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Growing concerns about an environmental issue and the massive 

popularity of electric vehicles (EVs) are emphasizing energy storage systems 

with high energy density, especially lithium-ion batteries. The Si/SiOx anode 

has been regarded as one of the most promising materials for the next 

generation due to its high capacity and abundant resources. Theoretically, the 

capacity of silicon is 3580 mAh/g for Li3.8Si and the average voltage is 0.4 V. 

However, several problems with silicon have hindered its commercialization. 

The first problem occurs because silicon based anode (Si/SiOx) has low 

coulombic efficiency of about 75%, which is significantly lower than the 

currently used graphite cathode (>90%). Since the amount of lithium in an 

actual battery is limited, a lot of energy loss occurs during the first 

electrochemical operation. In addition, silicon expands volumetrically over 

350 % during lithium insertion and contracts during lithium extraction. Stress-

induced by huge volume change causes crack on the surface and electrical 

pulverization of the active material. The electrolyte is decomposed and 

deposited on the surface of active material at the low potential (<0.7 V vs Li/Li+)  

which is called solid electrolyte interphase (SEI) layer and has characteristics 
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of Li ion conductivity and low electron conductivity. SEI containing Li-based 

organic/inorganic components is thickened due to repeated SEI formation on 

newly exposed surfaces. Therefore, SEI plays a critical role in stabilizing the 

high capacity anode. In this study, I present a novel approach to solve above 

mentioned problem for high performance silicon-based anode.  

Chapter 2 represents a new chemical solution to improve the ICE of Si-

based anodes. The prelithiation method used to compensate for the initial 

irreversible capacity of anodes has been studied extensively. Solution-based 

chemical prelithiation using a reductive chemical promises unparalleled 

reaction homogeneity and simplicity. However, the chemicals applied so far 

cannot dope active Li in Si-based anodes but since redox potential is not 

sufficiently low. In this chapter, active Li accommodation in Si-based anodes is 

enabled by a molecularly engineered Li-arene complex. Furthermore, dry-air 

stability and cost are also considered for practical application. 

In chapter 3, the surface of active material is modified through carbon 

coating to mitigate the electrical dis-connection with cycling. The carbon 

coating is a method that is widely used commercially because the process is 

simple. In this chapter, the electric conductivity and cycle life according to the 

heat treatment temperature are improved by using an eco-friendly and high 

mechanical strength film-type carbon coating. 

Second, by directly growing CNF on the silicon active material, the poor 

cyclability and rate characteristics are mitigated by improving the electrical 

conductivity between the particles as well as the electrical conductivity of the 

active material itself. In this chapter, the relationship between the physical 

properties of the carbon coating layer and the electrochemical performance is 

discussed, and the performance of the anode active material is improved by 

growing CNFs using a new method.  

Chapter 4 elucidates stable SEI formation mechanism on the Si based 

anodes. The stable SEI is formed via solvation structure engineering of 
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electrolyte which can be changed from solvent-separate ion pair (SSIP) 

structure to the contact ion pair (CIP) and aggregation (AGG) by increasing 

lithium salt content. The Si based anode represents exceptional improvement 

of cyclability with highly concentrated electrolyte. The properties and 

composition of SEI are deeply analyzed via various spectroscopy with different 

probing depth.  
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Chapter 1. Introduction 

 

1.1 Research objectives 

 

With the expansion of the electric vehicle market, a high-power, high-

density energy Li-ion batteries (LIBs) are widely studied.[1] The energy density 

of the LIB depends on the cathode and anode materials. The specific capacity 

and voltage of various cathode and anode materials is shown in Figure 1.1. 

Conventional cathode is layered Li transition metal oxide and it has been 

continuously developed and commercialized from Li[Ni1/3Co1/3Mn1/3]O2 (NCM 

111) which has a capacity of 160, to Li[Ni0.8Co0.1Mn0.1]O2 (NCM 811) which 

has an increased capacity of 200 mAh g-1.[2,3] Graphite is the most widely used 

anode material, and has a theoretical capacity of 372 mAh g-1, and since lithium 

is intercalated and de-intercalated in the layered structure of graphite, the 

structure is stably maintained.[4] However, there has been little change in the 

anode material paradigm since it was developed by Sony in 1991. Therefore, 

the development of a high-capacity anode is essential.  

One of the promising candidates of the anode materials in LIBs is 

silicon/silicon oxide anode.[3] Silicon anode has an operating voltage of 0.4V 

compared to lithium and has a high capacity of about 3580 mAh g-1 due to 

alloying reaction.[5] In addition, because of its cheapness and abundant 

resources, some batteries are currently mixed with graphite in small amounts. 
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In order to increase the energy density of the LIB, the content of silicon must 

be increased. However, there is a fatal problem of silicon, and this problem 

must be solved to make LIBs with high density energy. This issue will be 

discussed in detail in Section 1.3. 

1.2 Solid electrolyte interphase 

 

The electrolyte is decomposed at the low potential (<0.7 V vs Li/Li+) and 

deposited on the anode surface forming electronically insulating and ionically 

conducting passivation layer which is called solid electrolyte interphase (SEI). 

[6,7] Since SEI contains Li-based organic/inorganic components which are 

partial or complete reduction products of salt and solvent of electrolyte, it is 

leading to capacity fading and increasing battery resistance. Therefore, intact 

and high chemo-mechanical characteristics of SEI are required. In particular, 

SEI is important for large volume expansion anode, such as silicon, because 

SEI is thickened due to repeated SEI formation on newly exposed surfaces.[8] 

Until today, SEI is still poorly understood field due to its complex structure and 

vulnerable properties. However, since SEI dictates the stability of the high 

capacity anode, research to create a stable SEI through deep understanding is 

essential.  
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1.3 Failure mechanism of silicon anode and outlines 

 

Silicon expands volumetrically over 350 % during lithium insertion and 

contracts during lithium extraction. When cracks occur in the silicon, SEI is 

continuously accumulated on the newly exposed surface, so the lifespan is 

rapidly reduced due to the decrease in coulombic efficiency, increase in 

overpotential, and eventually electrical/physical short circuit due to decrease in 

electrolyte. Therefore, it is difficult to use silicon alone, and a composite that 

relieves stress caused by volume expansion of silicon by mixing nano silicon 

and inactive material is used.[9-13] 

A typical composite is a silicon oxide composite in which nano-silicon is 

embedded in a silicon oxide matrix.[14] The capacity of Si/SiOx is around 1500 

mAh/g, which is lower than that of pure silicon anodes, but it shows a more 

stable cycle life than pure silicon due to the irreversible lithium silicate 

generated by the reaction of silicon oxide with lithium.[15] Si/SiOx is promising 

material as an increase of anode capacity above 1000 mAh/g has little effect on 

the overall specific energy of the resulting cell.[16] .  However, due to the lithium 

silicate formed in the early silicon based anode (Si/SiOx) has low coulombic 

efficiency of about 75%, which is significantly lower than the currently used 

graphite cathode (>90%). Since the amount of lithium in an actual battery is 

limited, a lot of energy loss occurs during the first electrochemical operation.  

In addition to the initial efficiency problem, the lifetime is not good because it 
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becomes structurally unstable due to expansion by nano silicon. This is because 

the particles are electrically or physically shorted due to the continuous 

interfacial-electrolyte side reaction. Therefore, in this study, I conducted 

research to improve comprehensively from initial coulombic efficiency to long-

term cyclability. 

Chapter 2 represents ICE of SiOx is improved by enabling chemical 

prelithiation method, which was not possible due to insufficient redox potential. 

Prelithiation is of great interest to Li-ion battery manufacturers as a strategy for 

compensating for the loss of active Li during initial cycling of a battery, which 

would otherwise degrade its available energy density. Solution-based chemical 

prelithiation using a reductive chemical promises unparalleled reaction 

homogeneity and simplicity. However, the chemicals applied so far cannot dope 

active Li in Si-based high-capacity anodes but merely form solid–electrolyte 

interphases, leading to only partial mitigation of the cycle irreversibility. In this 

chapter, a molecularly engineered Li– arene complex with a sufficiently low 

redox potential drives active Li accommodation in Si-based anodes to provide 

an ideal Li content in a full cell. Fine control over the prelithiation degree and 

spatial uniformity of active Li throughout the electrodes are achieved by 

managing time and temperature during immersion, promising both fidelity and 

low cost of the process for large-scale integration.  

Chapter 3 shows a novel method to increase electrical connection via 

carbon coating. Carbon coating was carried out in the form of film and CNT. 
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Film coating gives uniform conductivity to particles and lowers electrical 

resistivity. An eco-friendly coating was made using a biomass derived furfuryl 

alcohol as a precursor of carbon coating. In addition, since this material has 

different mechanical strength, specific surface area, and electrical conductivity 

depending on the heat treatment temperature, it was possible to analyze the 

properties of the carbon coating layer and the results of the electrochemical 

properties by varying the temperature. CNT is a material that effectively 

connects particles between particles, but has a problem of dispersion. I directly 

grown CNTs on a Si-based active material to make electrodes in which CNTs 

are evenly dispersed. With this conducting particle, the rate characteristics and 

lifespan are improved. 

Chapter 4 studies about the formation mechanism and properties of stable 

SEI on SiOx anodes. Concentrated electrolyte enables better performance of 

high capacity anode due to formation of stable SEI. The structural and 

mechanical properties of the SEI is difficult to understand due to its 

vulnerability and complex structure. The mechanical properties and SEI 

composition are analyzed by combining the nanoindenter equipped with air 

protection system and surface analysis equipment. In particular, by comparing 

the SEI derived from lithium bis(fluorosulfonyl)imide (LiFSI) in 

dimethoxyethane (DME) electrolytes at concentrations of 1M and 4M, it was 

found that LiF had a significant effect on mechanical and electrochemical 

properties. Diverse characterization of SEI represents chemo-mechanical stable 
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SEI formed in concentrated and composed with anion-derived inner SEI (LiF 

and Li2O) and solvent-derived outer SEI (ROCO2Li and Li2CO3).  

In summary, for the practical utilization of silicon-based anode; 1) the 

initial coulombic efficiency is effectively improved with chemical prelithiation 

via molecular engineering 2) surface engineering with carbon coating and 

stable SEI formation improves cyclability. I hope this study can be helpful to 

increase energy density of anode. 
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Figure 1.1 Approximate range of average discharge potentials and specific 

capacity of some of the most common (a) cathodes and (b) anodes [3] 
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Figure 1.2 Failure mechanism of silicon anode [8] 
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Chapter 2. Chemical prelithiation of Si/SiOx anodes  

(The essence of this chapter has been published in Angewandte Chemie 

International Edition. Reprinted with permission from [J Jang et al., Angew. 

Chem. Int. Ed. 59.34 (2020): 14473-14480]. 

 For the essence of Graphite-SiOx composite experiment has been published 

in Journal of the American chemical Society. Reprinted with permission from 

[J Choi et al., J.Am. Chem. Soc 143.24 (2021): 9169-9176]) 

 

2.1 Research background 

 

The energy density of lithium ion batteries (LIB) is dictated by the number 

of Li ions transferred in the electrochemical reaction involved per cell volume 

(or mass) and voltage of the cell. In a practical cell, irreversible electrochemical  

reduction of electrolytes occurs forming a solid–electrolyte interphase (SEI) on 

anodes in the initial cycle. This consumes the active Li ions originally loaded 

in the cathode prior to cycling and thus lower the coulombic efficiency 

(hereafter CE, ideally 100%) of the battery operation.[1] The lower active Li-ion 

content leads to the fractional utilization of active materials that causes net 

capacity losses in the following cycles, significantly limiting the available 

energy density of a battery (Figure 2.2 a). Graphite, a commercial anode for 

LIBs, typically exhibits an initial CE of around 90%, whereas Si and silicon 

oxides (SiOx), next-generation high-capacity anodes, exhibit CEs lower than 

80%,[1–2] which prevents their commercial application. A paradigm shift toward 
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such high-energy anodes will be feasible only when we resolve their low CEs 

as a result of significant volume expansion during the lithiation. To achieve a 

high initial CE and the maximum full-cell energy density, prelithiation prior to 

battery assembly has been attempted so that the loss of active Li is compensated 

with extra Li in the electrode (Figure 2.2 b).[1b] Adding sacrificial Li sources 

when preparing electrodes has been proposed (Figure 2.1).[3] However, 

nanosized additives are difficult to synthesize at larger scale, typically require 

unconventional solvents for the electrode preparation, and inevitably lead to the 

presence of decomposed products in the electrode, degrading the net energy 

density. An alternative approach is to directly apply Li metal to prelithiate the 

prepared electrodes. Physical contact with Li metal can prelithiate the electrode 

without precise control over the Li dose, [4] whereas building a temporary 

electrochemical cell allows the delicate control of the Li dose but requires a 

problematic re-assembly step for battery fabrication. Some noteworthy 

progress has been made, such as the covering Li foil with a resistance buffer 

layer[5] and external shorting of an electrode with Li metal with selected circuit 

resistance.[6] This ensures a controlled Li dose, but concerns remain about the 

spatial inhomogeneity of the reaction. Additionally, handling Li metal or nano-

sized additives presents a safety hazard in battery manufacturing. The chemical 

prelithiation strategy based on a scalable solution process promises unique 

reaction homogeneity and simplicity. Reductive chemicals such as n-

butyllithium and a Li–naphthalene (NP) complex increased the initial CE of 
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carbon black[7] and hard carbon,[8] respectively. In addition, a Li–biphenyl (BP) 

complex[9] was reported to prelithiate a phosphorous/carbon composite in 

ambient air by forming a protective film on the liquid surface. However, the 

above reagents were not able to chemically lithiate Si/SiOx electrodes but rather 

formed an SEI because the redox potential of the reagents was higher than that 

of the electrodes[8, 9] (Figure 2.2 c). Electrical wiring between SiOx electrodes 

and Li metal through conductive Li–arene (i.e., aromatic hydrocarbon) complex 

(LAC) solutions allowed lithiation of SiOx, but such reactions required a 

reaction time of several days or a micrometer-level distance between Li and the 

electrode to offset the resistance of the solutions, which counter the benefits of 

the chemical prelithiation strategy.[10] Hence, chemical reagents with sufficient 

reducing strength are still required to accomplish an ideal active Li content in 

the assembled cell with a Si-based anode through viable chemical 

prelithiation.[11] 

Herein, we show for the first time that a molecularly engineered Li–arene 

complex with a significantly low (< 200 mV vs. Li) redox potential can 

chemically lithiate Sibased anodes. The ideal active Li content in the assembled 

battery is readily achieved by controlling the prelithiation temperature and time. 

Infiltration of the LAC solution into the electrode achieves spatial uniformity 

of Li accommodation throughout the electrodes, unlike other methods using 

solid Li sources that cause local overlithiation. We further showed that a LAC 

solution-derived protective layer covers the prelithiated anode surface, ensuring 
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stability of the prelithiated anodes in dry air. The prelithiated SiOx anode 

significantly improved the full-cell energy density. The chemical prelithiation 

with tailored LAC has potential to achieve a breakthrough in the 

implementation of highcapacity anodes suffering from low initial CEs to 

accelerate the production of high-energy LIBs. 

 

2.2 Experimental details 

 

Chemicals 

  1,2-dimethoxyethane (DME, Aldrich, 99.5%) was dried overnight using 

activated molecular sieves (pore size: ~4Å, Aldrich) prior to use. Naphthalene 

(Aldrich, 99%), biphenyl (Aldrich 99%), 3,3’-dimethylbiphenyl (Aldrich, 

99%), 4,4’- dimethylbiphenyl (TCI chemical, 97%), 2-methylbiphenyl (Aldrich, 

97%), 3,3’,4,4’-tetramethylbiphenyl (Alfa aesar, 98%) were used as received. 

All chemicals were stored in an argon-filled glove box (Mbraun, H2O <0.1 ppm, 

O2 <5 ppm). SiOx (x = ~0.5) powder was received from Hansol Chemical 

(Korea). 100 nm sized spherical Si powder (99.9%) was purchased from 

Avention Inc.  

Electrochemistry 

  For electrode fabrication, an aqueous slurry composed of SiOx (Hansol 

chemical, Korea), carbon black (Super-P, Timcal, Switzerland), and binder 

(AST-9005, Aekyung chemical Co., Ltd. Korea) with a mass ratio of 5:3:2 was 
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mixed using a planetary centrifugal mixer (THINKY corporation, Japan). After 

casting the slurry on a Cu foil current collector, the electrodes were dried at 

80°C for 1 h, roll-pressed, cut into a diameter of 11.3 mm (equal to 1.003 cm2 

area), and then further dried in a vacuum oven at 120°C overnight. The mass 

loading of the active materials on each electrode was 0.6±0.05 mg cm−2, except 

for the case of thick electrode experiment; 1.5±0.1 mg cm-2. The 100 nm-sized 

Si anode was composed of 100 nm Si (Avention, Korea), Super P and binder 

with a mass ratio of 70:18:12. The CR2032 type coin cells (Wellcos 

Corporation, Korea) were assembled in an argon-filled glove box using a 

trilayer PP/PE/PP membrane (Celgard 2325) as a separator and 1M LiPF6 in a 

mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v) as 

an electrolyte. Electrochemical analysis was carried out using WBCS-3000 

battery cycler (Wonatech Co. Ltd., Korea) and VMP3 potentio/galvanostat 

(Bio-logic Scientific Instruments, France). All the electrochemical 

measurements were performed at 30℃ in environmental chambers. For the 

half-cell experiments, the coin cells were discharged with a constant current 

(CC) to 30 mV vs Li, followed by a constant voltage (CV) hold until the current 

density decayed to 10% of the CC current density, and then recharged to 1.2 V. 

