeS2) [26, 27]. In this thesis, chapter 3 studies the PAN-FeS2 cathode 

material to demonstrate the improved reversibility of Li/FeS2 system. 
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1.3 Anode materials 

Most of current LIBs adopt graphite intercalation materials as an anode 

part. Graphite has been initially invented by R. Yazami in 1980’s. [28] 

Graphite basically comprises sp2-hybridized carbon atoms arranged in a 

planar “honeycomb-like” network so called as a “graphene” layer is formed. 

Van der Waals forces between graphene layers provide a weak cohesion and 

this enables the layered graphite structure. A maximum lithiation amount of 

one Li per six carbon atom can deliver the theoretical capacity of 372 mAh g-1 

forming LiC6. The intercalation reaction between lihium and carbon proceeds 

via the prismatic surface but occurs only at defect sites through the basal 

plane. The interlayer distance between graphene layers can be changed upon 

lithium insertion and extraction. The stacking order of graphene layers shift 

from AB to AA and total volume of graphite increases as 10.3%. Currently, 

artificial of synthetic graphite are commonly used for the industrial 

application [28].  

The demands for development of advanced battery with higher energy 

and power density need new anode material with higher volumetric and 

gravimetric capacity. Most promising candidate that can replace the graphite 
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is Si. The best advantage that silicon has is that silicon has a capacity of 3579 

mAh g-1 which is 10 times higher than graphite. However, silicon has not 

been successfully used in a commercial battery yet because when Si is 

alloying with Li, it undergoes volume expansion around 400% accompanied 

by mechanical stress and this fact brings poor cycle life of Si [29-31]. In this 

thesis, chapter 2 studies the detailed microstructure observation of LixSi upon 

Li insertion and chapter 3 studies a highly reversible Si-Ti-Ni anode to meet 

the demand for a low-cost, high capacity with a high coulombic efficiency 

and good capacity retention. 
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1.4 Theoretical capacity 

The theoretical capacity of LIB is determined by the amount of active 

materials in the cathode and anode. It is represented as the total quantity of 

electricity involved in the electrochemical reaction and is defined in terms of 

coulombs or amphere-hour (Ah). In general, 1 gram-equivalent weight of 

active material deliver 96,487 C or 26.8 Ah and the definition of the gram-

equivalent weight is the atomic or molecular weight of the active material in 

grams divided by the number of electrons or Li ions involved in the reaction. 

Similarly, the ampere-hour capacity on a volume basis can be calculated using 

the appropriate data for ampere-hour per cubic centimeter. 
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1.5 Energy density and power density 

The capacity of a LIB can also be shown as an energy term in order to 

take both the voltage and the quantity of electricity into consideration. The 

theoretical energy is the maximum value that can be delivered by a specific 

LIB system and it is calculated as the product of voltage and capacity with the 

unit of watt-hour. The actual energy density is always less than the theoretical 

energy density due to the inactive components in the LIB such as the 

electrolyte, binders and conductive additives, and current collectors.  

The rate at which energy is delivered from or to the LIB decides its 

power density. The maximum power which the LIB can deliver or accept is 

determined by the highest rate at which the LIB can be cycled without any 

failure and is governed by kinetic process of the whole system of the LIB. In 

practice, the charge/discharge rate is expressed in terms of C-rate and defined 

as 

I = M × Cn                                            Eq. (1.10) 

where, I is discharge (charge) current [A], C is numerical value of rated 

capacity of the LIB [Ah], n is time for which rated capacity is declared [hr], 

and M is multiple or fraction of C.  

17 

 



In addition, E-rate in terms of the rate of the constant power discharge 

mode is becoming more popular for battery powered application such as 

PHEV or EV batteries. E-rate can be used to express the discharge or charge 

rate in terms of power 

P = M × En                                             Eq. (1.11) 

where, P is power [W], E is numerical value of rated energy of the LIB [Wh], 

n is time at which the LIB was rated [hours] and M is multiple of fraction of E. 
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Chapter 2: Microstructure study of electro-

chemically driven LixSi 

 

2.1 Introduction 

Currently, graphite is a popular anode material for commercial LIBs 

because it exhibits a stable capacity of 372 mAh g-1 [1-4]. Although graphite 

has proven to be a stable anode material, industry is interested in developing 

new anode materials with higher capacities. One of the most promising 

materials studied to replace graphite is Silicon (Si). The experimentally 

verified specific capacity of Si is 3579 mAh g-1 (forming Li15Si4) which is the 

highest specific capacity known among materials to the date [5-8]. 

The major drawback to silicon is the volume expansion upon Li insertion 

in the range of 300% to 400% occurring due to the formation of LixSi alloys 

[9-14]. Stress associated with the large volume changes have been cited as the 

cause of cracking and pulverization of Si electrodes that lead to a loss of 

electrical contact and capacity fade during cycling. 

Commonly, researchers focus on resolving capacity fade of Si anodes 

caused by mechanical failure upon Li insertion. Some researchers have 
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approached this problem using nano structured Si based materials such as Si 

nanowires, Si-C nano composites, and/or 3D-porous Si particles [15-17]. 

Recently, it has been reported that nano-Si powders with multiwalled-carbon-

nanotubes (MWCNTs) as conducting additives, and carbon coating on Si 

particles have shown positive effects on specific capacity and cycle 

performance [18, 19]. 

Numerous papers have also been published regarding phase changes and 

experimental determination of the maximum capacity of Si in Li-ion batteries. 

Based on their in situ XRD studies, M.N. Obrovac and L. Christensen 

suggested that when crystalline-Si is used as the starting material, the material 

initially passes through a two-phase region in which the surface of the particle 

forms amorphous LixSi with the core of the particle remaining crystalline. It 

is reported that after full lithiation of crystalline Si, it forms the 

thermodynamically unstable phase Li15Si4 (below 50 mV) showing ~3579 

mAh g-1 [3, 11]. 

Many reports on phase transition of LixSi during Li insertion are based 

on X-ray diffraction, but there are very limited numbers of transmission 

electron microscopy (TEM) analyses reported due to the difficulty of sample 
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preparation [20, 21]. Our FIB apparatus with TEM sampling capability on 

selective areas enables the observation of atomic images of our electrode 

materials. Chemomechanical modeling is also employed in order to explain 

mechanical degradation resulting from stresses in the LixSi particles upon 

lithium insertion. Our observations and chemomechanical simulation provide 

important mechanistic insight for the design of advanced Li-ion battery 

materials. 
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2.2 FIB apparatus equipped with air-lock system 

A focused ion beam (FIB, FEI NOVA200 dual beam system) equipped 

with an air-lock chamber (Figure 2.1) is used for TEM sample preparation. Ga 

ion source is used for FIB sectioning. The use of an air-lock system allows for 

accurate structural observation of Si composite electrodes. Typical 

observation equipment requires materials to be exposed to air for a brief 

period of time, allowing the highly reactive lithium/silicon materials to 

oxidize. The mobile air-lock system maintains a vacuum state while samples 

are loaded from glove box to FIB chamber preventing the air exposure to 

materials. 

For the detailed observation of lithiated Si electrodes, TEM samples are 

prepared using our FIB air-lock system. As described in detail in Figure 2.2, 

the TEM samples are prepared from a free standing solid pellet. The solid 

state battery structure provides such an advantage that the Si composite 

electrode can be easily disassembled from the solid state battery without 

compromising the microstructural configuration of the composite electrode. 

All disassembling processes are carried out in a glove box.  

Figure 2.2 shows a typical sample preparation sequence using FIB. The  
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Figure 2.1. FIB equipped with air-lock system and mobile chamber 

 

26 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. General sequence of producing TEM sample prepared by FIB. (a) 

Pt deposition for surface protection. (b) Cross sectioning of desired particle. 

(c) Sample lift out using manipulating probe. (d) Achieved TEM sample on 

Cu grid 
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SEM image in Figure 2.2a is a surface of composite electrode that contains Si, 

acetylene black and SSE. Pt deposition is used for the protection of desired 

surface area. Cross sectioning of the Li2Si particle in Figure 2.2b is shown. A 

cross sectional sample of 10 µm × 5 µm × 0.1 µm was produced using the 

lift-out technique (Figure 2.2c) and then attached to Cu TEM grid using a 

manipulating probe (100.7TM, Omniprobe). Further thinning of the sample 

with very careful beam condition of 10 kV and 30 ~ 50 pA was performed 

until a 50 - 90 nm thickness is achieved, which is the ideal condition for TEM 

observation (Figure 2.2). 

There is a possibility that Pt electrochemically alloy with Li. So it is 

conceivable that lithium from the Si particle will be extracted into the Pt, 

especially at low voltages. However, when regarding molar volume (molar 

volume of Si is 12.05 cm3 mol-1 and Pt is 9.09 cm3 mol-1) and actual volume of 

diameter of 10µm Si particle and Pt deposition layer (520 µm3 of Si particle 

and 20 µm3 of Pt layer), there are huge differences of containable number of 

Li atom per Si or Pt atom (The Si particle can hold about 20 times more Li 

than Pt layer). Therefore, Pt deposition on LixSi particle does not have serious 

problem on observe LixSi samples even though Pt layer takes away Li out of 
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LixSi particle because the amount of taken Li is negligible in whole LixSi 

particle. For example, if there is Li2Pt layer on Li2Si sample, from the molar 

volume of Si and Pt, the number of Si and Pt atoms can be calculated and the 

containable Li atom can be expected. 

 Si atoms in particle: 520µm3 × (6.02×1023)/12.05cm3 = 260.8 × 1011 

 Li atoms in Li2Si: 520 × 1011 

 Pt atoms in Pt layer: 20µm3 × (6.02×1023)/9.09cm3 = 13.24 × 1011 

 Li atoms in Li2Pt: 26 × 1011 

If Li2Pt is formed and Li2Si loses that amount Li itself, composition ratio 

change is only from Li2Si to Li1.9Si which is negligible for observation of 

Li2Si.   
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2.3 Electrode samples preparation and XRD studies 

Figure 2.3 shows the voltage profile and differential capacity of a 

crystalline Si anode in a solid state Li half cell construction. Si shows a long 

plateau at 0.1 V during Li insertion that indicates a two-phase reaction 

between crystalline Si phase and amorphous LixSi phase. Li reaction to Si is 

limited to 0.1 V and shown discharge capacity of 4153 mAh g-1. During 

subsequent charging, the voltage goes up to 0.45 V sharply and shows a 

plateau illustrating a two-phase reaction between crystalline Li15Si4 phase and 

amorphous LixSi phase. A full discharge capacity of 4153 mAh g-1 at 0.01 V 

is partially resultant from side reactions at the beginning of discharge of 

which capacity should be excluded. An achievable charge capacity of ~3553 

mAh g-1 after charging up to 1.5 V shows an irreversible capacity loss of ~600 

mAh g-1 is due to side reactions. It is well known that the formation of a solid 

electrolyte interphase (SEI) can be responsible for large irreversible capacity 

losses during initial cycle. The SEM image of cross-sectioned Li2Si sample 

(half way discharged) in Figure 2.4 supports the notion of side reactions and 

the formation of an SEI layer during lithiation of Si particles. The differential 

capacity curve versus voltage in Figure 1b with mirroring voltage profiles,  
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Figure 2.3. (a) Voltage profile of Si anode at voltage range of 0.01 V to 1.5 V. 

(b) Corresponding differential capacity versus voltage curve. 
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Figure 2.4. A cross sectional image of Si particle with SEI layer. 
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confirms that the long plateaus observed at 0.1 V during discharge and 0.45 V 

during charging represent two-phase reaction. It can be inferred that the peak 

at 0.45 V is a result of formation of a crystalline Li15Si4 phase when 

discharged down to 0.01 V. 

