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ABSTRACT 

The investigation on active Lithium-ion battery materials (such as Silicon-based anode, NCM cathode 

and so on) with ever-increasing energy density draw much more attention, whereas the limits of 

conventional auxiliary materials, such as binders and conducting additives are being researched. 

Binders adhere active substances to active substances, active substances to current collectors as well, 

yielding an interconnected electrode structure that ensures mechanical integrity during the 

lithiation/delithiation process. Even though the battery binder only accounts for a fraction of battery 

weight and cost, it is a bottleneck technology in the development of high energy density active 

materials that experience significant volume variation and side-reactions. 

In the other hand, most electrodes are using poly(vinilydene fluoride) (PVDF) as binder, but this 

fluorinated polymer is expensive and requires the use of a volatile and toxic organic solvent such as 

N-methyl-pyrrolidone (NMP) in the processing. The toxic NMP solvent not only damage the 

environment, but also harm the health of operators when manufacture the lithium-ion batteries. Hence, 

the development of novel eco-friendly, low cost and water-soluble binders which recently have gained 

increasing attention as a promising performance booster for lithium ion batteries with high energy 

density. Such water soluble polymer binders are either natural, or modified, or synthesized, and they 

were observed with profoundly enhanced chemical/physical interactions with the electrode materials, 

stronger mechanical adhesion and evidently improved volume variation durability, leading to dramatic 

improvements in the electrochemical performances of Si-based anodes, spinel/layered oxide cathodes 

and S cathodes.  

In our first research, the water-soluble polysaccharides binders were modified to improve the ionic 

conductivity. Various polysaccharides have been much attention to potential binder candidates for 

lithium-ion batteries due to their strong adhesion through number of hydroxyl and carboxyl functional 

groups as well as water soluble characteristic. On the contrary, the endeavor to improve lithium ion 

transport through polysaccharide binders has been hardly done. For this purpose, the sulfonation of 

traditional sodium alginate (Alg) and carboxymethyl cellulose (CMC) binders are performed to 

introduce sulfo (SO3H) functional groups to the backbone of the polysaccharides. The sulfonation 

increases the ionic conductivity of the polysaccharide at least 2 mS/cm higher than, compared to 

unsulfonated polysaccharides in the solution state. Such an increase in the ionic conductivity of binder 

results in the enhancement of cyclic performance of Li4Ti5O12 (LTO) electrodes. For instance, the 

sulfonated CMC-containing LTO electrode shows 153.2 mAh g-1 at the 100th cycle, whereas the 

unsulfonated CMC-containing LTO electrode has 117.6 mAh g-1. The difference becomes more 

significant as the charge/discharge current rates increase. Besides, various characterization 
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demonstrates that the sulfonated polysaccharides own superior electrochemical properties when used 

to LIB binder. 

In our second research, water-soluble conductive binder system would be designed to enhance the 

electrochemical performance for pure Si anode. Alginate is a kind of natural polysaccharides binder 

which possess much amount of hydroxyl and carboxyl groups, leading to a good adhesion strength for 

active materials, especially for Si-based anode. Herein, the adhesive property of alginate was boosted 

by graft copolymerization with acrylic acid (AA) and butyl acrylate (BA) forming Alg-ABAA binder. 

AA monomer provides abundant hydroxyl groups which can improved the adhesion strength between 

Si anode and copper foil, in addition, monomer BA could endow the new binder flexibility. After then, 

the conductive two dimensional (2D) layered material MXene was connected to the binder Alg-

ABAA, the water-soluble conductive binder Alg-AABA-Mx was well synthesized. When employed 

the binders Alg-AABA and Alg-AABA-Mx to the pure nano Si particles (SiNPs) anode, the capacity 

of electrodes was dramatically increased. In the case of Alg-ABAA-Mx/SiNPs electrode, even the 

capacity is lower than Alg-ABAA/SiNPs electrode, it shows an excellent performance in high rate 

cycling. 

In the last research, a type of a core-shell Si-based compound was well synthesized. It is well known 

that Silicon was supposed to the next generation anode material for lithium-ion batteries due to (1)  its 

specific capacity of 4,200 mAhg-1 and volume capacity of 9,786 mAh cm-3, the highest known for a 

LIB anode; (2) relatively low working potential (0.5 V vs. Li/Li+); and (3) the natural abundance of 

element Si and its environmental benignity. However, the practical implementation of Si anodes is 

still blocked due to three major problems. First, poor cycle-life of silicon materials results from 

pulverization during the huge volumetric fluctuations (>300%) which accompany lithium ion 

intercalation and deintercalation. Second, drastic irreversible capacity loss and low coulombic 

efficiency is caused by mechanical fracture of Si anodes during the alloying/dealloying process. 

Finally, the solid electrolyte interphase (SEI) breaks as the nanostructure shrinks during delithiation. 

This results in the exposure of the fresh silicon surface to the electrolyte and the reformation of the 

SEI, resulting in the SEI growing thicker with each charge/discharge cycle. Our purpose is to prolong 

the cycle life of electrode when using the Si-based material as anode. The polysaccharide alginate was 

coated on the surface of SiNPs through chemical bond by amidation reaction, therefore the formed 

core-shell Si-polymer material was used to the lithium-ion batteries as anode. During the charge and 

discharge process, the core-shell Si-based anode could alleviate the pulverization and keep a long 

cycle life, maintain a stable and relatively high capacity. Even the inner resistance of the Si-Alg 

electrode is increased compare to the pure SiNPs electrode, the sacrifice got the stable and long cycle 

in return. 



iii 

 

 

ACKNOWLEDGEMENT 

The PhD career is a long but precious period in my entire life. I experienced suffering and happiness, 

struggling and enjoying at the same time. I would miss the time when I was a PhD candidate. And 

now it is my pleasure to acknowledge the roles of several individuals who were instrumental for 

completion of my PhD research. I wouldn’t finish my research without their help. 

First of all, I would like to express my gratitude to Prof. Eun-Suok Oh who is my advisor, he brought 

me to the fantastic world of lithium-ion battery and taught me a lot include the research section and 

how to be a qualified researcher importantly. At the same time, he gave me so many chances to attend 

the domestic and international conferences, so I had the good fortune to contact the excellent 

researchers and know the most state-of-the-art information about batteries. In addition, he also took 

care of my health and life very often. He is an extremely responsible and nice professor and scientist 

I’ve ever seen in my life. 

Actually, I changed my research area from master (organic synthesis) to PhD (lithium-ion battery), so 

I faced many problems and questions on the first two years during my PhD period. Fortunately, 

Bolormaa Gendensuren who is one of my lab members gave me a lot of help on my research selflessly. 

I would like to give my appreciate and gratitude to her, she always pointed out my mistake and offered 

correct method and good advices. Of course, I would thank another lab member who called 

Yanchunxiao Qi, we work together recently, she is a nice partner and friend to me. We discussed a lot 

about research and life. In addition, I would like to thank Dr. Minh Hien Thi Nguyen who helped me 

solve so many problems on research and Mi Tian who give me new research ideas and plentiful joys. 

At last, I express my gratitude to all of my lab members, they support me a lot when I was down. 

Certainly, our lab is like a warm family, they gave me a lot of sweet memories in my mind and would 

never forget.  

I am so grateful to the committee members who attend my dissertation defense, include Prof. Won 

Mook Choi, Prof. Junbom Kim, Prof. Sung-Goon Kang, and Prof. Jung Kyoo Lee. Thank you all very, 

very much for sparing your valuable time to my defense. Thank you for your affirmation and giving 

me a lot of valuable advices. I would improve my research according to your advices in the future. 

Next, I want to say it’s worth spending five years in Chemical Engineering department, University if 

Ulsan. It has so many advanced instruments and excellent professors, it’s a perfect place to do 

scientific research. 



iv 

 

I also want to acknowledge the BK 21 plus project which give me financial support for my PhD study. 

The financial support let me focus on the research without any worries on life in Korea. 

Finally, I would like to say “Thank you, I love you” to my all family, my parents, little brother, 

nephew and others. They encourage me to overcome the problems in my life and give me love all the 

time. I feel warm and build up my confidence again and again when I talk with them through 

communication tools. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Table of Contents 

ABSTRACT……………………………………………………………………………ⅰ 

ACKNOWLEDGEMENT………………………………………………………………ⅲ 

Table of Contents………………………………………………………………………1 

Overview of dissertation…………………………………………………………………4 

List of tables………………………………………………………………………………6 

List of figures……………………………………………………………………………7 

1    Background of Battery………………………………………………………………9 

1.1 History of battery………………………………………………………………………10 

1.2 Classification of battery…………………………………………………………………11 

1.3 Global battery market…………………………………………………………………12 

2 Main Lithium-ion Battery Material in Practice……………………………………14 

2.1 Lithium-ion batteries components and materials…………………………………………14 

2.1.1 Cathode active materials……………………………………………………………15 

2.1.2 Anode active materials……………………………………………………………16 

2.1.3 Auxiliary materials: Conductive additives and binders…………………………………18 

2.1.4 Electrolyte…………………………………………………………………………19 

2.1.5 Porous separator……………………………………………………………………20 

2.2 Detailed introduction of binders for lithium-ion batteries…………………………………21 

2.2.1 Organic-based binders………………………………………………………………22 

2.2.2 Water-based binders………………………………………………………………22 

2.2.3 Our research objects………………………………………………………………23 

3 Electrochemical Performance of Polysaccharides Modified by the Introduction of 

SO3H as binder for High-powered Li4Ti5O12 Anodes in Lithium-ion Batteries……25 

3.1 Introduction…………………………………………………………………………25 



2 

 

3.2 Experimental…………………………………………………………………………26 

3.2.1 Synthesis of sulfonated alginate and carboxymethyl cellulose…………………………26 

3.2.2 Preparation of electrodes and coin cells………………………………………………26 

3.2.3 Characterization of materials and electrochemical properties…………………………27 

3.3 Results and discussion………………………………………………………………27 

3.3.1 NMR………………………………………………………………………………27 

3.3.2 FT-IR……………………………………………………………………………30 

3.3.3 Ionic conductivities…………………………………………………………………31 

3.3.4 Electrical conductivities……………………………………………………………32 

3.3.5 Electrolyte uptake and contact angle…………………………………………………34 

3.3.6 Adhesion test………………………………………………………………………35 

3.3.7 Cyclic voltammetry…………………………………………………………………37 

3.3.8 The specific capacity vs voltage profile………………………………………………38 

3.3.9 EIS………………………………………………………………………………42 

3.3.10 Cyclic performance and rate capability………………………………………………44 

3.4 Conclusions…………………………………………………………………………47 

4 Mxene Bonded Conductive binder for Improving Electrochemical Performance of 

High-capacity Si Anode in Lithium-ion Batteries…………………………………49 

4.1 Introduction…………………………………………………………………………49 

4.2 Experimental…………………………………………………………………………50 

4.2.1 Synthesis of Alginate-poly(acrylic acid-butyl acrylate)-MXene(Ti2Tx)(Alg-ABAA-

Mx)………………………………………………………………………………50 

4.2.2 Preparation of electrodes and coin cells………………………………………………50 

4.2.3 Characterization of materials and electrochemical properties…………………………51 

4.3 Results and discussion………………………………………………………………51 

4.3.1 FT-IR……………………………………………………………………………51 



3 

 