The current densities for the CC steps were 300 mA g-1, 600 mA g-1 and 1500 

mA g-1, for the first cycle, the second cycle, and the subsequent cycles, 

respectively. For full cells, cathodes were fabricated by casting slurry composed 
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of Li(Ni1/3Co1/3Mn1/3)O2 (NCM111) or Li(Ni0.5Co0.2Mn0.3)O2 (NCM523) 

(Wellcos Corporation, Korea), Super P, and polyvinylidene fluoride (PvdF) 

binder at a mass ratio of 84:8:8 in N-methyl-2-pyrrolidone (NMP) solvent on a 

carbon coated Al foil. The diameters of cathode and anode were 11.3 mm and 

12 mm, respectively. The full cells were designed to have an N/P ratio (the 

practical capacity ratio of the negative electrode to the positive electrode) of  

1.2. The method of coin cell assembly was same as those in the half-cell above 

except for using an additional Whatman GFD separator. The cells were 

galvanostatically charged and discharged within the voltage range of 2.0 to 4.2 

V at rates of 20 mA g-1 (charging) and 10 mA g-1 (discharging) for three cycles, 

and then 100 mA g-1 (charging) and 50 mA g-1 (discharging) for subsequent 

cycles. The three-electrode-cell (HS-3E TK cell, Hohsen Corp., Japan) was 

fabricated using a piece of Li metal as a reference electrode. Cyclic 

voltammograms (CV) of naphthalene and biphenyl derivatives were recorded 

at a scan rate of 50mV s-1 at designated temperatures using coin-cells 

composed of Cu foil (working electrode), Li metal (counter electrode), and 

0.5M LiPF6 in DME solution with 0.2M redox-active hydrocarbon as an 

electrolyte. Prior to the CV measurements, Li metal was passivated by being 

immersed in 5M Li-bis(fluorosulfonyl) imide (LiFSI) in DME solution for one 

day in order to prevent direct chemical reduction of the arene molecules at the 

Li metal surface. 

Preparation of LAC solution and chemical prelithiation of SiOx anodes 
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  The LAC solution was prepared by dissolving lithium metal slice in as-

prepared 0.5M arene in DME for 1 hour at 30°C under a vigorous stirring in an 

Ar-filled glove box. The molar ratio of Li:arenes was fixed to 4:1 to supply an 

enough amount of Li for the formation of LACs. For chemical prelithiation, the 

punched anodes were immersed in the LAC solution for a controlled duration 

and temperature, and then rinsed with 1M LiPF6 EC/DEC (1:1 v/v) electrolyte 

to quench further reaction between LACs and the anodes. The molar ratio of 

LAC:SiOx was fixed to 6:1.  

Dry air stability test 

  Dry air stability test was proceeded in a dry room with a dew point of -

86.6 ℃. SiOx anodes were first prelithiated for 90 minutes at 30 ℃. After 

being exposed in dry air for 5, 15, 30 and 60 minutes, the prelithiated anodes 

were inserted into an Ar-filled glove box and then rinsed with the electrolyte to 

quench further degradation. 

Characterization of LAC solutions and anodes 

  The chemical states of the LACs were characterized Fourier transform 

infrared spectroscopy (FT-IR, ALPHA, Bruker, Germany) in a glove box. The 

change in chemical state of SiOx electrodes with prelithiation was analyzed by 

X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Ulvac-PHI, 

Japan) using a vacuum transfer vessel to avoid any exposure to air. The binding 

energy offset was calibrated using C-C peak in the C 1s spectra at 284.5 eV as 
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a reference. Air-free ion milling system (Airblade 5000, IM5000CTC, Hitachi, 

Japan) was applied to obtain the cross-sectioned electrode without air exposure. 

The cross-sectioned structure of the electrode was observed in a field-emission 

scanning electron microscopy (FE-SEM, Regulus 8230, Hitachi, Japan). The 

whole processes from ion milling to FE-SEM analysis of the prelithiated 

electrodes were performed using an air-free transfer system provided by 

Advanced Analysis Center of KIST, Korea.  

DFT calculations 

  Density functional theory calculations of neutral and anionic structures, 

energies, and harmonic vibrational analysis of arenes were carried out using the 

Becke–Lee–Yang–Parr (B3LYP) exchange–correlation functional[19]. The 

geometries of the isolated species were optimized in the gas phase using the 6-

31G (d,p) basis set. The calculations were carried out with the Gaussian 16 suite 

programs (Frisch, M. J et al., Gaussian 16 Revision A 03 (2016), Gaussian Inc., 

Willingford CT) 

Graphite-SiOx composite 

  Preparation of electrodes 

  For fabrication of Gr electrodes, an aqueous slurry of graphite, Super P 

carbon black (Timcal, Switzerland), and binder (LPIMAM37B, Aekyung 

chemical Co., Ltd. Korea) in weight ratio of 85:5:10 was mixed using a 

planetary centrifugal mixer (THINKY Corporation, Japan). The aqueous 

slurries for SiOx electrodes and c-Gr/Si electrodes were composed of active 



 

 
 

19 

material, Super P, and binder (AST-9005, Aekyung chemical Co., Ltd. Korea) 

in weight ratio of 70:18:12 and 85:5:10, respectively. The slurry of l-Gr/SiOx 

was composed of graphite, SiOx, Super P, and binder (50:50wt% mixture of 

AST-9005 and LPIMAM37B) in weight ratio of 40:40:10:10. For all electrodes, 

the slurries were casted on a copper foil followed by being dried in oven at 

80°C. The dried electrodes were roll-pressed and punched into 11.3 mm-

diameter (1.003cm2). 

The punched electrodes were further dried in a vacuum oven at 120°C overnight, 

and then stored inside an argon-filled glovebox. The mass loading of all the 

electrodes were adjusted to exhibit 0.9-1 mAh cm-2. 

The cathode active materials used for full-cell test were LiNi0.5Mn0.3Co0.2O2 

(NMC532, Wellcos Corporation, Korea) and LiNi0.6Mn0.2Co0.2O2 (NMC622, 

Wellcos Corporation, Korea). Slurry composed of NMC532, super P, and 

polyvinylidene fluoride (PVDF) binder (8:1:1) in N-methyl-2-pyrrolidon 

(NMP) was cast on carbon coated aluminum foil. Slurry composed of NMC622, 

Super P, and PVDF-HFP binder was in ratio of 0.85:0.05:0.1. Then the same 

procedure with anodes was applied. The mass loading of the cathodes was 

controlled to have an N/P ratio of 1.2 in full cells.  

  Electrochemical measurements 

  The CR2032-type coin cells (Wellcos Corporation, Korea) were assembled 

inside an argonfilled glovebox, with tri-layered PP/PE/PP membrane (Celgard 

2325) as separator, and 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate 

(DEC) (1:1 vol%), with 10 vol% of fluoroethylene carbonate (FEC) (Panax 

Etec Co., Ltd., Korea) was used as electrolyte. Electrochemical analysis was 
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performed by WBCS-3000 battery cycler (Wonatech Co. Ltd., Korea) and 

VMP3 potentio/galvanostat (Bio-logic Scientific Instruments, France). All the 

electrochemical measurements were carried out at 30℃. For half-cell test of the 

anodes, coin cells were discharged with constant current (CC) to 30mV (versus 

Li/Li+), followed by a constant voltage (CV) hold until the current density 

decreased to 1/100 of its CC discharge step. For the charge step the same current 

density with the discharge step was applied to 1.2V. The current density for CC 

steps was 0.2C for two formation cycles and 0.5C for the successive cycles. 1C 

was set to 372, 600, 1000, and 1550 mAh g-1 for Gr, c-Gr/Si, l-Gr/SiOx, and 

SiOx, respectively. For full-cell test, the cells were galvanostatically charged 

and discharged at current densities of 18 mA g-1 (based on cathode active 

material) and 9 mA g-1, respectively, within the voltage range of 4.2-2.5 V for 

three formation cycles. And then five times larger current density were applied 

for following cycles. 
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2.3 Results and discussion 
Molecular Tailoring Enables Prelithiation of SiOx Anodes  

We employed chemical prelithiation using LAC to enhance the 

electrochemical reversibility of SiOx/Si anodes, wherein SEI formation and 

volume expansion were mitigated before battery assembly. To trigger chemical 

lithiation, it is crucial to adjust the electrochemical potential of reagent 

molecules to the potential of anodes. By virtue of their relatively low-lying p* 

lowest unoccupied molecular orbital (LUMO), reduction of arenes by forming 

charged p systems occurs to the point that it competes with that of some 

anodes.[12] BP, a representative arene molecule, is reduced at 0.33 V vs. Li/Li+ 

to form a Li–BP complex, which is higher than that of Si-based anodes (ca. 0.2 

V) therefore, Li–BP cannot chemically lithiate Si-based anodes but merely form 

a SEI (Figure 2.3 a). Hence, we attempted introducing electron-donating methyl 

groups in the benzene ring to increase the electron density and thus decrease 

the electron-affinity and reduction potential (Figure 2.3 c).  

All the BP derivatives showed a reversible redox behavior wherein the 

redox potentials were lower than that of the original BP as shown in Figure 2.4 

a. In addition, it was clear that NP with a redox potential of 0.37 V was not 

suitable for lithiating SiOx. We noted that a previous study using NP solution 

for SiOx prelithiation in the presence of Li metal in fact benefited from internal 

shorting between the Li metal and the anode due to the appreciable electronic 

conductivity of the Li–NP solution of the order of 103 S cm-1.[13]  
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The degree of redox potential shift depends on the position of the 

substituent. Substituting one methyl group at the ortho position causes a larger 

potential shift (E1/2 = 131 mV for 2-methyl BP or 2-MBP) than adding two 

methyl groups at the meta position (E1/2 = 294 mV for 3,3’-dimethyl BP or 3,3’-

DMBP) or the para position (E1/2 = 186 mV for 4,4’-DMBP). The substitution 

of four methyl groups at both the meta and para positions (3,3’,4,4’-tetramethyl 

BP or 3,3’,4,4’-TMBP) reduces the redox potential to 129 mV, which is similar 

to that of 2-MBP. The addition of two methyl groups at the ortho position (2,2’-

DMBP) lowers the reduction potential below 0 V vs. Li/Li+, which leads to the 

stabilization of Li metal in the presence of 2,2’-DMBP in DME (Figure 2.10). 

This tendency correlates well with the Hammetts substituent constant, 

reflecting the electronic effects of substituents.[14]  

The negative shift in the reduction potential with molecular tailoring is 

linked to elevation of the frontier molecular orbital energy level as a result of 

chemical substitution of electron-donating groups. The LUMO energy levels of 

the BP derivatives obtained by density functional theory calculations (Figure 

2.4 b) correlate linearly with the experimentally observed redox potentials with 

a slope of 1.01 Vev-1. With a LUMO energy of 0.11 eV for 2,2’-DMBP, we 

estimated a redox potential of 0.25 V vs. Li/Li+ based on extrapolation, which 

again confirmed that such a complex is less stable than Li metal.  

We then carried out the chemical prelithiation of SiOx by simply dipping 

the electrodes in different LAC solutions. After 30 min of immersion in each 
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solution, the initial CEs of the modified electrodes were compared (Figure 2.4 

c). The BP derivatives with reduction potentials lower than 0.2 V, such as 4,4’-

DMBP, 2-MBP, and 3,3’,4,4’-TMBP, led to initial CEs of 107%, 124%, and 

118%, whereas others with higher reduction potentials led to limited 

improvements in the initial CE in comparison with that of the bare electrode 

(Figure 2.11). The initial CE increased proportionally with decrease in the E1/2 

of the BP derivatives. This result highlights the necessity of devising chemical 

reagents with sufficient reducing strength through molecular tailoring to 

accomplish a high CE near 100% for SiOx anodes. As shown in Figure 2.5, 4,4’-

DMBP, having an E1/2 of 0.19 V, successfully compensated for the irreversible 

Li loss during the initial discharge of the prelithiated SiOx anode, which 

exhibited a discharge capacity of 1483 mAh g-1 equivalent to the following 

charge capacity. Since the SiOx electrode is partially lithiated after prelithiation 

with the Li-4,4’-DMBP complex solution, discharge starts at a much lower 

voltage than the bare electrode.  

In order to determine the active Li content in SiOx after prelithiation, we 

measured the delithiation capacity by directly charging the pretreated-SiOx || Li 

cells (Figure 2.5 b). The charge capacities of the electrodes immersed in LAC 

solutions of 4,4’-DMBP, 2-MBP, and 3,3’,4,4’-TMBP were 312 mAh g-1 , 518 

mAh g-1 , and 560 mAh g-1, respectively, which are equivalent to 21–37% of 

the reversible capacity of SiOx. In contrast, NP-, BP-, and 3,3’-DMBP-treated 

electrodes showed negligible charge capacities due to their insufficient 
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reducing strength to add active Li to SiOx. Therefore, we attribute the improved 

initial CE observed in Figure 2.4 c after treating SiOx with NP, BP, and 3,3’-

DMBP solutions to the suppressed parasitic reaction due to the preformed SEI 

layer on the SiOx surface (Figure 2.12). This is consistent with the partially 

improved initial CE of Si (Table 2.1) or the results in previous attempts using 

chemical reagents with redox potentials higher than that of Si. [11, 15] Thus, our 

result supports that the chemical prelithiation with tailored LACs allowing 

active Li accommodation in SiOx is necessary to achieve the ideal CE as 

opposed to SEI preformation with the LAC of limited reducing power reported 

previously.[6]  

Delicate Control of Prelithiation by Reaction Temperature and Time  

For an anode, achieving CE near 100% is ideal to reach an optimal energy 

density of a full cell. In order to launch a more extensive optimization of active 

Li doping, we chose 4,4’- DMBP as an ideal candidate for testing two 

constraints, the reaction temperature and time. First, we examined the 

temperature coefficient (a = dE1/2/dT) of the 4,4’-DMBP solution by performing 

CV over a range of temperature to thermodynamically control the reducing 

strength of 4,4’- DMBP. As shown in Figure 2.6 a and Figure 2.13, the E1/2 of 

4,4’-DMBP linearly shifted from 231 mV to 129 mV as the temperature 

increased from 10°C to 50°C, with a negative slope of 2.6 mVK-1 . The entropy 

(DS) and enthalpy (DH) changes in the redox reaction were calculated to be 

248.9 Jmol-1K-1 and 92.5 KJmol-1, respectively. Thus, the solution does not 
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theoretically precipitate Li metal below 95.7 °C, the temperature at which the 

E1/2 value reaches 0 V (vs. Li/Li+). As a result of the reducing strength being 

enhanced on increasing the temperature from 30°C to 50°C, the initial CE of 

the prelithiated SiOx increased from 103% to 142% (Figure 2.6 b).  

The immersion time also exerted a profound effect on the prelithiation 

degree of SiOx electrodes (Figure 2.6 c,d). The lithiation reaction occurred 

within a few minutes, remarkably improving the initial CE of the SiOx 

electrodes. After 5 min of immersion, the initial CE increased from 57% to 91%, 

a value that is comparable to that of commercial anodes After 30 min, when the 

initial CE exceeded 100%, the prelithiation slowed down and then nearly 

reached equilibrium after 2 h. Given these results, we expect that precise control 

of prelithiation degree should be readily realised at the industrial scale by 

adjusting the reaction time and temperature.  

As shown in Figure 2.6 c, the open circuit voltage (OCV) of a SiOx || Li 

cell immediately measured after cell assembly is a reliable indicator for 

predicting the prelithiation degree without cycling the cells. The OCV only 

varied less than 20 mV during 10 h of resting period. Such stable OCV validates 

the homogeneous Li accommodation in SiOx during the solution-based 

prelithiation (Figure 2.14). This result is in contrast to the substantial change of 

OCV over time after the prelithiation through shorting the anode with Li metal 

in a previous study,[6] which could be attributed to the local overlithiation near 

the anode surface facing Li metal.  
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Chemical and Microstructural Evolution of SiOx Electrodes During 

Prelithiation  

With an optimized prelithiation condition in hand, we explored the 

mechanism of prelithiation and the resulting chemical and microstructural 

evolution of SiOx anodes. First, the change in chemical state of SiOx with 

prelithiation was analyzed by X-ray photoelectron spectroscopy (XPS). The Li 

1s spectra in Figure 2.7 a clearly shows a peak only for the prelithiated electrode 

at 56 eV, which is attributable to the Li dopants in LiySiOx/LizSi and the Li 

components in preformed SEI. The C 1s spectra also detects the SEI 

components, including CO and OC=O species, and partially lithiated carbon 

black in the prelithiated electrode (Figure 2.15 a). New peaks from the 

preformed SEI components were also observed at 530 eV in O 1s and 54.6 eV 

in the Li 1s spectra (Figure 2.16), which we attribute to reduced ethers 

(RetherOLi). It is noteworthy that the peaks from the preformed SEI components 

were still observed after cycling, which were distinct from that of the 

electrochemically formed SEI on the bare electrode. In the Si 2p spectra (Figure 

2.7 b), the pristine SiOx exhibits peaks at 99.5 eV and 103 eV, corresponding 

to Si and SiOx, respectively.[16] After the prelithiation, additional peaks were 

observed at 98.5 eV and 101.8 eV confirming the formation of lithiated Si and 

SiOx, respectively.[16a, 17] This agrees well with the O 1s spectra showing an 

intense peak at 530.5 eV (Figure 2.15 b).  
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We further traced the chemical states of the LACs before and after 

immersing SiOx anodes. The dominant chemical species present in the LAC 

solution near room temperature is likely the radical anions of BP derivatives as 

illustrated in Scheme 1 d, considering the well-known instability of the 

extremely reduced dianion species Li2BP.[18] During prelithiation, we expect 

that a Li-4,4’-DMBP complex (formally, Li+- [4,4’-DMBP]C) transfers an 

electron and a Li ion to SiOx electrode and is reoxidised to form neutral 4,4’-

DMBP. To verify this hypothesis, we compared the FT-IR spectra of a 4,4’-

DMBP solution, a Li-4,4’-DMBP complex solution, and the complex solution 

obtained after immersing SiOx electrodes with different active loadings (Figure 

2.7 3 c and Figure 2.17). It was clearly observed that the 4,4’- DMBP was first 

reduced and then reoxidised when reacted with Li metal and SiOx electrode 

successively; the characteristic peaks of 4,4’-DMBP at 806 and 1502 cm-1 

disappeared after adding Li to form Li-4,4’-DMBP complex solution, and then 

the peaks reappeared after adding SiOx to the complex solution indicating 

restoration of the neutral 4,4’-DMBP. The results confirm the reversible redox 

process of 4,4’-DMBP and thus demonstrate the reusability of the LAC solution 

for multiple prelithiation cycles.  