It has been known that Si forms a two-phase region of crystalline Si and 

amorphous LixSi during Li insertion, and then forms the crystalline Li15Si4 

phase at full discharge (at 30 mV) as shown in Figure 2.5. Therefore electrode 

samples corresponding to those regions were prepared for XRD and HRTEM 

observation. The first voltage-stop, corresponding to the two-phase region, is 

made at a discharge capacity of 1908 mAh g-1 (approximate nominal 

composition of Li2Si at ~0.1 V) [15]. The second voltage-stop, for full 

lithiation status, is made at the discharge capacity of 4153 mAh g-1 (nominal 

composition of Li4.4Si at 0.01 V).  

Figure 2.6 shows XRD patterns of crystalline Si phase in JCPDS, 

experimental Li2Si and experimental Li4.4Si. It turned out to be difficult to 

observe the amorphous phase by x-ray diffraction because of the background 

from the glass capillary tubes. Peaks other than those of crystalline Si phase 

can be seen in the Li2Si sample. These peaks do not correspond to any LixSi 
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phase, but instead match peaks observed for the SSE, which is used in 

composite electrode fabrication [22, 23]. The XRD pattern for the fully 

lithiated sample (with nominal composition of Li4.4Si) clearly shows the 

formation of a new phase after full discharge down to 0.01 V. All peaks of the 

fully lithiated Si sample are exactly matched with those of Li15Si4 phase 

initially reported by M. N. Obrovac and L. Christensen [6]. 
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Figure 2.5. Proposed model that suggests how a single silicon particle changes 

its microstructure during cycling. 
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Figure 2.6. XRD patterns of crystalline Si phase in JCPDS, experimental 

Li2Si and experimental Li4.4Si.
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2.4 HRTEM observation on electrode samples 

Figure 2.7a shows the bright field (BF) TEM image of the one single 

Li2Si particle sample which has been known to exhibit a two-phase region 

[11]. Energy dispersive X-Ray spectroscopy (EDS) measurement shown in 

inset of Figure 2.7a reveals that samples are mostly composed of Si, with a 

small amount of Cu detected. No signal from oxygen is detected, which 

implies that the TEM sample is never exposed to air. It is observed that the 

majority of the surface (which contacts the Pt) is amorphous phase while the 

inside area of the particle is filled with crystalline. HR images and FFTs in 

Figure 2.7b and Figure 2.7c support that each area is formed with amorphous 

and crystalline Si phase (along [112] zone axis), respectively. This confirms 

that a two-phase region is formed with amorphous LixSi at the surface and 

crystalline Si phase in the core of particle as previously proposed.[11] As 

shown in Figure 2.7a, amorphization due to Li insertion in Si begins from the 

surface. While it is widely accepted that amorphous LixSi initially forms at 

the surface with crystalline Si being maintained in the core of particles, there 

has never been precise observation of this phenomenon using TEM. Here, a 

LixSi particle maintaining a crystalline core with amorphization at the surface  
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Figure 2.7. TEM images of Li2Si. (a) BF image of Li2Si. (b) HR and 

corresponding FFT of area A indicates that amorphous. (c) HR and 

corresponding FFT of area B indicates that Si crystalline phase along the 

[112] direction.
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during Li insertion is confirmed. This observation also infers that Li 

concentration in the Si particle is surface dominant which explains mechanical 

failure of Si anodes upon Li insertion.  

Thermodynamically stable Li-Si crystalline phases such as Li12Si7, 

Li7Si3 and Li13Si4 are not shown in this region because the energy barrier for 

nucleation which is combined with surface and volume energy of nucleus, is 

higher when it is about to nucleate and thus makes meta-stable amorphous 

LixSi [24, 25]. 

Figure 2.8 shows the BF image of a fully lithiated Si sample having a 

high concentration of pores. Each pores and dense area can be recognized by 

strong and weak contrast, respectively, as direct beam have transmitted 

different mass thickness of a particle sample. It is observed that porosity in the 

Si particle shown has a more pronounced concentration toward the inner-

particle area. A large variety and number of pores are observed in the core 

area of the particle, while towards the surface, pores appear relatively smaller 

in size and fade in number. We attribute the pore formation parallel to the 

surface to tensile stress which is applied normal to the surface of Si particles. 

Cracks are expected to initiate from these pores as a result of mechanical  
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Figure 2.8. BF image and corresponding diffraction pattern of Li4.4Si. 
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stresses caused by volume expansion upon Li insertion to Si particles. We 

have employed chemomechanical modeling for further support these findings 

and mechanical degradation and simulation results are discussed in detail in 

Figure 2.9. 

The diffusive ring pattern of SAED in the inset of Figure 2.8 shows that 

the area under investigation is amorphous phase. This result conflicts with our 

XRD study previously discussed in Figure 2.6, as it was revealed that fully 

lithiated Si anodes yield similar results to previous research with crystalline 

Li15Si4 phase in particles. It is proposed that the reason for observation of 

amorphous-only phase is that Ga has stronger binding energy towards Li than 

Si, so Ga ion bombardment to LixSi sample likely remove Li ion out of LixSi. 

[26] 
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2.5 Chemomechanical simulation  

Chemomechanical modeling was employed to simulate the stresses 

experienced by Si electrode particles during lithiation in an effort to gain 

insight as to what causes the observed porosity pattern in lithiated Si 

electrodes. Figure 2.9 shows the stress and Li concentration profiles of 

lithiation of Si particles. Rout indicates the radius of a Si particle, r/Rout = 0 

refers to the center of a particle, and r/R = 1 is the surface of particle. Radial 

stress profiles show highly concentrated stress at the core of Si during the 

beginning of lithiation (t = 100s, 230s, and 1000s).[27] In this stage, as shown 

in Figure 2.7, there is a lithium concentration difference between the core, 

which remains as crystalline Si, and surface, which turns from crystalline to 

amorphous LixSi. The surface which is made up of LixSi expands outward 

while the core remains static and without lithiation. A concentration 

difference along r/Rout of tangential stress profile in Figure 2.9b is the result 

of these two different phase areas have different swelling behavior. As the 

concentration increases in the material near the surface, it swells with respect 

to the material near the center of the particle, i.e., there is a mismatch in strain. 

Material just inside the surface that has yet to swell constrains material at the 
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surface from swelling freely, which results in tensile stress near the center of 

the particle. This stress concentration also accounts for Figure 2.8 which 

shows high porosity concentration towards to core of Si. It is shown that pores 

in Si result from tensile stress during lithiation and pore concentration grows 

towards to core of particles. 
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Figure 2.9. Generated stress concentration profiles during Li insertion. (a) 

Radial stress. (b) Tangential stress. (c) Li ion concentration
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2.6 Conclusion 

In this work, we observed microstructural transformations of lithiated Si 

anodes in all-solid-state Li half cells. XRD analysis was performed to observe 

the phase variation of Si samples during Li insertion. It was shown that 

crystalline Si undergoes amorphization during lithiation and forms a 

crystalline phase after full discharge, known as Li15Si4. Two-phase regions 

were observed by HRTEM showing amorphous LixSi at the surface and 

crystalline Si phase at the core of particles for the first time. HRTEM 

observation of fully discharged Si anode samples revealed that particles 

consisting of high concentrations of pores in the Si particle are responsible for 

cracks and pulverization of Si during Li insertion. The chemomechanical 

modeling was employed to explain the generated stresses during Li insertion 

in relation to observed porosity pattern in detailed TEM study.  
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2.7 Materials and Methods 

All solid state Si half cells were prepared for these experiments. Li2S 

(Aldrich, 99.999%) - P2S5 (Aldrich, 99%) at a molar ratio of 77.5:22.5 

respectively, is used as a solid state electrolyte (SSE). These starting materials 

were combined into a stainless steel vial and planetary ball milling was 

carried out for 20 continuous hours.[18] Composite electrode materials are 

made up of crystalline bulk Si powders (Alfa-Aesar, 99%, -100mesh), 

acetylene black (Alfa-Aesar, 50% compressed) and SSE Li2S-P2S5 at a 

weight ratio of 1: 1: 5 respectively.[12] Si powder is annealed at 900˚C for 5 

hours under Ar atmosphere to remove any undesired defects. A bi-layer pellet 

was made with 5 mg of composite electrode on the top of 200 mg of SSE 

powder at 5 ton. Li foil is attached to opposite side of the SSE at 1 ton, as 

shown in Figure 2.9. All pressing and testing operations were carried out with 

Ti metal bodies as current collectors for both working and counter electrodes 

and also covered by a poly (aryl ether ether ketone) mold (Φ = 1.3 cm). All 

processes including assembly and testing of all-solid-state batteries was 

carried out in Ar-filled glove box. 

The microstructure of LixSi phases was investigated by HR-TEM (JEOL  
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Figure 2.10. A schematic of all solid state Li ion battery in Ti metal test die. 
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3000F) operating at 300 keV and Gatan, Digital Micrograph software was 

used for analysis of selected area electron diffraction (SAED) and fast Fourier 

transform (FFT). XRD data for phase determination was collected with X-ray 

diffractometer (XRD, Bruker, D8 Advance) with Cu-Kα radiation. An air 

tight capillary holder was used to prevent any possible reactions between the 

LixSi electrode samples and air during XRD measurement. 

The finite element method was employed to simulate the stresses 

experienced by Si electrode particles during Li insertion. The model including 

material properties described in our previous study [27, 28] is used for the 

simulations performed.  Experiments performed were current controlled, so 

instead of modeling the surface reaction kinetics the surface Li flux is 

prescribed to balance the in the applied current in the experiments. Modeling 

employed a constant Li flux at the surface to balance the applied current in the 

experiments.[22] In the experiments, 70 µA of current is applied to a half cell 

with a particle/electrolyte interface area of 1.3273 cm2, which corresponds to 

js = 5.466e-6 mol m-2s-1 of Li ion flux across the electrode / electrolyte 

interface where F is Faraday’s constant. Figure 2.11 is a schematic of the 

electrode particle model. A 1µm sphere particle is simulated with the specified 
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flux, js, applied to the sphere surface, Γsj, for 5 hours, which is the amount of 

time required to reach about 95% utilization.  The sphere is idealized as 

perfectly symmetric, and is discretized with 60 evenly sized three node bar 

elements. Stress distributions within the simulated particle are plotted for 

various times in order to facilitate a discussion on the stresses experienced by 

Si electrode particles during Li insertion. 
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Figure 2.11. A schematic of the electrode particle model. 
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Chapter 3: A highly reversible nano-Si anode 

enabled by mechanical confinement in an 

electrochemically activated LixTi4Ni4Si7 matrix 

 

3.1 Introductions  

Traditionally an important additive in manufacturing, Si is becoming an 

ever more popular material in commercial use. The backbone of the 

semiconductor industry, Si is in virtually all electronic devices. Recently, Si, 

especially nano-Si, has received extra attention due to advances and prospects 

in the energy storage market. Si is the primary material in solar cells. As both 

a thin film and as a bulk wafer, Si is currently the most efficiency material on 

the market. But, while research continues to improve the efficiency of 

commercial solar cells, consumers are still unable to store the energy that is 

not immediately used making solar cell advancements unmarketable and 

costly.  Likewise, as gas prices rise and consumers look to purchase hybrid 

electric (HEV) and electric vehicles (EV), many are deterred by the high cost 

and the short driving ranges. The most promising solution to current battery 

shortfalls is nano-Si [1-4]. 
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In order to deploy Li-ion batteries in electric vehicles, it is essential to 

develop durable electrodes with high energy density and high power. The 

utilization of Si is also advantageous because it is non-toxic and the 2nd most 

abundant element in the Earth’s crust [5, 6]. However, Si has yet to be 

commercialized because it undergoes a volume expansion of 300% with the 

insertion of 3.7 mole Lithium (Li) per mole of Si. Such a large volume 

expansion results in mechanical fatigue which causes rapid capacity fade and 

continually subjects fresh Si surfaces to the parasitic reduction of liquid 

electrolyte. Poor coulombic efficiency (CE) arises from the formation of a 

solid electrolyte interphase (SEI). The problem of rapid capacity fade and low 

CE must be solved before Si can be adopted as an anode in commercial LIBs 

[7-10]. 