4.3.2 DSC………………………………………………………………………………52 

4.3.3 Ionic conductivities…………………………………………………………………53 

4.3.4 Interface resistance…………………………………………………………………54 

4.3.5 Adhesion test………………………………………………………………………55 

4.3.6 Impedance…………………………………………………………………………56 

4.3.7 Cycling performance………………………………………………………………57 

4.3.8 Rate capability……………………………………………………………………58 

4.4 Conclusions……………………………………………………………………60 

5 Modified Core-shell Structured Si-based Material by Coating Polysaccharides on 

Silicon Surface Applied as Anode in Lithium-ion Batteries……………………61 

5.1 Introduction…………………………………………………………………………61 

5.2 Experimental…………………………………………………………………………62 

5.2.1 Synthesis of core-shell structured Si-based anode Si-Alg………………………………62 

5.2.2 Preparation of electrodes and coin cells………………………………………………62 

5.2.3 Characterization of materials and electrochemical properties…………………………63 

5.3 Results and discussion………………………………………………………………63 

5.3.1 FT-IR……………………………………………………………………………63 

5.3.2 TEM……………………………………………………………………………64 

5.3.3 EDS………………………………………………………………………………65 

5.3.4 Adhesion test………………………………………………………………………67 

5.3.5 Cyclic voltammetry…………………………………………………………………68 

5.3.6 Cyclic performance…………………………………………………………………70 

5.3.7 Rate capability……………………………………………………………………70 

5.3.8 EIS………………………………………………………………………………71 

5.3.9 SEM………………………………………………………………………………73 



4 

 

5.4 Conclusions…………………………………………………………………………74 

Summary…………………………………………………………………………………75 

References………………………………………………………………………………76 

Publications………………………………………………………………………………93 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

Overview of dissertation 

The main content of this dissertation is about modifying and designing novel water-soluble polymeric 

binders with multiple functions, then employed them as binders for Li4Ti5O12 and Si anodes in 

lithium-ion batteries. The other part is about designing a core-shell structured Si-based compound as 

anode for lithium-ion batteries, to endure the volume expansion of Si during lithiation/delithiation 

process. The brief overview of this dissertation as follows: 

Chapter 1 introduced some background knowledge about lithium-ion batteries, including the history of 

battery, classification of battery and battery commercial market at present. Battery is playing an 

indispensable role in our modern life, so the battery is an important subject which should be studied 

with more attention. 

Chapter 2 described the main parts and materials of lithium-ion battery briefly. Every material is 

important in a battery, it’s like the barrel theory, the comparative worst material in the lithium-ion 

battery determines the performance of the battery. Hence the appropriate and superb performance 

material is the main topic of our research. In our case, we focus on the binders in lithium-ion batteries, 

some paragraphs introduced the binders in detail from all aspects in this chapter. 

Chapter 3 showed the detailed synthesis procedure and method about sulfonated polysaccharide 

binders, displayed and explained all of the results about sulfonated binders Alg-S and CMC-S used for 

LTO anode as binder in lithium-ion battery. As expected, the sulfonated binders improved the ionic 

conductivity compare to the original polysaccharides, the coin-cells with them as binders exhibited 

better electrochemical performance. 

Chapter 4 described how to synthesis of conductive polymeric Alg-ABAA-Mx binder, and the 

instruments when did the research, displayed and explained all of the results about MXene bonded 

conductive binder Alg-ABAA-Mx applied for Si anode as binder in lithium-ion battery. Finally, the 

coin-cell with Alg-ABAA-Mx as binder showed better electrochemical performance, especially in 

high rate current. 

Chapter 5 showed how we made the core-shell structured anode Si-Alg, displayed and explained all of 

the results about core-shell structured anode Si-Alg applied in lithium-ion battery. The Si-Alg anode 

alleviated the huge volume expansion of Si during charge/discharge process and prolong the coin-

cell’s cycle life. It’s an effective way to enhance the application of Si as anode in lithium-ion batteries. 
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1 Background of Battery 

Imagine yourself not being able to move around while using your mobile phone because its battery is 

busted and will only work while it is plugged in to a power source. I bet you would think that is too 

inconvenient, am I right? When our phone’s battery ran out, we tend to think of all possible ways to 

recharge it so we could use our phone again. It is on these instances that we actually realize how 

important portable batteries have become in our lives now. These batteries are used in almost all 

portable electronic devices. Batteries have made our life so convenient that sometimes we tend to 

overlook their importance. Changing channels on television, talking on the phone while walking 

around, using your laptop while on the move or taking pictures would never be so easy if batteries 

were not invented. These scenarios prove that batteries are present in almost all aspects of our daily 

lives. 

Batteries are devices used to store and generate electrical energy. Apart from being used in daily 

household products, batteries are used in automobiles, computer data stations or even forklift 

equipment. These batteries are specially built to power devices that require high power output. They 

are called lithium acid batteries with a signature letter of A. They should not be used for smaller 

appliances as they might damage it with its large amount of power. However, they can be used to 

power a home in case of a power blackout. 

The batteries that we use in regular household appliances are known as lithium or lithium ion batteries. 

They provide instant power when required but do not last forever as their energy gets drained out. 

Some of their applications can be in portable radios, TV remotes or toys. An interesting thing about 

these batteries is that they can even be used to power electric cars! They come in various sizes to 

support different devices. Some examples of their size are double A or triple A. Nickel cadmium 

batteries, or also known as Ni Cad batteries, are rechargeable batteries. These rechargeable batteries 

do not only make our lives easier but also more economical. Because of them, we do not need to buy 

and change our hand phone’s battery every time it dies. Applications of this battery can be in mobile 

phones, cordless phones, Mp3 players and cameras. Even though, these batteries tend to be more 

expensive as compared to regular batteries, in the long run, they are proven to be more economical as 

you do not have waste money on batteries again and again. 

Batteries have been so successful due to the fact that they are portable. Manufacturers of batteries 

always try to out-do their competitors by coming out with various types of batteries that can last 

longer. Due to their success, more gadgets were invented that could be used on the move. Proper care 

and usage of batteries is important to avoid any mishaps. You should not try to recharge batteries that 
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are not meant to be recharged as this can cause the battery to leak and damage your appliances. Ensure 

that batteries are being used in a dry environment to be able to take full advantages of them. 

1.1 History of battery 

A series of remarkable events which are related to battery inventions is depicted in a chronological 

manner, as shown in Figure 1-1. The development of battery has gone through a very long historical 

process until now. Alessandro Volta reported that he has developed a reliable source of electrical 

current in 1800. He has invented the wet-cell battery. Volta theorized that electrical current was 

caused by the contact of dissimilar metals amid moisture. He went on to build a stack of alternating 

copper and zinc discs. Each pair of discs was separated from the next by cardboard that had been 

soaked in salty water. This voltaic pile produced continuous electrical current. After around 59 years, 

Gaston Planté invented the lead-acid cell in 1859, the first rechargeable battery. His early model 

consisted of a spiral roll of two sheets of pure lead, separated by a linen cloth and immersed in a glass 

jar of sulfuric acid solution. Lithium batteries were proposed by British chemist M. Stanley 

Whittingham, now at Binghamton University, while working for Exxon in the 1970s. Whittingham 

used titanium (IV) sulfide and lithium metal as the electrodes. However, this rechargeable lithium 

battery could never be made practical. In 1980s, John B. Goodenough demonstrated a 

rechargeable lithium cell with voltage in the 4 V range using lithium cobalt dioxide (LiCoO 

2) as the positive electrode and lithium metal as the negative electrode. This innovation provided 

the positive electrode material that enabled early commercial lithium batteries. Since then, much 

attention was paid to improve the Li-based systems, and the Li-ion battery was first 

commercialized by Sony in 1991. 

 

https://en.wikipedia.org/wiki/Lead-acid_battery
https://en.wikipedia.org/wiki/Lithium_batteries
https://en.wikipedia.org/wiki/M._Stanley_Whittingham
https://en.wikipedia.org/wiki/M._Stanley_Whittingham
https://en.wikipedia.org/wiki/Binghamton_University
https://en.wikipedia.org/wiki/Exxon
https://en.wikipedia.org/wiki/Lithium_cobalt_oxide


11 

 

Figure 1-1 Brief history of the invention of batteries. 

1.2 Classification of battery 

Batteries generally can be classified into different categories and types, ranging from chemical 

composition, size, form factor and use cases, but under all of these are two major battery types, 

primary batteries and secondary batteries. 

A primary cell or battery is one that cannot easily be recharged after one use, and are discarded 

following discharge. Most primary cells utilize electrolytes that are contained within absorbent 

material or a separator (i.e. no free or liquid electrolyte), and are thus termed dry cells. 

A secondary cell or battery is one that can be electrically recharged after use to their original pre-

discharge condition, by passing current through the circuit in the opposite direction to the current 

during discharge. 

The following table summarizes the pros and cons of primary and secondary batteries. 

Table 1-1 A comparison of pros and cons between primary batteries and secondary batteries. 

Primary Secondary 

Lower initial cost. Higher initial cost. 

Higher life-cycle cost ($/kWh). 
Lower life-cycle cost ($/kWh) if charging in 

convenient and inexpensive. 

Disposable. Regular maintenance required. 

Disposable. Periodic recharging required. 

Replacement readily available. 

Replacements while available, are not produced 

in the same sheer numbers as primary batteries. 

May need to be pre-ordered. 

Typically lighter and smaller; thus traditionally 

more suited for portable applications. 

Traditionally less suited for portable applications, 

although recent advances in Lithium battery 

technology have led to the development of 

smaller/lighter secondary batteries. 

Longer service per charge and good charge 

retention. 

Relative to primary battery systems, traditional 

secondary batteries (particularly aqueous 

secondary batteries) exhibit inferior charge 

retention. 