According to our predicted vibration frequencies of 4,4’- DMBP from 

density function theory (DFT) calculations in Figure 2.7 d, the peaks at 806 and 

1502 cm-1 correspond to C-H out-of-plane bending and C-C stretching of 

benzene ring in 4,4’-DMBP, respectively. The spectrum of Li-4,4’-DMBP 
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complex agrees well with the calculated vibration frequency for the radical 

anion; the new peaks at 737, 758, and 1580 cm-1 correspond to in-plane C-H 

bending, out-of-plane C-C bending, and C-C stretching of benzene ring, 

respectively. The marginal offsets in peak positions may originate from gas-

phase conditions used in DFT calculations different from solution-based 

experiments. The experimental results together with DFT calculation verified 

the redox cycling of 4,4’- DMBP through the reversible evolution of phenyls in 

BP during complex formation and subsequent prelithiation.  

When LAC reacted with 1/3 molar equivalents of SiOx, mixed 

characteristics of Li-4,4’-DMBP complex solution and 4,4’-DMBP solution 

were observed indicating the presence both neutral and anionic forms of 4,4’-

DMBP. In contrast, when LAC reacted with equimolar SiOx, the spectra became 

identical to those of the 4,4’-DMBP solution, suggesting that the prelithiation 

had completely oxidised LAC in this condition. The prelithiated SiOx anodes 

from this case exhibited partial improvements in the initial CE (Figure 2.18) 

indicating that the amount of LAC was insufficient to achieve an ideal initial 

CE of SiOx. Given the linear relationship between the initial CE and LAC:SiOx 

molar ratio, we expect 2.5 molar equivalents of LAC would be ideal for this 

electrode. As shown in Figure 2.7 e, we also observed that the colour of the as-

prepared LAC solution changed from blue-green to green after a reaction with 

1/ 3 molar equivalents of SiOx and to colourless after being reacted with more 

than equimolar SiOx.  
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As a consequence of chemical lithiation of SiOx, the volume of the active 

particles expanded, which in turn filled the pre-existing pores inside the 

secondary particles. Assuming the spherical pores for simplicity, the volume 

fraction of pores inside the secondary particles decreased by 44.8%. Shrinkage 

of pores was also observed for electrodes containing 100 nm-sized Si particles 

(Figure 2.19), which expanded homogeneously throughout the electrode. At the 

same time, the thickness of the electrode increased by 7.8% as a result of the 

prelithiation.  

An exceptional benefit of using solution-based prelithiation over the 

physical/mechanical methods is spatial homogeneity of the reaction. 

Regardless of the location in the electrode, the 100 nm-sized Si particles evenly 

expanded after prelithiation indicating spatially uniform lithiation. To confirm 

effective penetration of the LAC solution, the prelithiation of thick SiOx 

electrodes with a large areal capacity (2.46 mAh cm2) was further demonstrated 

(Figure 2.20 and Table 2.2). We still attained an initial CE of 104% under the 

same experimental condition for the thin electrode showing an initial CE of 

108%. Thus, it is worth noting that our prelithiation strategy mitigates the 

detrimental effects of inner-pressure build-up in batteries prior to the assembly.  

Feasibility of Chemical Prelithiation in the Practical LIB Production  

Benefiting from the improved initial CE of SiOx anodes, the energy density 

of full-cells containing the prelithiated anodes increased. Figure 2.8 a,b 

compares the voltage profiles of a LiNi0.5Mn0.3Co0.2O2 (hereafter NMC532) || 
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bare SiOx fullcell (hereafter NBFC) and a NMC532 || prelithiated SiOx fullcell 

(hereafter NPFC) during the initial electrochemical cycle. The charge profile of 

NPFC exhibits a higher voltage and lower capacity compared to those of NBFC 

(Figure 2.8 a, top). The origin of such change will be discussed later based on 

the voltage profiles of three-electrode-cells in this section. The discharge profile 

of NPFC shows a dramatic improvement in the energy density compared to that 

of NBFC (Figure 2.8 a, bottom), which is attributed to the increased reversible 

capacity owing to the presence of extra active Li after prelithiation as described 

in Figure 2.2  a,b. While NBFC exhibited a discharge capacity of 75.6 mAh g-

1 (based on cathode active mass) with a 37.8% initial CE when cycled at 4.2–

2.0 V, NPFC exhibited corresponding values of 163 mAh g-1 and 86.4% initial 

CE, which is comparable to the result from NMC532 half-cell (Figure 2.21 and 

Table 2.3). The energy densities of NPFC and NBFC correspond to 504.1 Wh 

kg-1 and 233.6 Wh kg-1, respectively, showing that the prelithiation of the anode 

enhances the full-cell energy density by 116% (pink shaded regime in Figure 

2.8 a, bottom). As expected, the full-cell with a prelithiated SiOx anode shows 

a 98.2 Wh kg-1 higher energy density than the full-cell with the conventional 

graphite anode because it has a lighter anode to store the same amount of Li 

(Figure 2.8 b and Figure 2.22).  

To better understand the improved full-cell performances, we further tested 

the electrochemical cycle using a three electrode-cell containing a Li metal 

piece as a reference electrode so that we could measure individual voltage 
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profiles of the cathode and anode in NBFC and NPFC (Figure 2.8 c,d). When 

charging NBFC, the SiOx anode initially undergoes an electrochemical reaction 

at the voltage above 0.5 V corresponding to SEI formation, which decreases the 

potential difference between the cathode and the anode, i.e., the cell voltage. At 

the end of charge, the voltage of SiOx anode is 0.14 V in NBFC that is higher 

than that in NPFC by 0.08 V. This results in a cathode potential of 4.34 V in 

NBFC at the cell voltage of 4.2 V, whereas the cathode potential is 4.26 V in 

NPFC. The higher cathode potential in NBFC causes further delithiation of 

NMC532 resulting in a higher charge capacity, which causes overcharging of 

NMC532 compared to what we intended (Figure 2.21).  

During discharge, the cell voltage decays rapidly in NBFC due to the low 

CE of bare SiOx. When the cell voltage reaches the 2.0 V cut-off condition, the 

anode potential is as high as 1.83 V while the cathode potential is 3.83 V. As 

the cathode is still capable of further lithiation down to 3.6 V, the result indicates 

that the anode limits further discharging of NBFC. In a stark contrast, the 

capacity of cathode can be fully utilized in NPFC as the anode potential remains 

below 0.55 V. This result elucidates the necessity of prelithiation for high 

capacity anodes to boost high-energy-density LIBs.  

Another noteworthy advantage of this approach is the reasonable stability 

of the prelithiated anodes under dry air. Chemical prelithiation has previously 

been often discounted for having the high reactivity of the prelithiated anode. 

Nevertheless, we have attained the initial CE of a prelithiated anode close to 



 

 
 

32 

100% even after an hour of exposure to dry air (Figure 2.9 a). As the initial CE 

decays after few minutes of exposure and then stabilizes, an additional 23% of 

prelithiation capacity was sufficient to compensate for the loss of active Li 

during air exposure for an hour. The prelithiated electrode after dry air exposure 

showed negligible increase in the overpotential (Figure 2.9 a), whereas ambient 

air deteriorated the prelithiated electrodes (Figures 2.23-25). We attribute the 

high stability of the prelithiated electrode in dry air to the protective layer 

formed on the anode surface, which prevents further reaction with oxygen. 

When combined with a more robust protection layer to achieve better air 

stability, we believe that our solutionbased prelithiation method, which can be 

readily transformed into a continuous roll-to-roll process as illustrated in Figure 

2.9 b, has a great potential to be widely adopted in the scalable production of 

high-energy LIB. 

Prelithiation of Graphite-SiOx Composite  

For the practical utilization of SiOx anode, performance when blended with 

graphite need to be considered. As expected, the lower ICE leads to a larger 

discrepancy between the ideal energy density and the practical energy density 

as illustrated in Figure 2.26. Therefore, minimizing the Li loss holds the key to 

the success of utilizing a larger fraction of the Si/SiOx. This would be a 

breakthrough in increasing the capacity of practical anode. 

The full cell composed of LiNi0.6Mn0.2Co0.2O2 (NMC622) and the 

prelithiated l-Gr/SiOx exhibits an ICE value of 88.3%, which is 25.1 percentage 
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points (or 23.2%) higher than that of the full cell with the bare anode (Figure 

2.27 a). Accordingly, the reversible energy density of the full cell was 506 Wh 

kg−1 after prelithiation (based on the mass of both electrodes), which is 40% 

greater than that using bare l-Gr/SiOx, 361 Wh kg−1. It is worth highlighting that 

the increase in the energy density as a result of anode prelithiation is 145 Wh 

kg−1 (Figure 2.3.27 b), which was more significant as the capacity of the 

cathode increased from 167 mAh g−1 (NMC532) to 185 mAh g−1 (NMC622). 

These results emphasize the importance of anode prelithiation in full cells using 

high-capacity cathodes, where the anode proportion grows to balance the 

capacity. The NMC622||prelithiated l-Gr/SiOx cell shows a capacity retention 

of 87.3% after 250 cycles (Figure 2.27 c), proving the compatibility of the 

prelithiated anodes in commercial LIBs. 
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Figure 2.1 Prelithiation strategies developed so far. 
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Figure 2.2 Scheme of prelithiating anodes and its limitations with conventional 

chemical prelithiation solutions. a) Permanent loss of active Li during the initial 

electrochemical cycle of a conventional LIB containing an anode with a low 

initial CE, resulting in a net energy loss due to the underused cathode capacity. 

b) Maximized energy density of a full-cell achieved with a prelithiated anode 

having extra Li to provide the ideal initial CE. c) Capacities and potentials of 

various anodes prelithiated with different LAC solutions. Previously, chemical 

prelithiation was applied to hard carbon, Sn, and P with Li–NP and Li–BP, 

whereas chemical prelithiation of Si/SiOx is achieved with molecularly 

engineered BP in this work.  
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Figure 2.3 a) Energy diagram describing chemical lithiation and SEI formation 

depending on redox potential of the Li–BP complex. b) Molecular structures of 

BP derivatives and NP. 
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Figure 2.4 Prelithiation of SiOx anodes enabled by molecular tailoring of 

arenes. a) Cyclic voltammograms of naphthalene, biphenyl, and methyl- 

substituted biphenyls in 0.5m LiPF6 in DME solution with comparison of 

differential capacity curves of the SiOx anode. b) Correlation between 

measured redox potential (E1/2) of BP derivatives and calculated LUMO 

energy. c) Correlation between redox potential and initial CE. 
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Figure 2.5 Voltage profile of prelithiated SiOx anodes. a) voltage profile of 

initial discharge–charge cycle of pristine (black) and prelithiated (green) SiOx 

electrodes. b) Electrochemical titration of active lithium stored in SiOx 

electrodes after the prelithiation process. 
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Figure 2.6 Temperature- and time-controlled prelithiation. a) Redox otential of 

4,4’-DMBP with a temperature coefficient of 2.6 mVK-1. b) Initial voltage 

profiles of SiOx anodes after 15 min of prelithiation in solutions at different 

temperatures. c) Effect of immersion time on initial CE and d) corresponding 

initial voltage profiles of SiOx anodes at 30 °C. 
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Figure 2.7 Chemical and microstructural evolution of SiOx electrodes during 

prelithiation. a) Li 1s and b) Si 2p XPS spectra of SiOx anodes before and after 

prelithiation, c) FT-IR spectra of DME (black solid line), 4,4’-DMBP (pink 

solid line), Li-4,4’-DMBP (cyan solid line), and Li-4,4’-DMBP after reaction 

with SiOx anodes with different active loadings [Li/Si=3:1 (blue dash line) and 

1:1 (violet dash line)] in DME. d) Simulated FTIR spectra obtained for 4,4’-

DMBP in neutral (pink) and radical anion (cyan) forms. e) LAC solutions used 

in (c). 
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Figure 2.8 Practical feasibility of chemical prelithiation using LAC solution. a) 

Voltage profiles of initial charge (top) and discharge (bottom) cycle of a 

NMC532 // bare SiOx cell (black) and a NMC532 // prelithiated SiOx cell (pink) 

showing an improvement of energy density of a full cell after  prelithiation. b) 

Voltage profiles of initial cycle of a NMC532 // prelithiated SiOx cell (pink) and 

a NMC532 // graphite cell (blue) based on total mass of the cathode and the 

anode. c,d) Separated voltage profiles of the cathodes and the anodes of a 

NMC532 // bare SiOx cell (c) and a NMC532 // prelithiated SiOx cell (d) 

obtained by using a three-electrode system.  
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Figure 2.9 Testing for commercial processes a) Initial CE (black, top), OCV 

(pink, top), and voltage profiles (bottom) of the prelithiated SiOx anode 

exposed in dry air for different durations. b) Illustration for scalable 

prelithiation process incorporating the method demonstrated in this study.  
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Figure 2.10 A photo of intact Li metal in 0.5 M 2,2’-DMBP in DME solution 

showing the instability of Li-2,2’-DMBP complex formation due to the low 

redox potential of 2,2’-DMBP below 0 V vs Li/Li+. 
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Figure 2.11 The initial voltage profiles of prelithiated SiOx with (a) NP, (b) BP, 

(c) 3,3’-DMBP, (d) 4,4’-DMBP, (e) 2-MBP, and (f) 3,3’,4,4’-TMBP. The lower 

redox potential the tailored BP exhibits, the more active Li accommodation and 

the higher CE we achieve (see Figure 1d). Regardless of the reducing power of 

the LAC used for prelithiation, the charge (delithiation) capacity of SiOx anodes 

were maintained. 
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Figure 2.12 dQ/dV curves of bare and prelithiated SiOx. The insertion of active 

Li occurs at the voltage below 0.2 V. The prelithiation using 4,4’-DMBP or 

LACs with higher reducing power (not illustrated here) achieves the active Li 

insertion into SiOx anodes. However, the prelithiation using NP, BP, and 3,3’-

DMBP with insufficient reducing power merely mitigated partial parasitic 

reaction such as SEI formation above 0.4 V. 
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Figure 2.13 CV curves of 4,4'-DMBP used to produce Figure 2a showing that 

the E1/2 of 4,4’-DMBP linearly downshifts as the temperature elevates from 

10°C to 50°C. The temperature dependence of the redox potential of 4,4’-

DMBP was -2.6 mV K-1. This result indicates that the reducing power of 2-

MBP or 3,3’,4,4’-TMBP at high temperatures is likely stronger than that of 

4,4’-DMBP, which could further reduce the prelithiation duration required for 

the ideal initial CE. 
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Figure 2.14 After prelithiation of SiOx with Li-4,4’-DMBP, stable OCV of a 

half-cell was observed during resting period for 10 hours. (initial: 313 mV, final: 

333 mV) 
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Figure 2.15 (a) C 1s and (b) O 1s XPS spectra of pristine and prelithiated SiOx 

anodes. In the O 1s spectra, SiOx lithiation and SEI formation were observed 

after prelithiation confirming that the reducing power of the tailored LAC was 

enough to insert active Li into the Si-based anodes. In C 1s, lithiation of the 

conductive carbon and SEI formation were observed after prelithiation.   



 

 
 

49 

 

 

 

Figure 2.16 XPS C 1s, O 1s, Li 1s, and F 1s spectra of prelithiated electrodes 

(top two spectra) and bare electrodes (bottom two spectra) before (a) and after 

(b) the first electrochemical cycle. The XPS spectra were obtained at 20nm and 

100nm from the electrode surface to observe the depth-dependency of the SEI 

composition.  
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Figure 2.17 FT-IR spectra of DME (black), 0.2M 4,4’-DMBP (red), Li-4,4’-

DMBP (blue), and Li-4,4’-DMBP after reaction with SiOx anodes of different 

active loadings [Li:Si = 3:1 (pink), 1:1 (green) and 1:4 (purple)] in DME. As 

the ratio of SiOx to LAC during the prelithiation increases, the intensity of the 

peak from LAC decreases. 
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Figure 2.18 Initial CE of SiOx anode prelithiated with different molar ratio of 

Li-4,4'-DMBP to SiOx. When the molar ratio of Li-4,4'-DMBP to SiOx is less 

than 1.0, prelithiated SiOx anodes exhibit partial improvements in the initial CE 

indicating that the amount of LAC are insufficient to achieve ideal initial CE of 

SiOx.  
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Figure 2.19 Areal pore fraction in (a) pristine and (b) prelithiated SiOx 

electrodes, (c) pristine and (d) prelithiated 100nm-sized Si electrodes. Pore area 

of different regimes (red squares) show similar values indicating homogeneous 

prelithiation of Si particles regardless of the distance from the electrode surface.   



 

 
 

53 

 

Figure 2.20 Electrochemical profiles of thick SiOx electrodes for the first cycle. 

The solution-based strategy allows effective prelithiation of thick electrodes 

with high active mass loadings (average 1.5 mg cm-2) based on the liquid-solid 

reaction occurring at the surface of active particles throughout the whole 

electrodes. 
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Figure 2.21 Voltage profile of the first cycle of NMC532 in a half cell within a 

voltage range of 4.3–2.5 V. 
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Figure 2.22 Voltage profiles of an NMC532||graphite full cell and a graphite||Li 

half-cell. These materials were used in the electrochemical measurements of 

the full cells. 
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Figure 2.23 Discharge-charge profiles of the prelithiated SiOx electrodes 

exposed in inert (black), dry (pink), and ambient (green) atmospheres. The 

relative humidity of ambient air was 35-40%. 
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Figure 2.24 Compositional analysis of the prelithiated electrodes exposed to 

various conditions using SEM-EDS. 

  



 

 
 

58 

 

Figure 2.25 FTIR spectra of 4,4’-DMBP powder, prelithiated electrodes 

exposed to argon gas, dry air, and ambient air, and lithium carbonate powder 

(from bottom to top) indicating the formation of Li2CO3 in the prelithiated 

electrode after being exposed to ambient air. 
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Figure 2.26 Comparison of the ideal energy density (blue) and measured 

energy density of the full cells (gray) using each anode. The energy density is 

calculated on the basis of the total mass of active materials in both electrodes. 

