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Abstract 

  

  Conducting polymer is an eccentric polymer having flexibility, high electric conductivity, and 

easiness to synthesis. Through these advantages, conducting polymer has widely range of use: 

supercapacitors, batteries, electrochromic devices, solar cells, sensors, and biomedical applications. 

Lithium-ion batteries (LIBs) are considered as a good candidate for energy applications because of 

their response time, high cycle efficiencies, and so on.  

To make high capacity batteries, developing anode material is an inevitable work. Above all, 

silicon-based anode materials are rising stars for their high capacity, abundance in earth crust, and 

eco-friendly. However, severe critical issues like volume expansion remain. 

In this paper, we studied on 2D Si flake @ PPy synthesized by vapor phase polymerization and 2D 

Si flake @ SO3 doped PANI to refine the problem of Si anode.  

In the case of 2D Si flake @ PPy, initial coulombic efficiency (ICE) was 85%, because, 

overoxidation occurs during synthesis. On the other hand, in the case of SO3 doped polyaniline 

(PANI), it shows 98.4%, 13.4% higher than PPy coated Si. 2D Si flake @ PPy and 2D Si flake @ SO3 

doped PANI were synthesized to improve the disadvantages of Si anode. 2D Si flake @ PPy adopted 

vapor phase polymerization to simplify the coating method, but, it was hard to gain uniformly coated 

sample, and overoxidation reaction occurs through the reaction. Spring from overoxidation reaction, it 

increased Li+ intercalation but deintercalation didn’t keep up with the amount of intercalated Li+. 

Overoxidation led the drop of the initial coulombic efficiency. On the other hand, 2D Si flake @ SO3 

doped PANI displayed uniformly coated Si anode and prevented overoxidation through dissolving and 

reconstruction in NMP solution. Moreover, 2D Si flake @ SO3 doped PANI exhibited high initial 

coulombic efficiency, good cycling performance, and suppressed expansion. 
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Chapter 1. Introduction 

 

1.1. Overview of Global Energy 

 

According to BP’s Statistical Review of World Energy 2017, global primary energy consumption 

increased by just 1% in 2016, following growth of 0.9% in 2015 and 1% in 2014. This compares with 

growth of primary energy consumption as well below the 10-year average of 1.8%.  

2015 was a year of dashed adjustment for oil: strong growth in Organization of Petroleum 

Exporting Countries (OPEC) production outweighed the responses of both demand and non-OPEC 

production to lower prices (See Figure 1.1.1.). In contrast, 2016 was a year of adjustment for the oil 

market, with oil demand again increasing sturdily and production growing by less than a quarter (0.4 

Mb/d) of that seen in 2015. On the other hand, 2016 saw a 1.2% drop in output from 2015, due to a 

drop output from OPEC and Non-OPEC. As shown in Figure 1.1., Non-OPEC supplied 1.3% in 2015, 

but it supplied -0.8% in 2016.  

Oil is not the only one that is inconsistent with supply and demand. For instance, China’s coal 

production fell by 7.9% in 2016 (See Figure 1.1.2.). It affected the increase in coal prices. For natural 

gas, annual change of supplying the natural gas is more than 5 times bigger than 5-year average 

annual supply. Not only annual change of supplying, annual change of demand is robustly increased 

than 5-year average annual demand (See Figure 1.1.3.).1  

It means that production of fossil fuel doesn’t satisfy the demand. Therefore, our society is facing 

the depletion of fossil fuels and the rising demand for energy sources increases the need for the 

development of next-generation energy sources. 

For this reason, the development and application of storage devices is of interest in both industry 

and research. Electrical Energy Storage (EES) refers to a process of converting electrical energy from 

a power network into a form that can be stored for converting back to electrical energy when needed.2-

4 Such a process enables electricity to be produced at times of either low demand, low generation cost 

or from intermittent energy sources and to be used at times of high demand, high generation cost or 

when no other generation means is available.2-6  

A widely-used approach for classifying EES systems is the determination according to a form of 

energy used. In Figure 1.4., EES systems are classified into mechanical, electrochemical, chemical, 

electrical and thermal energy storage systems. In electrical section, there are various types of batteries. 

Most of them are technically commercialized. Lead acid, NiCd/NiMH, Li-ion, metal air, sodium 

sulphur and sodium nickel chloride are included in secondary battery types and redox flow, and 

hybrid flow batteries are included in flow batteries.7 

Among them, lithium-ion batteries (LIBs) are one of the most widely used secondary battery 
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systems. LIBs are considered as a good candidate for applications where the response time, small 

dimension and/or weight of equipment are important (milliseconds response time, ~1500–10,000 W/L, 

~75–200 W h/kg, ~150 2000 W/kg). LIBs also have high cycle efficiencies, up to ~97%.8,10 Xing Luo 

et al. mentioned that “The main drawbacks are that the cycle DoD can affect the Li-ion battery’s 

lifetime and the battery pack to manage its operation, which increases its overall cost.”11  
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Figure 1.1.1. Schematic figures of annual change of consumption and production of oil market in 

2015 and 2016. (Mb/d)1 

 

 

 

Figure 1.1.2. Schematic figures of annual change of China coal production growth (%) and China 

coal prices (5500 kcal/kg) in 2015 and 2016.1 
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Figure 1.1.3. Schematic figures of annual change of supply and demand of LNG in 2015 and 2016. 

(unit : bcm)1 

 

 

 

 Figure 1.1.4. Classification of electrical energy storage systems according to energy form 

(Fraunhofer ISE)7 
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1.2. Lithium-Ion Batteries 

 

1.2.1. Basic Principles of Lithium-Ion Batteries  

 

Depleting fossil fuels and increasing the usage of energy sources request next-generation energy 

devices to overcome these encountered issues. Lithium ion batteries (LIBs), which have high energy 

density, become one of the powerful alternatives.  

LIBs have the same construction as conventional batteries. LIBs consist of cathode, anode, 

separator, and electrolytes. The similarities between LIBs and conventional batteries cover reduction-

oxidation (redox) reactions at the interfaces between the electrolyte and electrodes, accompanied by 

the diffusion of ions in the electrolyte. However, the differences between conventional batteries and 

LIBs are notable. In typical galvanic batteries, the redox reactions proceed simultaneously with the 

fading or advancing of electrode surfaces, but not accompanied by either solid-state mass diffusion in 

the electrodes or a change in the chemical composition and local atomic environment.2 On the other 

hand, the heterogeneous redox reactions in LIBs are similar with electrolytic cells. They accompanied 

by the solid-state mass diffusion as well as a volume expansion. LIBs are one of the rechargeable 

batteries, in which Li ions move from cathode materials to anode materials as shown in Figure 1.2.1.  