Not ideally suited for heavy load/high discharge Superior high discharge rate performance at 

https://depts.washington.edu/matseed/batteries/MSE/definitions.html
https://depts.washington.edu/matseed/batteries/MSE/definitions.html
https://depts.washington.edu/matseed/batteries/MSE/definitions.html
https://depts.washington.edu/matseed/batteries/MSE/definitions.html
https://depts.washington.edu/matseed/batteries/MSE/definitions.html
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rate performance. heavy loads. 

Not ideally suited for load-leveling, emergency 

backup, hybrid battery, and high cost military 

applications. 

Ideally suited for load-leveling, emergency 

backup, hybrid battery and high cost military 

applications. 

Traditionally limited to specific applications. 

The overall inherent versatility of secondary 

battery systems allows its use and continuing 

research for a large spectrum of applications. 

 

Li-ion battery is a typical secondary battery, and its structure and principle of operation was illustrated 

in Fig. 1-2. 

 

Figure 1-2 Structure and principle of operation of a Li-ion battery. 

1.3 Global battery market  

The global battery market is expected to reach USD 132.55 billion by 2024, according to a new report 

by Grand View Research, Inc. Majorly consisting of primary and secondary batteries, the growth will 

be attributed to growing demand for secondary batteries that are rechargeable on account of rising 

demand for smart gadgets and electronics such as tablets, smartphone and other portable devices 

including the digital camera and laptop. 

Technological advancements in terms of cost reduction and enhanced efficiency are expected to open 

new avenues for the global market over the forecast period. Rising use in aircraft emergency systems 

in case of non-availability of APU’s for braking, ground operations and restarting the APU is expected 

to fuel high capacity battery demand. Low cost and high density of lead acid battery will encourage 

https://depts.washington.edu/matseed/batteries/MSE/definitions.html
https://depts.washington.edu/matseed/batteries/MSE/definitions.html
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use in an emergency power supply and grid storage applications thus supplementing the market 

growth. 

 

Figure 1-3 The change of different type batteries market share over time. 

The substantial benefits that lithium-ion technology offer over lead-acid technology means that 

using lithium-ion batteries is becoming an ever more popular choice. Lithium-ion batteries has 

become an increasingly popular choice with substantial advantage of lithium-ion technology over 

lead-acid technology. The global lithium-ion battery market trend was analyzed in Fig. 1-4. From 

2016 to 2024, gross annual growth rate of lithium-ion battery market is expected to reach 10.6%. 

 

Figure 1-4 Global lithium-ion battery market size and forecast, 2015-2024 (USD Billion). 
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2 Main Lithium-ion Battery Materials in Practice 

In this chapter, the main lithium-ion battery materials including electrode composite, electrolyte and 

polymeric separator will be introduced briefly. Due to my research is mainly on designing and 

modifying water-soluble polymer binder, it will have some paragraphs emphasize on binders related 

to my research. 

2.1 Lithium-ion batteries components and materials 

As shown in Fig. 2-1, the full cell of lithium-ion battery mainly contains: A-current collector, B-anode, 

C-electrolyte, D-cathode, E-current collector.  

The structure of most common lithium-ion batteries is like a sandwich which include cathode-

electrolyte-anode1. In our research, we just focus on the LIB with liquid organic lithium-ion solution 

(containing solvents and Li salts) as the electrolyte. The coin cell was assembled by rolling and 

crimping within a vacuum glove box. Then the organic electrolyte can wet cathode and anode 

materials, porous polymeric separator and all parts inside of the coin cell, it’s beneficial to active 

materials happen electrochemical reactions and transport the ions and electrons during 

charge/discharge process. Outside of the sandwich is current collector, usually Cu foil at the anode 

side and Al at the cathode side. The electrode composites involve the active material powder of 

spherical or ellipsoid particles with diameters ranging from nanometers to micrometers. The active 

materials are mixed with conducting additives and binder form a slurry, and then coat it on current 

collector through coating machine to product the electrode. 

 

Figure 2-1 The hierarchical structure of lithium-ion batteries. 
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As a matter of fact, the working principle of lithium-ion battery is the transportation and storage of Li+ 

and electrons inside and outside of battery. During the charge process (as shown in Tab. 2-1), Li+ 

migrate from the negative electrode (anode, e.g. lithium-metal-oxide, where the metal can be 

manganese, cobalt, iron, etc.) towards the positive electrode (cathode, e.g. graphite) by the oxidizing 

anode producing an equivalent number of electrons. In this period, the electrons transport to the 

positive electrode through the external circuit2.  

As a matter of course, the discharge process is reverse compare to the charge process, where LiC6 

releases Li+ which transport through the electrolyte and rejoin the metal-oxide to produce LiMO2. 

During the lithiation/delithiation process, the oxidation occurs at the anode, and reduction occurs at 

the cathode. The overall electrochemical equation is displayed in Tab. 2-13. 

Table 2-1 Electrochemical reaction during charge/discharge process. 

Electrode Charge Discharge 

Cathode 𝐿𝑖𝑀𝑂2 → 𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− 𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑀𝑂2 

Anode 𝐶 + 𝑦 𝐿𝑖+ + 𝑦𝑒− → 𝐿𝑖𝑦𝐶 𝐿𝑖𝑦𝐶 → 𝐶 + 𝑦𝐿𝑖+ + 𝑦𝑒− 

Overall 𝐿𝑖𝑀𝑂2 +
𝑥

𝑦
𝐶 →

𝑥

𝑦
𝐿𝑖𝑦𝐶 + 𝐿𝑖1−𝑥𝑀𝑂2 

𝑥

𝑦
𝐿𝑖𝑦𝐶 + 𝐿𝑖1−𝑥𝑀𝑂2 → 𝐿𝑖𝑀𝑂2 + 

𝑥

𝑦
𝐶 

 

2.1.1 Cathode active materials 

Various cathodes materials are used in commercial lithium-ion batteries to meet various applications 

at present, as shown in Tab. 2-2. Most of the cathode materials have layered structure, which is 

beneficial to release and storage the Li+ during charge/discharge process. Besides, there are also some 

other structures like spinel and olivine4–8. Nowadays, all the attention is paid on several cathode 

materials displayed in Tab. 2-2. The Li-cobalt cathode is commonly used in mobile phones, tablets, 

laptops and cameras. On the other hand, the derivative Ni additive cathode is applied on more 

powerful devices like medical and industrial devices, and transportation tools, etc. 

The layered oxides such as LiCoO2 suffers from the instability that limits their potential window and 

capacity. Moreover, the toxicity and the high production cost of the Co-based materials are 

undesirable. On the other hand, Li-rich layered oxides (Li1+xM1−xO2)9, where M is a mixture of 

transition metals (Ni, Mn, and Co), is promising as they can work at high discharge voltages of >4.5 V 

and deliver high specific capacities. However, they suffer from large voltage decay during cycling and 

high irreversible capacity loss at the first cycles, which limit their use. Moreover, olivine materials 
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such as LiFePO4 are competitive candidates surpassing the stability of layered oxides at elevated 

temperatures due to their high thermal and structural stability10. However, their low electronic and 

ionic conductivity stand as an obstacle to expand their use for high energy Li-ion batteries. 

The well-designed cathode materials must have the following several criterions11: (1) energy density; 

(2) rate capability; (3) cyclic performance; (4) safety and eco-friendly; (5) cost. The cathode structure 

and the ratio of every elements would affect the electrochemical performance, so we should design the 

better cathode materials step by step. 

Table 2-2 Characteristics of commercial lithium-ion battery cathode materials. 

Material Structure 

Potential vs. 

Li/Li+, average 

V 

Specific capacity, 

mAh/g 

Specific energy, 

Wh/kg 

LiCoO2 layered 3.9 140 546 

LiNi0.8Co0.15Al0.05O2 layered 3.8 180-200 680-760 

NCA     

LiNi1/3Co1/3Mn1/3O2 layered 3.8 160-170 610-650 

NMC     

LiMn2O4 spinel 4.1 100-120 410-492 

Variants (LMO)     

LiFePO4 (LFP) olivine 3.45 150-170 518-587 

 

2.1.2 Anode active materials 

The anode plays a critical role in lithium-ion batteries working process which can directly influence 

the battery’s electrochemical performance. The battery’s behavior would be determined by anode 

active material’s physical and chemical properties to a great extent, so it should be considered and 

controlled when designing a new anode active material. Some excellent characteristics of the raw 

materials make them effectively apply in lithium-ion batteries as anode. However, they have some 

natural defects which limit their applications in a wider field. Hence, choosing the anode material 

properly and modifying or designing them correctly is very important for improving the battery’s 

electrochemical performance. The most widely used anode active materials were presented in Fig. 2-

212. 
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Figure 2-2 Schematic diagram of the recent anode materials for lithium-ion batteries. 

From the statement of last paragraph, we know the anode plays an important role in the whole battery 

performance. The battery behavior not only depends on the intrinsic properties of the anode material 

including the physical and/or chemical properties and energy storage capacity, but also lies on the 

crystallinity or amorphous structure of the anode material as well as the shape, size and component 

state. Although some inherent properties of the material make it stand out for lithium storage, crude 

material without architectural arrangement may present issues during charge/discharge process (Tab. 

2-3)13–16. Hence, the appropriate structural design is more important than the selected material. In my 

research, a kind of core-shell structure Si-based anode material was designed for prolong the battery’s 

cycle life with comparatively high stable capacity. 

Table 2-3 The advantages and disadvantages of different anode materials. 

Material Advantages Disadvantages 

Carbon 

(1) High electronic conductivity 

(2)  Nice hierarchical structure 

(3) Abundant and low-cost resources 

(1) Low specific capacity 

(2) Low rate capacity 

(3) Safety issues 

Alloys (1) High specific capacity (400–2300 mAh g−1) (1) Low electronic conductivity 
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(2) Good security (2) Large volume change (100%) 

Transition 

metal oxides 

(1) High specific capacity (600–1000 mAh g−1) 

(2) Nice stability 

(1) Low coulombic efficiency 

(2) Large potential hysteresis 

Silicon 
(1) Highest specific capacity (4200 mAh g−1) 

(2) Rich, low-cost, clean resources 
(1) Large volume change (300%) 

 

2.1.3 Auxiliary materials: Conductive additives and binders 

Except anode or cathode active material and current collector, the electrode also including another two 

auxiliary materials: conductive additive and binder. Even they occupy a small ratio in the electrode 

composite, they play a key role in lithium-ion batteries, they are essential for keeping battery working 

properly in a high efficiency. 