The low ICE of the anode results in a large discrepancy between ideal and 

practical values in full cells.   
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Figure 2.27 a) Full cell performances of NMC622||l-Gr/SiOx without (top) and 

with prelithiation (bottom). Voltage profiles of the 1st, 2nd, 5th, 20th, 50th, and 

100th cycles are displayed. (b) Practical energy densities of full cells using bare 

and prelithiated anodes in comparison with the ideal values. The benefit of 

anode prelithiation in increasing energy density becomes larger when the 

cathode capacity increases. (c) Capacity retention of full cells composed of 

NMC cathodes and l-Gr/SiOx anodes with and without prelithiation. The 

excellent cyclability of full cells with prelithiated anodes proves the practical 

compatibility of chemical prelithiation in commercial batteries.   
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Table 2.1 Electrochemical performances of 100 nm-sized Si electrodes under 

different prelithiation conditions 
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Table 2.2 Electrochemical performances of SiOx electrodes with high mass 

loadings (average 1.5 mg cm-2) before and after prelithiation using a Li-4,4’-

DMBP complex.  
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Table 2.3 Electrochemical performances of full cells composed of NMC532 

cathodes paired with bare SiOx, prelithiated SiOx, and graphite anodes. 
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Table 2.4 Comparison of materials cost for prelithiation methods using 

stabilized lithium metal powder versus Li-arene complex. 
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2.3 Conclusion 

 

In summary, by employing molecularly engineered BP derivatives to adjust 

the reduction potential of LACs below 0.2 V, we demonstrated active Li doping 

in Si-based anodes through a homogeneous and scalable chemical reaction for 

the first time. We found that the LAC complex of the original BP molecule was 

incapable of adding active Li to SiOx but formed a SEI that accounts for 

inadequate improvement in the initial CE. When electron-donating methyl 

groups are substituted, the elevated LUMO levels of BP derivatives decrease 

the redox potential of LACs to 0.13 V, which is lower than that of SiOx and 

thus trigger active Li accommodation in SiOx elevating the initial CE to exceed 

100%. The LACs with such high reducing power can be a universally applied 

to other high-capacity anodes suffering from low CEs. Given the adequate 

reductive strength of LAC, we then identified thermodynamic and kinetic 

levers to control the prelithiation capacity, namely, the reaction temperature and 

duration. The prelithiation duration can be further shortened in autonomous 

battery manufacturing facilities with an optimized molecular structure and 

temperature. The solution-based prelithiation through a simple immersion 

process granted spatial homogeneity of the reaction throughout the electrode, 

unlike cases involving other prelithiation methods that use solid lithium sources. 

Based on the passivating capability of the surface layer shown in this study, 

engineering multifunctional protective layers to enable prelithiation under 
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ambient conditions and longer battery cycle life will be an interesting avenue 

for further study.  

While extensive efforts have been made to achieve a marginal 

improvement in the energy densities of cathodes, e.g., transition metal-based 

layered oxides, we provide solid evidence that mitigating active Li loss in an 

electrochemical cell holds the key to boosting the energy density of LIBs by 

maximizing the utilization of active materials. By pairing a prelithiated LiySiOx 

anode and a NMC532 cathode in a fullcell, we achieved an energy density of 

504 Wh kg-1, which is significantly higher than that of the full-cell containing 

a bare SiOx anode (234 Wh kg-1) or a conventional graphite anode (406 Wh kg-

1). The prelithiated Si-based anode also presents an innovative solution for post 

LIB technologies such as metal–sulfur batteries and metal–air (air= O2, CO2, 

and SO2 gases) batteries, in which charge-carrying ions are absent in the 

cathodes.   



 

 
 

67 

2.4 References 

 

[1] a) Y. Li, K. Yan, H.-W. Lee, Z. Lu, N. Liu, Y. Cui, Nat. Energy 2016, 1, 1 – 

9; b) F. Holtstiege, P. Brmann, R. Nçlle, M. Winter, T. Placke, Batteries 

2018, 4, 4. 

[2] J. W. Choi, D. Aurbach, Nat. Rev. Mater. 2016, 1, 1 – 16.  

[3] a) P. Jez˙owski, O. Crosnier, E. Deunf, P. Poizot, F. Beguin, T. Brousse, Nat. 

Mater. 2018, 17, 167 – 173; b) D. Wang, Z. Zhang, B. Hong, Y. Lai, Chem. 

Commun. 2019, 55, 10737 – 10739; c) C. Sun, X. Zhang, C. Li, K. Wang, 

X. Sun, Y. Ma, Energy Storage Mater. 2020, 24, 160 – 166; d) K. Park, B. 

C. Yu,  J. B. Goodenough, Adv. Energy Mater. 2016, 6, 1502534; e) Y. 

Sun, H.-W. Lee, Z. W. Seh, N. Liu, J. Sun, Y. Li, Y. Cui, Nat. Energy 2016, 

1, 1 – 7; f) J. Zhao, Z. Lu, N. Liu, H.-W. Lee, M. T. McDowell, Y. Cui, Nat. 

Commun. 2014, 5, 5088; g) J. Zhao, G. Zhou, K. Yan, J. Xie, Y. Li, L. Liao, 

Y. Jin, K. Liu, P.-C. Hsu, J. Wang, Nat. Nanotechnol. 2017, 12, 993 – 999; 

h) M. W. Forney, M. J. Ganter, J. W. Staub, R. D. Ridgley, B. J. Landi, Nano 

Lett. 2013, 13, 4158 –4163; i) G. Ai, Z. Wang, H. Zhao, W. Mao, Y. Fu, R. 

Yi, Y. Gao, V. Battaglia, D. Wang, S. Lopatin, J. Power Sources 2016, 309, 

33 – 41. 

[4] H. Xu, S. Li, C. Zhang, X. Chen, W. Liu, Y. Zheng, Y. Xie, Y. Huang, J. Li, 

Energy Environ. Sci. 2019, 12, 2991 – 3000. 

[5] Q. Meng, G. Li, J. Yue, Q. Xu, Y. X. Yin, Y. G. Guo, ACS Appl. Mater. 

Interfaces 2019, 11, 32062 – 32068. 

[6] H. J. Kim, S. Choi, S. J. Lee, M. W. Seo, J. G. Lee, E. Deniz, Y. J. Lee, E. 



 

 
 

68 

K. Kim, J. W. Choi, Nano Lett. 2016, 16, 282 – 288. 

[7] M. Scott, A. Whitehead, J. Owen, J. Electrochem. Soc. 1998, 145, 1506 – 

1510. 

[8] Y. Shen, J. Qian, H. Yang, F. Zhong, X. Ai, Small 2020, 16, 1907602 

[9] G. Wang, F. Li, D. Liu, D. Zheng, Y. Luo, D. Qu, T. Ding, D. Qu, ACS Appl. 

Mater. Interfaces 2019, 11, 8699 – 8703. 

[10] a) T. Tabuchi, H. Yasuda, M. Yamachi, J. Power Sources 2005, 146, 507 – 

509; b) T. Tabuchi, H. Yasuda, M. Yamachi, J. Power Sources 2006, 162, 

813 – 817; c) S. Yoshida, Y. Masuo, D. Shibata, M. Haruta, T. Doi, M. Inaba, 

Electrochemistry 2015, 83, 843 – 845.  

[11] Y. Shen, J. Zhang, Y. Pu, H. Wang, B. Wang, J. Qian, Y. Cao, F. Zhong, X. 

Ai, H. Yang, ACS Energy Lett. 2019, 4, 1717 – 1724. 

[12] G. Cong, W. Wang, N.-C. Lai, Z. Liang, Y.-C. Lu, Nat. Mater. 2019, 18, 

390 – 396. 

[13] K. S. Tan, R. Yazami, Electrochim. Acta 2015, 180, 629 – 635. 

[14] a) M. N. Ates, C. J. Allen, S. Mukerjee, K. Abraham, J. Electrochem. Soc. 

2012, 159, A1057 – A1064; b) C. Hansch, A. Leo, R. Taft, Chem. Rev. 1991, 

91, 165 – 195. 

[15] G. Chu, B.-N. Liu, F. Luo, W.-J. Li, H. Lu, L.-Q. Chen, H. Li, Chin. Phys. 

B 2017, 26, 078201. 

[16] a) Q. Pan, P. Zuo, T. Mu, C. Du, X. Cheng, Y. Ma, Y. Gao, G. Yin, J. Power 

Sources 2017, 347, 170 – 177; b) C. Cao, I. I. Abate, E. Sivonxay, B. Shyam, 

C. Jia, B. Moritz, T. P. Devereaux, K. A. Persson, H.-G. Steinrck, M. F. 

Toney, Joule 2019, 3, 762 – 781. 



 

 
 

69 

[17] a) C. Shen, R. Fu, Y. Xia, Z. Liu, RSC Adv. 2018, 8, 14473 – 14478; b) T. 

Jaumann, J. Balach, M. Klose, S. Oswald, U. Langklotz, A. Michaelis, J. 

Eckert, L. Giebeler, Phys. Chem. Chem. Phys. 2015, 17, 24956 – 24967. 

[18] M. de la Viuda, M. Yus, A. Guijarro, J. Phys. Chem. B 2011, 115, 14610 – 

14616. 

[19] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652; b) P. J. Stephens, F. 

Devlin, C. Chabalowski, M. J. Frisch, J. Phys. Chem. 1994, 98, 11623-

11627. 

[20] Y. Li et al., Electrochem. Commun. 13.7 (2011): 664-667 

  



 

 
 

70 

Chapter 3. Carbon coating 

In this chapter, two types of carbon coating method were carried out to 

prevent electrical short circuits. The study to increase the conductivity of 

particles using the resin coating method was described in chapter 3.1, and the 

study in which CNTs were introduced to maintain the electrical connection 

between the particles was described in chapter 3.2. 

3.1 Resin coating 

 
(The essence of this chapter has been published in Journal of Materials 

Science. Reprinted with permission from [J Jang et al., J. Mater. Sci. 52.9 

(2017): 5027-5037]) 

  3.1.1 Research background 

Lithium ion batteries have the advantages of high energy density, good rate 

capability, long cycle life, and low self-discharge rate.[1–4] Graphite has 

commonly been used as the anode material. However, its theoretical capacity is 

limited to 372 mAh g-1 (LiC6), which cannot satisfy the demanding 

requirements for applications such as electric vehicles and renewable energy 

storage. Higher capacity can be achieved by shifting from the intercalation 

reaction to the alloying reaction, because the alloying reaction can store more 

Li than the classical intercalation reaction.[5] Among the various elements 

forming alloys with Li, Si has been considered to be one of the most promising 

alternatives to the graphite anode. Si promises a theoretical specific capacity of 

3580 mAh g-1, forming Li15Si4.[6] The main problem is, however, the large 
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volume change of about 3 times,[7] which results in pulverization of the Si anode 

during electrochemical cycling. An irreversible solid–electrolyte interface (SEI) 

layer is formed on the new surface made by pulverization; therefore, the active 

Si is continuously consumed at every charge/discharge cycle, leading to very 

poor cyclic performance. 

To improve the cycle performance of Li-ion batteries with a Si anode, 

downsizing Si particles to the nanoscale,[8–10] providing enough free space for 

volume expansion by making hollow or yolk–shell structures,[11–14] and coating 

Si particles with carbon have been demonstrated by several groups. The most 

common and effective method among these strategies is to employ a carbon 

coating on Si-based anode materials.[15–17] The carbon coating can increase the 

electrical conductivity and protects Si particles from contact with the electrolyte, 

effectively suppressing the formation of undesirable SEI layers.  

Various methods have been employed for preparing carbon-coated Si 

powders. On the basis of their preparation methods, they can be classified into 

three main categories: thermal vapor decomposition (TVD),[15–20] dry ball 

milling,[21, 22] and wet coating.[23, 24] An early investigation by Yoshio et al.[16] 

obtained improved electrochemical performance by coating carbon onto the 

surface of Si particles using TVD. In their study, Si powder was put into a 

furnace purged with a N2 stream containing benzene vapor at 1000 °C. At such 

a high temperature, the benzene vapor decomposed on the surface of the 

particles to form a carbon coating layer. The thickness of the carbon coating 

layer can be controlled by varying the TVD process time. One of the 

shortcomings of the TVD method is the difficulty of obtaining a homogeneous 
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coating.[25] On the other hand, mechanical milling can produce a homogeneous 

structure. Wang et al.[22] carried out ball milling in a planetary ball mill. In this 

method, acetylene black or graphite is used as a carbon precursor, and the 

characteristics of the powder mixture can be affected by the rotation speed and 

duration of ball milling. Hasegawa et al. [23] used a wet coating method with 

resorcinol– formaldehyde (RF) solutions containing a basic catalyst. Because 

the silicon powder can be easily dispersed in an RF solution, it can be 

successfully encased within the resulting carbon gels.  

In this study, we adopted a wet coating method using polyfurfuryl alcohol 

(PFA) resin derived from furfuryl alcohol as a carbon precursor. Furfuryl 

alcohol is a monomeric precursor made from biomass feed stock,[26] and its 

characteristics and polymerization reaction have been well documented in 

previous studies.[27–32] By carbonization of furfuryl alcohol, hard carbon, which 

has large micropores for insertion of lithium ions,[33] can be obtained. Therefore, 

it has the advantage of a high capacity and enhanced rate performance because 

fast insertion and extraction of lithium ions is possible owing to the surface 

pores. To the best of our knowledge, furfuryl alcohol has never been employed 

as a carbon precursor for the hard carbon coating, and it is  worthwhile to 

introduce a new type of carbon precursor to tailor the characteristics of the hard 

carbon coating layer. We use nanocomposite powder of Si/iron silicide prepared 

by ball milling commercial ferrosilicon alloy as an anode material. It is found 

that iron silicide can serve as a buffer layer to alleviate the mechanical fractures 

of volume expansion.[34, 35] These nanocomposite powders of Si/iron silicide 

were coated with PFA diluted with isopropyl alcohol followed by subsequent 
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drying and carbonization heat treatment at high temperatures under an inert 

atmosphere. The effects of the carbonization temperature on the microstructure 

and phase change of the nanocomposite powders as well as the carbon content 

were investigated by focused ion beam/scanning electron microscopy 

(FIB/SEM), transmission electron microscopy/energy-dispersive X-ray 

spectroscopy (TEM/EDX), X-ray diffraction (XRD) analysis, Raman 

spectroscopy, the Brunauer– Emmett–Teller (BET) method, and 

thermogravimetric analysis (TGA). The electrochemical properties of coin 

half-cells with carbon-coated nanocomposite powders as the active anode were 

also evaluated to understand how the charge/discharge performance of these 

anodes is correlated with the carbonization temperature. 

 

  3.1.2 Experimental details 

Anode material synthesis  

   Ball-milled ferrosilicon alloy powder provided by MKE Company 

(Republic of Korea) was used as the starting material. It is a nanocomposite 

powder of finely dispersed X-ray-amorphous Si and nanocrystalline iron 

silicide, more specifically, α-Fe2Si5. Hereafter in the text, ‘‘as-milled FeSi’’ 

denotes the Si/iron silicide nanocomposite powder. As-milled FeSi was 

analyzed by an X-ray fluorescence technique to determine its chemical 

composition and elemental analyzer (ELTRA ONH 2000) to estimate oxygen 

content (Table 1). To apply the carbon coating layer on the as-milled FeSi, 

furfuryl alcohol (Sigma Aldrich, 98%) was used as a precursor. Poly-toluene 

sulfonic acid (p-TSA, 1.4 wt%, Sigma Aldrich, 98%) in aqueous solution (p-
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TSA:distilled water = 50:50 in weight ratio) as a catalyst was added to furfuryl 

alcohol and mechanically stirred for 2 h at 30 °C to form PFA resin. Then, the 

solution was blended with isopropyl alcohol (50:50 in weight ratio) and mixed 

with the as-milled FeSi by stirring for 1 h. The slurry mixture was dried in air 

overnight at room temperature. After drying, the mixture was heat-treated at 

130 °C for 3 h in an argon atmosphere at a heating rate of 1 C min-1 in an electric 

furnace and subsequently carbonized at various temperatures (600, 700, 800, or 

1000 °C) for 2 h. To restrain the grain growth of Si, the heating rate for the 

sample carbonized at 1000 °C was changed to 5 °C min-1 in the high 

temperature region (from 800 to 1000 °C), and then the sample was held at 

1000 C for only 30 min. The coated samples are indicated by adding the letter 

‘‘c’’ before ‘‘FeSi.’’ The final products are denoted as cFeSi-600, cFeSi-700, 

cFeSi-800, and cFeSi-1000, respectively, depending on the carbonization 

temperature. 

Characterization  

  The phases were identified by XRD analysis using a Bruker D8 Advance 

diffractometer with Cu Ka radiation operating at 40 kV and 40 mA. The 

exposure time was 1 s step-1 with a step size of 0.03°. The crystallite size of Si 

was obtained from the integral breadth of the diffraction peaks after peak 

deconvolution by Rietveld refinement using the TOPAS software 

(DIFFRACplus TOPAS version 4.2, Bruker AXS). The carbon content of the 

samples was evaluated by a TGA and a total carbon analysis. The TGA was 

conducted using a TA SDT Q600 in the temperature range of 50–800 °C at a 

heating rate of 5 °C min-1 under flowing dry air. To conduct the total carbon 
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analysis, samples were mixed with tungsten, tin, and iron, which were used as 

a fusing agent. The mixed samples were heat-treated at 1500 °C in an oxygen 

atmosphere, and then a thermal conductivity detector was used to measure 

carbon monoxide. The specific surface area of the samples was obtained from 

N2 adsorption measurement using a Micromeritics Tristar II 3020 and the BET 

method. Samples were degassed at 250 °C for 5 h before the BET measurement. 

The SiC content formed during heat treatment was analyzed using Raman 

spectroscopy (Renishaw InVia Micro-Raman, k = 532 nm, 45 mW). Each 

spectrum was accumulated three times with an exposure time of 30 s using a 

50× objective lens. Cross-sectioned carbon-coated samples were obtained by 

using a FEI NOVA 200 dual-beam FIB/SEM instrument. TEM and EDX 

performed on a FEI-Talos operated at 200 keV were used for detailed analysis 

of the microstructure and elemental distribution of the carbon-coated 

nanocomposite powders. The electrical conductivities of the as-milled and 

carbon-coated powders were measured by a four-probe method using a 

homemade mold for pressing the powder bed at a specified pressure. 

Cell assembly 

  The charge/discharge performance of the samples was tested in two-

electrode coin-type cells. Each cell was composed of a working electrode and 

lithium metal with a porous polypropylene separator between them. Five 

different working electrodes were prepared by mixing coated FeSi (cFeSi-600, 

cFeSi-700, cFeSi-800, and cFeSi-1000), graphite (SFG 6), carbon black 

(Ketjenblack), and a water-soluble binder (LPIMAN37B, provided by Aekyung 

Chemical, Korea) in the weight ratio of 80:10:2:8 in distilled water to form a 
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slurry. To compare the coating effect, as-milled FeSi was also used for an anode 

material. The slurry was pasted on a copper foil and dried at 80 °C for 12 h. 