The development of Si anodes is primarily concerned with two tasks: 

First, with how to mitigate stress evolution in Si particles during Li insertion 

and extraction. And second, with how to maintain a high CE over many cycles. 

Previous research has shown that nano-structured Si electrodes composed of 

Si nano-particles, Si nano-wires or Si nano-alloys can better accommodate the 

stresses generated during cycling. Nano-Si electrodes also have better reaction 
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kinetics because Li-ion diffusion pathways are shortened compared to the 

bulk[11-17]. Interesting prelithiation strategy has also been reported to improve 

the cycling performance of nano electrode materials [18, 19]. However, nano-

structured Si electrodes tend to be expensive to fabricate because the synthesis 

of many of these materials requires chemical or physical vapor deposition. For 

this reason, the aforementioned technologies are not suitable for large scale 

manufacture to meet commercial demand.  
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3.2 Previous study with carbon coating on nano-Si 

Carbon coating on the surface of particle is widely used method for 

electrode materials in LIBs. Carbon coating on the Si particle mainly take 

three advantages. First, coating on the surface prevents the volume expansion 

and mechanical failure of Si upon Li insertion/extraction. Second, coating 

protects the exposure of Si surface and SEI layer formation. And last, carbon 

on the surface can enhance the sluggish kinetics of Si particle. In this sense 

we have applied carbon coating on nano-Si using polyacrylonitrile (PAN) 

polymer. Figure 3.1 shows a TEM-EELS image of conformal thin coating 

(∼5 nm) of carbon coating (cyan) on nano-Si particles (red). The coating 

provides an intimately linked conductive network that connects nano-Si 

particles throughout the electrode and also increases the mechanical stability 

during cycling.  

Figure 3.2 describes electrochemical properties of PAN-carbon coating 

on nano-Si electrode. The electrode was run at a rate of C/20 for the first 10 

cycles and a rate of C/10 for all subsequent cycles. At cycle 150, our PAN-Si 

electrode exhibits a specific charge capacity of nearly 1500 mAh g−1 with a 

CE approaching 100%. Such good cycle life and CE is evidence that the PAN 
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coating has good mechanical resiliency. Figure 3.2b displays the 1st, 3rd, 10th, 

30th, 40th, and 50th voltage profiles of our PAN-Si anode. The first cycle 

profile shows a specific charge capacity of 2585 mAh g−1, which is equivalent 

to the extraction of 2.7 mole Li per mole of Si. At cycle 50, the specific 

charge capacity is 2078 mAh g−1 (2.2 mole Li). 

This study shows us a way to improve the cycle stability of Si anode but 

also remains the problems to be solved. Using a nano sized Si is helpful to 

reduce the generated stress during cycling with increased kinetics due to 

shortened diffusion length. However fabrication or synthesis of nano sized Si 

is too expensive to apply in commercial LIBs. We also observed gradual 

capacity loss of PAN-Si electrode during cycling mainly caused by loss of 

active materials.  

58 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. TEM-EELS elemental mapping confirming that we achieve a 

conformal 5 nm thick PAN-carbon coating. (Cyan: Carbon, Red: Silicon) 
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Figure 3.2. (a) Cyclic capacity (blue circles) and CE (blue squares) of PAN-Si 

electrodes run at a rate of C/20 for the first 10 cycles and at C/10 for 

subsequent cycles. A conventional nano-Si electrode (red circles) was cycled 

at a rate of C/10 as a control cell. After 150 cycles, our PAN-Si composite 

electrode has a specific charge capacity of nearly 1500 mAh g−1 and a CE 

approaching 100%, whereas the conventional electrode fails after 3 cycles. (b) 

Voltage profiles of our nano-Si/cyclized-PAN electrode showing a minimal 

overpotential when cycled at C/10 compared to C/20.
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3.3 Synthesis of Si-Ti-Ni alloy: Mechanical confinement  

We have developed the Si-Ti-Ni (here after denoted as STN) ternary 

alloy to answer the call for a low-cost, high capacity anode with a high CE 

and good capacity retention. STN alloy has been initially designed by 

SAMSUNG SDI (Patent KR 2007-0027775) to confine volume expansion of 

Si upon Li insertion in Ti-Ni (Nitinol) shape memory alloy matrix. (And later 

this chapter we provide that nano-Si is not embedded in Nitinol but Ti4Ni4Si7 

matrix.)  

To synthesize the STN alloy, we use melt spinning to embed nano-Si 

particles in a matrix of Ti4Ni4Si7. We chose the melt spinning method because 

it is inexpensive and can be implemented at standard temperature and pressure. 

Melt spinning is an established process used to synthesize alloys by rapidly 

solidifying molten metal solutions at a rate of 104 to 107 K s-1. Examples of 

materials synthesized by melt spinning include polymeric fibers, magnetic 

alloys, and shape memory alloys [20-23]. Our STN alloy’s exceptional 

performance and ease of manufacture makes it an attractive prospect for 

commercialization in advanced LIBs. Our characterization of STN alloy 

anode also provides important mechanistic insight for the development of 
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advanced anode materials for LIBs. 

Figure 3.3a depicts a simplified schematic of the melt spinner used in this 

study. Melt spun STN ribbons are on average less than 1mm wide and 15µm 

thick (Figure 3.3b). Powder X-ray diffraction (XRD) analysis was performed 

to determine the phases present in the STN alloy (Figure 3.3c). We find that 

the STN alloy is composed of crystalline Si (JCPDS, 27-1402) and Ti4Ni4Si7 

(JCPDS, 80-1015) [24]. The Ti4Ni4Si7 phase was previously reported by J. H. 

Westbrook et al., however, its electrochemical properties have not yet been 

reported to the best of our knowledge [25]. We used the Rietveld method to 

analyze XRD patterns and calculate the relative ratio of the component phases 

in our STN alloy. Table 3.1 provides the information used for the Rietveld 

method analysis. The result informs us that the Si and Ti4Ni4Si7 phases take 

possession of 46 and 54 weight percent (wt %) of the STN alloy respectively. 

As shown in Figure 3.3d, high resolution transmission electron 

microscopy (HRTEM) analysis was performed using the high angle annular 

dark field (HAADF) mode to observe the microstructure of the STN alloy in 

detail. It is observed that the structure is composed of two different 

compositions which are Si (weak contrast) and Ti4Ni4Si7 (strong contrast). 
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We find that our STN ternary alloy is composed of 20-50 nm diameter Si 

nano particles embedded in a Ti4Ni4Si7 matrix. Rapid solidification from the 

molten state only allows for the formation of nano sized Si. The remaining 

melt portion then forms the Ti4Ni4Si7 matrix. Additional energy dispersive 

spectroscopy (EDS) results presented in Figure 1e support the conclusion that 

the STN alloy is composed of nano-Si and Ti4Ni4Si7. 
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Figure 3.3. (a) Simplified schematics of melt spinner. (b) Achieved melt spun 

STN ribbon. (c) XRD pattern of ball milled melt spun STN powder that 

matched with Si phase (JCPDS, 27-1402) and Ti4Ni4Si7 phase (JCPDS, 80-

1015). (d) TEM image with HAADF mode of nano-Si and Ti4Ni4Si7. (e) EDS 

results of given area in Figure 3.1d. 
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Table 3.1. Space groups, lattice constants and atomic positions of Si and 

Ti4Ni4Si7. Information in Table 3.1 is used for Rietveld method of STN alloy. 

Rietveld method shows that STN is 46 wt % Si and 54 wt % Ti4Ni4Si7.  
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 3.4 Electrochemical properties of Si-Ti-Ni 

Constant current - constant voltage (CCCV) discharge-charge tests were 

conducted to characterize the electrochemical properties of the STN alloy. 

Cells were cycled at a rate of 0.1C for the first cycle, 0.2C for the second 

cycle and 1C for all subsequent cycles (1C rate corresponds to 0.88 mA cm-2). 

This cycling with gradual C-rate increase is typical way for continuous 

discharge-charge experiment in Li ion battery and specially STN alloy needs 

to be ran at slower rate in its initial cycling because nano-Si is covered by 

Ti4Ni4Si7 matrix and this makes hard for Li ion to go through the Ti4Ni4Si7 

matrix and alloy with nano-Si. The STN alloy delivers an initial discharge and 

charge capacity of 1325 mAh g-1 and 1158 mAh g-1 respectively (Figure 3.4a). 

While the first cycle has a CE of 87.7%, by the 10th cycle our STN alloy 

exhibits a CE of 99.7%. To the best of our knowledge, a CE this high is rarely 

reported for Si based anode materials [14, 26-29]. The STN alloy also has a 

stable capacity and exhibits a discharge capacity of 900 mAh g-1 by the 50th 

cycle. Considering that Si is known for its slow diffusion kinetics, it is 

remarkable that such a high CE and specific capacity are both possible at a 

rate of 1C.  
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Figure 3.4. (a) Specific capacity and CE of STN anode versus cycle numbers. 

(b) Voltage profile of Si, STN and normalized STN to Si mass between 0.01 V 

and 1.5 V.
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Figure 3.4b presents the initial voltage profiles (versus specific capacity and x 

in LixSi) of Si and the STN alloy. To compare the lithiation extent of Si and 

the STN alloy, we also plot the voltage profile of the STN alloy normalized to 

Si mass. It is important to make this comparison because the STN alloy is 

composed of 46 wt% of the Si phase and 54 wt% of the Ti4Ni4Si7 phase. The 

phase fraction, and not the elemental fraction of Si, should be considered for 

this comparison because the Ti4Ni4Si7 phase contains Si that does not readily 

alloy with Li. For this reason, we used our previous Rietveld analysis results 

to normalize the STN alloy to the mass of the nano-Si phase.  

We observe that the discharge plateau of our STN alloy anode occurs at a 

lower voltage than that of the Si anode. This overpotential is indicated by 

arrows in Figure 3.4b. It has been reported that a compressive stress imparted 

upon Si particles can lower the discharge voltage plateau [30]. In this case, the 

Ti4Ni4Si7 matrix of our STN alloy confines the free volume expansion of the 

embedded nano-Si particles during Li insertion. Mechanical confinement 

provided by the Ti4Ni4Si7 matrix therefore limits the extent of Li insertion 

and manifests itself as the observed overpotential. To support this conclusion, 

we infer that the degree of volume expansion is directly related to the degree 
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of lithiation of the fully discharged state. We find that the normalized STN 

alloy accommodates 2.7 mole Li-ions per mole of nano-Si, while unconfined 

bulk Si accommodates 3.7 mole Li-ions per mole of Si. The Ti4Ni4Si7 matrix 

contributes to the mechanical stability of nano-Si particles by decreasing the 

maximum stress generated during Li insertion and extraction. We believe that 

the reason nano-Si only accommodates 2.7 mole Li-ions per mole is nano-Si 

is covered by Ti4Ni4Si7 matrix and this matrix apply compressive stress to 

nano-Si. Under compressive stress, volume of nano-Si is hard to expand as it 

supposed to and this cause limited Li-ion accommodation of nano-Si. We 

have mentioned this in our manuscript. We will soon show that the Ti4Ni4Si7 

matrix is electrochemically active. Our calculation of 2.7 mole Li per mole Si 

already takes this finding into account. 

There is not enough evidence to prove the LixTi4Ni4Si7 matrix helps to 

reduce the formation of an SEI layer on the Si surface. However, from the fact 

that lots of numbers of nano-Si is covered by Ti4Ni4Si7 matrix and help not to 

exposed by liquid electrolyte directly, we asserts that having less surface area 

caused by Ti4Ni4Si7 matrix coating is helpful to reduce the SEI layer 

formation. 
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3.5 Ionic conductivity measurement of Ti4Ni4Si7 matrix 

The observed overpotential between Si and STN may also indicate that 

the reduction of Si is limited by the diffusion of Li-ions in the Ti4Ni4Si7 

matrix. To examine this issue we investigated the electrochemical properties 

of the Ti4Ni4Si7 matrix. A Ti4Ni4Si7 ingot was prepared and ball milled for 

the purpose of electrochemical characterization in a half cell configuration. 