Binder and conductive additives are located in the spaces between the active material particles to bind 

the particles and to make electrical contact between the active materials particles. Nowadays, most 

commonly used conductive additives contain carbon black, super P, VGCF and CNT with small 

particle size and large specific surface area17–20. The conductive additives can improve the electron 

transportation efficiency and reduce the inner resistance of the batteries. PVDF is one of the most 

widely used conventional binders in lithium-ion batteries due to its binding capability, good 

electrochemical stability, and the ability to transport ions to the active material surface. However, 

PVDF need the toxic NMP solvent, it’s harmful to our health and environment21–24. At present, much 

more attention was paid on eco-friendly water-soluble natural binders and its derivatives. It will be 

introduced in detail in the following independent section. 
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Figure 2-3 Schematic description of the active material layer formed on the current collectors in 

a lithium-ion battery. 

2.1.4 Electrolyte 

As the “blood” of battery, electrolyte is an indispensable solvent providing the path for Li+ movement, 

Li+ migrate backward and forward between negative and positive electrode during 

lithiation/delithiation process.  Generally, the electrolyte system consists of a lithium salt (1 M), 

dissolved in a mixture of different linear carbonates, e.g., dimethyl carbonate (DMC), ethyl methyl 

carbonate (EMC) or dimethyl carbonate (DEC), and a cyclic carbonate such as propylene carbonate 

(PC) or ethylene carbonate (EC), all of the chemical structures as shown in Fig. 2-425–27. The most 

commercially applied lithium salt is lithium hexafluorophosphate (LiPF6) while alternatives such as 

lithium tetraborate (LIBF4), lithium bis-(oxalato)borate (LiBOB) or ionic liquids (ILs) are 

possible25,28–32. Electrolyte additives are used up to 5%, either by weight or by volume33. Due to the 

application of additives, the electrolyte properties can be influenced: improvement of the flammability, 

enabling overcharge protection33–35 or the SEI formation36–41. The SEI is formed during the first 

charge/discharge (formation cycles) of the LIB cell and is essential for safety and performance due to 

its protection of the electrolyte from further reductive decomposition at the anode surface42–44. 
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Figure 2-4 Structures of six of the most important linear and cyclic organic carbonates and the 

conducting salt lithium hexafluorophosphate for the electrolyte system in lithium-ion batteries. 

2.1.5 Porous separator 

One of the most crucial important battery components to ensure the battery working in safety is the 

porous polymeric separator, a thin membrane that physically separates the anode and cathode to avoid 

battery short circuit, the SEM image of separator applied in lithium-ion batteries as shown in Fig. 2-5. 

The primary function of the separator is to prevent the direct physical contact between the anode and 

cathode, in the meantime, it facilitate the Li+ to move back and forth inside of the battery.  

Nowadays, various porous separators can be selected for lithium-ion batteries, but the most commonly 

used separators are PP (Polyproylene), PE (Polyethylene) and PP/PE/PP45–47. The challenge with 

designing safe battery separators is the balance between mechanic robustness and porosity/transport 

properties48. The separator design should consider following limits: (1) it can endure the serious 

condition, stable at > 4 V; (2) it doesn’t react with other chemicals inside of the battery; (3) low 

cost49.  
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Figure 2-5 SEM image of porous polymeric separator membrane for lithium-ion batteries. 

2.2    Detailed introduction of binders for lithium-ion batteries 

In LIBs, a polymeric binder plays an important role to adhere the active materials and ensure the 

adhesion of the active materials on metallic current collectors like Cu or Al, to form an integrated 

electrode. However, polymeric binder is a kind of insulate material, to ensure the electrochemical 

performance of electrodes, uniform binding by a polymeric binder is required to be maintained after 

the liquid electrolyte is absorbed into the binder matrix. Of course, the binder should be insoluble in a 

liquid electrolyte and should have good chemical stability against lithium salts and SEI components 

such as Li2CO3, LiF, and LiOH50–52. More importantly, it was demonstrated that the mechanical 

strength of a binder in a dry state can be changed by the binder-electrolyte interaction. This means that 

the swell ability of the binder in the electrode with the electrolyte affects the mechanical strength 

(binding ability and adhesion property) of the binder. 

There are many kinds of structured polymeric binders were explored by researchers, most of them 

were applied to the Si-based anode and can obtained better battery performance, as shown in Tab. 2-

453–56. 
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Table 2-4 Various structured polymer as binder system. 

 

On the other hand, various polymeric binders are applied in lithium-ion batteries commercially, it also 

can be classified into two types: organic-based binder and water-based binder according to the 

different solvents. 

2.2.1 Organic-based binders 

One of the typically organic-based binders is PVDF, which is the most commonly used binder for both 

anode and cathode of LIBs due to the excellent electrochemical and thermal stability and good 

adhesion between the current collectors and electrode films. Whereas, application prospect of PVDF 

was limited due to some drawbacks like low flexibility, readily swollen at elevated temperatures, more 

seriously and also should dissolved in the organic solvent such as N-methyl-2-pyrrolidone 

(NMP), N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF). As we know, the most 

common organic solvent of NMP was expensive, volatile, combustible, toxic, low flexibility, and poor 

recyclability22,57–60. 

2.2.2 Water-based binders 

In the last few years, lots of efforts have been paid attention to seek for alternative water-based 

polymers to build up the electrochemical performance. For example, Alginate61,62, CMC63,64, SBR65,66, 
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LA133
21,67, polyacrylic acid (PAA)68,69, polyvinyl alcohol (PVA)70,71, polyethylene glycol72,73 (PEG has 

been successfully used in LIBs because it was cheaper, was environmentally friendly, and also has the 

better solubility), and polyamide imide (PAI)74,75 have possibly used water instead of NMP. At the 

same time, some natural polysaccharides like chitosan76–78, starch55,79,80, and agarose81, were widely 

applied to lithium-ion batteries as anodic binders for different type anodes, and many kinds of gums82–

84 also showed remarkable performance such as an increase in the cycling stability of silicon anodes at 

rigorous temperature and high mechanical properties because of their numerous hydroxyl and 

carboxylic groups.  

There are so many advantages by using water-based binders for lithium-ion batteries85,86, like (1) no 

more usage of organic (toxic) solvents in the mixing and coating processes; (2) reduced manufacturing 

cost of aqueous vs. solvent processing. Elimination of expensive solvent recovery steps, reduction of 

capital cost for coating equipment and elimination of expensive inactive components; (3) 

simplification of machinery. Machinery size reduction (water extraction is faster than NMP one, 

therefore the drying section for coating line is reduced); (4) fast drying speed and low drying 

temperature require less electric power and yield to higher production rate; (5) no dry room required 

for cell assembly, only humidity control is required during electrolyte filling, etc. 

2.2.3 Our research objects 

The effective binders applied in lithium-ion batteries should better possess following characteristics: 

(1) good cohesion and adhesion ability; (2) electrochemical stability in the required serious potential; 

(3) undergo minimal electrolyte-swollen; (4) good ionic and electronic conductivity. Some raw binder 

materials have natural advantages to enhance the battery’s performance, but they also have some 

defects that limit their wider applications. When design some new binders, the selected raw polymeric 

binders are important, and in the meantime we should remedy the defects on raw binders or endow 

them some new properties through modifying or graft polymerization and other methods, then we can 

get a novel binder which have more advantages and less disadvantages. 

In our research, we focus on designing or modifying water-soluble binders for anodes. Alginate and 

CMC are both natural water-soluble polysaccharide binders which have abundant carboxyl groups and 

hydroxyl groups on the backbone of them, so they have excellent adhesion strength for anodes in 

lithium-ion batteries, especially for Si-based anode. 

Hence, we choose Alginate and CMC as our research objects, and we introduce the -SO3H to the 

backbone of them to improve the ionic conductivity, we obtained the better electrochemical 

performance when employing the new modified binder Alg-S and CMC-S to the Li4Ti5O12 in the first 
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research. In the second research, we grafted AA (Acrylic acid) and BA (Butyl acrylate) monomers to 

the backbone of Alg through copolymerization, forming a novel binder Alg-ABAA, after that, the 

conducting material MXene was also chemically connected with Alg-ABAA, and obtained high 

adhesive and conductive binder Alg-AABA-Mx. It also got better electrochemical performance when 

use them as binders for SiNPs anode. 
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3 Electrochemical Performance of Polysaccharides Modified by the 

Introduction of SO3H as Binder for High-powered Li4Ti5O12 Anodes in 

Lithium-ion Batteries 

3.1 Introduction 

LIBs are widely utilized in portable electronics, power tools, and hybrid/full electric vehicles due to 

their high energy and power densities87,88. LIBs consist of four main components: anode and cathode 

materials, organic electrolyte, and polymer separator. Although polymeric binder occupies a small 

portion in the LIB electrode, it is a crucial component to maintain electrode integrity, to improve the 

cell performance, and especially to prolong the cycle life89,90. 

PVDF is the most common binder for LIB because of its superior chemical, electrochemical, and 

thermal stabilities, and moderate adhesion between active materials and current collectors21,22. 

However, it suffers from problems such as the use of toxic organic solvents (e.g. N-methyl-2-

pyrrolidone), low flexibility, high cost and poor recyclability91,92. In the last few years, much attention 

has been paid to alternative water-soluble or water-dispersed binders, for example, sodium-alginate 

(Alg)61,62, carboxymethyl cellulose (CMC)63,64, styrene-butadiene rubber (SBR)65,66, polyacrylic acid 

(PAA)68,69, and other water-based polymers93–95, which showed many advantages like environmentally 

friendly, good electrochemical performance, high adhesion to the current collector and an excellent 

electrochemical stability under the experimental conditions employed96. In addition to typical water-

soluble polysaccharide binders such as CMC and Alg, some natural polysaccharides like chitosan97–99, 

starch79,100,101, and agarose81, were widely applied to lithium-ion batteries as anodic binders for 

different type anodes, and many kinds of gums82–84 also showed remarkable performance such as an 

increase in the cycling stability of silicon anodes at rigorous temperature and high mechanical 

properties because of their numerous hydroxyl and carboxylic groups. 