Then, the pasted foil was roll-pressed and cut into disks (14 mm in diameter). 

Coin-type cells were assembled in an argon-filled glove box using lithium foil 

as the counter and reference electrodes. The electrolyte was 1.0 M LiPF6 in 

5/70/25 (v/v) ethylene carbonate/diethyl carbonate/fluoroethylene carbonate. 

All the cells were first discharged (for Li insertion into the working electrode) 

in constant current (CC) mode to 0.01 V versus Li/ Li+ at a constant current of 

100 mA g-1 (0.1 C = 100 mA g-1 , 1 C rate = 1000 mA g-1 ) and then further 

discharged in constant voltage mode until the current reached 0.01 C. The cells 

were charged to 1.5 V versus Li/Li+ in only CC mode with a constant current 

of 100 mA g-1. The constant current was changed to 0.2 C in the second cycle 

and 1 C in the following cycles. Specific capacity values were calculated on the  

basis of the total mass of the iron silicide/Si/carbon composite. 
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 3.1.3 Results and discussion 

The XRD patterns of as-milled and coated FeSi samples are shown in 

Figure 3.1.1. The raw material, a commercial ferrosilicon, consists of Si and α-

Fe2Si5, as mentioned in the experimental section. However, the as-milled FeSi 

consists of β-FeSi2 (PDF: 71-0642) and α-Fe2Si5 (PDF: 73-1843) as well as 

amorphous Si. It is believed that prolonged ball milling promoted the phase 

transformation of α-Fe2Si5 into β-FeSi2 because β-FeSi2 is thermodynamically 

stable below 937 °C (Figure 3.1.2) [36]. In addition, the diffraction peaks of Si 

are not observed, as it turns into extremely fine nanocrystallites after prolonged 

ball milling. The clearly observed peak broadening of iron silicides indicates a 

very small crystallite size, ranging down to a few tens of nanometers (see Table 

3.1.2). The cFeSi600 sample exhibits a diffraction pattern similar to that of the 

as-milled FeSi, indicating that the phase transition and crystal growth do not 

occur at 600 °C. No prominent carbon peak could be seen owing to its 

amorphous nature [37]. At 700 °C, a shoulder peak on the left side of the main 

β-FeSi2 peak (~29.2°/2θ), indexed as Si (111), becomes clear as a consequence 

of crystallization or crystal growth of amorphous or nanocrystalline Si, 

respectively. Increased intensity of the b-FeSi2 peak is also observed, indicating 

that β-FeSi2 becomes the dominant phase at 800 °C, while α-Fe2Si5 almost 

disappears. As the carbonization temperature increases to 1000 °C, the β-FeSi2 

peaks vanishes, and only sharp a-Fe2Si5 peaks are visible. According to the 

equilibrium phase diagram of the Fe–Si binary system, α-Fe2Si5 decomposes 

below the eutectoid temperature (937 °C) into a mixture of β-FeSi2 and Si [38]. 

Therefore, most of the remaining α-Fe2Si5 in the starting material is transformed 
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to β-FeSi2 during carbonization at 800 °C, below the eutectoid temperature, but 

this β-FeSi2 turns back to α-Fe2Si5 upon heat treatment above 937 °C. Below  

800 °C, it is difficult to separate the two peaks of Si and β-FeSi2 between 28 

and 30°/2 θ owing to peak broadening, as both Si and iron silicide crystallites 

become very small after hours of ball milling. As the heat treatment temperature 

increased, however, all the peaks of each phase become sharp as a result of 

crystal growth.  

Figure 3.1.1 a schematically illustrates the preparation of the coated FeSi 

samples. The microstructure and elemental distribution of cFeSi-800 are shown 

in Fig. 3b–f. As shown in Fig. 3b, these nanocomposite powders are 

agglomerates of nanosized polycrystalline Si and FeSi2 particles, and the 

agglomerate size is between approximately 500 nm and 10 μm. The brighter 

region in each particle is iron silicide, and the darker region is Si. The void 

spaces between particles are filled with carbon after carbonization. Figure 

3.1.3c–f shows the results of chemical analysis by EDX, which correlate well 

with the TEM analysis. A high-resolution TEM image (Fig. 3.1.3c) shows that 

Si/iron silicide nanocomposite particles consist of about 20 nm Si and β-FeSi2 

crystallites, which are in good agreement with the result of Rietveld refinement 

analysis (see Table 3.1.2).  

Figure 3c shows that the carbon coating layer has an amorphous structure 

and a thickness of approximately 35 nm. It is known that PFA resin typically 

forms glassy carbon after carbonization even at high temperatures (>1000 °C) 

[39]. The BET specific surface area of as-milled FeSi is only 3.0 m2 g-1, but the 

carbon-coated samples have much higher BET values of up to 67 m2 g-1 (Table 
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3.1.3). This indicates that the carbon coating layer is highly porous and has a 

very high specific surface area, which is estimated to be well above a few 

hundred square meters per gram, considering the amount of carbon inside the 

composite. Among those carbon-coated-samples, the BET surface area of 

cFeSi-1000 is less than half that of the others. This result corresponds to a 

previous report that the BET surface area of carbon derived from PFA resin has 

its maximum value between 600 and 800 °C and decreases significantly with 

increasing temperature.[40] The decrease in the BET surface area as the 

temperature increases is related to closure of micropores in the glassy carbon.[41]  

Figure 3.1.4 shows the carbon contents of the coated FeSi samples as 

determined by TGA. cFeSi-600, cFeSi700, cFeSi-800, and cFeSi-1000 show 

weight losses of 8.4, 8.1, 8.1, and 6.5%, respectively. These weight reductions 

result from oxidization of carbon between 400 and 600 °C, where the Si 

oxidation reaction is insignificant. In addition, the temperature at which weight 

loss starts becomes higher as the carbonization temperature increases, which 

might be related to partial sintering of the agglomerated particles. If this is the 

case, oxygen diffusion into the particles will become more difficult. On the 

other hand, the carbon coating layer may also become denser with increasing 

temperature, but the result of the BET surface area analysis shows that the 

density of the coating layer remains unaffected up to 800 °C and a dramatic 

change appears at 1000 °C. Of course, the density of the carbon coating layer 

may affect the electrochemical performance significantly, mainly by affecting 

the SEI formation reaction at the interface between the coating layer and liquid 

electrolyte. Thus, the decrease in the BET surface area can improve the battery 
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capacity retention.  

Now we turn our attention to the electrochemical performance of the coin 

half-cells made with anodes from the as-milled uncoated and carbon-coated 

FeSi nanocomposite powders. Figure 3.1.5a shows the charge/discharge cycle 

characteristics of the coin half-cells measured between 0.01 and 1.5 V versus 

Li/Li+. The uncoated FeSi delivered an initial discharge capacity of 1083 mAh 

g-1 and charge capacity of 937 mAh g-1, giving a coulombic efficiency of 86.5% 

(see Table 3.1.4). As expected, the reversible capacity decreases rather quickly 

within about 50 cycles, and it becomes less than about 100 mAh g-1 after 150 

cycles. The cFeSi-600 and cFeSi-700 samples have initial discharge capacities 

of 1077 and 1107 mAh g-1, respectively, which are more or less the same as that 

of the as-milled sample, implying that the Si/FeSi2 nanocomposites and carbon 

coating layer of those both have more or less the same initial lithiation capacity. 

The coulombic efficiency of the first cycle, however, is smaller than that 

of the as-milled uncoated sample. This is believed to be related to the much 

higher specific surface area of the glassy carbon coating layer, as shown in 

Table 3.1.3. The irreversible reaction between the carbon coating layer and 

electrolyte will increase with increasing specific surface area of the coating 

layer. The amount of decrease in the initial coulombic efficiency seems not to 

depend on the carbonization temperature up to 800 °C, as shown in Table 3.1.4. 

(The initial coulombic efficiency of cFeSi-1000 is similar to that of the other 

coated FeSi samples, even though its specific surface area is less than half those 

of the other carbon-coated samples.) At present, the reason is not clear, but it is 

believed to be related to the carbonization temperature, as described below. The 
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charge/discharge cycle behavior of the cFeSi-600 and cFeSi-700 samples is 

better than that of the as-milled sample and is almost the same up to about 35 

cycles, but the slope becomes less steep for cFeSi-600 than for cFeSi-700. 

However, the long-term cycle performance of these two anodes above 200 

cycles becomes similar. These results are more clearly seen in Figure 3.1.5b, 

where the coulombic efficiency versus cycle curves are shown.  

The initial discharge capacities of cFeSi-800 and cFeSi-1000 are 874 and 

722 mAh g-1, respectively (Table 3.1.4). Although these are much lower than 

those of the others, their slopes are much less steep from a very early stage of 

the cycle, particularly in the case of cFeSi-1000. The smaller initial discharge 

capacity of both the cFeSi-800 and cFeSi-1000 samples may come from the 

loss of active Si due to possible formation of electrochemically inert SiC by the 

reaction between the Si and carbon coating layer and/or the decrease in the 

initial lithiation capacity of the carbon coating layer itself with increasing 

carbonization temperature. Moreover, the decomposition of α-Fe2Si5 into b-

FeSi2 and free Si or vice versa may also contribute to the change in the initial 

discharge capacity of the samples carbonized at above 700 °C. SiC was not 

clearly visible in the XRD patterns, probably because the amount was too small 

to be detected by XRD, or SiC may exist as an amorphous phase. To clarify this 

matter, we conducted Raman spectroscopy for all the carbon-coated samples 

and found that cFeSi-1000 has a clear SiC peak at 970 cm-1,[42] as shown in 

Figure 3.1.6. This result is consistent with a previous study.[43] β-FeSi2 and Si[44] 

are also clearly seen in the Raman spectra in Figure 3.1.6. The Raman spectra 

also give the information on the progress of carbonization. The D band is 
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associated with the vibration of disordered carbon, while the G band appears at 

the vibration of SP2-bonded graphitic carbon.[45] As shown in Figure 3.1.6, the 

relative intensity of D band to G band, ID/IG, seems to increase with increasing 

carbonization temperature. This apparent increase is, however, believed to 

come from a large hump of M band between 1320 and 1560 cm-1. Li et al.[46] 

referred that when furfuryl alcohol is used as a carbon precursor, the ID/IG is 

increased up to 700 °C and then decreased when M band is subtracted with 

increasing temperature. Nevertheless, the BET surface area values in Table 

3.1.3 are not sensitive to the change of ID/IG ratio except cFeSi-1000 at which 

the number of micropores diminishes. Therefore, up to 800 °C, the ID/IG seems 

not correlated to the initial coulombic efficiency or to the cell performance.  

The SiC content formed after carbonization at 1000 °C is estimated by 

comparing the TGA and total carbon analysis. Assuming that SiC is stable under 

the present TGA condition[47] and that uncoated Si particles are not oxidized 

below 650 °C,[48] it can be said that the weight loss in TGA comes mainly from 

oxidation of free carbon in the coated FeSi samples (see Figure 3.1.4; Table 

3.1.5). The difference between the total carbon analysis and TGA is less than 

0.5% for the samples carbonized below 800 °C, and that of cFeSi-1000 is 1%. 

It is, therefore, estimated that about 0.5% carbon reacted with Si to form about 

1.7% SiC in the cFeSi-1000 sample. On the other hand, both the total carbon 

analysis and TGA show that the carbon content decreases with increasing 

carbonization temperature, which might be related to the further loss of carbon 

due to the CO/CO2/CH4 formation reaction between carbon and remaining O 

and H originating in the starting resin.[40, 49]  
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In cFeSi-1000, all the β-FeSi2 was transformed into α-Fe2Si5, and this 

phase transformation consumes free Si according to the 2β-FeSi2 + Si → α-

Fe2Si5 reaction, resulting in the initial discharge capacity reduction. The 

formation of SiC and reduced capacity of the carbon coating layer also 

contribute to the capacity reduction. On the other hand, the cFeSi-800 sample 

contains mostly the b phase and a minute amount of SiC, which means it has 

the highest free Si content, but its initial discharge capacity is much lower than 

those of the samples carbonized at lower temperature. One of the reasons may 

be the decrease in the lithiation capacity of the carbon coating layer. This result 

agrees with previous reports that the irreversible capacity of hard carbons 

decreases with increasing carbonization temperature, and it does so particularly 

above 800 °C.[50, 51] Zheng et al.[52] also attributes the increase in the irreversible 

capacity to binding of lithium atoms near remaining hydrogen atoms. This 

claim is in line with the previous result that the hydrogen content decreases with 

increasing carbonization temperature of furfuryl alcohol.[49, 53]  

In our work, the smaller initial discharge capacity of cFeSi-800 might be 

caused by the decrease in the hydrogen content of the carbon coating layer, but 

by the same token, the irreversible capacity, i.e., the difference between the 

initial discharge and charge capacities, of cFeSi-800 also appears smaller than 

those of cFeSi-600 or cFeSi-700. Figure 3.1.5b shows the coulombic efficiency 

versus cycle number curves. The coulombic efficiency of cFeSi-1000 is lower 

than that of the cFeSi-800 sample in the early stage of cycling (<~50 cycles), 

possibly because the Si crystals in cFeSi-1000 are much larger than those in 

cFeSi-800, as shown in Table 3.1.2, which can cause more pulverization during 
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cycling. The capacity retention of cFeSi-1000 after 300 cycles at 1C rate 

(counting from the third cycle) is about 75%, which is significantly higher than 

that of the as-milled uncoated sample (13%), whereas those of cFeSi600, -700, 

and -800 are 48, 41, and 49%, respectively. Considering the much lower initial 

discharge capacity of cFeSi-1000 (722 mAh g-1) compared to the other samples, 

this result seems to be connected with comparatively low volume expansion 

during cycling due to the lower active Si content in cFeSi-1000.  

In summary, these results indicate that the carbonization temperature can 

not only change the specific surface area of the carbon coating layer but also 

change the initial irreversible and reversible capacity of the coating layer, if the 

carbonization temperature is above 800 °C. It can also change the crystal/grain 

size of Si and the phase composition, even promoting the formation of inactive 

SiC between Si and C. Further studies are underway to find an effective means 

of decreasing the specific surface area of the carbon coating layer, preferably 

without applying an excessively high carbonization temperature. Finally, the 

change in the electrical conductivity after carbonization in both the FeSi 

nanocomposite and the carbon coating layer may have to be considered to 

interpret the cycling behavior of the carbon-coated samples. The electrical 

conductivity of glassy carbon is known to increase with the carbonization 

temperature. It is also well known that β-FeSi2 is a semiconductor, whereas α-

Fe2Si5 is a metallic conductor having a conductivity 5 orders of magnitude 

higher than that of β-FeSi2.[38] We can know that when the carbonization 

temperature is lower than 937 C, the electrical conductivity of as-milled FeSi 

will gradually decrease with increasing the carbonization temperature owing to 
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the increasing proportion of β-FeSi2, but it will increase abruptly above this 

eutectoid temperature. The electrical conductivities of uncoated FeSi-600, -700, 

and -800 measured by the four-probe method are 1.5×10-1 , 2.2×10-2 , and 

2.2×10-3 S cm-1 , respectively, whereas those of coated FeSi-600, -700, and -

800 are 8.7×10-5, 2.2×10-2, and 2.2 S cm-1, respectively, so the electrical 

conductivity depends more on the carbon coating layer than on the phase 

composition of the iron silicides.[54] As there seems no direct correlation 

between the electrical conductivity and the charge/discharge cycle 

characteristics of the various cFeSi samples under this cell test condition, it can 

be concluded that the change in electrical conductivity of both the FeSi 

nanocomposite and the carbon coating layer under the carbonization 

temperature adopted in this study does not control the cycle properties to any 

significant degree.  
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Figure 3.1.1 XRD patterns of as-milled and carbon-coated FeSi samples. 
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Figure 3.1.2 Partial FeSi phase diagram. 
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Figure 3.1.3 (a) Schematic illustration of the preparation of the carbon-coated 

alloy powder, (b) high-angle annular dark-field image, and (c) TEM image of 

cFeSi–800, and elemental mapping of (d) Fe, (e) Si, and (f) C. 
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Figure 3.1.4 TGA profiles of as-milled FeSi and carbon-coated FeSi samples. 
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Figure 3.1.5 (a) Specific capacity at discharge and (b) coulombic efficiency 

of as-milled and carbon-coated FeSi electrodes. Electrochemical performance 

of the electrodes was measured at the first cycle under 0.1 C, at the second 

cycle under 0.2 C, and from the third cycle under 1 C. 
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Table 3.1.1 Chemical composition of as-milled FeSi determined by X-ray 

fluorescence analysis (XRF) and elemental analyzer  
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Table 3.1.2 Crystallite size of Si in the carbon-coated FeSi samples 
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Table 3.1.3 BET surface area of as-milled FeSi and coated FeSi samples  
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Table 3.1.4 Initial discharge/ charge capacities and coulombic efficiencies of 

asmilled and carbon-coated FeSi electrodes 
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3.1.4 Conclusion 

Si/iron silicide nanocomposite powders made by ball milling commercial 

ferrosilicon were wet-coated by a furfuryl-alcohol-derived PFA resin solution 

and subsequently dried and carbonized at high temperatures between 600 and 

1000 °C under flowing argon. The specific surface area was increased greatly 

by the formation of a porous glassy carbon coating layer in FeSi samples 

carbonized between 600 and 800 °C, but it decreased significantly at 1000 °C. 