Figure 3a presents the voltage profile (versus specific capacity) for the 

Ti4Ni4Si7 cycled with a current density of 50mA g-1. It shows that Ti4Ni4Si7 

is electrochemically active versus Li and provides a limited reversible 

capacity. However, only 55% of the first discharge capacity was reversible. 

After the first cycle, the composition of Ti4Ni4Si7 is better represented by 

LixTi4Ni4Si7. After the 20th charge, the Ti4Ni4Si7 half cell was disassembled 

to prepare a sample for TEM analysis. The TEM sample was never exposed to 

air because our focused ion beam (FIB) apparatus is equipped with an air-lock 

chamber. (See Figure 3.5 for a detailed TEM sample preparation sequence 

using FIB). Electron energy loss spectroscopy (EELS) mapping of Ti4Ni4Si7 

(Figure 3.6) indicates that Li is distributed throughout Ti4Ni4Si7. This 

evidence supports our assertion that irreversible Li-ion loss is attributed to the  

70 

 



 

 

 

 

Figure 3.5. FIB equipped with air-lock system and the general TEM sample 

preparation sequence using the FIB. (a) FIB equipped with autonomously 

developed air-lock system. (b) Pt deposited to protect particle surface. (c) 

Cross sectioning of desired STN particle. (d) Sample lift out using 

manipulating probe. (e) Achieved TEM sample on Cu grid. 
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Figure 3.6. TEM EELS mapping results of Ti4Ni4Si7 electrode after 20th cycle. 

Strong contrast in given area infers that corresponding element is detected. (a) 

Zero loss. (b) Si map result. (c) Li map result. (d) Ni map result. (e) Ti map 

result. 

72 

 



compositional change of Ti4Ni4Si7 to LixTi4Ni4Si7.  

To confirm the electrochemical activity of Ti4Ni4Si7 in the STN alloy we 

analyzed differential capacity (dQ/dV) data. Figure 3.7b presents the initial 

dQ/dV of the STN alloy (red) versus that of Ti4Ni4Si7 (blue). During 

discharge, the STN alloy exhibits a reduction peak at 0.066V while Ti4Ni4Si7 

exhibits a reduction peak at 0.077 V. The close proximity of these peaks 

indicates that the reduction of Ti4Ni4Si7 also occurs in the STN alloy. Two 

closely related oxidation peaks during charging also confirm the 

electrochemical activity of Ti4Ni4Si7 in the STN alloy. 

Because the first cycle of the Ti4Ni4Si7 half cell exhibited the most 

irreversibility, it likely that the electrochemical performance of STN is related 

to LixTi4Ni4Si7 instead of Ti4Ni4Si7. To study the properties of LixTi4Ni4Si7 

in more detail, we calculated x using the irreversible capacity of the Ti4Ni4Si7 

half cell presented in Figure 3.7a and b. We find an irreversible capacity of 

137 mAh g-1 between the 1st and 20th cycles. Assuming a Faradaic reaction, 

we used equation (1) to calculate x to equal 3.2.  

4 4 7 4 4 7 4 4 7

-
4 4 7  3.2  0.137    x x

26.8Ti Ni Si Ti Ni Si Ti Ni Si

mol e mol LiAh molecular weight of Ti Ni Six
g mol Ah mol

+

= =
      (1) 
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Figure 3.7. (a) Voltage profile versus specific capacity of Ti4Ni4Si7 between 

0.01 V and 1.5 V. (b) Differential capacity versus voltage curve of STN and 

Ti4Ni4Si7. (c) Schematics of solid state conductivity cell configuration. (d) 

CV test between -0.2 V and 0.2 V of Li3.2Ti4Ni4Si7. 
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Li3.2Ti4Ni4Si7 was prepared by mixing Ti4Ni4Si7 with an appropriate 

amount of stabilized Li metal powder (SLMP) [31]. An ionic conductivity cell 

was prepared (Figure 3.7c) to measure the ionic conductivity of 

Li3.2Ti4Ni4Si7 using two Li metal electrodes. Figure 3.7d shows the cyclic 

voltammetry (CV) test between -0.2 V and 0.2 V. The ionic conductivity of 

Li3.2Ti4Ni4Si7 can be calculated using equation (2) where R is the slope of the 

CV curve, l is the thickness of the Li3.2Ti4Ni4Si7 layer and A is the cross-

sectional area of the cell. 

1 x l
R A

σ =
                     (2) 

We sandwiched 77.5 Li2S : 22.5 P2S5 binary solid-state electrolyte (SSE) on 

both sides of our Li3.2Ti4Ni4Si7 layer to block electron transfer. The electron 

blocking electrode method is a very well-known method used to measure the 

ionic conductivity of mixed conductors [32, 33]. The SSE’s contribution to 

Ohmic resistance is subtracted from that of the total cell to obtain the 

resistance of only the Li3.2Ti4Ni4Si7 pellet. We found that Li3.2Ti4Ni4Si7 has 

an ionic conductivity of 2.5 x 10-5 S cm-1. (It is known that Li ion conductivity 

of Si is order of 10-15 S cm-1 at room temperature [34].) This value is only one 
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order of magnitude less than the ionic conductivity of a typical sulfide based 

SSE at room temperature [35]. This result indicates that LixTi4Ni4Si7 matrix 

takes a role as an ionic conductor during cycling. An electronic conductivity 

of 0.24 S cm-1 is also measured with using a Ti metal rod / Li3.2Ti4Ni4Si7 / Ti 

metal rod cell setup. This result also explains that excellent rate capability of 

STN alloy owing to the fact that LixTi4Ni4Si7 matrix is a mixed conductor. 

Good ionic conductivity confirms that the observed overpotential is likely not 

due to mass transfer effects but rather due to the mechanical confinement of 

nano-Si particles. 
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3.6 Material evolution of Si-Ti-Ni during cycling 

Figure 3.8. presents the material evolution of our STN alloy upon cycling. 

Before cycling, the STN alloy consists of nano-Si embedded in a matrix of 

Ti4Ni4Si7. The confirmation of the presence of nano-Si is also important 

because nano-Si has been shown to exhibit better cycling stability than bulk-

Si. Nano particles are more resilient to the stresses associated with lithium-

induced volume expansion, cracking and pulverization [7, 36]. After the first 

cycle, we have found that the Ti4Ni4Si7 matrix is better represented by 

LixTi4Ni4Si7 according to our electrochemical study of a Ti4Ni4Si7 ingot. 

When we consider the electrochemical participation of the Ti4Ni4Si7 during 

cycling, we are then able to calculate that nano-Si is alloyed with 2.7 Li ions. 

EELS mapping (Figure 3.8c) confirms our theory of lithium distribution in the 

STN structure after its 50th charge. We find that Li ions in the matrix area are 

still present after charging. This infers that matrix maintains the composition 

of Li3.2Ti4Ni4Si7 and that the matrix’s high ionic conductivity is preserved 

during cycling. 

We previously used TEM EELS analysis to investigate the 

microstructural properties of a Ti4Ni4Si7 ingot. To better understand the STN 
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alloy’s charged state, we use the same analysis technique with a STN alloy 

sample collected after its 50th charge. Figure 3.8b and c presents the EELS 

analysis of this sample. When the zero loss image (Figure 3.8b) is compared 

to the EELS mapping (Figure 3.8c), we find that areas of strong contrast 

correspond to nano-Si and areas of weak contrast correspond to the 

Li3.2Ti4Ni4Si7 matrix. The zero loss images also do not show any evidence of 

cracks or material pulverization. 

78 

 



 

 

 

 

Figure 3.8. (a) Voltage profile versus specific capacity of 1, 10, 20, 30, 40 and 

50 cycles with schematics of STN structure. (b) EELS zero loss image at 50th 

charged status. (c) EELS mapping at 50th charged status (where red: Si, cyan: 

Li). 
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3.7 Conclusions 

We embed nano-Si in a LixTi4Ni4Si7 matrix for three reasons. First, 

because the LixTi4Ni4Si7 matrix limits the extent of Si lithiation. At STN’s 

fully discharged state, one mole of Si is lithiated with 2.7 moles of Li ions 

(Li2.7Si) instead of the 3.7 moles of Li ions (Li15Si4) in a typical Si electrode. 

Limiting the extent of lithiation minimizes the maximum stress generated by 

reducing the volume expansion experienced by a Si particle. Secondly, 

because the LixTi4Ni4Si7 matrix facilitates fast and efficient Li ion and 

electron transfer to nano-Si. We find that Li3.2Ti4Ni4Si7 functions as solid 

state ionic conductor with an ionic conductivity of 2.5 x 10-5 S cm-1 and an 

electronic conductivity of 0.24 S cm-1 at room temperature. And finally, 

because the LixTi4Ni4Si7 matrix helps to reduce the formation of an SEI layer 

on the Si surface. The formation of a SEI layer on the surface of active 

materials typically increases interfacial resistance to charge transfer and also 

lowers the CE of the system. Therefore, reducing the exposed active Si 

surface area will mitigate the parasitic reaction responsible for SEI layer 

formation. The LixTi4Ni4Si7 matrix coats much of the nano-Si surface and 

prevents the reduction of the organic electrolyte. This protection enables our 
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system to have better mass transfer kinetics and a high CE[37-39]. As a result, 

our STN system demonstrates a specific capacity in excess of 900 mAh g-1 

after the 50th discharge-charge cycle and a CE of 99.7% at a rate of 1C. We 

have presented a low-cost nanoscale Si anode. Previous nanoscale Si anodes 

suffer from capacity fade because full utilization of Si results in mechanical 

fatigue and because their large surface area reacts readily with organic liquid 

electrolyte. Creative, but expensive ways to mitigate stress evolution have 

been devised but few Si anodes with acceptable CE have been developed. The 

electrochemically activated LixTi4Ni4Si7 matrix is an extraordinary material 

that both electrochemically and mechanically enables the reversible and stable 

cycling of nano-Si for high energy density LIB. 
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3.8 Experimental section 

Melt spun ribbon was obtained by a single roller melt-spinning technique. 

Copper quenching roller with a diameter of 400 mm is used for rapid 

solidification at the ratio of 1500 rates per minute (RPM). This process is 

done under Ar atmosphere. The molten state of Si-Ti-Ni master alloy is used 

with an atomic ratio of 68%-16%-16% as a starting material, respectively.  

A composition of Ti4Ni4Si7 particles is prepared as follows. A melt of Ti 

(99.99%), Ni (99.99%) and Si (99.5%) was prepared by heating a molar ratio 

of Ti4Ni4Si7 using an electric arc melting furnace. After electric arc heating, 

the melt is cooled in a Cu mold by running cold water through the inside of 

the mold. XRD results shown in Figure 3.9 confirm the Ti4Ni4Si7 phase. 

Standard types of 2016 half coin cells with Li metal foil as a counter 

electrode were prepared for these experiments. The anode mixture was 

composed of STN, ketjen black and polyamide/imide (PAI) binder with a 

wt % ratio of 88%-4%-8%, and mixed with a 1-methyl-2-pyrrolidinone 

(NMP) solution. The mixture was coated on Cu foil and then dried under air. 

Considering weight ratio among materials, 1.0 mg cm-2 of STN is applied on 

the single electrode. 1.5 M LiPF6 in ethylene carbonate, diethyl carbonate  
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Figure 3.9. XRD result of synthesized Ti4Ni4Si7.  
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and fluoroethylene carbonate (5:70:25) was used as the electrolyte [40]. 

Constant current (CC) is applied during discharge and charge between the 

voltage range of 0.01 V and 1.5 V. Constant voltage (CV) is applied until 

amount of 0.01c is achieved at 0.01 V and 20 minutes of holds are made at 

both 0.01 V and 1.5 V. 