The following equations demonstrate the chemical reactions during the discharge and charge at 

anode and cathode of commercial LIB.3  

 

 

Cathode: LiCoO2 ⇄ Li1-xCoO2 + xLi+ + xe (x < 0.5) 

Anode: C6 + xLi+ + xe- ⇄ LixC6 (0.00 – 0.25 V (vs. Li/Li+) 

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

 

 

Driving force of LIBs is a potential difference between anode and cathode. To increase energy 

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

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

devices. It indicates that Li ions and materials are main factors that can affect the amount of electric 

energy to be stored.4 
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Figure 1.2.1. Schematic showing a configuration of rechargeable Li-ion batteries.1 
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1.2.2. Components of Lithium-Ion Batteries 

 

As stated above, the LIBs are composed of cathode, separator, anode, and electrolyte (See Table 

1.2.1.). Commercial LIBs employed a graphite anode, an electrolyte based on a lithium salt and a 

carbonate solvent, and a LiCoO2 cathode, resulting in a gravimetric energy density of about 190 

Wh/kg.5 The conventional graphite/LiCoO2 cell has several intrinsic limitations, including (i) 

relatively limited intercalation ability of graphite (i.e., about 0.17 moles of Li per mole of carbon); (ii) 

high cost and environmental issues posed by the use of Co; (iii) low thermal stability of Li1−xCoO2 (x 

< 0.5) phase formed during charge process.6, 7 Although various substances and components have been 

explored to overcome these limitations of conventional cell, the basic design of LIB is still the same 

as these cells that the Sony has commercialized two decades ago. 

In case of cathode materials, each lithium ion escaped from the center of layers during discharge 

state. Cathode materials are classified into four types depending on their structures as follows: (1) 

layered structures (e.g. LiTiS2, LiCoO2, LiNiO2, LiMnO2, LiNi0.33Co0.33O2, LiNi0.8Co0.15Al0.05O2 and 

LiMnO3), (2) spinel structures (e.g. LiMn2O4, and LiCo2O4), (3) olivine structures (e.g. LiFePO4, 

LiMnPO4, and LiCoPO4), and (4) tavorite structures (e.g. LiFeSO4F, and LiVPO4F). Layered-

structured cathodes, among which the most widely known as LiCoO2 (LCO), currently represent the 

cathode materials for use in combination with a graphite anode.6, 7 

Meanwhile, cathode materials release lithium ions from their lattice structure during lithiation 

process, anode materials stored lithium ions into their lattice and they supply large electromotive force 

through the charge-discharge reaction. Anode materials are easily sorted into two types in Table 1. 2.1; 

graphite-based or non-graphitic-based carbon. Graphite-based anode materials (e.g. graphite, hard 

carbon, and soft carbon) have been widely used for their long cycle life, abundance and relatively 

inexpensive. However, low energy density (372 mAh/g), and safety issues related to lithium 

deposition are critical weak points. To improve these problems, metalloids (e.g. silicon (Si), 

germanium (Ge), tin (Sn), antimony (Sb), bismuth (Bi), and so on.)8-10, and metal oxides (e.g. tin 

oxide, copper oxide, iron oxide, ruthenium oxide, manganese oxide, silicon oxide, lithium titanium 

oxide, and so on.) are included in non-graphite based materials, are receiving much attention these 

days.  

When two electrodes with different electric potential create a potential difference in the electrolyte, 

separator acts as a “shield” to prevent physical contact of electrodes in a battery system. Unlike 

cathode and anode, separator placed between them is an insulator. Although the separator doesn’t 

involve any reactions in any cell reactions, its structure and properties play an important role in 

determining battery performance, including cycle life, cell safety, energy density, and power density, 

through influencing the cell kinetics.12 Polyethylene (PE), polypropylene (PP), and polyvinylidene 
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fluoride (PVdF) are typical separators. Moreover, ceramic materials can be introduced to the separator. 

However, when they have a poor wettability in electrolytes, low thermal stability or low chemical 

stability, they hindered the high cell performance. For the development of future Li‐ion batteries for 

high‐temperature applications, inorganic membranes as separators are highly attractive. The 

electrolytes consist of lithium salt and non-aqueous organic solvent with electrochemical, thermal, and 

chemical stabilities in the range of working voltage.11  

Each component will be described more detail in following pages.  
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Table 1.2.1. Components and examples of materials for lithium-ion batteries. 

Component Materials 

Cathode 

Layered structure 

LiTiS2, LiCoO2, LiNiO2, 

LiMnO2, LiNi0.33Co0.33O2, 

LiNi0.8Co0.15Al0.05O2, 

LiMnO3 

Spinel structure LiMn2O4, LiCo2O4 

Olivine structures 
LiFePO4, LiMnPO4, 

LiCoPO4 

Tavorite structure LiFeSO4F, LiVPO4F 

Anode 

Graphite-based 

materials 

Graphite, hard carbon, 

soft carbon 

Non graphite-based 

materials 
Metalloids, metal oxides 

Separator Polymer 

Polyethylene (PE), 

polypropylene (PP), 

Polyvinylidenefluoridde 

(PVdF) 

Electrolyte 

Lithium salt 
Organic and inorganic  

lithium compound 

LiPF6, LiBF4, LiAsF6, 

LiClO4, LiCF3SO3, 

Li(CF3SO2)2N 

Electrolyte solvent 
Nonaqueous  

organic solvent 

Ethylene carbonate (EC), 

Propylene carbonate (PC), 

Dimethyl carbonate 

(DMC), Diethyl carbonate 

(DEC), Ethylmethyl 

carbonate (EMC) 
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1.2.3. Cathode Materials 

 

For high energy, high power and long cycle life, cathode material is a critical core component of 

LIBs. That’s why the rush in the industry to develop the next generation LIBs, which have higher 

power and more energy densities, has normally focused on the investigation of new and higher 

performing cathode materials.  