In the meantime, many researchers developed different strategies to modify those binders to enhance 

their performance and endow them with other novel properties, such as strong adhesion, and good 

ionic and electronic conductivities102,103. Qin et al104. synthesized novel ionic binders containing 

fluorinated sulfonic acid side chains to facilitate the transportation of Li+ ions during high rate 

charging/discharging. It was also reported that lithium ion-exchanged Nafion as a binder for high 

capacity silicon electrodes improved the cycling performance and protonic conductivity due to the 

sulfonic acid groups (-SO3H+) in the Nafion105. Our study here is to introduce the sulfonic acid groups 

to the backbone of the Alg and CMC binders in order to boost their ionic conductivity and to 
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investigate the effect of functional groups on the electrochemical performance in high-powered 

Li4Ti5O12 electrode, resulting from better ionic conductivity. 

3.2 Experimental 

3.2.1 Synthesis of sulfonated alginate and carboxylmethyl cellulose 

Sodium-alginate (CAS no.9005-38-3) and sodium-carboxymethyl cellulose (CAS no.9004-32-4) were 

obtained from Alfa Aesar. N-Hydroxysuccinimide (NHS, Alfa Aesar) and 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich) were used to 

activate the carboxy groups in Alg and CMC. 3-Amino-1-propanesulfonic acid (Sigma-Aldrich) was 

used to introduce sulfonic acid functional groups in this amidation reaction. 

1 g of purified Alg was added in 100 mL of phosphate buffer solution (PBS, pH 6.0) with stirring until 

Alg was totally dissolved. 4.8 g EDC and 1.09 g NHS dissolved in PBS buffer were added to the Alg-

PBS solution to activate the carboxylic acid groups in the Alg. The resulting mixture was stirred at 

room temperature for 15 min and 3-amino-1-propanesulfonic acid (1.04 g) was subsequently added to 

the Alg-PBS solution. After then, triethylamine (TEA) was added dropwise into the above solution to 

adjust pH to 7.4. This mixture solution was vigorously stirred for 9 h at room temperature. The crude 

product collected by suction filtration was repeatedly washed with ethanol and water for three times. 

The final product, denoted as Alg-S, was dried in a vacuum oven at 50 °C before use. The CMC-S 

was produced with the same method as Alg-S. 

3.2.2 Preparation of electrodes and coin cells 

In this research, the lithium titanium oxide (Li4Ti5O12, LTO) adopted in this study was purchased from 

Posco ESM Co., (davg=10 μm). Alg-S/LTO electrodes were prepared by mixing the LTO particle, 

super P, and as-prepared Alg-S binder by a weight ratio of 80:10:10 respectively in an adequate 

amount of distilled water. In case of CMC-S binder, SBR was also used to keep the integrity of anode 

due to extremely brittle CMC characteristics, and the weight ratio of LTO particles, super P, SBR, and 

CMC-S is 80:10:5:5. After mixing in a planetary ball mill at 500 rpm for 30 min, a homogeneous 

slurry was obtained and coated onto 20-μm-thick Al-foil by an automatic film-coating apparatus. The 

electrodes thereafter were dried at 60 °C for 30 min in a convection oven and in a vacuum oven for a 

whole night to completely remove remaining solvent before coin cell assembly. The mass loading of 

the electrodes were 3±0.5 mg/cm2. As references, the electrodes using pure Alg and CMC were 

prepared according to the same procedure. 1 M LiPF6 in 1:1:1 ethylene carbonate : dimethyl 

carbonate : ethyl methyl carbonate by volume (Panaxetec Co., Korea) was used as electrolyte in 

https://www.sciencedirect.com/topics/chemistry/ball-mill
https://www.sciencedirect.com/topics/chemical-engineering/ethylene
https://www.sciencedirect.com/topics/chemical-engineering/carbonates
https://www.sciencedirect.com/topics/chemistry/electrolyte
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CR2032 coin-half cells. These were assembled in an argon-filled glove box with lithium foil as 

a counter electrode. 

3.2.3 Characterization of materials and electrochemical properties 

In this research, the structure analysis of the modified Alg and CMC binders were recorded by nuclear 

magnetic resonance (NMR) spectroscopy (Bruker AvanceTM ш HD 300MHz, Switzerland) and 

Fourier transform infrared (FT-IR) spectroscopy (Thermo ScientificTM NicoletTM iSTM). A video-

connected device (Theta Lite 100, KSV Instrument Ltd.) and a texture analyzer (TA-PLUS, Lloyd 

Instruments Ltd.) were used to measure the contact angles of thin binder films and 180° peel strength 

of the LTO electrodes. Electrochemical impedance spectroscopy (EIS) with a frequency range of 

100 kHz to 0.01 Hz and cyclic voltammograms (CV) of the coin-half cells at a scan rate of 0.5 mV/s 

within a voltage range of 1–2.6 V were performed by BioLogic Science Instruments (EC-LAB). The 

coin cells were galvanostatically charged/discharged from 5 mV to 2.0 V in a battery test system 

(WBCS3000, Wonatech, Korea) at 0.1 C for the first 2 cycles and at 1 C for the subsequent 100 cycles. 

The rate capability was also tested at a variety of current rates between 0.1 C and 10 C using a battery 

cycler (PNE solution Co., Korea).  

3.3 Results and discussion 

3.3.1 NMR 

NMR characterization tool was first used to identify the chemical structures of our products and the 

result is shown in Fig. 3-1. From the comparison in the NMR spectra between pure original 

polysaccharides (Fig. 3-1(a,c)) and sulfonated polysaccharides (Fig. 3-1(b,d)), it is clear that some 

groups of resonance peaks appeared after amidation, indicating the formation of new compounds. In 

the case of Alg-S (Fig. 3-1(b)), the new main peaks on 3.08, 2.49, 1.85 ppm chemical shift are 

assigned to the methylene peaks in 3-amino-1-propanesulfonic acid, which was used for introducing 

sulfonic acid groups. Very similarly, the peaks on 3.05, 2.39, 1.83 ppm chemical shift in the CMC-S 

sample (Fig. 3-1(d)) are the methylene peaks in CMC-S. These indicate successful synthesis of the 

sulfonated polysaccharides, Alg-S and CMC-S. 

https://www.sciencedirect.com/topics/chemistry/counter-electrode
https://www.sciencedirect.com/topics/chemistry/crystalline-texture
https://www.sciencedirect.com/topics/chemistry/electrochemical-impedance-spectroscopy
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Figure 3-1 NMR spectra of (a) Alg, (b) Alg-S, (c) CMC, and (d) CMC-S. 

(d) 

(c) 
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3.3.2 FT-IR 

The successful introduction of the sulfonated functional groups is also confirmed using the FT-IR 

spectra displaced in Fig. 3-2. The FT-IR spectrum of Alg (Fig. 3-2(a)) showed several bands at 3239, 

2934, 1608, 1414, and 1028 cm-1, which are due to the stretching of -OH, -CH, -COO- (asymmetric), -

COO- (symmetric) and C-O-C, respectively106. The peaks corresponding to the -COO- groups was 

replaced by those -CO-NH groups107 at 1713 and 1615 cm-1 after the amidation of Alg with 3-amino-

1-propanesulfonic acid. Attachment of the sulfonic acid groups to the Alg was clearly shown in the 

peaks at 565 cm-1 and 1068 cm-1, which are attributed to C-S and SO3
- stretching, respectively. In 

addition, the peaks at 1127 and 1260 cm-1 demonstrate the existence of SO2 related bonds108. A similar 

explanation can be applied to the FT-IR spectra of the CMC and CMC-S in Fig. 3-2(b). The stretching 

of -CO-NH blue shifts to 1796 and 1660 cm-1, and the characteristic peaks of -SO3H distribute at 1357, 

1165, 1076, and 525 cm-1. 

 

(a) 
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Figure 3-2 FT-IR spectra of (a) Alg and Alg-S and (b) CMC and CMC-S. 

3.3.3 Ionic conductivities 

It was reported by Su et al.109 that the -COOH groups in polyacrylic acid and CMC react with Li+ and 

form ionically conductive -COOLi during the first Li insertion. They also insisted that the carboxyl 

groups were ionically conductive through the hopping of Li+ between the functional groups. On the 

basis of their supposition, we introduced the -SO3H groups to the polysaccharides instead of the 

carboxyl group for the purpose of forming higher ionically conductive -SO3Li, a better chemical 

environment for lithium ion hopping and moving during the charge and discharge process. As listed in 

Tab. 3-1, the Alg solution has a lower ionic conductivity regardless of the presence of electrolyte 

when compared to the Alg-S solution. The same result occurs for the CMC and CMC-S binder 

solutions. 

Table 3-1. Ionic Conductivities of Binder Solution (22.6℃). 

Binder solution 
Ionic conductivity of binder solution (mS/cm) 

Without electrolyte With electrolyte 

Alg 14.9 18.0 

(b) 



32 

 

Alg-S 22.7 22.0 

CMC 1.45 1.43 

CMC-S 3.51 3.52 

 

3.3.4 Electrical conductivities 

Besides, the electrical conductivities of original and modified polysaccharides were measured using 

EIS of separate polysaccharide binder films without active materials, separator and electrolyte. The 

binder films are kinds of brittle, in favor of cutting, 30% glycerol was mixed with them to improve 

their flexibility. These were placed between the stainless metal spacer and bottom case in a coin-type 

cell and assembled in a glovebox. No electrolyte solution was added to the cell. The electrical 

resistance (R) can be determined by applying high frequency (from 100 kHz) alternating current 

across the circuit110. From the original EIS spectra (Fig. 3-3), initial 8 points were chosen at the very 

high frequency region and were fitted. The value of R is the intersection of linearly fitted EIS curve 

and x axis. Next, the electrical conductivities were calculated using law of resistance as follows: 

𝑘 =
1

𝜌
=

𝐿

𝑅 ∙ 𝑆
 

where k is the electrical conductivity; ρis the electrical resistivity; L is the thickness of binder film 

(the thickness of Alg, Alg-S, CMC, CMC-S film is 0.1461 mm, 0.1597 mm, 0.0446 mm, 0.0791 mm, 

respectively); R and S are the resistance and area of binder film, respectively. By calculation, the 

electrical conductivities of modified polysaccharides (kAlg-S is 177.4 μS/cm and kCMC-S is 43.6 μS/cm) 

are much higher than original polysaccharides (kAlg is 25.7 μS/cm and kCMC is 10.4 μS/cm), 

respectively. 
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Figure 3-3 EIS spectra of coin-cells consisting of binder films only: (a) Alg and Alg-S, and (b) 

CMC and CMC-S. Here no electrolyte is added. 