SLMP (FMC Lithium Corp.) is used to synthesize a LixTi4Ni4Si7. SLMP 

and Ti4Ni4Si7 is mixed for half an hour and heat treated at 100˚C for 2 hours 

in the Ar-filled glove box. Li2S (Aldrich, 99.999%) - P2S5 (Aldrich, 99%) at a 

molar ratio of 77.5:22.5 respectively, is used as a SSE. These starting 

materials were combined into a stainless steel vial and planetary ball milling 

was carried out for 20 continuous hours. All pressing and testing operations 

were carried out with Ti metal bodies as current collectors and covered by a 

poly (aryl ether ether ketone) mold (Φ = 1.3 cm). Li metal foil (Alfa Aesar) is 

used for electrodes. All assembly processes of solid state ionic conductivity 

cell were carried out in Ar-filled glove box.  

A FIB (FEI, NOVA200 dual beam system) equipped with an air-lock 

chamber is used for TEM sample preparation. Ga ion source is used for FIB 

sectioning. The use of an air-lock system enables to observe lithiated STN 
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structure without any exposure to the air. Air exposure to lithiated sample 

causes structure changes with oxidation, however this mobile air-lock system 

maintains a vacuum state while samples are loaded from glove box to FIB 

chamber. Our previous paper explains the sample prepare sequence in detail 

[8].  

The microstructure of STN structure was investigated by HR-TEM 

(JEOL 3000F equipped with EDS) operating at 300 keV and analytical TEM 

(TECNAI F20 equipped with EELS) operating at 200 keV. XRD data for 

phase determination was collected with X-ray diffractometer (XRD, Bruker, 

D8 Advance) with Cu-Kα radiation. 
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Chapter 4: A Stabilized PAN-FeS2 Cathode with an 

EC/DEC Liquid Electrolyte 

 

4.1 Introduction 

The energy density of conventional Li-ion batteries with LiMO2 (M = 

transition metal) cathodes and graphitic anodes is approaching a practical 

upper limit after two decades of optimization. In order to improve the energy 

density of Li-ion batteries further, new cathodes must be developed with 

capacities that compare to those of advanced anodes such as Si [1]. The FeS2 

conversion chemistry is a promising candidate to replace the LiMO2 

intercalation chemistry because FeS2 is inexpensive, energy dense, and 

environmentally benign. The four electron reduction of cubic-FeS2 (pyrite) 

with lithium (FeS2 + 4Li+ + 4e- → Fe + 2Li2S) provides a specific capacity 

of 894 mAh g-1, whereas, the very best LiMO2 intercalation cathodes can only 

provide 200 mAh g-1 [2-8]. For these reasons Energizer popularized the 

FeS2/Li chemistry as a primary battery [9], but a secondary FeS2/Li battery is 

not yet commercially available. The safety issues associated with lithium 

metal anodes can be cited as one obstacle obstructing the realization of a 
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rechargeable FeS2/Li battery [10-12], however, the FeS2 cathode also presents 

very difficult problems. This paper addresses the problems of the cathode by 

embedding natural pyrite in a commercially available, stabilized PAN matrix. 

The problems associated with a rechargeable FeS2 cathode can be 

understood by considering the electroactive species of FeS2 during cycling. 

Though still the subject of much debate, a proposed reaction mechanism for 

cubic-FeS2 at low temperatures is provided below for an initial discharge and 

subsequent charge [7, 11-14]. From Eq. (4.2) we see that small aggregates of 

superparamagnetic Fe0 atoms are one product of the reduction of FeS2 with 

four Li+. Fe0 particles have an average diameter of 3.6 nm and are highly 

reactive in order to catalyze the oxidation of the other full discharge product, 

Li2S, which is highly resistive. Unfortunately, nano-Fe0 particles tend to 

agglomerate into non-reactive α-Fe particles which results in the 

electrochemical isolation of Li2S and a rapid loss of battery capacity [11, 15].  

From Eq. (4.5) it is also evident that cubic-FeS2 is not reformed at full 

charge. Our previous work found that the charge products of an all-solid-state 

cubic-FeS2 cathode are a multiphase mixture of ortho-FeS2 (marcasite), 

FeS8/7, and S [11]. Prior to this study it was generally accepted that the charge 
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products were only Fe1-xS and S from the disproportionation of an Li2-xFeS2 

intermediary phase [11]. This work will provide further evidence that ortho-

FeS2 is a charge product at ambient temperature. More importantly, the 

reversibility and efficiency of FeS2 batteries will suffer from the same 

problems as that of a Li-S battery because sulfur is one of the three proposed 

charge products. The initial reduction of sulfur produces soluble and highly 

mobile polysulfides (Sn2-). The dissolution of these polysulfides into an 

organic liquid electrolyte contributes to capacity fade and results in a parasitic 

redox shuttle that reduces charging efficiency [16-20]. 

Initial Discharge   

FeS2 + 2Li+ + 2e- → Li2FeS2  Eq. (4.1) 

Li2FeS2 + 2Li+ + 2e- → Fe0 + 2Li2S  Eq. (4.2) 

Subsequent Charge   

Fe0 + 2Li2S → Li2FeS2 + 2Li+ + 2e-  Eq. (4.3) 

Li2FeS2 → Li2-xFeS2 + xLi+ + xe- (0.5<x<0.8)  Eq. (4.4) 

Li2-xFeS2 → 0.8 ortho-FeS2 + 0.2 FeS8/7 + 0.175S + (2-

x)Li+ + (2-x) e- 

 Eq. (4.5) 
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The mobility of Fe0 and polysulfides in organic liquid electrolytes 

explains why conventional FeS2 cathodes are not reversible. An all-solid-state 

battery architecture is uniquely capable of confining the electroactive species 

of FeS2 [15, 21] and we recently demonstrated the full reversibility of FeS2 as 

a cathode versus lithium metal at 60°C [11]. Though this study represents a 

milestone for the secondary FeS2 conversion chemistry, it is still more 

desirable to incorporate FeS2 into a conventional liquid or polymer battery 

because the manufacturing processes associated with conventional batteries 

are mature. Prior to our work many studies attempted to use composite 

polymer electrolytes to confine FeS2’s electroactive species [8, 22-25]. 

Unfortunately, none of these studies could demonstrate acceptable 

reversibility because polymer electrolytes do not provide sufficient 

confinement. More recently, other studies have examined the cycle ability of 

synthetic FeS2/carbon and FeS2/PANI composites in liquid electrolytes with 

limited success [8, 19, 26-28].  

Here, we embed FeS2 in a stabilized PAN matrix that confines 

electroactive species to prevent active material loss and improve Coulombic 

efficiency (CE). Stabilized PAN enables the reversibility of FeS2 by 
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considering the need to not only confine FeS2’s electroactive species but also 

to accommodate FeS2’s expansion. The effectiveness of stabilized polymers 

as confining matrices has been previously demonstrated with PAN-S and 

PANi-S composites [29-31]. It has also been shown that thin coatings of 

stabilized PAN can accommodate the 300% volume expansion of nano-Si 

particles. [32] By avoiding the full carbonization of PAN the elastic properties 

of the PAN precursor can be retained, while the conjugation of PAN during 

the stabilization process provides good electronic conductivity [33]. More 

importantly, the preparation of the PAN-FeS2 composite is simple and the 

precursors are inexpensive, commercially available natural pyrite and PAN. 

The results of this study will demonstrate that the challenges associated with a 

conventional FeS2 cathode can be overcome. 
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4.2 Previous study of Li/FeS2 with solid state electrolyte 

4.2.1 Solid state battery architecture 

The basic nature of an all-solid-state cell enables the reversible Li/FeS2 

system with the confinement of electro-active species. Li2S-P2S5 binary 

glass-ceramic solid electrolytes are applied to demonstrate the reversible 

Li/FeS2 system at ambient temperature and elevated temperature. 

Synthetically prepared FeS2 is characterized with FESEM microscopy 

and x-ray analysis.  FESEM shows cubic FeS2 particles with 3µm wide faces 

(Figure 4.1a).  X-ray diffraction analyses of synthetically prepared FeS2 

match well with cubic pyrite (Figure 4.1b). 

Cell fabrication and cell testing for this study was carried out under an 

inert argon gas environment. And Figure 4.2 shows the architecture of all-

solid-state lithium batteries (ASSLBs). The composite positive electrode is a 

10:20:2 weight ratio mixture of synthetic FeS2, 77.5 Li2S: 22.5 P2S5, and 

carbon black (Timcal Super C65) respectively. The composite positive 

electrode is mixed using an agate mortar and pestle. Stabilized lithium metal 

powder (SLMP) is used as the negative electrode (FMC Lithium Corp.). The 

construction of solid state cells utilizes a titanium-polyaryletheretherketone 
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(PEEK) test cell die. 200 mg of solid electrolyte powder is pressed at 1 metric 

ton in the PEEK cell die. 5 mg of composite positive electrode and the 

stabilized lithium metal powder are then attached to opposite sides of the solid 

electrolyte pellet by pressing at 5 metric tons. Cycling test was also conducted 

in glove box filled with Ar gas at ambient temperature and elevated 

temperature (60°C). 
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Figure 4.1. (a) FESEM micrograph of synthetic FeS2 that confirms cubic 

structure with 2-3µm cubes. (b) X-ray diffraction of synthetic pyrite. 

98 

 



 

 

 

 

Figure 4.2. ASSLBs configuration. Black represents SLMP material, orange 

represents sulfide based glass-ceramic electrolyte 77.5 Li2S – 22.5 P2S5 

system and blue represents synthetic FeS2 active material. 
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4.2.2 Reversible cycle stability of Li/FeS2 with solid state battery 

Constant current constant voltage test of synthetic FeS2 was conducted in 

both an all-solid-state and liquid cell configuration. Voltage range of 1.0V and 

3.0V vs. Li+/Li was applied to achieve full utilization of FeS2. The results of 

cycling at ambient temperature (30°C) and moderate temperature (60°C) are 

given in Figure 4.3. Cells cycled with solid state electrolyte show a stable 

capacity during cycling and gradual increase in capacity with cycling is owing 

to better FeS2 utilization. Cell cycled at 30°C exhibits a discharge capacity of 

750 mAh g-1 by the 20th cycle while the cell cycled at 60°C exhibits a 

theoretical discharge capacity of 894 mAh g-1. It is assumed that the ionic 

conductivity of solid electrolyte contributes to the full FeS2 utilization. It is 

known that conductivity of the 77.5 Li2S - 22.5 P2S5 solid electrolytes 

improves from 9.17x10-4 Ω-1 cm-1 (30°C) to 4.4x10-3 Ω-1 cm-1 (60°C). 

HRTEM analysis was conducted to determine the structures and phases 

and electrode material from the solid-state cell cycled at 60°C upon 

completion of its 20th charge are prepared for the observation as shown in 

Figure 4.4. Figure 4.5a shows a BF image TEM image of the 20th cycled 

charged FeS2 solid-state electrode. Darker areas correspond to nano-
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crystalline orthorhombic-FeS2 while the lighter areas correspond to an 

amorphous region composed of FeSy and elemental sulfur. FFT analyses of 

HRTEM images matches well with orthorhombic-FeS2 along the [−110] zone 

axis (Figure 4.5b). 
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Figure 4.3. FeS2 cycled at 30°C and 60°C in conventional liquid coin cell and 

in an all-solid-state configuration. (a) solid-state at 30°C, (b) solid-state at 

60°C, (c) liquid coin cell at 30°C, (d) liquid coin cell at 60°C, (e) cycling data 

for cells cycled at 30°C, and (f) cycling data for cells cycled at 60°C.  All 

cells cycled at a rate of C/10 for charge and discharge. 
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Figure 4.4. FIB preparation sequence. (a) Pt deposition upon FeS2 particle, 

(b) Ga+ ion milling of FeS2 particle, (c) recovery of FeS2 particle using lift-

out technique and (d) final thinning of FeS2 sample to 50-80nm. 
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Figure 4.5. Electrode material from the solid-state cell cycled at 60°C was 

recovered after the 20th charge for TEM analysis. (a) Bright field TEM image 

of the 20th cycle sample. (b) HR-TEM of the 20th cycle sample. FFT analysis 

matches with orthorhombic-FeS2 along the [−110] zone axis. 
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4.3 Li/FeS2 with EC/DEC electrolyte 

4.3.1 Synthesis and microstructure observation of PAN-FeS2 

The natural pyrite used in this study was first ball milled in order to 

reduce the average particle size. Field emission scanning electron microscopy 

(FESEM) of ball milled FeS2 provided in Figure 4.6a shows that particles 

vary in diameter from 100 nm to 10 µm and X-ray diffraction (XRD) of the 

ball milled material provided in Figure 4.6b confirms that our material is 

phase pure pyrite (cubic-FeS2).  