There are several things that should be qualified to characterize the cathode materials: 1) To 

intercalate a large amount of lithium ions, cathode materials should display reversible behavior and a 

flat potential so as to enhance energy efficiency during charge/discharge process. 2) They should be 

light and densely packed to allow high capacity per weight or volume, and they have high electrical 

and ionic conductivities for high power. 3) High cycle efficiency must be maintained. 4) Such phase 

transitions should not occur in cathode materials during charge/discharge although cycle life is 

shortened by irreversible phase transitions of the crystal structure. 5) They should have 

electrochemical and thermal stability to head reactions off with the electrolyte. 6) The particles of 

cathode materials must be globular with a narrow grain size distribution, so that the aluminum current 

collector remains intact when making electrodes.14 7) They should be low cost and be environmentally 

benign. 

As shown in Table 1.2.2., cathode materials are classified into four types. The first contains layered 

compounds with an anion close-packed or almost close-packed lattice in which alternate layers 

between anion sheets occupied by a redox-active transition metal and lithium then inserts itself into 

the essentially empty remaining layers. This group is exemplified by first LiTiS2, and followed by 

LiCoO2, LiNiO2, LiMnO2, and so on. Spinel structures may be considered as a special case where 

transition-metal cations are ordered in all the layers. The materials in the second group have more 

open structures, like many of vanadium oxides, tunnel compounds of manganese dioxide, and most 

recently transition-metal phosphates, such as the olivine LiFePO4. The first group, because of their 

more compact lattices, will have an inherent advantage in energy stored per unit of volume, but some 

in the second group, such as LiFePO4, are potentially much lower cost. 

Conventional cathode materials generally fall into two types. LiCoO2 adopts a layered, 

rhombohedral structure with two-dimensional Li-ion diffusion parallel to the planar sheets of metal 

cations. On the other hand, another material such as LiMn2O4, adopt the spinel structure and allow Li 

ions diffusion in three dimensions.13 

Materials containing polyatomic phosphate(PO4)3- anions tend to have higher thermal stability than 

oxides with comparable voltages, but these large and heavy anions adversely affect specific capacity. 

One way to compensate for this loss of capacity would be to develop a material that contains a 

polyatomic anion and is capable of reversibly inserting two lithium ions per redox-active metal ion.  
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Recent studies indicate that materials with a structure similar to LiFe(PO4)(OH) (tavorite) might be 

able to achieve this goal. 
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Table 1.2.2. Electrochemical characteristics of various types of cathode materials. 

Crystal 

structure 
Compound 

Specific 

capacity 

(mAh/g) 

Volumetric capacity 

(mAh/cm
3
) 

Voltage (V) 

Layered 

LiTiS2 225 697 1.9 

LiCoO2 274 1363 3.8 

LiNiO2 275 1280 3.8 

LiMnO2 285 1148 3.3 

LiNi0.33Mn0.33Co0.33O2 280 1333 3.7 

LiNi0.8Co0.15Al0.05O2 279 1284 3.7 

Li2MnO3 458 1708 3.8 

Spinel 

LiMn2O4 148 596 4.1 

LiCo2O4 142 704 4.0 

Olivine 

LiFePO4 170 589 3.4 

LiMnPO4 171 567 3.8 

LiCoPO4 167 510 4.2 

Tavorite 

LiFeSO4F 151 487 3.7 

LiVPO4F 156 484 4.2 
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Figure 1.2.2. Five performance criteria as measures to evaluate cathode materials. The values of each 

criterion were indicated for four different cathode materials. (a) LCO = LiCoO2, layered, (b) NMC = 

LiNixMnyCozO2, layered, NCA = LiNi1-y-zCoyAlzO2, layered, (c) LMO = LiMn2O4 spinel, and (d) LFP 

=LiFePO4 olivine.15, 16 
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1.2.4. Anode Materials 

 

Park et al. mentioned that the requirements of anode materials are mentioned: “1) They should have 

a low potential corresponding to a standard electrode and provide a high cell voltage with the cathode. 

The potential relating to electrochemical reactions must be a close approximation with 

electrochemical potential of lithium metal. 2) No significant change in the crystal structure should 

occur during reactions with lithium ions. Change in structure leads to the accumulation of crystal 

strain and hinders the reversibility of electrochemical reactions, thus resulting in poor cycle life 

characteristics. 3) They should engage in highly reversible reactions with lithium ions. 4) Fast 

diffusivity of lithium ions is required within the active electrode material at the anode since this is 

particularly important to realize cell performance. 5) High electronic conductivity is necessary to 

facilitate the movement of electrons during electrochemical reactions. 6) They should be sufficiently 

dense so as to obtain a high electrode density. This is an important design factor that is considered to 

enhance battery energy. 7) Materials should store a large amount of charge (coulomb) per unit 

mass.”17  

Other important factors that determine energy density and power are specific surface area, tap 

density, particle size, and distribution. Because the anode has a large specific capacity per unit mass, it 

is more difficult to intercalate or deintercalated lithium ions in comparison with the cathode. As such, 

the design of the anode should take into account the fast movement of lithium ions in order to enhance 

the performance of Li batteries.  

Among anode materials, anode materials based on graphite is commercially used due to their 

excellent cycling performance. However, graphite anode limits to increasing demand on energy 

density, operation reliability and system integration arising from portable electronic devices, electric 

vehicles, and energy storage applications. Moreover, graphite anodes exhibit only a moderate intrinsic 

specific capacity (372 mA h/g) and serious safety issue concerns due to lithium plating and further 

formation of lithium dendrites. To overlap these matters, there are various types of anode materials 

that can be classified according to their reaction with lithium ions as follows (Table 1.2.3.): 1) 

Formation of metal alloy (group Ⅳ elements (metalloids); silicon, tin, germanium, aluminum, and 

antimony, etc.),18-20 and 2) Conversion reaction with lithium (transition metal oxides; Fe2O3, Fe3O4, 

CuO, Cu2O, NiO, Ni2O, MnO, MnO2, etc.)21 
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Table 1.2.3. electrochemical characteristics of various types of anode materials. 