Carbonization heat treatment could also change both the active free Si content 

and its crystallite/grain size in the nanocomposite as well as promote the 

formation of electrochemically inactive SiC. All of these parameters can 

strongly affect the initial discharge capacity, coulombic efficiency in the early 

stage of the cycle, and capacity retention after many cycles. The electrical 

conductivity is also different after carbonization, but it does not seem to affect 

any of the electrochemical behavior of the anode under the carbonization 

condition adopted in this work. It is expected that significant improvements in 

the initial capacity and coulombic efficiency, and higher capacity retention after 

long cycles can be realized by selecting appropriate coating conditions, 

carbonizing in vacuum or under high pressure to reduce the carbonization 

temperature, and reducing the amount of carbon coating. 
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3.2 CNF coating 

 
(The essence of this chapter has been published in Applied Surface 

Science. Reprinted with permission from [J Jang et al., Appl. Surf. Sci. 454 

(2018): 277-283]) 

 

  3.2.1 Research background 

Lithium-ion batteries (LIBs) are being widely used in portable electronic 

devices since more than two decades, owing to their high energy density, good 

rate capability, long cycle life, and low self-discharge rate.[1–7] The capacity of 

graphite, which is commonly used as an anode material, is limited to 372 mA h 

g−1 (LiC6) and this is not high enough to satisfy the requirements of electric 

vehicles and large scale renewable energy storage systems. Among the 

advanced materials being studied as alternatives to graphite, silicon is 

considered one of the most promising.[8] Silicon has a high theoretical specific 

capacity of 3580 mA h g−1, forming Li15Si4. It has a significantly higher capacity 

compared to graphite, but suffers from rapid deterioration of capacity in the 

early stage of cycling, owing to the volume expansion reaching up to 400% 

during lithiation and the resultant pulverization of the Si particles during 

cycling. An irreversible solid-electrolyte interphase (SEI) is formed on the 

surface of the active electrode particles owing to the electrochemical reaction 

with the liquid electrolyte during the initial lithiation process. As the 

pulverization of silicon continuously creates fresh silicon surfaces, SEI forms 

at these new surfaces. This in turn causes a loss of capacity after each cycle, 
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leading to a poor long term cycle performance.[9–12] To circumvent this problem, 

researchers have adopted various strategies such as reducing the Si particle size 

to nanoscale,[13–15] introducing adequate empty spaces to compensate for the 

volume expansion,[16–23] and coating the Si particles with carbon. The easiest 

method among these is the carbon coating. Carbon coating prevents  direct 

contact between the Si-based particles and the electrolyte solution, thereby 

promoting the formation of the SEI layer on the surface of the carbon coating 

layer in the first cycle, and also enhances the electrical connection between the 

silicon particles.[24–27] 

So far, various methods have been employed for preparing carboncoated 

Si powders. Depending on the physical state of the carbon source, the coating 

method can be divided into three categories: Chemical vapor decomposition 

(CVD),[24,28,29] dry ball milling,[30–33] and wet coating.[34–37] Among these, wet 

coating using polyfurfuryl alcohol (PFA) resin is known to produce a more 

uniform coating. However, the surface area becomes quite large owing to 

numerous pores within the coating layers formed during the carbonization 

process, which results in increased formation of SEI and thus a high loss in the 

initial irreversible capacity.[38–40] In order to reduce the surface area, the 

carbonization temperature should be relatively low (below 500 °C) or very high 

(above 900 °C).[41] However, when the carbonization temperature is too low, 

the decomposition of the resin is far from completion and when the temperature 

is too high, the microstructure of the active material could change and/or silicon 

carbide could form by the reaction between silicon and the carbon coating layer, 

resulting in capacity loss.[42] That is, there is a temperature range in which 
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appropriate carbonization can be achieved, and it is necessary to develop 

another method for reducing the surface area in this specific temperature range. 

In this study, a silicon/iron silicide nanocomposite is used as the anode 

active material, in which iron silicide serves as a buffer for volume 

expansion.[22,40,43–45] PFA resin was used as the precursor in the wet coating 

process in this study and the resultant carbon coating has a large initial 

irreversible capacity due to the presence of numerous micropores.[46–48] 

Therefore, we attempted to fill the pores by combining the wet-coating process 

with a CVD method for coating carbon by flowing acetylene gas during 

carbonization so as to reduce the initial irreversible capacity.[49] Apart from the 

filling of the pores of the resin coating layer, carbon nanofibers (CNF) were 

also formed during the CVD process; these played a crucial role in enhancing 

the electrochemical performance. A decrease in the initial irreversible capacity 

loss of the active material was observed after CVD of carbon on the resin-

coated anode and the CNFs resulting from CVD process contributed to 

maintaining a stable electrical property at high Coulombic rates. 
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  3.2.2 Experimental details 

Sample preparation 

  PFA resin (14,500 cps, Poly Sciences Inc.) and acetylene (C2H2) were used 

as carbon precursors for the wet coating and CVD processes, respectively, for 

coating the Si/iron silicide nanocomposite. Si/iron silicide nanocomposite 

which is made by ball milling a ferrosilicon at 24 rpm for 2 weeks in tumbling 

ball mill were provided by MKE company, Korea (particle size distributions: 

D10 = 0.5 μm, D50 = 1.4 μm, and D90 = 3.0 μm). Hereafter, the Si/iron silicide 

nanocomposite powder is referred as “as-milled FeSi.” It is a nanocomposite 

powder of finely dispersed nanocrystalline iron silicide and amorphous Si 

which is not detectable in X-ray diffraction patterns. The powder consists 

mainly of agglomerates of submicron sized nanocomposite Si/iron silicide  

primary particles. The chemical composition of the as-milled FeSi, as analyzed 

by X-ray fluorescence, is given in Table 3.2.1.  

  For the wet-coating of the resin, the PFA resin was dissolved in propylene 

monomethyl ether and then dried at 80 °C in an oven for 2 h. It was 

subsequently placed in an alumina boat which was loaded into a horizontal 

quartz tube furnace. The tube was first purged with 6 N purity Ar gas (80 

mL/min) for 30 min and then heated to 800 °C for 30 min at a heating rate of 

1 °C/min. For CVD coating, a mixture of acetylene and high-purity argon 

(argon: acetylene = 8:2 by volume) was flown between 700 and 800 °C. The 

resultant active materials were labeled according to the coating method used 

(e.g., Resin + CVD@FeSi for the as-milled FeSi coated by carbon from the 

resin and then via CVD using acetylene). The carbonized powder was ball-
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milled for 5 min at 30 Hz using a mixer mill (Retsch MM 400) to crush the hard 

aggregates formed during the carbonization into a fine powder. The resin + 

CVD coating of the sample was designed to achieve 5 wt% carbon from resin 

and 5 wt% carbon from CVD. For comparison with the Resin + CVD sample, 

specimens coated with only resin were also prepared, and their total carbon 

content was maintained at ∼10 wt%. 

Characterization 

  The phase compositions were analyzed by XRD using a Bruker D8 Advance 

diffractometer with Cu-Kα radiation operating at 40 kV and 40 mA. The 

exposure time was 2 s/step with a step size of 0.03° in 2θ. The carbon content 

of the samples was evaluated by thermogravimetric analysis (TGA). The TGA 

was conducted using a TA SDT Q600 in the temperature range of 50–800 °C at 

a heating rate of 5 °C/min under the flow of dry air.  

  The specific surface area of the samples was estimated through N2 

adsorption measurements performed using a Micromeritics Tristar II 3020 and 

the Brunauer-Emmett-Teller (BET) method. Samples were degassed at 300 °C 

for 4 h before the BET measurement. The micropore surface area and micropore 

volume were calculated from the thickness-plot (also known as t-plot), while 

the mesopore volume was done from the desorption branch of the isotherm 

using Barrett-JoynerHalenda (BJH) method. The morphology of the coating 

and particle size of the anode were investigated using a field emission scanning 

electron microscope (SEM, Hitachi S-4300SE). SEM images of the cross-

sectioned carbon-coated specimens were obtained using a FEI NOVA 200 dual-

beam focused ion beam SEM instrument. To protect the surface of the powder 
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during ion milling, a gold coating was applied before the conventional platinum 

coating. Transmission electron microscopy (TEM; FEI talos) was performed at 

200 keV for detailed analysis of the microstructure of the carbon-coated 

nanocomposite powders. The structure of the carbon coating was analyzed 

using Raman spectroscopy (Renishaw InVia Micro-Raman, λ = 532 nm, 45 

mW). Each spectrum was collected thrice with an exposure time of 30 s using 

a 50× objective lens.  

  The electrical conductivities of the active material and anode were measured 

with a Keithley 2000 multimeter. The electrical conductivities of the active 

materials were measured after compacting the powders at 80 MPa using a 

home-made mold. The electrical conductivities of the anodes prepared by 

mixing the active materials, binder, and a conductive agent were measured at 

10 kPa. Both measurements were carried out using a two-probe system.  

Electrochemical measurements 

  The working electrodes were prepared by mixing the active materials, Ketjen 

black (ECP600JD, Surface area: 1270 m2 g−1, Lion Specialty Chemicals) and a 

water-soluble binder (AST9005, provided by Aekyung Chemical, Korea) in a 

weight ratio of 89.5:3.5:7 in distilled water to form a slurry using a planetary 

mixer (ARE-310, Thinky Corp., Japan). The resulting slurries were pasted on 

18 μm copper foils and then dried at 80 °C for 2 h. The pasted foil was cut into 

14 mm diameter disks and then dried overnight at 120 °C under vacuum. 2032 

coin-type cells were assembled in a glove box using lithium coins as the counter 

electrodes and ceramic-coated polypropylene membranes (MTI Inc.) as 

separators. LiPF6 (1.0 M) in a mixture of ethylene carbonate, diethyl carbonate, 



 

 
 

109 

and fluoroethylene carbonate (5:70:25 in v/v) was used as the electrolyte. The 

galvanostatic charge and discharge cycle tests were carried out using an 

automatic battery cycler (WBCS3000L, Wonatech Co., Korea). All the cells 

were first discharged (for Li insertion into the working electrode) in the 

constant current (CC) mode to 0.01 V vs. Li/Li+ at a constant current of 150 

mA g−1 (0.1 C) and then further discharged in the constant voltage mode until 

the current reached 0.01 C. The cells were charged to 1.5 V vs. Li/Li+ in only 

CC mode with a constant current of 0.1 C. The constant current was changed 

to 0.2 C in the second cycle and 1 C in the following cycles for both discharging 

and charging cycles. 

 

  3.2.3 Results and discussion 

The XRD patterns of as-milled and carbon-coated FeSi specimens are 

shown in Figure 3.2.1. The as-milled FeSi consists of β-FeSi2 (PDF: 71-0642) 

and α-Fe2Si5 (PDF: 73-1843) as well as amorphous Si. However, there is no 

carbon peak corresponding to the (0 0 2) plane at 2θ = 24° in the XRD pattern 

of carbon-coated FeSi because carbon has an amorphous structure or the 

amount of crystalline carbon is small.[50,51] This will be further discussed in 

conjunction with Raman analysis. The two peaks corresponding to Si (1 1 1) 

and β-FeSi2 between 28° and 30° are difficult to differentiate owing to peak 

broadening, because both Si and β-FeSi2 crystallites are very small after hours 

of ball milling. No structural difference could be identified between the 

resin@FeSi and resin + CVD@FeSi samples, and the carbon peak was not 

observed either. In the coated FeSi, the silicon and β-FeSi2 peaks between 28° 
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and 30° are separated because of the crystallization of the amorphous Si and/or 

crystal growth of β-FeSi2 induced by the heat treatment. In addition, most of 

the α-Fe2Si5 phase has transformed into the β-FeSi2, which is consistent with 

the equilibrium phase diagram of the Fe-Si binary system. According to this, β-

FeSi2 is stable below the eutectoid temperature (937 °C).[52] 

As shown in the TGA thermograms (Figure 3.2.2), the carbon content of 

the coated sample is ∼10 wt%. The combustion temperatures of the coated 

specimens are different depending on the coating method. The study on the 

specific surface area will be described later in detail, but it seems that the 

increase in the specific surface area has lowered the combustion temperature. 

The surface morphology of resin@FeSi and resin + CVD@FeSi 

specimens are similar except for the carbon nanofibers (CNFs) formed in the 

sample subjected to CVD process (Figure 3.2.3). Acetylene is known to 

catalytically decompose over iron particles, resulting in the growth of CNFs.[53–

57] Formation of an amorphous carbon coating layer on nano-silicon particles 

has also been reported.[58] Moreover, the CNFs were formed only when 

acetylene gas was flown into the furnace containing as-milled FeSi (Figure 

3.2.10). Therefore, it seems that iron silicide on the surface of the active 

material acts as a catalyst for the formation of CNFs and the silicon on the 

surface of the active material is coated with a layer of amorphous carbon during 

CVD process. CNFs could be found in the resin + CVD@FeSi specimen 

because acetylene gas could reach the surface of the iron silicide grains through 

the open pores in the carbon coating layer derived from the resin (see Table 

3.2.2).[41,59,60]  
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The microstructures of resin + CVD@FeSi are shown in Figure 3.2.4. As 

mentioned in the experimental section, the nanocomposite powders are 

agglomerates of submicron-sized Si and iron silicide nanocomposite primary 

particles, and the particles seem to be densely agglomerated, as shown in TEM 

images. After carbonization, the voids between the particles are filled with 

carbon (Figure 3.2.4). In the high-resolution TEM image, the carbon coating 

layer with a rather uniform thickness of ∼20 nm on the surface of Si/iron 

silicide particles and CNFs grown on the surface of the active material through 

the resin coating layer are observed.  

The N2 adsorption/desorption isotherms of the samples are shown in 

Figure 3.2.9. As-milled FeSi and resin + CVD@FeSi show only type Ⅳ 

isotherms but resin@FeSi exhibits both type Ⅰ and type Ⅳ isotherms. This 

means resin@FeSi have both micropores and mesopores[61] while the other two 

samples have mainly mesopores. It is clearly shown in Table 2 that almost all 

the micropores and mesopores formed by resin coating in resin@FeSi have 

been disappeared after CVD coating. Therefore, the SEM and BET analysis 

results reveal that the CVD process not only promotes the formation of CNFs 

but also leads to filling of the micropores.  

As observed in the SEM images of the anodes, the particles tend to 

aggregate with increasing resin content (Figure 3.2.5). Even though the same 

ball-milling process was applied to the both coated samples, the sizes of the 

aggregated active particles in the anode are different. This can be explained by 

the fact that the carbon obtained by carbonizing PFA resin has high strength [62], 

and therefore, the resin-coated samples have larger particles and a non-uniform 
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particle size distribution compared to the sample coated with carbon via CVD. 

Resin@FeSi presents the largest aggregate size and the least uniform size 

distribution because it contains the highest resin content among the samples.  

The electrochemical performance of the as-milled FeSi and the coated 

Si/iron silicide anodes was characterized via cycle performance and rate 

capability tests (Figure 3.2.6). The 1st discharge capacity of as-milled FeSi is 

higher than those of the other coated FeSi samples (Table 3.2.3). This implies 

that the Si/iron silicide has a higher specific capacity than the carbon coating 

layer. Between the coated FeSi samples, the resin + CVD@FeSi exhibits higher 

initial efficiency than resin@FeSi. This is because, as mentioned in Table 3.2.2, 

the BET surface area of the coated sample is significantly reduced by carbon 

coating via CVD, and therefore, the initial SEI formation and thus the initial 

irreversible capacity loss is reduced.  

In the cycle performance test, the cycle characteristics of resin@FeSi are 

not better than that of as-milled FeSi (Figure 3.2.6a). This is probably owing to 

the formation of larger aggregates and a non-uniform size distribution of the 

resin@FeSi sample, as mentioned above. The resin@ FeSi particle was sieved 

through a 400 mesh sieve to adjust the particle size. Resin@FeSi with a 

controlled particle size exhibits better cycle characteristics than the original 

sample (Figure 3.2.11).  

Rate capability tests were also carried out at various current densities 

ranging from 1 C to 7 C to examine the influence of the CVD coating on the 

electrochemical properties. The resin@FeSi samples displayed higher capacity 

than the as-milled FeSi at the rate of 7 C, despite their larger particle size 
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(Figure 3.2.6b). At the high rate conditions, the improvement in the electrical 

connection between the active particles by the carbon coating seems to be a 

dominant factor for enhanced capacity. The resin + CVD@FeSi anode exhibits 

excellent rate capability and even maintains a capacity above 500 mAh g−1 at 7 

C. The capacity is restored when the current is lowered again to 1 C, implying 

that the structure of the anode is not significantly damaged even at a high rate. 

The reason for the better characteristics of the samples coated with carbon via 

CVD can be explained by electrical conductivity analysis, because the rate 

capability would be affected by the differences in the electrical conductivity of 

the anodes. 

Since the bonding structure of the carbon coating layer affects the 

electrical conductivity,[63] the structure of carbon was analyzed by Raman 

spectroscopy (Figure 3.2.7). Raman spectra of all specimens showed two broad 

peaks assigned to D and G peaks at ∼1360 and ∼1590 cm−1 , respectively, 

which are the typical bands of carbonaceous materials. The D band is associated 

with the vibration of disordered carbon, while the G band is attributed to the 

vibration of sp2- bonded graphitic carbon.[64] The relative electrical conductivity 

can be correlated to the difference in the intensity of D and G bands (ID/IG) 

because the higher the sp2-bonded carbon, the greater the electrical 

conductivity.[65] A previous study has shown that the Raman spectrum of carbon 

obtained from PFA resin appears to show a larger D band than the G band, 

however, the G band is actually larger because the D band appears larger due 

to the presence of the M band between 1320 and 156 cm−1 , which might be the 

related to various compounds formed during the pyrolytic degradation of the 
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resin.[66] Resin@FeSi is also estimated to have a larger G band, but the electrical 

conductivity is expected to be lowered owing to the M band. In the case of resin 

+ CVD@FeSi, the amorphous carbon coating formed on the silicon surface by 

CVD affects the intensity of the D band.[58] However, the CNFs formed on the 

surface of iron silicide would have different ID/ IG depending on the degree of 

graphitization of the CNF.[67] The Raman spectrum of resin + CVD@FeSi 

shows a similar intensity of the D and G bands despite the additional amorphous 

coating layer. This may indicate that CNF has a graphitic structure but the 

amount of crystalline CNF seems very small, because its presence is not clearly 

manifested in the XRD pattern (Figure 3.2.1). In resin + CVD@FeSi, 

amorphous  carbon from the CVD process is deposited on top of the carbon 

coating from the resin as well as within the pores containing silicon grains at 

the bottom, and therefore three types of carbon, viz., CNFs and amorphous 

carbon from CVD and carbon from the resin are present simultaneously. The 

difference in the electrical conductivity of the carbon coating layer itself would 

not be large because all the coated samples show similar Raman spectra.  