Figure 4.7 presents the microstructure and elemental mapping of an 

uncycled PAN-FeS2 composite electrode. A Focused Ion Beam (FIB) 

microscope was used to prepare a sample for HRTEM [34]. Platinum was 

deposited on the electrode surface in order to protect the observation area 

during FIB cross sectioning. A cross-sectional image (Figure 4.7a) shows that 

most ball milled FeS2 particles are fully embedded in the stabilized PAN 

matrix. Figure 4.7b presents the electron energy loss spectrum (EELS) zero-

loss image and Figure 4.7c presents the EELS elemental mapping of the same 

cross-sectioned sample. EELS mapping shows that the PAN matrix area is 

matched with C (red) and the embedded particles are matched with Fe (blue) 
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and S (green).  

It is possible that FeS2 may have decomposed during the secondary 

stabilization heat treatment at 500°C because FeS2 has been shown to thermal 

decompose to Fe1-xS and S at the slightly higher temperature of 550°C [35]. 

Should S have been evolved from the decomposition of FeS2 it would react 

with PAN and be widely distributed like S in the PAN-S materials [29]. 

However, the EELS elemental mapping indicates that S is segregated to FeS2 

particles. Because S is not distributed throughout the sample we conclude that 

FeS2 did not decompose during the secondary heat treatment and that FeS2 

does not react with PAN. Figure 4.8 provides the individual EELS elemental 

mappings of Fe, S and C. 
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Figure 4.6. (a) SEM observation of 1hour ball milled natural pyrite. (b) After 

natural pyrite is ball milled, powder XRD analysis was performed to 

determine the phases and matched with cubic-FeS2 (71-2219). 
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Figure 4.7. (a) Cross-sectional SEM image of an uncycled PAN-FeS2 

electrode. (b) TEM image with EELS zero-loss mode of the stabilized PAN 

matrix (light) and embedded FeS2 particles (dark). (c) EELS elemental 

mapping of C (red), Fe (blue), and S (green). 
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Figure 4.8. (a) EELS iron mapping of Figure 1b. (b) EELS sulfur mapping of 

Figure 1b. (c) EELS carbon mapping of Figure 1b. 
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4.3.2 Electrochemical properties of PAN-FeS2 and bare FeS2. 

Two electrodes were characterized electrochemically using a constant 

current, constant voltage (CCCV) cycling protocol. The first electrode was 

made with the PAN-FeS2 electrode material presented in Figure 4.9 while the 

second electrode is a control sample which we will call bare FeS2. Both cells 

were cycled between 1V and 3V at a rate of 0.1 C for all cycles. The cyclic 

stabilities and CE of the PAN-FeS2 (red) and bare FeS2 (orange) electrodes 

are provided in Figure 4.9a. Bare FeS2 delivers an initial discharge capacity of 

828 mAh g-1 which is close to FeS2’s theoretical capacity of 894 mAh g-1. 

Bare FeS2 has a notably low initial CE of 63% along with a consistently low 

cycling CE, drastically hindering its capacity retention so that by the 20th 

cycle it delivers a discharge capacity of only 120 mAh g−1, or only 14% of its 

initial discharge capacity. Though PAN-FeS2 delivers a lower initial 

discharge capacity of 729 mAh g−1, its cyclic stability and CE are greatly 

improved compared to bare FeS2. With a significantly improved initial CE of 

94%, our PAN-FeS2 electrode delivers 470 mAh g-1, a discharge capacity 

retention value of 64%, with a CE approaching 99.25% by the 50th cycle. 

Other FeS2-C composite electrodes showed at most ~350 mAh g-1 by the 40th 
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cycle [8,26-27]. PAN-FeS2 not only exceeds capacities shown by previous 

work, but it is also unique in that the precursors are commercially available 

natural pyrite and PAN [8, 22-25]. Figure 4.9b and 4.9c provide the voltage 

profiles for PAN-FeS2 and bare FeS2, respectively. The stable capacity of 

PAN-FeS2 is correlated with voltage profiles that are more stable compared to 

that of bare FeS2. With cycling, bare FeS2’s voltage profiles develop 

overpotentials and lose the upper charging voltage plateau at approximately 

2.4V. 

Historically, only FeS and S were identified as charge products. The 

difference between the first and subsequent discharge voltage profiles was 

explained by the fact that the reduction of S occurs at a higher potential than 

that of either FeS or cubic-FeS2. The potential of the higher voltage plateau of 

subsequent discharges is very close to that of sulfur. 

In our previous work [11], we studied an all-solid-state FeS2/Li metal 

battery and discovered ortho-FeS2 (marcasite) as a new charge product. That 

work concluded that the charge products are well represented by Eq. (4.5) and 

we expect the ratio of charge products in our PAN-FeS2 electrode to be 

similar. Charge products given in Eq. (4.5) are ortho-FeS2, FeS, and S. It 
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should be noted that Eq. (4.5) can only progress in the direction written and 

that the discharge path for each charge product follows a different path.  

We also concluded that the reduction of electrochemically precipitated 

ortho-FeS2 occurs at a higher potential than that of cubic-FeS2. The difference 

between initial and subsequent voltage profiles can be explained by the 

reduction of ortho-FeS2 instead of cubic-FeS2. We believe that Equation 1 will 

progress at difference potentials based upon the phase of FeS2 present. The 1st 

two-electron reduction of electrochemically precipitated ortho-FeS2 occurs at 

2.1 V which is very close to the reduction potentials of sulfur.  

To differentiate the reduction of ortho-FeS2 from the reduction of sulfur, 

we examined the differential capacity (dQ/dV) profiles of our PAN-FeS2 

electrodes. A dQ/dV peak corresponds to a voltage plateau and a specific 

chemical reaction according to Gibb’s phase rule assuming that kinetics are 

fast. The area under a dQ/dV peak is the capacity (mAh) that a certain 

chemical reaction delivers. We see that PAN-FeS2 exhibits 3 plateaus in the 

range of 1.8 – 2.8 V. According to literature, sulfur should exhibit two peaks 

at approximately 2.2 and 2.4 V. We observe these two peaks in Figure 4.14a 

and b. The third peak at 2.1 V is attributed to the reduction of ortho-FeS2 
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which occurs at a higher potential than the reduction of cubic-FeS2. Though 

we did not attempt to deconvolute the dQ/dV peaks, the peak corresponding 

to the initial reduction of ortho-FeS2 (Eq. (4.1)) is much larger than the peaks 

for sulfur. For this reason sulfur is not a dominant active material, but it is 

certainly substantial. Instead, we believe that ortho-FeS2 is the dominant 

active material on subsequent cycles and that Eq. (4.5) reflects the ratio of 

charge products approximately. 
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Figure 4.9. (a) Cyclic stability of the stabilized PAN-FeS2 electrode versus 

that of a bare FeS2 electrode. Specific capacity is reported w.r.t. mass of the 

FeS2 active material. (b) Voltage profiles of PAN-FeS2. (c) Voltage profiles 

of bare FeS2. 
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4.3.3 Microstructure observation of 10th charged PAN-FeS2. 

To better understand the mechanism behind the improved stability of the 

PAN-FeS2 electrode and identify the phases present at full charge, we use 

TEM and EELS to study the microstructure of a PAN-FeS2 electrode 

recovered after completion of its 10th charge. As with the uncycled PAN-

FeS2 sample, the 10th charge TEM sample is prepared using a FIB 

microscope as shown in Figure 4.10. The bright field TEM image of an 

embedded FeS2 particle is provide in Figure 4.11a while the HRTEM image 

and fast Fourier transform (FFT) of the same particle is provided in Figure 

4.11b. Although we observed cubic-FeS2 before cycling, the FFT of the 

HRTEM image matches with ortho-FeS2 (marcasite) along the [01-1] zone 

axis. Because our electrode is made with phase pure natural cubic-FeS2 

(Figure 4.6b), we conclude that the observed ortho-FeS2 is produced 

electrochemically. This result is consistent with our previous all-solid-state 

FeS2/Li battery study where we observed ortho-FeS2 as a charge product [11]. 

It is the first time that ortho-FeS2 has been observed in an ambient 

temperature battery because the aforementioned all-solid-state FeS2 sample 

was recovered after charging at 60°C. Later in the discussion we will analyze 
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the differential capacities (dQ/dV) of the two electrodes presented in Figure 

4.9 in order to provide further evidence that Eq. (4.5) is the valid reaction for 

FeS2’s final charging step. 

Figures 4.11c and d provide the EELS elemental mapping of Fe and S while 

Figure 4.12 provides the zero-loss and the EELS mapping of C for the same 

particle. After cycling, it is clear that there is no migration of S or Fe into the 

stabilized PAN matrix. This result suggests that the stabilized PAN matrix 

completely obstructs the dissolution of intermediate polysulfides into the 

liquid electrolyte and prevents the reaction of Fe0 with the liquid electrolyte. 

Confinement of polysulfides explains why PAN-FeS2 exhibited a higher CE 

than bare FeS2. By confining polysulfides in PAN the parasitic shuttle 

mechanism, which reduces charging efficiency, cannot be initiated. It also 

suggests that our stabilized PAN is not very porous to accommodate the 

passage of solvated polysulfides. Supporting this idea, we measured the 

Brunauer-Emmett-Teller (BET) porosity of PAN-FeS2 to be only 1.50 m2 g-1. 

Because PAN-FeS2 has such a low porosity, it also suggests that it is difficult 

for the liquid electrolyte to impregnate the stabilized PAN matrix. Previously, 

we have found that stabilized PAN is electrochemically active and stable 
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against the liquid electrolyte between 50 mV and 1V [32]. Here, we also show 

PAN’s electro-chemical stability within a voltage window of 1V to 3V after 

running parallel experiments to those reported in this work with cells only 

containing stabilized PAN and no FeS2 (Figure 4.13). The stabilized PAN 

materials shows the initial discharge capacity of 35 mAh g-1 with a CE of 74%. 

By the 50th cycle stabilized PAN achieves 16 mAh g-1 and CE approaches up 

to 98%. This result reveal that achieved capacity of PAN-FeS2 during cycles 

are mainly contributed by FeS2 conversion electrochemistry. We suspect that 

stabilized PAN is a mixed conductor, however, more work is currently 

underway to characterize its conductive properties. 
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Figure 4.10. Typical TEM sample preparation sequence using the FIB. (a) Pt 

deposition on protect particle surface and cross sectioning of desired PAN-

FeS2 particle. (b) Sample lift out using manipulating probe on Cu grid. (c) 

Achieved final TEM sample. 
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Figure 4.11. (a) TEM image of an embedded FeS2 particle in a PAN-FeS2 

electrode collected after completion of its 10th charge. (b) High resolution 

(HR) image of the FeS2 particle in Figure 4.9a and the corresponding FFT 

pattern matched with orthorhombic-FeS2 along the [01-1] zone axis. (c) EELS 

elemental mapping for Fe. (d) EELS elemental mapping of S.
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Figure 4.12. (a) TEM image with EELS zero-loss mode of Figure 4.11a. (b) 

EELS carbon mapping of area Figure 4.11a.  
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Figure 4.13. Cyclic capacity and voltage profile of an electrode manufactured 

with stabilized PAN, acetylene black, and PVDF following the same 

configuration, treatment, and electrochemical parameters as our stabilized 

PAN-FeS2 electrodes, respectively. It is shown that stabilized PAN is 

electrochemically stable within a voltage window of 1V to 3V.  
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4.3.4 Detailed dq/dv analysis of PAN-FeS2 and bare FeS2. 