Materials Li C Li4Ti5O12 Si Sn Sb Al Mg Bi 

Density 

(g/cm3) 
0.53 2.25 3.5 2.33 7.29 6.7 2.7 1.3 9.78 

Lithiated 

phase 
Li LiC6 Li7Ti5O12 Li4.4Si Li4.4Sn Li3Sb LiAl Li3Mg Li3Bi 

Theoretical 

specific 

capacity 

(mAh/g) 

3862 372 175 4200 994 660 993 3350 385 

Theoretical 

charge 

density 

(mAh/cm3) 

2047 837 613 9786 7246 4422 2681 4355 3765 

Volume 

change 

(%) 

100 12 1 320 260 200 96 100 215 

Potential 

vs. Li ( V) 
0 0.05 1.6 0.4 0.6 0.9 0.3 0.1 0.8 
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1.2.5. Separators 

 

Each lithium‐ion battery consists of an anode, a cathode, and a separator. The separator properties 

play a critical role in obtaining optimum cell performance and the inherent safety of the cell. The 

separator membrane separates two electrodes and serves as “aisle” for the lithium‐ion transport 

between two electrodes to control the number of lithium ions and their mobility. Porous structure of 

the separator is filled with liquid electrolyte (lithium salt dissolved in a mixture of one or more 

solvents). When a charge process occurs, an external electrical power source injects electrons into the 

anode. At the same time, the cathode gives up some of its lithium ions, which move through the 

electrolyte to the anode and remain there. During this process, electricity is stored in the battery in the 

form of chemical energy. On the other hand, during a discharge process, lithium ions move back 

across the electrolyte to the cathode, enabling the release of electrons to the outer circuit to perform 

the electrical work. General requirements of separator are followed in Table 1.2.4. 

As shown in Table 1.2.4., separators must be chemically and electrochemically stable to resist 

degradation or dissolution the electrolyte and electrode materials in battery system for cell longevity. 

These porous membranes should have uniform pore distribution and be inert under battery system. 

They should wet quickly and completely in electrolyte, not swell. While they wet easily in the 

electrolyte, they should not curl up and lay flat to separate between two electrodes. Furthermore, they 

should more than 5% of contraction after 60 min at 90℃ to effectively shut down the battery at 

elevated temperatures. Thickness of the ideal separators are also important b0ecause they are inactive 

materials in system. Recommended thickness is 20-25 μm. 

Through these requirements, there are various kinds of attempts reported by using polyolefin 

microporous films (PE, PP), polyvinylidene fluoride (PVdF)24, inorganic nanoparticle (SiO2, TiO2, 

Al2O3, ZrO2, etc.) coated polymer.25 

Most commercially available non-aqueous lithium-ion separators designed for small batteries ( <3 

Ah) are single layer (Entek (PE, Teklon) and Tonen (PE, Exxon), see Table 1.2.5.), or multilayer 

(2325 (PP-PE-PP, Celgard)) polymer sheets typically made of polyolefins, which have transition 

temperatures of 135℃ (PE) and 165℃ (PP), respectively, but are somewhat dependent on molecular 

weight. Their porosities below or similar with ideal porosity requirements.  
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Table 1.2.4. General requirements for separators22 

Parameter Requirement 

Chemical and 

electrochemical 

stabilities 

Stable for a long period of time 

Wettability Wet out quickly and completely 

Mechanical property > 1000kng/cm (98.06 MPa) 

Thickness 20-25μm 

Pore size <1 μm 

Porosity 40-60% 

Permeability (Gurley) <0.025 s/μm 

Dimensional stability No curl up and lay flat 

Thermal stability <5% shrinkage after 60 min at 90℃ 

Shutdown Effectively shut down the battery at elevated temperatures 
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Table 1.2.5. Commercial separator properties23 

Separator 

manufacturers [a] 
ASAHI TORAY CELGARD UBE ENTEK 

Product HIPORE SETELA Celgard UPORE Teklon 

Thickness 

(𝛍𝐦) 
≥25 7-25 

ML PP: 16-

25ML 

PE: 16-20 TL 

PP/PE/PP: 

12-38 

- 25 

Single/ 

multilayer 
SL SL SL/ML SL SL 

Composition 

[b] 
PE PE 

SL: PP, PE 

ML: 

PP/PE/PP 

PP, PE PE 

Process Wet-extruded Wet-extruded Dry-extruded Dry-extruded Wet-extruded 

[a] Separator specifications are found on data sheets for each product. [b] PE : polyethylene, PP: polypropylene [c] SL : 

single-layer, TL : trilayer  
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1.2.6. Electrolytes 

 

Liquid electrolytes, which composed of organic solvents, lithium salts, and additives, are normally 

used in LIB system. These act as a way for the transport of lithium ions.  

Electrolytes could be attributed to three distinct, but interdependent factors: (1) Their components 

(especially solvents) are more sensitive to operate potential rather than capacity of electrodes; 

therefore, as long as new chemistries operate reasonably within the electrochemical stability window 

of carbonate-based electrolytes (as most of the above-mentioned cathode and anode materials do), 

major changes in the skeleton composition are not mandatory. (2) More effective design and use of 

electrolyte additives became customary practices, aided by the significant advances in the 

fundamental knowledge of how “solid electrolyte interphases” (SEI) form on electrode surfaces. 

These “drop-in” sacrificial components contribute to maintain the electrolyte skeleton compositions 

more or less statics. (3) Perhaps most importantly, confined by cost consideration, the battery industry 

has been reluctant to change the existing supply chain, unless there is sufficient incentive or benefit.26  

The most generally used organic solvents are mixture of the cyclic carbonate such as ethylene 

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

diethyl carbonate (DEC), and ethyl methyl carbonate (EMC).26 (See Table 1.2.6.) 
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Table 1.2.6. Representative cyclic and linear carbonates as electrolyte solvents and their 

characteristics.27 
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Table 1.2.7. Comparison of lithium salt characteristics28 

 LiPF6 LiBF4 LiCF3SO3 Li(CF3SO2)2N LiClO4 

Solubility ◎ ○ ○ ◎ ◎ 

Ionic 

conductivity 
◎ ○ △ ◎ ◎ 

Low-

temperature 

performance 

○ △ △ ○ ○ 

Thermal 

stability 
X ○ ○ ○ X 

Stability 

toward Al 
○ ○ X X ○ 

Stability 

toward Cu 
○ ○ ○ ○ ○ 

◎: Excellent, ○: good, △: normal, X: poor. 
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1.3. Conducting Polymers 

 



36 

 

1.3.1. Introduction of Conducting Polymers 

 

Compared with other materials like metal and ceramics, conventional polymers like plastics, 

rubbers, and resins, show low cost, easy to synthesize, high elasticity, but they exhibit low 

conductivity than insulators or dielectrics. Conducting polymers (CPs), also known as “synthetic 

metals”, show obvious difference with conventional polymers. The CPs can serve two ends: the 

advantages of conventional polymers and improved electric conductivity nearby semiconductors to 

metal’s conductivity. There is a comparison of the conductivities of the CPs with those of 

conventional conductors shown in Figure 1.3.1.1  

The initial work on the CPs was pioneered by three Nobel laureates, Alan Heeger, Alan 

MacDiarmid, and Hideki Shirakawa.2,3 They discovered an increase of nearly 10 orders of magnitude 

in the electrical conductivity of polyacetylene (PA) when it was doped with iodine or other acceptors.4 

Since Heeger et al. discovered the CPs, many researchers are diving into fundamental study and 

application. As shown in figure 3.0.2., CPs include polyacetylene (PA), polypyrrole (PPy), polyaniline 

(PANI), poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(p-phenylenevinylene) (PPV) etc.5 

Their structures are described in Figure 1.3.2. Among them, PANI and PPy are widely used because of 

their stability and processability despite of their conductivities are relatively low.  