(a) 

(b) 
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3.3.5 Electrolyte uptake and contact angle 

It is all known that the extent of the electrolyte uptake of the binder and the electrolyte wettability of 

the binder film are both significant to affect lithium ions mobility in an electrode. A suitable 

electrolyte uptake benefits to transport the Li+ via binder without big change in electrode morphology, 

though excess amount of electrolyte uptake can change the morphology of binder directly and even 

destroy the integrity of electrode catastrophically102. Traditional PVDF takes in 20-40 wt.% of 

electrolyte of its weight111,112, whereas the polysaccharides used here absorb a very small amount of 

electrolyte: 2.1 wt.% for Alg and 1.5 wt.% for CMC within 6 h as shown in Fig. 3-4(a). On the other 

hand, the sulfonation of them slightly increases the electrolyte uptake up to 4.4 wt.% for Alg-S and 3.2 

wt.% for CMC-S, indicating a possible promotion in the transportation of lithium ion.  

 

(a) 



35 

 

 

Figure 3-4. (a) Electrolyte uptake of the binder films (Alg, Alg-S and CMC, CMC-S) immersed 

into solute-free electrolyte after 6 hours. Herein, the amount of uptake indicates the weight 

percentage of the adsorbed electrolyte to the neat binder films. (b) Real-time contact angles of 

electrolyte on each binder film from 40 s to 60 s. 

Additionally, the electrolyte wettability of each binder film was measured to investigate the capability 

of each binder on lithium ions transport and the results are displayed in Fig. 3-4(b). The change in 

electrolyte wettability was examined through the contact angles formed when a drop of electrolyte 

falls on each binder film. From the angle, it can approximately determine how much the polymer film 

have an affinity for electrolyte. Lower angles via fast electrolyte permeation indicate a relatively 

higher affinity between the film and the electrolyte, and consequently lead to easier lithium ion 

transport in the polymer binder. As shown in Fig. 3-4(b), the real-time contact angles tend to be stable 

after 40 s, and the mean contact angle of Alg-S binder film is 12.5˚, which is much smaller than that of 

unsulfonated Alg binder film. The sulfonation of CMC also decreases the contact angle, even though 

the difference in CMC is not as large as the difference in Alg. It is clear that the sulfonation of the 

polysaccharides is favorable to lithium ions transport.  

3.3.6 Adhesion test 

The effect of the sulfonation of the polysaccharides on electrode adhesion was also investigated and 

shown in Fig. 4-5. The electrode adhesion is generally dependent upon types of polysaccharides, more 

(b) 
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exactly types of functional groups in the polysaccharides. Even in the same polysaccharide, molecular 

weight and the degree of saturation also affect the electrode adhesion. Therefore, it may not be 

appropriate to discuss the difference in the adhesion strength between Alg and CMC. Rather, the 

effect of the sulfonation on the adhesion strength has to be discussed. The polysaccharides have 

carboxyl and hydroxyl group evenly distributed in the backbone and these makes the polysaccharide 

binders strongly adhesive thus ensuring integrity of the anode. Because the carboxyl groups present in 

the polysaccharides interact with active materials, and possibly the current collector via hydrogen and 

chemical bonding113,114. In the course of sulfonation, the carboxyl groups in polysaccharides were 

replaced by sulfonic acid groups as proven from NMR and FT-IR results in Fig. 3-1 and Fig. 3-2, the 

hydrogen bond was blunted seriously, leading to weakening the electrode adhesion. This effect was 

evaluated using 180°peel test of electrodes as shown in Fig. 3-5. Moreover, it is natural that the 

decrease in the adhesion by sulfonation is severe in highly adhesive CMC-containing LTO electrodes 

compared weakly adhesive Alg-containing LTO electrodes. It should be noted that the increase in the 

electrolyte uptake (Fig. 3-4(a)) by the sulfonation may also weaken the electrode adhesion of the 

binder while LTO electrodes are operated. Apart from that, the decrease in the electrode adhesion 

could be a serious disadvantage for high capacity anodes experiencing huge volume change during 

charge/discharge processes.  

 

Figure 3-5. Adhesion strength of the LTO electrodes measured by 180°peeling. 
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3.3.7 Cyclic voltammetry 

To examine the electrochemical reactivity, the cyclic voltammetry of the anodic half cells was 

performed at a scan rate of 0.5 mV s-1 from 1.0 V to 2.6 V and is displayed in Fig. 3-6. Herein, three-

electrode cells assembled in a glove box were used because the three-electrode system can avoid the 

problem of reference electrode polarization and somewhat reduce the measured IR drop in the solution. 

From the CV cycles of the Alg/LTO electrode, the oxidation and reduction peak potentials were 

approximately 1.78 V and 1.47 V, respectively, and the potential difference(∆E = Ep,ox − Ep,re ) 

between the two peaks was 0.31 V. Furthermore, the oxidation and reduction peak potentials of the 

CMC/LTO electrode were approximately 1.75 V and 1.47 V, respectively, and the potential difference 

between the two peaks was 0.28 V. In contrast, the oxidation and reduction peak potentials of Alg-

S/LTO electrode were approximately 1.73 V and 1.47 V, respectively, and the potential difference 

between the two peaks was 0.26 V. Meanwhile, the oxidation and reduction peak potentials of the 

CMC-S/LTO electrode were approximately 1.67 V and 1.46 V, respectively, resulting in the potential 

difference of 0.21 V. It demonstrates that the polarization and transport resistance became smaller 

when the sulfonate polysaccharides are employed as binders. This is consistent with the result of the 

ionic conductivity listed in Tab. 3-1, which showed that introducing the -SO3H group in binder 

improved the ionic conductivity of binder. Additionally, the comparison in the intensity of redox 

peaks show that the sulfonated binders, Alg-S and CMC-S, make the electrodes more active for the 

electrochemical reactions with Li+ than unsulfonated Alg and CMC do. This advantage would lead to 

decrease in impedance when used the sulfonated polysaccharides were used as binder.  
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Figure 3-6. Cyclic voltammograms of Alg/LTO, Alg-S/LTO, CMC/LTO, and CMC-S/LTO 

electrodes at a scan rate of 0.5 mV s-1.  

3.3.8 The specific capacity vs voltage profile 
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Figure 3-7. The specific capacity-voltage profile at the 3rd cycle (1C rate) for (a) Alg/LTO and 

Alg-S/LTO, and (b) CMC/LTO and CMC-S/LTO. 

(a) 

(b) 
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The 3rd cycle electrochemical performances profiles between Alg-S/LTO and CMC-S/LTO, and 

Alg/LTO and CMC/LTO at 1 C rate, respectively, as shown in Fig. 3-7. Those electrodes presented 

voltage plateaus around 1.55 V, which agrees with the CV results. Obviously, Alg-S/LTO and CMC-

S/LTO present a flattering plateau profile and a larger plateau capacity than the Alg/LTO and 

CMC/LTO, respectively. Moreover, the potential differences between the charge and discharge 

plateau for Alg/LTO and CMC/LTO are smaller than that for Alg-S/LTO and CMC-S/LTO, 

respectively. 

  

(a) 
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(b) 

(c) 
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Figure 3-8. The specific capacity-voltage profile under various current rates for (a) Alg/LTO, (b) 

CMC/LTO, (c) Alg-S/LTO, and (d) CMC-S/LTO. 

The specific capacity-voltage profiles under various current rates for the Alg/LTO, CMC/LTO, Alg-

S/LTO and CMC-S/LTO, respectively, as shown in Fig. 3-8. Remarkably, higher capacity values were 

achieved for the Alg-S/LTO and CMC-S/LTO at 0.1, 0.2, 0.5, 1, 2, 5, and 10 C, respectively; however,  

those  for  the  Alg/LTO and CMC/LTO are significantly lower, especially for the higher rates. The 

voltage plateaus show smaller gaps between charging and discharging for the Alg-S/LTO and CMC-

S/LTO, which suggests excellent reaction kinetics and smaller electrode polarization compared to 

Alg/LTO and CMC/LTO, respectively. 

3.3.9 EIS 

The charge transfer resistance in the EIS spectra (Fig. 3-9) is represented by the size of semicircles in 

the medium frequency range. The larger the semicircle, the larger Rct. Regardless of the 

polysaccharide binders, the LTO electrodes composed of sulfonated binders exhibit lower charge 

transfer resistances than those containing unsulfonated binders no matter fresh or cycled cells. 

Normally, more adhesive binder covers more LTO surface than the low adhesive binder, leading to 

high resistance to lithium ion transfer through the coverage115,116. In addition, the presence of 

(d) 
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sulfonate anions (RSO3
-) in Alg-S and CMC-S is more favorable to lithium ion transport during the 

charge/discharge process.  

 

  

(a) 
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Figure 3-9. Nyquist plots of the LTO fresh, two and five cycled electrodes employing (a) Alg and 

Alg-S binders, and (b) CMC and CMC-S binders.  

Furthermore, the lithium-ion diffusion coefficient was calculated using the classic Warburg formula 

(D = R2T2/2A2n4F4c2σ2) through the EIS of five-cycled electrodes117, D is lithium-ion diffusion 

coefficient; R is the gas constant; T is the absolute temperature; A is the electrode area; n is the 

number of electron transferred per molecule during electrochemical reaction; F is Faraday constant; 

and c is molar concentration of lithium ions; σ is the Warburg impedance coefficient118. The lithium-

ion diffusion coefficients calculated for the Alg/LTO, Alg-S/LTO, CMC/LTO and CMC-S/LTO were 

1.10 × 10−10 cm2 s−1, 1.30 × 10−10 cm2 s−1, 2.02 × 10−10 cm2 s−1 and 4.24 × 10−10 cm2 s−1, respectively. 

From these results, it also shows that the sulfonated polysaccharide binders can contribute to lithium-

ion diffusion in the LTO electrodes when compared to original polysaccharide binders. 

3.3.10 Cyclic performance and rate capability 

As a final sequence, the effect of sulfonation of polysaccharide binders on the electrochemical 

performance of LTO electrodes was investigated through the cycle and high rate tests of the electrodes. 

The results are shown in Fig. 3-10. The LTO electrodes employing Alg-S and CMC-S preserved 

higher reversible cyclic capacities of 130.9 mAh g-1 and 153.2 mAh g-1 at the 100th cycle of 1 C rate, 

respectively. On the contrary, the Alg- and CMC-containing LTO electrodes maintained the reversible 

(b) 
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capacities of 117.0 mAh g-1 and 117.6 mAh g-1 after 100 cycles, respectively. Furthermore, the LTO 

electrodes containing the sulfonated polysaccharides have much higher capacities at any current rates 

between 0.1 C and 10 C than those containing the unsulfonated polysaccharides, as shown in Fig. 3-

8(b,d). Especially, the significant difference occurs at relatively high current rates above 2 C. In 

general, high current charge/discharge processes require more rapid lithium ion transport, compared to 

low current process. As proven previously, the sulfonation of binder improves lithium ion transport in 

the electrode, ultimately resulting in better cyclic and rate capability tests. When the current rate 

decreased to 0.1 C from 10 C, all the LTO electrodes recovered their capacity completely, indicating 

that no mechanical damage occurs in the electrodes containing sulfonated binders, even though the 

sulfonation makes the electrode adhesion decrease as illustrated in Fig. 3-5. 