We use dQ/dV analysis to differentiate the direct reduction of sulfur from 

the reduction of ortho-FeS2. It is important to acknowledge that an all-solid-

state sulfur battery exhibits one discharge plateau [36] while a liquid sulfur 

battery exhibits two discharge plateaus [37]. The explanation for this 

difference can be explained by the nature of sulfur's intermediary species. The 

reduction of sulfur follows a three step process (Figure 4.14) [37]. During the 

first step represented by Eq. (4.6) the reduction of elemental sulfur produces 

highly soluble polysulfide species. The average potential of the first reaction 

step is 2.4V because the reaction kinetics is fast due to the mobility and 

molecular nature of the polysulfides. During the second step represented by 

Eq. (4.7) further reduction of the soluble polysulfides results in the 

precipitation of Li2S2. The downward arrow indicates that Li2S2 is a solid 

precipitate. And finally, during the third step represented by Eq. (4.8) Li2S2 is 

S8 + 4Li+ + 4e- → 2Li2S4  Eq. (4.6) 

Li2S4 + 2Li+ + 2e- → Li2S2↓  Eq. (4.7) 

Li2S2 + 2Li+ + 2e- → 2Li2S  Eq. (4.8) 
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Figure 4.14. The reduction of sulfur in an organic liquid electrolyte follows a 

three step process. Yellow balls represent sulfur atoms while grey balls 

represent lithium atoms. 
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fully reduced to Li2S. The last two steps of the reaction occur at a lower 

potential of about 2.1V because the kinetics of these reactions are slower 

compared to that of the first step. The energy required to nucleate the Li2S2 

solid phase slows the second step reaction and the third step reaction is 

limited by the solid state diffusion of Li+. In an all-solid-state battery the 

polysulfides produced during the first step reaction are confined by the glass 

electrolyte and the reaction is limited by the solid state diffusion of Li+ to the 

immobile polysulfides. Slower transport results in overpotential so that the 

first reaction step occurs at the same potential as the second and third reaction 

steps. 

To support this theory we also provide the Li - S phase diagram in Figure 

4.15 [38]. From this it is evident that there are no intermediary phases 

between Li and Li2S at room temperature and that there is a two phase region 

between the compositions of S and Li2S. The observation of Li2S2 in the 

reduced Li - S electrodes of other studies can be explained by the fact that 

Li2S2 is metastable. Metastable phases are not thermodynamically stable and 

therefore they will not be present in thermodynamic phase diagrams. From 

Gibb's phase rule we know that the reduction of sulfur should occur at 
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Figure 4.15. Li - S phase diagram. 
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only one voltage plateau, however, in liquid cells we observe two plateaus. As 

stated before, the kinetics of sulfur reduction explain the two voltage plateaus 

and not the presence of two phase regions. In an all-solid-state battery 

architecture the reduction of sulfur is always limited by the solid-state 

diffusion of lithium ions and there is no initial kinetic benefit because 

polysulfides are not mobile. To further support this theory, two other studies 

examined the electrochemical properties of PAN-S and PANi-S electrodes in 

liquid cells [39, 40]. Because these were liquid batteries it is expected that the 

reduction of sulfur should exhibit two plateaus, however, sulfur exhibited only 

one plateau because the polysulfides were confined within the cyclized PAN 

and PANi polymers. In the PAN-FeS2 electrode polysulfides are also held 

immobile so we fully expect that the reduction of sulfur also occurs in one 

plateau in our case as well. 

We have shown that elemental S and Fe are not observed in our 

stabilized PAN matrix after cycling which verifies the complete confinement 

of FeS2’s intermediary electroactive species. However, we still observe some 

capacity fade. To explain this, some FeS2 particles are not fully embedded 

within our stabilized PAN matrix during material preparation so they are 
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subject to attack by the liquid electrolyte during cycling. To fully coat every 

particle, we propose a direct electrode blading with stabilized PAN as 

previously described [32]. In this way, partially embedded FeS2 particles will 

be protected by a secondary protective coating of stabilized PAN.  

As stated earlier, FeSy and S were generally believed to be the final 

charge products of a low temperature FeS2 battery [7]. Reductive dQ/dV 

analysis in the range of 1.8V to 2.8V (Figure 4.16) can be used to differentiate 

the direct reduction of S from the reduction of ortho-FeS2 and lend further 

support to the validity of Equation 5. Figure 4.15 provides the dQ/dV for both 

PAN-FeS2 and bare FeS2 in the whole voltage range of 1V – 3V. As expected 

we observe three peaks in the range 2.0 to 2.5 V: one for ortho-FeS2 (2.1 V) 

and two for sulfur (2.2 V and 2.5 V). The peak at 2.5 V is not a side reaction 

because if it were it would have also been observed during the initial 

discharge, however, because sulfur was not yet present the peak is also not 

present. The peak at 2.1 V corresponds to the reduction of ortho-FeS2 to 

Li2FeS2 (Eq.(4.1)) whereas the peaks at 2.5 and 2.2 V correspond to the 

reduction of S (Equations 6, 7, and 8). During the initial discharge the 

reduction of cubic-FeS2 occurs at 1.5 – 1.7 V, while on subsequent cycles the 
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reduction of ortho-FeS2 occurs at 2.1 V. The explanation for the difference 

may be related to a change in microstructure or kinetics [11].  

In a liquid cell the direct reduction of sulfur occurs in two steps even 

though the thermodynamic phase diagram suggests only one plateau. The 

reduction of S follows a three step process as presented below [20]. The first 

step, Eq. (4.6) occurs at a higher voltage than the other two steps because the 

mobility and molecular nature of the polysulfides improves the reaction 

kinetics. Sulfur does not exhibit two plateaus in an all-solid-state structure 

because polysulfides are confined such that their reduction does not enjoy a 

kinetic advantage. The presence of two sulfur plateaus for PAN-FeS2 suggests 

that some polysulfides are mobile in the liquid electrolyte and that the 

confinement of FeS2 is incomplete. This corroborates our previous 

observation that some FeS2 particles are not fully embedded in the PAN 

matrix. 
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Figure 4.16. (a) Reductive dQ/dV profiles for the PAN-FeS2 electrode and (b) 

reductive dQ/dV profiles for the bare FeS2 electrode. The peaks at 

approximately 2.5V and 2.2V are attributed to Eq. (4.6) and Eq. (4.7) and Eq. 

(4.8), respectively, while the peak at approximately 2.1V is attributed to Eq. 

(4.1). 
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Figure 4.17. (a) Differential capacity versus voltage curve of PAN-FeS2.  (b) 

Differential capacity versus voltage curve of bare FeS2. 
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4.3.5 Experimental section. 

First, naturally occurring pyrite (FeS2, Alfa Aesar) was mechanically 

ground at 400 RPM for 1 hour using a planetary ball mill (Across 

International) in order to reduce the average particle size. Next, ball milled 

FeS2 and PAN (MW = 150,000 g mol-1, Sigma Aldrich) were mixed in a 

mass ratio of 7:3, respectively, using a mortar and pestle. The mixture was 

then dissolved in N, N-dimethylformamide (DMF, 99%, Alfa Aesar), stirred 

via magnetic stirring for 6 hours, and then dried overnight. The stabilization 

of PAN followed a two-step process. The dried PAN-FeS2 mixture was first 

heat treated in air at 200°C for 1 hour (Thermolyne) and then heat treated 

under Ar flow at 500°C for 1 hour (Thermo Scientific). The heating and 

cooling rate for each heat treatment was 1.66 °C per minute [33].  

After preparing the PAN-FeS2 composite via a two-step heat treatment in 

air at 200°C and in Ar flow at 500°C, it was then desired to observe how 

effectively FeS2 was embedded in stabilized PAN and if FeS2 decomposed or 

reacted with PAN. Evidence for the conjugation and intrinsic electronic 

conduction of stabilized PAN is shown in Figure 4.18. 

Cathode slurry was prepared by combining PAN-FeS2, acetylene black 
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(Alfa Aesar), and PVDF (poly (vinylidene floride), Alfa Aesar) binder in a 

60:20:20 weight ratio, respectively, with a 1-methyl-2-pyrrolidinone (NMP, 

Alfa Aesar) solvent. The slurry was coated on Al foil, dried under air, and 

then calendared. On average, the FeS2 active material loading is 1.5 mg cm-2, 

and the area of each of the tested electrodes was of 1.33 cm2. Test coin cells 

(2032, Pred Materials) were assembled with the prepared PAN-FeS2 working 

electrode, a lithium metal foil counter electrode (Alfa Aesar), a glass fiber 

separator (Whatman, GF/G), and 1.5 M LiPF6 in ethylene carbonate, diethyl 

carbonate (50:50, Soulbrain) electrolyte. The test cells were cycled using a 

constant current, constant voltage (CCCV) testing protocol between the 

voltage range of 1 V and 3 V at a constant rate of 0.1C. The voltage is held 

constant at 3V at the end of each charging cycle for 30 minutes. 

The microstructure of PAN-FeS2 structure was investigated by analytical 

TEM (TECNAI F20 equipped with EELS) operating at 200 keV. As 

previously described, the TEM samples were prepared by sectioning a cycled 

electrode using a FIB’s Ga+ ion beam (FEI, NOVA200 dual beam system) 

[41]. 
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Figure 4.18. Raman spectra for untreated PAN (blue) and PAN treated at 

200°C in air for 1 hour and then at 500°C under Ar flow for 1 hour (red). The 

observation of graphite D and G bands confirms delocalized sp2 π bonding 

which confirms a good intrinsic electronic conductivity and a conjugated 

structure [32]. 
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4.4. Conclusion 

In summary, the performance of our PAN-FeS2 composite cathode 

suggests that the problems associated with the mobility of FeS2’s 

electroactive species can be addressed without the need for a costly all-solid-

state battery structure. By the 50th cycle our PAN-FeS2 electrode delivers 470 

mAh g-1, or 64% of its initial discharge capacity with a CE approaching 

99.25%. When viewed alongside a recent development regarding dendrite-

free lithium metal anodes [42], the results of our stabilized PAN-FeS2 cathode 

study suggest that a practical, safe conventional secondary FeS2/Li battery is 

close to reality. Moreover, we also observed ortho-FeS2 (marcasite) as a full 

charge product which is a first for conventional liquid batteries and validates 

the results of our previous all-solid-state FeS2 battery study.  
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Conclusion 

Microstructure observation of electrochemically driven LixSi 

In this research, we observed micro structure of lithiated Si anode in all 

solid state Li ion battery. XRD analysis is performed to figure out phase 

variation of Si anode sample during Li insertion. XRD patterns show that 

crystalline Si undergoes amorphization while lithiated and forms crystalline 

phase after fully discharged which is known as Li15Si4. FIB equipped with 

air-lock system is used for TEM sample preparation. No oxygen signal in 

EDS result infers that the sample was not exposed by air during loading and 

unloading the samples. Clear two-phase region is observed by HRTEM at the 

first time showing amorphous LixSi and crystalline Si. HRTEM observation 

of fully discharged Si anode sample reveals that particle is consisting of high 

portion of pores at the surface which is responsible for cracks and 

pulverization of Si particle due to Li insertion. 