However, pure CPs had few limitations such as low sensitivity, poor selectivity, surface poisoning 

due to adsorbed intermediates, and interference from other species, which is why they have not been 

commercialized to date.6 

Thus, recently, CP nanocomposites with enhanced properties have been developed to overcome the 

inherent limitations of pure CPs. 
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Figure 1.3.1. Comparison of the conductivities of doped conducting polymers with those of 

conventional conductors.1 
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Figure 1.3.2. Molecular structures of some representative conducting polymers5 
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Table 1.3.1. The conductivity, stability and processability of a number of conducting polymers.7 

 

Polymer 
Conductivity (S/cm) Stability Processability 

Polyacetylene (PA) 103-105 Poor Limited 

Polyphenylene (PP) 1000 Poor Limited 

Poly(phenylene 

vinylene) (PPV) 
1000 Poor Limited 

Poly(phenylene 

sulphide) (PPS) 
100 Poor Excellent 

Polypyrroles (PPy) 100 Good Good 

Polythiophenes (PT) 100 Good Excellent 

Polyaniline (PANI) 10 Good Good 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.2. Basic Principles of Conducting Polymers 
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Contrary to the reputations of Shirakawa et al. in 1970’s, Letheby et al. was first described in mid-

19th century. They investigated the electrochemical and chemical oxidation products of aniline in 

acidic media. They noted that conducting polymers (CPs) up to the of pH value of media. 4 

CPs are inherently conducting in nature due to the presence of a conjugated π-electron system in 

their structure. As can be seen in Figure 1.3.3., the conjugated structure with alternating single and 

double bonds or conjugated segments coupled with atoms providing p-orbitals8 for a continuous 

orbital overlap (e.g. N, S) seems to be necessary for polymers to become intrinsically conducting. 

This is because just as metals have high conductivity due to the free movement of electrons through 

their structure, for polymers to be electronically conductive they must possess not only charge carriers 

but also an orbital system that allows the charge carriers to move in order. For example, polythiophene 

contains sulfur in aromatic cycle. On the other hand, polyaniline, nitrogen is contained outside.  

The conjugated structure can meet the second requirement through a continuous overlapping of S-

orbitals along the polymer backbone. Since most organic polymers do not have intrinsic charge 

carriers, the required charge carriers provided by partial oxidation (p-doping) of the polymer chain 

with electron acceptors (e.g. I2, AsF5). Polyacetylene is an example of this case. Not only remains 

partial oxidation of the polymer, there is another case: Partial reduction (n-doping) with electron 

donors (e.g. Na, K). Through such a doping process, charged defects (e.g. polaron (i.e., radical ions), 

bipolarons (i.e., dications or dianions) and solitons) are introduced, which could then be available as 

the charge carriers. (See Figure 3.2.4.) 

CPs can be doped with a lot of molecules, such as small salt ions, peptides, or polymers, including 

polysaccharides and proteins.  

In short, “doping” converts insulated polymer into semiconducting bias or conductor to conducting 

organic polymers. Depending on acceptor dopants, their state of the conductivity can be fluctuated.  

Conducting polymers not only exhibit conduction properties, but also exhibit some extraordinary 

properties such as electronic, magnetic, wetting, optical properties, mechanical, and microwave-

absorbing properties.  

The properties of hybrid conducting polymers mainly depends on the size, shape, aspect ratio, 

dispersion, and alignment of the filler (organic–inorganic) within the matrix. 

 

 

 

 

 



41 

 

 

 

 

Figure 1.3.3. A simplified schematic of a conjugated backbone: a chain containing alternating single 

and double bonds.10 
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Figure 1.3.4. A simplified explanation of the electrical conductivity of conducting polymers. (A) The 

dopant removes or adds an electron from/to the polymer chain, creating a delocalized charge. (B) It is 

energetically favorable to localize this charge and surround it with a local distortion of the crystal 

lattice. (C) A charge surrounded by a distortion is known as a polaron (a radical ion associated with a 

lattice distortion. (D) The polaron can travel along the polymer chain, allowing it to conduct 

electricity.10 

 

 

 

 

 

 

 

 

 

 

 

1.3.3. Polymerization mechanism 

  



43 

 

Conducting polymers (CPs) are normally synthesized via oxidative coupling of monomers. For 

polymerization, the first step is the oxidation of the monomer, which results in the formation of a 

radical cation, which then reacts with another monomer or radical cation, forming a dimer. Hence, an 

obvious classification is the initiation process of polymerization. The three general initiation routes 

are chemical, electrochemical, and photo-induced oxidation, each having its own advantages and 

disadvantages. (See Figure 1.3.5.) 

First synthesis method, chemical polymerization, requires an oxidizing agent to synthesize the 

polymer. Monomer/oxidizing agent concentration, temperature, pH parameter, and reaction time can 

be variables to this method. It involves either step-growth mechanism, or chain-growth mechanism.12-

17 The main advantage of chemical polymerization is providing diverse available methods to 

synthesize different CPs and permitting the large-scale production of these materials, which is 

currently impossible with electrochemical synthesis. Inter alia, chemical polymerization has more 

options in terms of covalent modification of the CP backbone.17-22  

While chemical polymerization needs an oxidizing agent, the second method, electrochemical 

polymerization doesn’t need an oxidizing agent. However, several monomers are theoretically not 

able to be electrochemical polymerized and hard to scale up. Electrochemical polymerization of CPs 

is normally employed by: (1) constant current or galvanostatic; (2) constant potential or potentiostatic; 

(3) potential scanning/cycling or sweeping methods. High oxidation potential may lead to 

overoxidation of the polymer also act as cons.21,23-27  

The last method, photoinitiation, also known as photopolymerization is the method that overcomes 

the over oxidation problems. In this process, monomers can be polymerized by exposure to light, or 

holes. It means, this method need illumination for polymerization. This process can be easily 

controlled by turning off the light on or off. In photopolymerization, there are two general examples in 

this method: Direct photopolymerization and photosensitizer-mediated polymerization. In addition, 

this process provides better control over the shape, size, and physical properties of CPs by tuning the 

source of the initiator, light intensity, and temperature. However, not all CPs can be synthesized by 

photoelectrochemical polymerization.28-32  

CPs’ polymerization not only introduced with aforementioned methods, by extension, also 

categorized with template-based synthesis procedures to gain various nanostructures. In general, CPs 

with different nanostructures also can be produced: solid template, molecular template, template-free, 

electrospinning, and nanoimprinting. 