 

 

(a) 
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Figure 3-10. Cycle and rate capability performance of the LTO electrodes (a) and (b) employing 

Alg and Alg-S, and (b) and (d) CMC and CMC-S, respectively. 

3.4 Conclusions 

The sulfonic acid group is successfully introduced to the backbone of two kinds of polysaccharides, 

Alg and CMC, through an amidation reaction. The sulfonation of polysaccharide binders is a very 

powerful modification method to improve high-powered LTO electrodes by forming the -SO3Li which 

can facilitate lithium ion transport in the electrodes. From measuring ionic conductivity of binder 

solution, it is clear that the sulfonation of polysaccharides improve ion transport, leading to the 

increase in the electrical conductivity of binder films. Such improvement is also confirmed through 

the experiments of electrolyte uptake and contact angle. Of course, it is inevitable to a bit decrease in 

electrode adhesion due to the replacement of adhesive carboxyl groups in polysaccharides by ionically 

conductive sulfonic acid groups. Compared to this disadvantage, the sulfonation of polysaccharide 

binders works more positively on LTO electrodes through enhancing lithium ion transport in the 

electrode. This effect renders the sulfonated Alg and CMC binders more effective for LTO anodes 

compare to the unsulfonated Alg and CMC binders, respectively. The sulfonation leads to smaller 

polarization resistances, eventually resulting in better cyclic and rate capability results. In particular, 

the LTO electrode containing sulfonated CMC binder showed 109.0 mAh g-1 at 10 C rate whereas the 

(d) 



48 

 

LTO electrode composed of unsulfonated CMC has only 17.5 mAh g-1 at the high current. In summary, 

the sulfonation strategy of binder demonstrate an excellent modification to the electrochemical 

performance for high-powered LTO electrodes. 
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4 Mxene bonded Conductive Binder for Improving Electrochemical 

Performance of High-capacity Si Anode in Lithium-ion Batteries 

4.1 Introduction 

Li-ion batteries (LIBs) are widely used in smart watches, electric cars, and energy storage 

systems119,120. The energy density of LIBs, comprising a conventional Li transition-metal-oxide 

cathode and a graphite anode, is higher than that of previous rechargeable battery systems i.e., with 

nickel-metal hydrides. The current market demands higher energy density for more applications such 

as wearable electric devices and airplanes; therefore, new electrode materials with high energy density 

are highly required. 

As a next-generation battery material, Si is one of the most attractive anode materials owing to the fact 

that it is non-toxic, has low cost, and possesses a gravimetric energy density (3579 mAh g−1, Li15Si4) 

and a volumetric energy density (2190 mAh cm−3) that are ten times and three times higher, 

respectively, than those of graphite (LiC6: 372 mAh g−1 or 756 mAh cm−3)87. However, Si also has 

low electrical conductivity and suffers from large volumetric expansion during lithiation, which has 

many demerits such as the pulverization of Si and loss of electrical contact among electrode 

components. To overcome these problems, various approaches, including morphology modification of 

Si121, carbon coating on the Si surface122, and exploring new binder systems123–127, have been 

suggested. 

Although changing the morphology and carbon coating resulted in enhanced electrochemical 

performance, they require additional complicated processes. New binder techniques also contributed 

to enhanced electrochemical performance; however, they still need further improvement because the 

conducting agent i.e., carbon, hinders direct contact between the binder and Si particles. Therefore, a 

conductive binder was suggested as a solution to this issue125–127. However, the conductive polymer is 

unstable during the electrochemical reaction owing to its high reactivity with the electrolyte128. 

On the basis of the above issues, our strategy is to produce a highly conductive and mechanically 

robust binder. Several binders such as polyacrylic acid (PAA), carboxymethyl cellulose (CMC), 

styrene butadiene rubber (SBR), polyvinyl acid (PVA), polyvinylidene fluoride (PVDF), polyimide 

(PI), and conductive polymers are highly utilized for Si-based anodes129. Among the various 

conventional binders, PVDF, CMC, and SBR binders are not able to accommodate the volume 

expansion of active materials; as a result, the active materials and conducting agent (carbon) form 

agglomerates due to weak interfacial interactions130,131. PAA and conducting polymer binders have 
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been more effective thanks to their multiple hydrogen bonds and the formation of a conducting gel-

like framework within the electrodes103,123,132. Recently, a Si-based electrode using a new binder i.e., 

NaPAA grafted to CMC (NaPAA-g-CMC), showed good electrochemical performance with a high 

initial discharge capacity (2290 mAh g−1) and stable cycling performance, which originated from its 

good adhesion force133. However, the Si-based electrodes using NaPAA-g-CMC binder showed 

relatively low capacity retention for early cycles. 

In this study, we propose a design for a highly conductive binder through copolymerization and 

connected with conductive 2-dimensional conductive material MXene. The obtained conductive 

binder Alg-AABA-Mx exhibited excellent electrochemical performance, especially in high rate 

current. 

4.2 Experimental 

4.2.1 Synthesis of Alginate-poly(acrylic acid-butyl acrylate)-MXene (Ti2CTx) (Alg-

AABA-MX) 

Firstly, 3 g of Alg (CAS no.9005-38-3) and 90 g of distilled deionized (DDI) water were added in a 

jacket reactor. 10% of potassium persulfate (KPS, Sigma-Aldrich) based on Alg weight percentage 

was added after Alg totally dissolved. Next, 1.5 g acrylic acid (AA, Samchun Chemical Co., Ltd., 

Korea) monomer, 1.5 g butyl acrylate (BA, Samchun Chemical Co., Ltd., Korea) monomer and 4 h 

sonicated MXene solution (9 mg MXene in 10 g DDI water) were added when temperature reach 70 

C. The polymerization was performed for 2 h at stirring rate 200 rmp under nitrogen atmosphere. The 

final product, called Alg-AABA-MX, was cooled down to room temperature. For comparation, the 

product called Alg-AABA has been prepared as well as the same procedure while the absent of 

MXene. 

4.2.2 Preparation of electrodes and coin cells 

In this research, the Alg-AABA/Si and Alg-AABA-Mx/Si electrodes were prepared by mixing SiNPs, 

super P, and as-prepared binders Alg-AABA and Alg-AABA-Mx in an adequate amount of distilled 

water, and the weight ratio of above components is 60 : 20 : 20, respectively. After mixing in a 

planetary ball mill at 500 rpm for 30 min, a uniform slurry was manufactured and coated onto 20-μm-

thick Cu-foil by an automatic film-coating apparatus. The fresh made electrodes were dried at 60 °C 

for 30 min in a convection oven and then put them in a vacuum oven (70 °C) for a whole night to 

completely remove remaining solvent before coin cell assembly. The mass loading of the electrodes 

were 1.3±0.3 mg/cm2. The electrolyte consists of ethylene carbonate (EC) : diethyl carbonate (DEC) : 
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dimethyl carbonate (DMC) 3 : 5 : 2 v/v% with additive (5wt.% FEC, 2wt. % VC and 0.4wt.% LiBF4), 

and the CR2032 coin-half cells were assembled in an argon-filled glove box with lithium foil as a 

counter electrode. 

4.2.3 Characterization of materials and electrochemical properties 

In this research, the physical stability of the binder solution was recorded using a Turbiscan station 

(Turbiscan LAB, Formulaction Co., France). The functional groups of the synthesized polymer were 

confirmed by Fourier-transform infrared spectroscopy (FTIR, Nicolet iS5 Thermo Fisher Scientific, 

USA). Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

performed by a Q50 TA Instrument (Discovery TGA35, DSC-PC100, Canada) with a heating rate of 

10 °C min-1 under nitrogen atmosphere. The wettability of the binder films, represented by the contact 

angle of an electrolyte droplet on binder film, was measured using an optical tensiometer (Theta Lite, 

Biolin Scientific, Japan). The adhesion strength of the electrode was measured by the 180 peel 

strength of 2-cm-wide electrode strips in a texture analyzer (TA-Plus, Lloyd Instruments Ltd., USA) at 

a propagation speed of 60 mm min-1. The surface and interface resistivities of the electrode were 

obtained using a multipoint probe system (RM2610, HIOKI Corp., Japan) at room temperature. EIS 

with a frequency range from 106 Hz to 10-2 Hz at E=0 V was again used to obtain the kinetic 

parameters related to the charge/discharge processes of long-cycled electrodes. Cyclic voltammetry 

(CV) testing was also conducted in a battery cycler (WBCS3000, Wonatech, Korea) at scan rates of 

0.2 mV s-1 between 3.0 V and 0.0 V. The galvanostatic charge/discharge and rate capability tests were 

also characterized in a battery cycler (PEBC 0550.1, PNE solution Co., Korea) with a constant current 

and a constant voltage mood at room temperature. For galvanostatic charge/discharge performance, 

the cells were fully charged/discharged between 0.05 V and 1.5 V at the current of 0.1 C for the first 2 

cycles. Subsequently, the cells were charged/discharged at the current of 0.5 C for the next 100 cycles. 

Various charge/discharge current densities 0.1 C, 0.2 C, 0.5 C, 1.0 C, 2.0 C were applied in the rate 

capability test. 

4.3 Results and discussion 

4.3.1 FI-IR 
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Figure 4-1 FT-IR of binder solution 

For checking the existence of AA and BA, the FTIR of Alg, Alg-AABA, Alg-AABA-MX binder 

solution have been conducted and the figure shows as Fig. 4-1, the only Alg sample has been tested as 

well. The peaks at wave number 1607 cm-1 and 1419 cm-1 can been found in all samples. This is due 

to both Alg and AA have COO- function group on their chain. Moreover, the typical peak C=O of BA 

at 1719 cm-1 is obvious in Alg-AABA and Alg-AABA-MX which indicating the BA has been added 

successfully on Alg chain. 

4.3.2 DSC 
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Figure 4-2 Differential scanning calorimetry (DSC) of binder film. 