Highly reversible nano-Si anode embedded in Ti4Ni4Si7 matrix 

We embed nano-Si in a Ti4Ni4Si7 matrix for three reasons. First, because 

the Ti4Ni4Si7 matrix limits the extent of Si lithiation. At STN’s fully 

discharged state, one mole of Si is lithiated with 2.7 moles of Li ions (Li2.7Si) 
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instead of the 3.7 moles of Li ions (Li15Si4) in a typical Si electrode. Limiting 

the extent of lithiation minimizes the maximum stress generated by reducing 

the volume expansion experienced by a Si particle. Secondly, because the 

LixTi4Ni4Si7 matrix facilitates fast and efficient Li ion and electron transfer to 

nano-Si. We find that LixTi4Ni4Si7 functions as solid state ionic conductor 

and an electronic conductor as well. And finally, the LixTi4Ni4Si7 matrix 

helps to reduce the formation of an SEI layer on the Si surface. The formation 

of a SEI layer on the surface of active materials typically increases interfacial 

resistance to charge transfer and also lowers the CE. Therefore, reducing the 

exposed active Si surface area will mitigate the parasitic reaction responsible 

for SEI layer formation. The LixTi4Ni4Si7 matrix coats much of the nano-Si 

surface and prevents the reduction of the organic electrolyte. This protection 

enables our system to have better mass transfer kinetics and a high CE. As a 

result, our STN demonstrates a specific capacity in excess of 900 mAh g-1 

after the 50th discharge-charge cycle and a CE of 99.7% at a rate of 1C.  

Improved cycle stability of Li/FeS2 system using PAN 

confinement 

141 

 



We have developed PAN-FeS2 by confining natural FeS2 particles into a 

PAN host matrix. We proposed that by using PAN we decelerate polysulfide 

dissolution into the liquid electrolyte making FeS2 conversion chemistry more 

stable and reversible. As far as resolving the exact mechanism on how the 

polysulfide retardation occurs in the PAN matrix has yet to be elucidated. We 

observed through TEM that our PAN acted as a buffer layer capturing 

polysulfides and preventing their direct dissolution to the liquid electrolyte. 

Moreover, we also observed the production of orthorhombic-FeS2 at charged 

PAN-FeS2 validating our previous work using an all-solid-state configuration. 

To this end, we have demonstrated that a PAN confinement closely relates to 

our previous all-solid-state architecture where mobility and dissolution of our 

electro-active species is prevented and thus, improves the reversibility of the 

Li/FeS2 system with liquid electrolyte at ambient temperature. This work also 

emphasizes the possibility of a rechargeable Li/FeS2 battery. 
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요약 (국문 초록) 

 

이 논문에서는 현재 리튬 이온 전지에서 사용 되고 있는 전극 

물질을 대체할 수 있는 새로운 전극 물질을 개발하고 그 특성을 

평가하는 연구를 진행하였다. Si계 음극과 FeS2 양극의 전기화학 

특성을 평가하고 전극 재료의 미세조직 분석을 통하여 해당 재료의 

전기화학 반응 기구를 이해하는 것을 주 연구 목적으로 하였다.  

2장에서는 Si음극이 Li과 반응 시 생기는 미세조직과 상의 

변화에 대하여 연구하였다. 투과전자현미경을 이용하여 Si이 Li과 

반응 시 초기에는 표면부분에 비정질의 LixSi층이 생성되며 

내부에는 Li과의 반응이 진행되지 않은 결정질의 Si층이 

남아있음을 확인하였다. Li과의 반응이 다 진행된 후에는 Si음극 

내부에 많은 공공이 형성되어 있음을 확인할 수 있었으며 공공의 

수는 표면보다 내부에 더 많이 형성되어 있음을 확인하였다. 

화학역학 전산모사를 이용하여 Si이 Li과 반응할 시 일어나는 

기계적 파괴거동을 모사 및 이해하였고, 이를 바탕으로 본 연구 

결과가 새로운 Si계 음극재료를 개발하는데 있어 기초자료로 
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활용될 것으로 기대되는 바이다. 

3장에서는 Si-Ti-Ni 3원계 합금을 리튬 이온 전지의 음극으로 

개발하고 그 전기화학 성능을 평가하였다. Si-TI-Ni음극은 50회의 

충방전 이후에도 900 mAh g-1 이상의 용량을 보이는 것으로 

확인되었으며 Coulombic 효율 또한 99.7%의 높은 효율을 보이는 

것으로 확인되었다. Si-Ti-Ni의 제작은 멜트 스피닝 방법을 

이용하였으며, 이 방법을 이용하여 나노 Si입자를 Ti4Ni4Si7 

기지상이 둘러싸는 조직을 구현하였다. Ti4Ni4Si7 기지상은 Si이 

Li과 반응할 시 생성되는 응력의 수준을 낮추어 줄 뿐만 아니라 

Si입자가 전해질과 직접 반응하지 않도록 하여 부 반응층의 생성을 

방지하면서 전기 및 이온 전도체로서 역할도 하게 되는 것으로 

확인되었다. Si계 음극의 경우, 99.5% 이상의 Coulombic 효율은 

거의 보고된바 없음을 고려할 때, Si-Ti-Ni 합금이 리튬 이온 

전지의 음극으로서 새로운 가능성을 제시하고 있다고 할 수 있다. 

4장에서는 고분자 PAN을 이용하여 FeS2양극을 코팅하였으며, 이를 

이용하여 FeS2와 충방전 실험 중 발생하는 중간 반응물인 Fe0와 Sn
2-

를 구속하여 높은 효율의 가역적인 전기화학 반응이 계속하여 

일어날 수 있도록 하였다. PAN-FeS2전극은 상온에서 50회의 충방전 

144 

 



이후에도 약 470 mAh g-1 의 용량을 보이는 것으로 나타났다. 

투과전자 현미경을 이용하여 10회 충전후의 FeS2 조직을 

관찰하였으며, 그 결과 초기 FeS2가 cubic 조직을 가지고 있던 반면 

10회 충전 후에는 orthorhombic 조직을 갖고 있는 FeS2가 검출 

되었다. 이 결과는 상온에서 가역적으로 반응이 이루어지는 

고체전해질을 이용한 FeS2 전극에서 나온 결과와 같은 결과이며, 

액체 전해질을 사용하는 FeS2 전극에서는 처음 밝혀진 결과이다. 본 

연구 결과는 아직 리튬 일차전지의 전극으로만 사용되고 있는 

FeS2가 재충전이 가능한 이차전지의 전극 재료로서 사용이 

가능하도록 개발되는데 있어 중요한 기초자료로 사용될 것으로 

기대된다. 
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많이 해주려고 했는데, 도움이 되었는지 모르겠다. 다음에 형이 술 한잔 

사마. 상섭아, 너와는 진지한 대화를 나눈 기억이 몇 번 없는 것 같구나. 



너가 알아서 잘 하니까 그런 것 같다. 형이 떠나도 너와는 같이 일할 

기회가 많이 있을 것 같다. 자주 연락하며 같이 연구하자. 

 

I want to thank Dani, Tom and Jae-Ha for involving me in your 

research. I learned a lot from you and I really enjoyed the moment 

when we worked and discussed together. I hope we work together 

sometime in near future. 

 

한흥남 교수님 연구실의 동기 애기 아빠 훈휘, 멋쟁이 용민이, 왠지 

고독이라는 단어가 어울리는 현식이, 회식은 빠지지 않을 것 같은 

동완이, 알게 모르게 날 잘 챙겨준 문조, 항상 나에게 아쉽다고 말 

해주는 양후, 이제 우리방 같은 근호, 생각보다 수다쟁이인 준영이, 

새로 들어온 유정이와 성규. 모두 고맙고, 좋은 결과 얻어서 졸업하기를 

바랍니다. 김미영 교수님 방의 덕황씨, 잘 챙겨줘서 고마워요. 먼저 갈 

테니 빨리 따라와요. 승용씨, 많은 도움 드리고 싶었는데 많이 부족했던 

것 같네요. 좋은 결과 얻길 바래요.  

 

MKE의 문정탁 이사님, 조종수 차장님, 그리고 이상한 차장님. 와이어 

과제부터 Si과제까지, 그 동안 과제가 무리 없이 잘 진행될 수 있도록 

도와주셔서 정말 감사 드립니다. 앞으로도 잘 부탁 드립니다. 연이씨 

그리고 김성민씨. 회사 업무에 도움도 안 되는 실험을 하겠다고 매번 

귀찮게 해드려서 죄송하고, 또 잘 도와주셔서 너무 감사합니다. 덕분에 

무사히 졸업하게 되었습니다. 순호형, 희상씨, 기강씨, 승환씨, 그리고 



전성민씨. 항상 지하에서 고생하시면서도 찾아갈 때마다 웃음을 잃지 

않는 모습이 참 인상적이었습니다. 항상 친절하게 맞이하여 주셔서 제가 

편하게 MKE에서 실험할 수 있었습니다. 감사합니다. 

 

삼성 SDI의 강선호 상무님, 바쁘신 가운데 논문 심사를 도와 주셔서 

감사합니다. 상무님의 조언이 새로운 곳에서의 생활에 큰 도움이 될 것 

같습니다. 감사합니다. 최종서 부장님, 만날 때 마다 항상 따듯하게 

반겨 주시고, 관심 가져 주셔서 감사합니다. 나중에 따로 연락 드리고 

찾아 뵐 수 있도록 하겠습니다. 김재혁 책임님, 권승욱 책임님, 서순성 

책임님, 짧은 시간이었지만 과제가 잘 진행될 수 있도록 도와 주신 점 

감사 드립니다. 졸업 후에도 같이 일할 수 있는 기회가 있을 거라고 

생각합니다. 종종 연락 드리겠습니다. 김승완 과장님, 여러모로 관심 

가져 주셔서 감사합니다. 알게 된 기간이 짧음에도 좋게 봐주시고 도와 

주셔서 감사합니다. 저희는 조만간 밖에서 만날 수 있겠죠? 

 

공부한다고 그 동안 소홀했던 나의 안식처 같은 친구들 보영이, 

혁준이, 희진이, 상균이, 그리고 동명이. 고등학교 때부터 항상 가까운 

옆자리에 있어줘서 고맙다. 너희들이 있어 힘들고 지칠 때 한 박자씩 

쉬어갈 수 있었던 것 같다. 앞으로도 자주 보자. 

우리 대장 영민이(역시 너가 대장이야), 용원스러운 용원이, 개동현이, 

그리고 나와 같은 길을 걷고 있는 돌려 막기 민호. 다들 술 좀 적당히 

먹어라. 맨 정신일 때는 다들 정상인데, 그래도 그래서 추억이 그렇게 

많이 쌓였나 보다. 그 동안 고마웠다. 앞으로도 잘 부탁한다. 



원석이형, 성원이형, 현우형, 정진이형, 병현이, 세령이, 인술이, 

Paul, 그리고 지은 누나. 어느덧 우리의 인연이 10년째가 되어 갑니다. 

공부한다고 항상 바쁜 척 하며 연락도 뜸했었죠. 그래도 틈틈이 

나타나면 반갑게 맞아주어 고마웠습니다. 앞으로는 잘 할게요.  

원혁아, 늦은 나이에 공부 시작하느라 힘들지? 고생해라. 넌 은근히 

연구가 어울려. 윤정아, 강현이와 너 모두 건강하지? 너가 원혁이 옆에 

있어서 참 안심이야. 딩고 윤정이, 그리고 탕웨이 지나. 우리 결국 

관악산 보면서 비빔밥은 못 먹을 것 같다. 뭐 다른 거 먹자, 후식도 꼭. 

 

우리가 꿈처럼 이야기하던 것들이 어느새 하나 둘씩 이루어지고, 이제 

새로운 미래를 또 이야기하고 있어. 영선아, 옆에 있어 줘서 고마워. 

 

철없던 막내가 어느새 자랑스런 동생이 되었구나. 승현아, 고맙다. 

늦게 철이 들어 공부를 시작하겠다던 아들을 믿고 옆에서 아낌없이 

도와주신 아버지, 어머니 감사합니다. 아버지, 어머니 덕분에 큰 고생 

없이 편하게 공부에 집중할 수 있었습니다. 훌륭한 아들이 되겠습니다. 

 

 

처음 논문을 쓰기 위해 자리에 앉아 하얀 화면을 바라보면서 어떻게 

시작을 하여야 하나 고민하던 시간이 떠오릅니다. 어느덧 마무리를 하게 

되었습니다. 자만하지 않고 항상 앞을 바라보는 사람이 되겠습니다. 
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