Based on the mechanism and procedure for the fabrication, the methodologies may be classified 

into three main categories like ex-situ (sequestered) synthesis, in-situ (sequential) synthesis; and one-

pot (concurrent) synthesis. (See Figure 1.3.6.) 
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Figure 1.3.5. Schematic comparing the chemical, electrochemical, and photopolymerization 

mechanisms. V: variables, C: cost effectiveness, M: morphology control, T: time of reaction, and R: 

resulting purity of the materials.11 
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Figure 1.3.6. Schematic of nanohybrid synthesis methods. Each mechanism has been evaluated in 

terms of variables (V), in which a low value means there are many key variables in the synthesis 

process; cost (C), in which a low value corresponds to high cost; morphology control (M); time 

required (T); scalability (S); and purity (P) of products.11 
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1.3.4. Applications of Conducting Polymers 

 

The increasing number of academic, governmental, and industrial laboratories throughout the world 

involved in fundamental research and assessment of possible applications of conducting polymers 

show that this area is interdisciplinary in nature. These materials have allured attention leading to their 

current use in such fields such as electronic devices, sensors (chemical or biological), catalysis or 

electro catalysis, energy storage, microwave absorption, EMI shielding and biomedicine. Therefore, 

the following section discusses the application of CPs in the aforesaid fields separately: solar cells, 

sensors, transistors and data storage, corrosion inhibitors, lasers used in flat televisions, anti-state 

substances for photographic film, electromagnetic shielding for computers ‘smart windows’, displays 

in mobile telephones and mini-format television screens, batteries, electrochromic devices, compact 

capacitors, anti-static coating and so on.  
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Chapter 2. Study on Si-conducting polymer core-shell anodes for lithium-ion batteries 

 

2.1. Introduction 

  

Silicon(Si) anode is one of the promising anode materials to replace graphite due to following 

reasons: (1) Si possesses the highest gravimetric capacity (4200 mA h/g, lithiated to Li4.4Si)1 and 

volumetric capacity (9786 mA h/cm3, calculated based on the initial volume of Si) other than lithium 

metal; (2) Si exhibits an appropriate discharge voltage at c.a. 0.4 V in average, which finds a good 

balance between retaining reasonable open circuit voltage and avoiding adverse lithium plating 

process2,3 (3) Si is abundance in the earth crust, potentially inexpensive, eco-friendly, and non-toxic.4 

However, drastic volume expansion (around 360% for Li4.4Si) and huge stress generation are 

accompanied with the lithiation/delithiation process of Si, the formation of unstable thick solid-

electrolyte-interface (SEI) layers and depletion of electrolyte, which will make critical capacity fading. 

Furthermore, Si has low electrical conductivity and sluggish lithium-ion diffusivity These fatal flaws 

hinder the commercialization of Si anode.5-8  

To overcome the disadvantages of the Si anode, there are significant attempts to solve these 

problems. The strategies investigated include Si material design through nanostructures,9–13 porous 

structures,14–17 or nanocomposites18–20. Si electrode design with combined nanoparticles and 

microparticles21 or with 3D microchannels,22 addition of electrolyte additives,23 and the use of novel 

binders.24, 25 

In the case of Si composite materials, conducting polymers are also used to make improvements. 

Conducting polymers are polymeric materials that display high conductivities, good electrochemical 

activity, unique optical properties, and biocompatibility. Because of these interesting properties, CPs 

have received special attention as promising candidates in many areas of nanoscience and 

nanotechnology. However, pure CPs had few limitations such as low sensitivity, poor selectivity, 

surface poisoning due to adsorbed intermediates, and interference from other species, which is why 

they have not been commercialized to date.26 Thus, recently, CP nanocomposites with enhanced 

properties have been developed to overcome the inherent limitations of pure CPs. 

Herein, we studied simple methods to synthesize conducting polymer coated Si anode to modify the 

limitations of Si anode. First synthesis is fabricating PPy coated Si anode by vapor phase 

polymerization. Another one is synthesizing SO3 doped PANI coated Si anode. We used two-

dimensional (2D) silicon sheet, which was synthesized by magnesiothermic reduction reaction. In the 

case of Si@PPy, initial coulombic efficiency (ICE) was 85%, because, overoxidation occurs during 

synthesis. On the other hand, in the case of SO3 doped polyaniline (PANI), it shows 98.4%, 13.4% 

higher than PPy coated Si. 2D Si flake @ PPy and 2D Si flake @ SO3 doped PANI were synthesized 
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to improve the disadvantages of Si anode. 2D Si flake @ PPy adopted vapor phase polymerization to 

simplify the coating method, but, it was hard to gain uniformly coated sample, and overoxidation 

reaction occurs through the reaction. Spring from overoxidation reaction, it increased Li+ intercalation 

but deintercalation didn’t keep up with the amount of intercalated Li+. Overoxidation led the drop of 

the initial coulombic efficiency. On the other hand, 2D Si flake @ SO3 doped PANI displayed 

uniformly coated Si anode and prevented overoxidation through dissolving and reconstruction in 

NMP solution. Moreover, 2D Si flake @ SO3 doped PANI exhibited high initial coulombic efficiency, 

good cycling performance, and suppressed expansion. 
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2.2. Experimental Section 

 

2.2.1. Synthesis of 2D Silicon flake (Si flake): The 2D Si flake was synthesized by 

magnesiothermic reduction reaction and subsequent simple acid leaching process. Mix 1g of 

talc powder and 0.7 g of magnesium powder. The mixture was transferred to an alumina boat 

in argon (Ar) atmosphere. This alumina boat was placed in a center of tube furnace and heated 

to 700 °C for 3hrs. After then, reacted powder was dissolved in 100 mL of deionized water 

under 300 rpm for 3hrs. Subsequently, 1 M HCl was added to this dissolved solution, and 

stirred for 3hrs at room temperature. Remained by-product, MgO was eliminated in this 

process. Rinsed with ethanol and deionized water for several times. 