Table 3.2.4 shows the electrical conductivity of a pellet made by the coated 

powder only and the anode on a Cu foil. Compared to as-milled FeSi, the 

electrical conductivity of the pellet of resin + CVD@FeSi is more than double 

while that of the anode is larger than 20 times. Such difference originates from 

the high compaction pressure (80 MPa) used for fabricating the pellet: The 

contact resistance between the particles is sufficiently small so that the pellet 

exhibits an electrical conductivity similar to that of a single particle. The results 

of the electrical conductivity of the pellets support those of the Raman analysis. 
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However, the anode is a mixture of the active material, binder, and conductive 

agent, and the electrical conductivity is more likely controlled by the electrical 

contact between the active material particles rather than by the electrical 

conductivity of the active material itself. Therefore, the electrical conductivity 

of the anode should be considered when comparing the rate capability. As 

observed in the SEM image of the resin + CVD@FeSi anode (Figure 3.2.5d), 

CNFs connect the active particles, thereby contributing to the increase in the 

conductivity and maintenance of a relatively high capacity at a high rate.   

Figure 3.2.8 schematically illustrates the results described so far. The 

resin-coated composite particles have many pores and thus lead to the formation 

of an increased number of SEIs, resulting in increased initial irreversible 

capacity. The initial irreversible capacity could be reduced by filling up the 

pores with carbon deposited by CVD. The carbon obtained by the acetylene gas 

was deposited on the surface of the iron silicide grains through the open pores 

of the resin-derived carbon coating layer. In addition, the iron silicide surface 

catalyzes the formation of CNFs. This is believed to significantly improve the 

conductivity of the anode, and lead to better charge/discharge characteristics at 

high rates. 
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Figure 3.2.1 XRD patterns of as-milled and carbon-coated FeSi samples 
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Figure 3.2.2 TGA thermograms of as-milled and carbon-coated FeSi samples. 
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Figure 3.2.3 SEM images of carbon-coated FeSi samples. (a) and (c) 

resin@FeSi; (b) and (d) resin + CVD@FeSi 
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Figure 3.2.4 TEM images of resin + CVD@FeSi. 
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Figure 3.2.5 SEM images of the anode comprised of (a) as-milled FeSi, (b) 

resin@FeSi, and (c) and (d) resin + CVD@FeSi. 
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Figure 3.2.6 (a) Cycle performance and (b) rate capability of the anodes 

derived from as-milled FeSi, resin@FeSi, and resin + CVD@FeSi. 

  



 

 
 

122 

 

Figure 3.2.7 Raman spectra of carbon-coated FeSi samples, showing peaks of 

β-FeSi2 at 170, 189, 247, and 281 cm−1 ; Si at 520 cm−1 ; D band and G band 

due to carbon at 1360 cm−1 and 1590 cm−1 , respectively. 
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Figure 3.2.8 Schematic illustrating the (a) resin and (b) resin + CVD coated 

composite.  
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Figure 3.2.9 N2 adsorption/desorption isotherms. 
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Figure 3.2.10 Scanning electron micrographs (SEM) of carbon-coated FeSi 

obtained by chemical vapor deposition between 700 and 800 ºC using a 

C2H2/Ar gas mixture. 
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Figure 3.2.11 (a) SEM image and (b) cycle performance of an anode 

comprising size-controlled resin@FeSi. 
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Table 3.2.1 Chemical composition of as-milled FeSi. 
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Table 3.2.2 Total Surface areas (Stotal, BET), external surface areas (Sext), 

micropore surface areas (Smicro), mesopore volumes (Vmeso) and micropore 

volumes (Vmicro) of samples. 

 

 Stotal (m
2 g-1) Sext (m2 g

-1) 
Smicropore  

(m2 g-1) 

Vmeso  

(mm3 g-1) 

Vmicro  

(mm3 g-1) 

As-milled FeSi 4.1 3.2 0.9 16.0 0.0 

Resin@FeSi 50.5 16.7 33.8 29.6 11.7 

Resin+CVD@FeSi 7.2 4.3 2.9 15.5 0.7 
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Table 3.2.3 Initial discharge capacity, irreversible capacity, and coulombic 

efficiency of different FeSi samples. 

 

Table 3.2.4 Electrical conductivity of the powdered pellet and electrode. 
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3.2.4 Conclusion 

The electrochemical properties of silicon/iron silicide nanocomposites 

were improved by carbon coating derived from PFA resin, followed by CVD of 

carbon using acetylene. The reduction in the BET surface area owing to the 

filling of the pores in the PFA resin-derived carbon coating layer by the 

additional CVD carbon coating led to a decrease in the initial irreversible 

capacity. We believe that CNFs formed by CVD coating on iron silicide grains 

increase the electrical connection between the active particles in the anode. 

Therefore, a high capacity could be maintained even at a higher current density. 

Significant improvements in the initial capacity and Coulombic efficiency are 

expected along with higher capacity retention after long cycles, which can be 

realized by selecting appropriate coating conditions. 
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Chapter 4. Stable SEI formation 

4.1 Research background 

High capacity SiOx anode is promising alternative to commercial graphite 

anode in meeting the increased energy density demand for portable electronics 

and electric vehicles.[1,2] However, it is difficult to realize practical application 

because of its huge volume change upon electrochemical lithiation/delithiation 

process, thereby resulting in the cracks of the solid-electrolyte interphase (SEI) 

as well as particles. Repeated formation of SEI induces low coulombic 

efficiency (CE) and large overpotential, leading to capacity degradation[3,4] 

Thus, mechanical property of SEI is important for active materials with large 

volume changes such as silicon in order to maintain the structure of the 

electrode [5,6]. Lithium ions in electrolyte are solvated in a solvent or anion, so 

the composition of the electrolyte becomes the main component of the SEI. 

Therefore, the desired SEI can be obtained by controlling the solvation structure 

of the electrolyte.[7,8] 

  Recently, highly concentrated electrolytes (HCE) have attracted much 

attention owing to their compact and stable layer with an anion-derived SEI, 

because of its unique solvation structure.[9,10,11] Moreover it shows good 

properties such as suppressed dendrite, high thermal stability, low volatility, 

high lithium‐ion transference number and wide electrochemical windows. Shi-

Gang Li et al., improved nano silicon anode cyclability with high concentration 

of LiFSI in PC.[12] Wu xu et al., also improved lithium metal battery by lowering 

dendrite and improving oxidative stability using 4 M LiFSI in DME.[13] This 

enhanced cyclability was attributed to the formation of a salt-derived inorganic 
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passivation film, especially LiF component. However, despite recognizing that 

the mechanism of SEI formation plays an essential role in the design of LIB 

systems, research to explain this is insufficient. Also, mechanical properties of 

HCE-derived SEIs remain largely unknown, which are essential to developing 

a general approach to stabilizing. In addition, the mechanical properties of 

HCE-derived SEI have not been studied much yet, but this is a necessary study 

for the design of SEI especially in anode with large volume change during 

electrochemical reaction. 

  Herein, we observe highly improved cyclability in SiOx anode with 

HCE. The effect of SEI was also confirmed by cycling the anode with LiFSI-

1.4DME derived SEI in a commercialized electrolyte and a low concentration 

electrolyte (LCE). In addition, it was observed that the SEI generated in the 

HCE has higher mechanical strength than the LCE and commercial electrolyte 

using the nanoindenter equipped with air-free transfer system, and their SEI 

structures according to the voltage was analyzed to investigate the formation 

mechanism of the SEI on SiOx anode. 
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4.2 Experimental details 

Electrode preparation 

For electrode fabrication, an aqueous slurry composed of SiOx (Figure 4.1, 

Hansol chemical, Korea), carbon black (Super-P, Timcal, Switzerland), and 

binder (AST-9005, Aekyung chemical Co., Ltd. Korea) with a mass ratio of 

5:3:2 was mixed using a planetary centrifugal mixer (THINKY corporation, 

Japan). After casting the slurry on a Cu foil current collector, the electrodes 

were dried at 80°C for 1 h, roll-pressed, cut into a diameter of 11.3 mm (equal 

to 1.003 cm2 area), and then further dried in a vacuum oven at 120°C overnight. 

The mass loading of the active materials on each electrode was 0.6±0.05 mg 

cm-2. The CR2032 type coin cells (Wellcos Corporation, Korea) were 

assembled in an argon-filled glove box using a trilayer PP/PE/PP membrane 

(Celgard 2325) as a separator. 1,2-dimethoxyethane (DME, Aldrich, 99.5%) 

was used to make electrolyte of various concentration of lithium 

bid(fluorosulfonyl)imide (LiFSI, 98%, TCI) in an argon-filled glovebox. The 

solvent dried overnight using activated molecular sieves (pore size: ~4Å, 

Aldrich) prior to use. The commercial electrolyte of 1M LiPF6 in a mixture of 

ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v) was purchased 

MTI (korea). All chemicals were stored in an argon-filled glove box (Mbraun, 

H2O <0.1 ppm, O2 <5 ppm). The active material, SiOx (x = ~0.5) powder, was 

received from Hansol Chemical (Korea).  

Electrochemical measurement 

Electrochemical analysis was carried out using WBCS-3000 battery cycler 

(Wonatech Co. Ltd., Korea) and VMP3 potentio/galvanostat (Bio-logic 
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Scientific Instruments, France). All the electrochemical measurements were 

performed at 30℃ in environmental chambers except for high temperature 

condition in 60℃. For the half-cell experiments, the coin cells were discharged 

with a constant current (CC) to 30 mV vs Li, followed by a constant voltage 

(CV) hold until the current density decayed to 10% of the CC current density, 

and then recharged to 1.2 V. The current densities for the CC steps were 300 

mA g-1, 600 mA g-1 and 1500 mA g-1, for the first cycle, the second cycle, and 

the subsequent cycles, respectively. 

Characterization 

The solvation structure of electrolyte was characterized Raman 

spectroscopy (Renishaw InVia Micro-Raman, λ=532 nm, 45 mW). To prevent 

any contamination from air, the solution was put into a quartz cell and tightly 

sealed in it in an Ar-filled glove box. 

For the characterization of SEI, including x-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (TEM), auger electron 

spectroscopy (AES), nanoindentation and near edge X-ray absorption fine 

structure (NEXAFS), all the electrodes were disassembled in the delithiated or 

lithiated state and rinsed with DME in an Ar-filled glove box and the samples 

were transferred without air exposure. In order to exclude elemental 

interference between conductive carbon and binder, sputtered SiOx on copper 

foil for 80W and 1hour as a working electrode (KVE-ESG4000, Korea Vacuum 

Tec). The change in chemical composition of SEI was analyzed by XPS (PHI 

5000 VersaProbe, Ulvac-PHI, Japan) and the binding energy offset was 

calibrated using C-C peak in the C 1s spectra at 284.5 eV as a reference. Also, 
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NEXAFS (X-ray 10D XAS KIST beamline of the Pohang Accelerator 

Laboratory (PAL), Pohang, Korea) was utilized to investigate chemical state of 

SEI in the total electron yield (TEY) mode and total fluorescence yield (TFY) 

mode. The air-free nanoindentation (Hystron PI 85L, Bruker) equipped with 

SEM (Nova Nano SEM 200, FEI) was applied to obtain mechanical properties 

of SEI. The quantitative analysis of SEI layer carried out with AES (PHI 700-

KIST (ULVAC-PHI, INC)) with electron beam energy of 3 kV and target 

current of 10 nA. The thickness of SEI was confirmed with TEM (Tecnai, FEI).  

 

4.3 Results and discussion 

In Figure 4.2a, the electrolyte structures were characterized by Raman 

spectroscopy. The Raman spectrum depends on the concentration of LiFSI-

nDME (n= 1.4, 2.0, 4.0, and 9.0) which means the molar ration of LiFSI to 

DME is 1:n. In pure DME, CH2 rocking at 823 cm-1, C-O stretching and CH2 

rocking at 851 cm-1 appear, and free FSI- at 720cm-1 appears when LiFSI is 

added. As shown in Figure 4.2a,  Li+ coordinated DME is generated when 

LiFSI concentration increase, resulting in a decrease in free DME, an increase 

in solvated DME, and upshift of free FSI- because solvent separated ion pair 

(SSIP) changes to contact-ion pair (CIP, a FSI- interacting with one Li+), and an 

aggregate (AGG, a FSI- interacting with two or more Li+). CIP and AGG are 

dominant in LiFSI-1.4 DME, while SSIP is dominant in LiFSI-4.0DME and 

LiFI-9.0DME. Wu xu[13] and Yamada group[14] showed that the LUMO of FSI-

downshifts as the concentration increases through DFT calculation, which 

affects the SEI formation reaction and the electrolyte reduction stability.  



 

 
 

145 

Therefore, it is expected that LiFSI-1.4DME will form the most stable SEI on 

the SiOx anode. 

The electrochemical performance of SiOx electrodes with LiFSI-nDME 

and commercial electrolyte were evaluated. The differential voltage curves and 

voltage profiles of first cycle in each electrolyte are presented in Figure 4.2d 

and Figure 4.3, respectively, and inest in Figure 4.2b is an enlarged part of the 

red box. The higher the LiFSI ratio, the higher the voltage at which the first 

peak appears during first lithiation step. Since this voltage range is a section in 

which the electrolyte, the precursor of SEI, is decomposed, it can be predicted 

that different SEIs are generated depending on the concentration of the 

electrolyte. As the concentration of LiFSI increases, the LUMO energy of LiFSI 

becomes lower than that of the solvent, which means that LiFSI will be reduced 

prior to solvent during the first lithiation[14]. As confirmed by the Raman 

spectrum, when the fraction of LiFSI is less than LiFSI-4.0DME, the solvation 

structure of the electrolyte is almost close to LCE. Therefore, it is presumed 

that similar kind of SEI is formed in LiFSI-4.0DME and LiFSI-9.0DME. The 

cycling performance of the SiOx electrode in each electrolyte is shown in Figure 

4.2c. The capacity retention after 100 cycles in LiFSI-1.4DME is about 93 %, 

which is significant improvement compared to the values in LiFSI-2.0DME 

(59 %) and LiFSI-9.0DME (37 %). It can be observed that the CE of the SiOx 

electrode reached a high value in LiFSI-1.4DME faster than in other 

electrolytes and remained stable (Figure 4.4). The differential capacity curves 

of SiOx electrode in each electrolyte in Figure 4.2d-f provide additional insight 

about capacity degradation. The SiOx electrodes shows two lithiation 
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processes:a-Si+2.0Li a-Li2.0Si at approximately 250 mV and a-Li2.0Si+1.5Li 

 a-Li3.5Si at approximately 100 mV. After that, two delithiation processes 

were observed: a-Li3.5Sia-Li2.0Li+1.5Li at approximately 280 mV and a-

Li2.0Sia-Si+2.0Li at approximately 500 mV[15, 16]. In dilute electrolytes, the 

intensity of both pairs of peaks tend to decay upon cycling, which suggests that 

the cause of capacity degradation might be the decrease of active materials 

utilization. Unstable SEI were formed in diluted electrolyte, resulting in a 

continued decrease in the activity of the silicon, which can also be confirmed 

by CE curves. By contrast, no significant intensity decrease is observed in 

LiFSI-1.4DME even after 100 cycles. It is speculated that the LiFSI-1.4DME 

is beneficial to suppress the decrease of active materials utilization and the 

deterioration of kinetics.[12]  

To investigate the effect of SEI layer formed in the LiFSI-1.4DME 

electrolyte, additional electrochemical test was conducted. After cycling three 

times the SiOx electrode in LiFSI-1.4DME, electrolyte was replaced with 

LiFSI-9.0DME and commercial electrolyte (Figure 4.6a). Due to the SEI 

generated from the LiFSI-1.4DME, the SiOx replaced with LiFSI-9.0DME and 

commercial electrolyte also shows improved cycle characteristics as shown in 

Figure 4.6b. It seems that the SEI formed in LiFSI-1.4DME remained stable 

and effective in other electrolytes, delaying capacity fading.  

Based on these results, the difference in mechanical properties of SEI 

generated from HCE and LCE was investigated (Figure 4.7). Transmission 

electron microscopy (TEM) images show that the thickness of SEI layer after 

10 cycles in each electrolyte is about 40 to 60 nm (Figure 4.7a,b). Since the 
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maximum indentation depth of the force displacement (F–D) curve (Figure 4.7d) 

is less than 70 nm, it can be speculated that the nanoindentation result reflects 

the characteristics of SEI layer. The mechanical properties of the SEI formed 

on the surface can affect the cycling performance, especially in anode materials 

such as silicon or lithium metals that change significantly in volume during 

electrochemical reactions.[17-19] This is because it can be expected that the SEI, 

which is sturdy and has adequate elasticity, will accommodate volume changes 

effectively and be resistant to crack. Although it is known in previous studies 

that F-rich component make SEI with improved mechanical property, there are 

few results of evaluating this directly and quantitatively. Therefore, the 

mechanical properties of SEI formed from a high concentrated electrolyte in a 

silicon oxide anode material was analyzed using a nanoindenter. In particular, 

since this equipment is developed for the first time and allows air-free transfer 

of samples, it has the advantages that SEI can be preserved and analyzed as it 

is. The sputtered silicon electrodes were used to exclude the conducting agent 

and binder, which has duplicate element with SEI. The distribution of the elastic 

modulus and hardness of the electrode surface after lithiation and delithiation 

in LiFSI-1.4DME and 9.0DME electrolytes by 10 times is shown in Figure 4.7c. 

Since indentation was performed while observing the position of the electrode 

by SEM, several points were analyzed and the average value was produced in 

a widespread range rather than local. The average values of the surface elastic 

modulus and hardness after 10 cycles LiFSI-1.4DME electrolyte was 140 GPa 

and 4.5 GPa, respectively, which shows higher value distribution than that in 

LiFSI-9.0DME (Figure 4.7c). Therefore, it can be seen that the SEI layer 
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generated in LiFSI-1.4DME electrolyte has a characteristic of a higher hardness 

and elastic modulus than that in LiFSI-9.0DME. The SEI layer from LiFSI-

1.4DME electrolyte has excellent resistance to volume change of the active 

materials, which helps to maintain the structure stable and prevent degradation. 

In addition, considering to the research results that the higher the Young's 

modulus of the SEI layer, the higher the energy barrier for crack formation, it 

can be estimated that the high elastic modulus and hardness values increase 

structural stability and thus the cyclability can be improved.[20] 

We obtained soft XAS measurement in total electron yield (TEY) mode. 

Figure 4.2e represents F k-edge. The main peaks common to LiFSI, LiPF6, and 

LiF appear at 694 eV, and in the case of LiFSI, 691.1 eV, and in the case of LiF, 

695.4 and 699 main peaks additionally appear. LiFSI and LiF peaks are seen in 

LiFSI-1.4DME and LIFSI-9.0DME. In particular, the LiF peak was most 

prominent in the SEI generated from the high-concentration electrolyte. 