 

2.2.2. Synthesis of 2D Si flake @ Polypyrrole (PPy): To synthesize PPy, vapor phase 

polymerization method was used in this process. First, mix as-synthesized 2D Si flake and 

Fe(NO3)3 . 9H2O. (1:2 wt%) Place this mixture flatways into the entrance of the three-neck 

round flask. Simultaneously, pyrrole monomer and ethanol into the center of three-neck round 

flask. Sealing the entrance of the three-neck flask and heated to 70 °C for 15 min. After 

reaction, rinsed with ethanol and deionized water for several times to remove remained 

unreacted Fe(NO3)3 . 9H2O. 

 

2.2.3. Synthesis of 2D Si flake @SO3 doped polyaniline 

Preparation of hydrochloric polyaniline salt: Before coated with SO3 doped polyaniline, 

hydrochloric polyaniline salt was synthesized. Disperse 40mM of aniline monomer in 1M 

HCl 40mL. (Denoted as solution A) Disperse 14mM of APS in 1M HCl 20mL. (Denoted as 

solution B.) After then, put solution B into solution A and stirring for 2hrs at room 

temperature. During reaction, the color of the solution turns into black. After the reacted 

solution. After filtration, rinsed with 0.01M of HCl aqueous solution, ethanol, and acetone in 

order, to remove left unreacted by-product. After filtration, dry at 80 °C in oven. The color of 

the powder is dark green. 

 

Synthesis of polyaniline salt: After drying, as-synthesized product need to leach with NaOH 

before synthesizing SO3 doped PANI. Sonicate as-fabricated hydrochloric polyaniline salt 

fully dissolved in NMP. After sonication, input 1M NaOH to delaminate Cl-. Leach 1M NaOH 

for 2days. After vigorous stirring, rinsed with deionized water for several times to eliminate 

remained by-product (in this case, sodium chloride (NaCl)) and dry at 80 °C. 
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Synthesis of 2D Si flake @ SO3 doped PANI: Mix uniformly polyaniline salt and 

camphorsulfonic acid (CSA) in a weight ratio of 1:4. Stirring this powder in NMP and stirring 

until fully dissolved. Input 2D Si flake in this solution during stirring. Stirring for 4hours. 

After reaction, dilute NMP with acetone and rinse several times to remove residual NMP. 

 

Before grafting concept on 2D Si flake, commercial Si nanoparticle (NP) was used. 

 

2.2.4. Characterization: To characterize these synthesized samples, several tools were used. 

Scanning electron microscopy (SEM, S-4800, Hitachi) at an accelerating voltage of 10kV was 

used to characterize morphologies of 2D Si flake and 2D Si flake @ conducting polymer 

samples. The dimensions and internal structures of 2D Si flake and 2D Si flake @ conducting 

polymer were determined using TEM (JEOL-2100) at an acceleration voltage 200 kV. To 

investigate the microstructures of samples, X-ray diffraction (XRD) analyses (D8 ADVANCE, 

Bruker) were performed using Cu-Kα radiation (λ = 1.5418 Å) between 10 and 90°. To 

quantify the elements, Energy-dispersive X-ray spectroscopy (EDS) was used to measure.  

 

2.2.5. Electrochemical measurements: For the electrochemical measurements of Si, the anode was 

prepared by mixing 80 wt% active material (Si, carbon coated Si (denoted as Si@C) Si @ 

PPy), 10 wt% of super P and 10 wt% of binder (6 wt% of CMC / 35% poly(acrylic acid) 

(PAA) (Aldrich) in deionized water with a mixer (Thinky mixer, ARE310) at 2200 rpm for 15 

min. Another active materials, Si@SO3 doped PANI, super P, binder (6 wt% of CMC / 35% 

PAA (Aldrich) in deionized water at a weight ratio of 70:15:15. The coin-type half-cell 

(2016R) was assembled in an Ar-filled glove box with oxygen and water less than 1 ppm. The 

Li metal foil was used as counter electrode and micro porous polyethylene film (Celgard 2400) 

was used as a separator. The electrolyte consisted of a solution of 1.3M LiPF6 in a mixture of 

ethylene carbonate (EC)/diethyl carbonate (DEC) (3:7, v/v) with 10% fluorinated ethylene 

carbonate (FEC) additive in all half-cell. Each sample was compared with 2D silicon flake 

and carbon coated 2D silicon flake. 
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2.3. Results and Discussion  

 

2D Si flake was synthesized by magnesiothermic reduction reaction. Magnesiothermic reduction 

was first suggested by Bao et al. as one of replacements of conventional carbothermic reduction 

reaction. During magnesiothermic reduction reaction, magnesium melted at 650oC and reduced silica 

(SiO2) into silicon simultaneously.27 It makes possible to reduce SiO2 in lower temperature. Following 

equation explains the magnesiothermic reduction reaction between silica and magnesium. 

 

SiO2 + 2Mg → Si + 2MgO  

 

Idea of raw material is derived from Ryu et al.’s paper.28 Talc is one of the clay materials, which 

structure is composed of Si2O5 sheets with magnesium sandwiched between sheets in octahedral sites.  

Because of its structure, it is possible to gain 2D silicon flake through reaction. After reaction, 

hydrochloric acid (HCl) used as an etchant to remove byproducts like magnesia (MgO). Before 

applying conducting polymer coating system, as-synthesized 2D Si flake was confirmed. A scanning 

electron microscopy (SEM) image of 2D Si flake shows that Figure 2.3.3. a) shows the X-ray 

diffraction (XRD) patterns of the as-synthesized 2D Si flake. 2D Si flake accorded with XRD patterns 

of Si. Magnesium silicide or magnesium silicate, which are the byproducts of synthesis, they were not 

detected. It approves that 2D Si flake contains fully silicon structures without byproducts through 

magnesiothermic reduction reaction and HCl leaching process. To characterize the exact amount of Si 

and O, energy-dispersive X-ray spectroscopy (EDS) was employed. (Figure 2.3.2. a)) According to 

the EDS data, 2D Si flake powders contain 89.87 wt% of Si and 11.13 wt% of O.  

Aforementioned in introduction, we suggested two methods to synthesize the core-shell structured 

conducting polymers coated on Si. In case of 2D Si flake @ PPy, it shows that the particle diameters 

are few micrometer-sized porous flake materials covered with some sub-micron sized particles. 

Several particles blocked the pore of flakes. (Figure 2.3.1. b)) On the other hand, in the case of 2D Si 

flake @ SO3 doped PANI, it shows that the particles coated more flimsy particles than 2D Si flake @ 

PPy. While 2D Si flake @ PPy contain 44.93 wt% of C, 9.47 wt% of N, 12.09 wt% of O, and 34.31 

wt% of Si, 2D Si flake @ SO3 doped PANI contain 9.62 wt% of C, 5.38 wt% of O, and 85.00 wt% of 

Si. (Figure 2.3.4. d)) Assuming contents of the conducting polymers approximately, 2D Si flake @ 

PPy contains 54.4 wt% and 2D Si flake @ SO3 doped PANI contains 15.00 wt%. 

However, both 2D Si flake @ PPy and 2D Si flake @ SO3 doped PANI, there are no peaks matched 

with conducting polymers, because, conducting polymers have relatively low contents than silicon 

and they have amorphous structure. (Figure 2.3.3. b)) 
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Figure 2.3.1. SEM images of 2D Si flake (a)) and 2D Si flake@PPy. (b) to c)). 

 

 

 

 

 

Figure 2.3.2. EDS data of a) 2D Si flake and b) 2D Si flake@PPy 
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Figure 2.3.3. XRD patterns of a) 2D Si flake and b) 2D Si flake@conducting polymers. 

 

 

 

Figure 2.3.4. SEM images of 2D Si flake@SO3 doped PANI in an a) low magnitude, and b) high 

magnitude. c) is a high magnitude of PANI hydrochloric salt, and d) is an EDS data of the 2D Si 

flake@SO3 doped PANI. 
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To confirm structures of materials, transmission electron microscopy (TEM) was used. In the case 

of 2D Si flake @ PPy, although its contents were more than 50 wt% in EDS data, there was partially 

coated in Si. Several section of sample was not coated or more than 20nm thickness of conducting 

polymers were coated on sample. Thickness distribution of the sample was too big to show that 

uniformly coated core-shell structure whereas 2D Si flake @ SO3 doped PANI was 10-20nm coated 

on sample. (Figure 2.3.5.) 

Through these data, we can say that 2D Si flake @ SO3 doped PANI was more uniformly coated 

than 2D Si flake @ PPy, because of coating method. Synthesizing 2D Si flake @ PPy is much easier 

than synthesizing 2D Si flake @ SO3 doped PANI. However, homogeneity of coating easily 

influenced on mixing state and condition of sampling owing to vapor phase polymerization (VPP). 

Electrochemical performances of 2D Si flake @ PPy and 2D Si flake @ SO3 doped PANI 

electrodes were tested in the potential range 0.005-1.5V (versus Li/Li+) in a coin-type half cell 

(2016R). To compare with these electrodes, 2D Si flake (denoted as bare 2D Si flake in Figure 2.3.6.) 

and carbon coated 2D Si flake electrodes were tested in same condition.  

Both conducting polymer coated samples initial coulombic efficiency drop occurred resulted in ther 

percentage of silicon is lower than bare 2D Si flake. In the case of Si@PPy, initial coulombic 

efficiency (ICE) was 85%, because, overoxidation occurs during synthesis. Resulted from 

overoxidation, deintercalation of Li ions are less than intercalated one, therefore it led the capacity 

drop. On the other hand, in the case of SO3 doped polyaniline (PANI), it shows 98.4%, 13.4% higher 

than PPy coated Si. Through dissolving and coating in NMP solution, it prevents overoxidation, so as 

to hinder the capacity drop.  

Although ICE is smaller than as-synthesized 2D Si flake, their cycle performance is nearby 85% 

(See Figure 2.3.6. c)) to 98.4% (Figure 2.3.6. d)). After 50 cycles up  

Volume expansion of Si-based electrodes during repeated cycles is one of the critical points. The 

thickness of bare 2D Si flake electrodes was 11μm before cycle. After 50 cycle, the thickness of bare 

2D Si flake electrode was 32 μm. It means that the volume expansion of bare 2D Si flake is about 190% 

during cycling process. On the other hand, initial thickness of 2D Si flake @ SO3 doped PANI 

electrode was 20 μm, and after 50 cycles, it was 37μm. It only expanded about 85% up comes from 

the effect of the coating layers. 
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Figure 2.3.5. TEM images of 2D Si flake@PPy (a) to b)) and 2D Si flake@SO3 doped PANI (c) to d) 
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Figure 2.3.6. Electrochemical performance of Si@PPy and Si@SO3-doped PANI electrodes. A) and b) 

are first cycle of each material. First cycle voltage profiles obtained at the 0.1C between 0.005V to 

1.5V. Cycle performance of Si@PPy and Si@SO3-doped PANI at rate of 0.5C.  
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Figure 2.3.7. Cross-sectional SEM images of electrode before and after cycle. a) as-synthesized 2D Si 

flake electrode before cycle and b) is after 50 cycles of 2D Si flake electrode. c) is 2D Si flake @ SO3 

doped PANI electrode before cycle and d) is after 50 cycles of 2D Si flake @ SO3 doped PANI 

electrode. 
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2.4. Conclusion 

In summary, 2D Si flake @ PPy and 2D Si flake @ SO3 doped PANI were synthesized to improve 

the disadvantages of Si anode. 2D Si flake @ PPy adopted vapor phase polymerization to simplify the 

coating method, but, it was hard to gain uniformly coated sample, and overoxidation reaction occurs 

through the reaction. Spring from overoxidation reaction, it increased Li+ intercalation but 

deintercalation didn’t keep up with the amount of intercalated Li+. Overoxidation led the drop of the 

initial coulombic efficiency. On the other hand, 2D Si flake @ SO3 doped PANI displayed uniformly 

coated Si anode and prevented overoxidation through dissolving and reconstruction in NMP solution. 

Moreover, 2D Si flake @ SO3 doped PANI exhibited high initial coulombic efficiency, good cycling 

performance, and suppressed expansion. Through coated with conducting polymers, this will open up 

one potential to Si anode materials to commercialize and utilize in industrial sites. 
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