Additionally, more LiF peaks were observed in LIFSI-1.4DME when inner SEI 

layer was analyzed in total fluorescence yield (TFY) mode with deeper probing 

depth (Figure 4.10). In C k-edge TEY of Li2CO3, a sharp peak at 291 eV 

corresponds to single bond π state and 298 eV corresponding to the double C 

bond σ states is observed (Figure 4.2f). ROCO2Li appeared in common, and 

Li2CO3 was observed little bit more in the low-concentration electrolyte than in 

the high-concentration electrolyte. Research on the effects of ROCO2Li and 

Li2CO3 as SEI is controversial, but there is a paper that ROCO2Li can act as a 

reversible capacity.[21]  

In the case of O-TEY, like C-TEY, Li2CO3 and ROCO2Li were mainly 
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detected (Figure 4.2g). Also, it can be seen that more anion derived inorganic 

components were formed in the LIFSI-1.4DME than in LiFSI-9.0DME from 

XPS wide spectrum (Figure 4.8). The quantitative analysis of SEI in LiFSI-

1.4DME and LiFSI-9.0DME was performed by AES with a probing depth of 5 

nm (Table 4.1). As Li, F and N components were detected more in LiFSI-

1.4DME than in LiFSI-9.0DME, it can be seen that salt derived SEI was found 

in LiFSI-1.4DME, and fluorine was generally higher in LiFSI-1.4DME than 

LiFSI-9.0DME in both inner and outer SEI.  

There results causes question about formation mechanism in HCE and 

what is the effect of SEI in specific voltage. By controlling the voltage cut-off 

in the SEI formation step, we tried to find out the effect of SEI in certain voltage 

range. Unlike to the electrolyte swap experiment in Figure 4.6b, first lithiation 

voltages were adjusted from 30mV to 110 mV during SEI pre-formation step 

for 3 cycles (Figure 4.11a). It shows that the cyclability improved as the cut-off 

voltage was lowered in the SEI pre-formation step. Also, in the case of the cell 

made SEI up to the lowest voltage, the Coulombic efficiency reaches the 

highest value the fastest and maintains that trend (Figure 4.11b).  

In order to investigate the mechanism of SEI generated in LiFSI-1.4DME, 

XPS analysis was performed after charging and discharging to the indicated 

voltage (Figure 4.11c). The Si-O peaks are observed in O 1s spectrum of 

pristine because surface of sputtered Si is oxidized.[22, 23] When anode is 

discharged to 250 mV, SEI derived mainly from anion is observed in all element 

spectra. In particular, the anion derived peaks are presented as FSI - and LiF in 

F 1s spectrum at 688 and 685 eV and at 533.5 eV in O 1s spectrum.[24, 25] In the 
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Li 1s spectrum, the peaks at 56 eV and 53.5 eV are obtained from LiF and Li2O, 

respectively[26] (Figure 4.12). Further reducing the potential from 250 mV to 30 

mV, the spectra of O 1s and Li 1s presented DME reductive products, such as 

ROCO2Li and Li2CO3
[27, 28]. As the voltage decreases, the surface composition 

changes from ROCO2Li to Li2CO3. This may be due to the formation of 

ROCO2Li before Li2CO3 or the oxidation of ROCO2Li to Li2CO3 by reacting 

with electrolyte or CO2
[29, 30]. As lithiation proceeds, the F k-edge and C k-edge 

of each voltage show the decreased in the LiF peak and an increase in the 

Li2CO3 peak, indicating that solvent-derived SEI accumulated on the already 

formed LiF (Figure 4.14). Since Si was not detected even after 5 nm etching 

below 110 mV, SEI with a thickness of 15 nm or more was formed at 110 mV, 

and thicker SEI might be formed when further discharged to 30 mV. When SiOx 

is charged to 1.2 V, the intensity of LiF peak is increased and solvent derived 

peak is decreased especially Li2CO3 peak. Accordingly, it can be seen that anion 

derived inorganic SEI is mainly formed in the inner SEI and solvent derived 

SEI is mainly formed in the outer SEI. In Figure 4.14, F k-edge and C k-edge 

show the decomposition of outer SEI more clearly. [31] Figure 4.15 represents 

the SEI growth mechanism derived from LIFSI-9.0DME for each voltage. In 

the case of using LiFSI-9.0DME, LiF and ROCO2Li mainly appeared when the 

voltage was lowered to 250 mV as in LiFSI-1.4DME behavior, and then Li2CO3 

was generated. Therefore, the difference between the SEI characteristics at low 

and high concentrated electrolyte is determined by the amount of anion-derived 

SEI rather than the type of SEI (Figure 4.8). 

The schematic illustration of potential-dependent SEI is represented in 
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figure 4.16. Anion-derived component dominate the inner layer of the SEI, 

while solvent derived component such as ROCO2Li and Li2CO3 is distributed 

at the outer layer.[32] This result is contrary to the result that inorganic SEI 

occurs after the existing organic SEI. That is, the concentration of the 

electrolyte salt changed the SEI generation mechanism.  [33] 

Figure 4.18 shows the rate capability of SiOx anode with LiFSI-1.4DME 

at high rate and high temperature. At an extremely high current density of 60 A 

g-1, corresponding to 5.2 min for discharging (figure 4.18b). Figure 18c shows 

long term cyclability of SiOx anode at 30 A g-1 current density. A discharge 

capacity of 942 mAh g-1 is obtained after 350 cycles. This excellent rate 

capability of SiOx anode in LiFSI-1.4DME at high temperature is due to the 

increase of Li ion diffusivity and decreased viscosity of LiFSI-1.4DME at high 

temperature.   
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Figure 4.1 (a) SEM and (b) TEM image of SiOx active material used in the 

manuscript. SiOx nanoflakes are agglomerated in the form of micron-sized 

secondary particles.  
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Figure 4.2 Solvation structure of electrolyte and electrochemical properties of 

SiOx according to LiFSI concentration (a) Raman spectra of LiFSI-nDME. (b) 

1st dq/dv (the inset is a magnified section), (c) discharge capacity and (d-e) 

dq/dv curves over multiple cycles of voltage profile of Li || SiOx half-cells with 

LiFSI-nDME and conventional electrolyte.  
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Figure 4.3 Voltage profile of (a-c) first and (d-f) multiple cycles of Li || SiOx 

half cells with LiFSI-nDME. 
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Figure 4.4 Coulombic efficiency of Li || SiOx half-cells with LiFSI-nDME and 

conventional electrolyte.  
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Figure 4.5 Capacity retention of SiOx electrode – Li metal half-cell in LiFSI-

9.0DME. Lithium metal was replaced after 50 cycles to confirm whether the 

cause of degradation was due to Li metal or SiOx. Cycle degradation continued 

to occur even after Li replacement, indicating that the capacity degradation was 

due to SiOx damage. 
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Figure 4.6 (b) after the 3 cycles of SiOx in LiFSI-1.4DME, the electrolyte was 

changed with LiFSI-9.0DME and conventional electrolyte, as shown in (a). (c) 

F k-edge, (d) C k-edge and (e) O k-edge of the SEI formed on SiOx cycled using 

LiFSI-1.4DME and LiFSI-9.0DME. The spectra were collected by total 

electron yield. 
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Figure 4.7 Structural characteristics of SEI layer after 10 cycles in (a) LiFSI-

1.4DME and (b) LiFSI-9.0DME. (c) Mechanical analysis and (d) F-D curves 

of SEI layer using nano-indentation.  
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Figure 4.8 (a) wide scan XPS spectra and (b-d) narrow scan spectra of the SiOx 

after fully discharged to 30 mV in LiFSI-1.4DME and LiFSI-9.0DME.  
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Figure 4.9 (a) F k-edge, (b) C k-edge and (c) O k-edge of SEI on SiOx after 15 

cycles in conventional electrolyte. Absorption spectra were obtained by TEY 

mode. 
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Figure 4.10 F k-edge of SiOx after 15 cycles in different electrolyte. Absorption 

spectra were obtained by TFY mode. 
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Figure 4.11 (a) cycle performance and (b) coulombic efficiency of Li || SiOx 

half cells in conventional electrolyte after 3 formation cycles of SiOx in LiFSI-

1.4DME with different cut-off discharge voltage. (b) Voltage profile of the SiOx 

used in this experiment, and XPS analysis was performed at the indicated 

voltage. 
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Figure 4.12 (a) F 1s (b) O 1s(c) Li 1s and (d) S 2p XPS spectrum of SiOx at 

indicated voltage using LiFSI-1.4DME. 
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Figure 4.13 XPS characterization of the (a) Li 1s and (b) S 2p XPS spectrum 

of SiOx after 5nm etching at indicated voltage using LiFSI-1.4DME.  

  



 

 
 

165 

 

Figure 4.14 F k-edge and C k-edge of SiOx at indicated voltage using LiFSI-

1.4DME. The spectra were collected by total electron yield.



 

 
 

166 

 

Figure 4.15 XPS characterization of the (a) F 1s (b) O 1s and (C) Li 1s XPS 

spectrum of SiOx using LiFSI-9.0DME at indicated voltage and insets are 5nm 

etched spectrum. 
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Figure 4.16 Schematic illustration of the potential-dependent SEI formation 

mechanism derived from LiFSI-1.4 DME on SiOx anodes. 
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Figure 4.17 XPS spectra of LiFSI powder. 
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Figure 4.18 Electrochemical performance of SiOx at 60 °C. (a) rate capability 

and (b) discharging time under different current density. (c) The cycling 

performance at high current density. 

 

  



 

 
 

170 

Table 4.1 AES quantitative analysis of SiOx after fully discharge and charge 
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4.4 Conclusion 

In summary, we highly improved SiOx anode cyclability with stable SEI 

formed by LiFSI-1.4DME. It was demonstrated by driving SEI made from 

LiFSI-1.4DME in commercial electrolyte and LiFSI-9.0DME. We compare the 

mechanical properties and chemical structure of SEI from unraveled high-

concentration electrolyte and low-concentration electrolyte-derived SEI. It 

seems that the high-concentration electrolyte SEI was able to stably maintain 

the structure of the silicon electrode because it was more elastic and stiff than 

the low concentration. In addition, it was confirmed that the salt was 

decomposed at the initial stage of lithiation using equipment with XPS, soft 

XAS, AES which have different probing depths, so that LiF was mainly formed 

as inner SEI, and after that, ROCO2Li and Li2CO3, which are solvent derived 

SEIs, are generated. On the other hand, it was confirmed that the low -

concentration electrolyte had less salt derived SEI. This coupling study of 

chemical/mechanical properties will play an important role in SEI design and 

application. 
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Chapter 5. Conclusions 

In this study, the low initial coulombic efficiency (ICE) and cycle 

degradation of high-performance silicon-based anodes for secondary batteries 

were improved. The contents are: (1) Chemical prelithiation of Si/SiOx anode 

to improve ICE, (2) Carbon coating of Si-based anode to maintain electrical 

conduction during cycling and (3) Formation of stable SEI on Si/SiOx anode by 

engineering solvation structures. 

In the first part of this dissertation, I demonstrated a new chemical solution 

to improve the ICE of Si-based anodes by employing molecularly engineered 

BP derivatives to adjust the reduction potential of LACs below 0.2 V. In 

addition, active Li doping in Si-based anodes through a homogeneous and 

scalable chemical reaction was enabled for the first time. We found that the 

LAC complex of the original BP molecule was incapable of adding active Li to 

SiOx but formed a SEI that accounts for inadequate improvement in the initial 

CE. When electron-donating methyl groups are substituted, the elevated 

LUMO levels of BP derivatives decrease the redox potential of LACs to 0.13 

V, which is lower than that of SiOx and thus triggers active Li accommodation 

in SiOx elevating the initial CE to exceed 100%.  

In the second part, the surface of Si-based anode material was carbon-

coated with a novel carbon precursor and synthesis method. The electric 
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conductivity and cycle life according to the heat treatment temperature were 

improved by using a poly furfuryl alcohol (PFA) resin derived from biomass. 

The effects of the carbonization temperature on the physical properties of the 

carbon-coated anodes, such as the specific surface area and phase composition, 

and on the electrochemical performance characteristics, such as the initial 

discharge/charge capacity and capacity retention ratio were investigated. In 

addition, I made a high conducting Si-based anode material by growing  CNF 

on Si-based anode. In this chapter, the relationship between the physical 

properties of the carbon coating layer and the electrochemical performance is 

discussed, and the performance of the anode active material is improved by 

growing CNFs using a new method.  

In the final part, I elucidate the SEI formation mechanism of concentrated 

electrolyte that enables better performance of high capacity anode due to 

formation of stable SEI. The structural and mechanical properties of the SEI 

were difficult to understand due to its vulnerability and complex structure. The 

mechanical properties and SEI composition are analyzed by combining the 

nanoindenter equipped with air protection system and surface analysis 

equipment. In particular, by comparing the SEI derived from (LiFSI) in DME 

electrolytes at concentrations of 1M and 4M, it was found that LiF had a 

significant effect on mechanical and electrochemical properties. Diverse 
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characterization of SEI represents chemo-mechanical stable SEI formed in 

concentrated and composed with anion-derived inner SEI (LiF and Li2O) and 

solvent-derived outer SEI (ROCO2Li and Li2CO3). According to the SEIs of the 

analyzed voltage ranges, anion-derived SEIs were generated at high potentials 

(>110 mV vs Li/Li+) and solvent-derived SEIs were generated at low potentials 

(<110mV vs Li/Li+). Even after charging, the outer SEI (Li2CO3) was 

decomposed and the inner SEI (LiF) was maintained. 
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Abstract in Korean 

국 문 초 록 

고성능 리튬 이차 전지용  

실리콘계 음극의 계면 설계 연구 

장 주 영 

서울대학교 공과대학 

재료공학부 

 

  환경 문제와 전기 자동차 (EV)의 엄청난 인기에 대한 

우려가 높아지면서 에너지 밀도가 높은 에너지 저장 시스템, 특히 

리튬 이온 배터리가 강조되고 있다. Si/SiOx 음극은 고용량과 풍부한 

자원으로 인해 차세대 음극 재료 중 하나로 간주되었다. 이론적으로 

실리콘의 용량은 Li3.8Si의 경우 3580 mAh g-1이고 평균 전압은 0.4 V 

이다. 그러나 실리콘의 몇 가지 문제로 인해 상용화에 걸림돌이 

되고 있다. 첫 번째 문제는 실리콘계 음극 (Si/SiOx)이 현재 사용되는 

흑연 음극 (> 90 %)보다 현저히 낮은 약 75 %의 낮은 쿨롱 효율을 

갖기 때문에 발생한다. 실제 배터리의 리튬 양은 제한되어 있기 

때문에 첫 번째 전기 화학적 작동 중에 많은 에너지 손실이 

발생한다. 또한 실리콘은 리튬이 삽입 되면 부피가 350 % 이상 

팽창하고 반대로 리튬 탈리시 수축한다. 큰 부피 변화로 인한 

응력은 표면의 균열과 활물질의 전기적 단락을 유발한다. 전해질은 
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낮은 전위 (<0.7 V vs Li /Li +) 에서 활물질 표면에 분해 되어 증착되며 

이를 SEI (Solid Electrolyte Interphase) 라고 합니다. SEI 는 전해질의 

특성에 따라 Li 이온 전도도와 낮은 전자 전도도 특성을 가지고 

있다. Li 기반 유기/ 무기 성분을 포함하는 SEI는 새로 노출 된 

표면에 반복되는 SEI 형성으로 인해 두꺼워진다. 따라서 SEI는 고 

용량 음극을 안정화하는 데 중요한 역할을 한다. 이 연구에서는 

위에서 언급 한 고성능 실리콘 계 음극 문제를 해결하기위한 

새로운 접근 방식을 제시한다. 

2번째 장은 실리콘계 음극의 초기 효율을 개선하기 위해 

환원성 용액을 개발한 방법을 보여준다. 음극의 초기 비가 역 

용량을 보상하기 위해 사용되는 사전 리튬화 방법은 광범위하게 

연구되었다. 환원성 용액을 사용하는 용액 기반 화학 사전 리튬화는 

탁월한 반응 균일성과 단순한 공정을 자랑한다. 그러나 지금까지 

적용된 화학 물질은 Si계 음극에서 활성 Li를 도핑 할 수 없었는데, 

이는 산화 환원 전위가 충분히 낮지 않았기 때문이다. 이 장에서는 

분자 개질을 통한 Li-arene 복합체에 의해 실리콘계 음극에 활성 

리튬을 반응을 가능하게 한다. 또한 상업성을 고려하여 대기 

안정성과 비용도 고려된다. 

3번째 장에서는 탄소 코팅을 통해 활성 물질의 표면을 

개질하여 연속적인 충방전 인한 전기적 단락을 완화한다. 탄소 

코팅은 공정이 간단하여 상업적으로 널리 사용되는 방법이다. 이번 

장에서는 친환경적이고 기계적 강도가 높은 필름 형 카본 코팅을 

사용하여 열처리 온도에 따른 전기 전도도와 수명을 향상시킨다. 

두번째로, 실리콘 활물질에 직접 CNT를 성장시켜 입자 사이의 전기 
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전도도와 활물질 자체의 전기 전도도를 향상시켜 열악한 순환 성 

및 속도 특성을 완화한다. 이번 장에서는 탄소 코팅층의 물성과 

전기 화학적 성능과의 관계에 대해 논의하고, 새로운 방법으로 

CNF를 성장시켜 음극 활물질의 성능을 향상시킨다. 

마지막 장에서는 Si계 음극에서 안정적인 SEI 형성 

메커니즘을 설명한다. 안정적인 SEI는 전해질의 용 매화 구조 

공학을 통해 형성되며, 이는 용매 분리 이온 쌍 (SSIP) 구조에서 

리튬 염 함량을 증가시킴으로써 접촉 이온 쌍 (CIP) 및 응집 

(AGG)으로 용매화 구조가 변하기 때문이다. Si계 음극은 고농도 

전해질을 사용하여 뛰어난 성능을 나타낸다. 이 장에서 SEI의 

특성과 구성은 다양한 분석 깊이를 가진 분광법을 통해 심층 분석 

된다. 

 

주요어: 이차전지, 리튬 이온 전지, 실리콘 옥사이드 음극, 고체 

전해질 계면, 사전 리튬화, 탄소 코팅 
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