For further investigating the polymer chain’s property, the DSC of binder film was carried out under 

nitrogen gas flowing, and the results show as Fig. 4-2. As we know, Alg is kind of hard 

polysaccharides since the D-glucose backbone, and the Tg of Alg is about 56.64 °C. Meanwhile, Alg-

AABA and Alg-AABA-MX shows a much lower Tg than Alg. It is 11.83 °C and 13.87 °C, 

respectively. This is due to the contribution of BA which is known as a flexible polymer and has a Tg 

≈ -55°C, and the flexible ability of binder is considered as an important property for electrodes of LIB. 

The flexible biner can reduce the side-effect of the volume change which happening during charging 

and discharging processes. Moreover, Alg-AABA-MX shows slightly higher Tg than Alg-AABA 

which is caused by the present of MXene which consist of few-atoms-thick layers of transition metal 

carbides, nitrides, or carbonitrides making the AABA polymer chain’s flexibility decreased. Therefore, 

this is another evidence to proof that MXene has been polymerized on AABA chains. 

4.3.3 Ionic conductivities 
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Table 4-1 The ionic conductivity of binder solution (22.6 ℃). 

Binder solution Ionic conductivity of binder solution (mS/cm) 

 
Without electrolyte With electrolyte 

Alg 14.9 16.0 

Alg-AABA 14.0 15.2 

Alg-AABA-MX 20.1 20.8 

 

Generally, a well ionic conductive biner can support a higher fast charge discharge property and reach 

a higher power density. Thus, the ionic conductivity of binder solution has been conducted and as 

shown in Tab. 4-1. the ionic conductivity of Alg and Alg-AABA at the absent of electrolyte are 

similar with each other at around 14 mS/cm, and Alg-AABA has a slightly lower ionic conductivity 

than Alg. This may be due to the no-ionic conductive property of normal polymer. However, at the 

present of MXene, the ionic conductivity of binder solution Alg-AABA-MX has been significant 

improved no matter there is electrolyte or not, since the function groups on the MXene surface may 

support more ions to the solution. This probably will be a benefit to the electrochemical performance 

of Alg-AABA-MX, especially the performance at high current density. 

4.3.4 Interface resistance 

Table. 4-2 The surface, volume, and interface resistance of electrodes with different binders 

 
Alg Alg-AABA Alg-AABA-MX 

Composite surface resistivity (Ω cm2) 1.41*10-3 9.13*10-4 4.19*10-4 

Interface resistance (Ω cm2) 1.51*10-2 1.28*10-2 5.84*10-3 

Composite volume resistivity[Ω cm] 5.24*10-1 3.38*10-1 1.55*10-1 
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The surface resistivity and volume resistivity of electrode are crucial properties which can leading to a 

better electrochemical performance. The pre-surface resistivity checking can avoid using unqualified 

electrodes and increase manufacturing processes. Therefore, the surface resistivity and volume 

resistivity of electrodes have been checked by HIOKI electrode surface resistivity analyzer. Moreover, 

the interface resistance between current collector cupper foil and electrode composite has been tested 

as well and shows as Tab. 4-2. Alg-AABA has lower composite surface resistivity, interface resistance 

and composite volume resistivity than Alg. This may be due to the higher adhesive property of Alg-

AABA binder which can support a good connection among active material particles, and the electrode 

composite to the current collector as well. It is clear that MXene can reduce the composite surface 

resistivity, Interface resistance and composite volume resistivity significantly which is contributed by 

the well-electronic conductive property of MXene. This is implying that Alg-AABA and Alg-AABA-

MX may be used as a potential binder for silicon based LIB.   

4.3.5 Adhesion test 
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Figure 4-3 Adhesive peeling strength of electrodes with different binder recorded during 60s. 

Generally, adhesive property of electrode is considered as the most important character, an adhesive 

binder can keep electrode integrity during long term charging and discharging progress. Therefore, the 

adhesive strength of electrodes have been recorded for 60s while peeling from current collector and 

the results are showing as Fig. 4-3. With the help of AA and BA, the adhesive strength of Alg-AABA 

and Alg-AABA-MX have been more than double increased comparing with Alg, and due to the 

MXene’s unadhesive property, the Alg-AABA-MX has a lower adhesive property than Alg-AABA.  

4.3.6 Impedance 
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Figure 4-4 Impedance of LIB with different binder at frequency from 105 Hz to 10-2 Hz. 

The electrochemical performance conducted under alternating voltage can give many information, 

such as the internal resistance of coin cell at high frequency region, charge transfer resistance at 
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middle frequency region, Warburg coefficient at low frequency region. Thus, the impedance of LIB 

with different binder has been conducted at E=0.2V and shows as Fig. 4-4. All the coin cells have the 

internal resistance around 4.7 Ω which may come from the resistivity of cells parts, resistivity of 

electrode composite materials and resistivity of electrolyte. Moreover, the charge transfer resistance of 

Alg-AABA and Alg-AABA-MX are smaller than Alg which indicating the faradaic electrochemical 

reaction can happen easier within Alg-AABA and Alg-AABA-MX cells rather than Alg. This maybe 

due to the better adhesive property of Alg-AABA and Alg-AABA-MX, a good adhesive property of 

binder support good connections among electrode composite particles, so electrons can pass freely for 

carry out faradaic electrochemical reactions under alternating voltage. The exact charge transfer 

resistance value have been inserted in Fig. 4-4. 

4.3.7 Cycling performance 
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Figure 4-5 Cycling performance of LIB with different binder between voltage 0.01 V and 1.5 V 

for 100 cycles. 
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The LIB with different binder has been charge and discharge over than 100 cycles at voltage range 

0.01V to 1.5V. The discharge capacity is as shown as Fig. 4-5. As charging and discharging of the 

LIB, the discharge capacity fading because the large volume change of Si particles, it is as large as 

300%. However, the Alg-AABA and Alg-AABA-MX shows higher discharge capacity than Alg, it is 

about 5 times higher of Alg-AABA than Alg, and over 2 times higher of Alg-AABA-MX than Alg. 

This probably because the adhesive properties of AA and BA, the lower charge transfer resistance 

while charging and discharging and other electrode performance that discussed before. Moreover, 

since BA is not only an adhesive polymer, but also a flexible polymer with low Tg which implying 

that BA may support an elastic force, recover the large volume change of silicon particle during 

charging and discharging progress. Thus, a much stable cycling performance can be observed on LIB 

with Alg-AABA and Alg-AABA-MX groups. Additionally, MXene is consider as two-dimensional 

inorganic compounds with low adhesive property, so the long-term cycling performance of Alg-

AABA-MX has lower discharge capacity than Alg-AABA. Above all, it is clear that Alg-AABA and 

Alg-AABA-MX can be a promising binder for LIB with silicon based active material and they can be 

charge discharge over than 100 cycles with higher discharge capacity than Alg.  

4.3.8 Rate capability 
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Figure 4-6 Rate performance of LIB with different binder at current 0.1 C, 0.2 C, 0.5 C, 1.0 C 

and 2.0 C. 

Nowadays, the fast charge and discharge of LIB is in highly demanded, the LIB which can fast charge 

discharge can support a higher power density. In other words, comparing with supercapacitor, LIB has 

lower power density which means LIB cannot do faster charge than supercapacitor, so it is imperative 

to develop LIB with high power density and fast charge and discharge ability. Therefore, the charge 

discharge performance at different current rate have been carried out and shows as Fig. 4-6. At low 

current rate 0.1 C, 0.2 C, LIB with Alg has the highest discharge capacity compare with Alg-AABA 

and Alg-AABA-MX whereas the situation totally changed at high current rate 1.0 C and 2.0 C. 

Moreover, at high current rate 1.0 C and 2.0 C, the discharge capacity trend is different with cycling 

results, this maybe implying that the fast charge discharge capacity requires binder’s conductivity 

rather binder’s adhesive property. The LIB with Alg-AABA-MX as binder can serve a good 

conductivity for electrons movement which can achieve fast charge and discharge and making higher 
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power density possible. This result is consisting with electrode surface resistance indicating 

conductive electrode can show higher discharge capacity at higher current density. The binder’s 

conductivity is as important as adhesive property for a promising LIB.  

4.4 Conclusions 

The novel high adhesive and conductive binders Alg-ABAA, Alg-ABAA-Mx were successfully 

synthesized through graft copolymerization. As described above, these new types of binders result in a 

strong binding force among the Nano Si particles and between Nano Si particles and the Cu current 

collector. A well-distributed conductive network Alg-ABAA-Mx in the electrode is formed without 

adhesion loss. Both of them are significantly effective for the electrochemical performance of a high-

capacity anode when compared with typical alginate binder. Especially, the coin-cell with Alg-

ABAA-Mx as binder exhibited excellent electrochemical performance in high rate current. 
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5 Modified Core-shell Structured Si-based Compound by Coating 

Polysaccharides on Silicon Surface Applied as Anode in Lithium-ion 

Batteries  

5.1 Introduction 

Lithium-ion batteries (LIBs) are one of the most widely used secondary battery systems. Compared to 

other rechargeable batteries, such as nickel-cadmium and nickel metal hydride batteries, LIBs are 

featured with higher energy density, higher operating voltages, limited self-discharging and lower 

maintenance requirements. However, the current commercial graphite anode cannot meet the 

increasing demand on energy density, operation reliability and system integration arising from 

portable electronic devices, electric vehicles, and energy storage applications. Graphite anodes exhibit 

only a moderate intrinsic specific capacity (372 mA h g-1)134 and serious safety concerns due to 

lithium plating and further formation of lithium dendrites. As a consequence, studies on new 

generation anode materials with the characteristics of high capacities, a proper charging/discharging 

potential, as well as safe and low cost manufacturing and usage have attracted great attention from 

both, academia and industry. 

Among all potential lithium-ion battery (LIB) anodes, silicon (Si) is one of the most promising 

candidates to replace graphite due to following reasons: (1) Si possesses the highest gravimetric 

capacity (3579 mA h g-1, lithiated to Li4.4Si)135 and volumetric capacity (9786 mA h cm-3, calculated 

based on the initial volume of Si) other than lithium metal; (2) Si exhibits an appropriate discharge 

voltage at ca. 0.4 V in average136, which finds a good balance between retaining reasonable open 

circuit voltage and avoiding adverse lithium plating process; (3) Si is abundant (second richest in earth 

crust), potentially low cost, environment friendly, and non-toxic. However, drastic volume expansion 

(around 360% for Li4.4Si)135,137–139 and huge stress generation140,141 are accompanied with the 

lithiation/delithiation process of Si, which causes series of severe destructive consequences. (1) 

Electrode structure integrity is deteriorated due to gradually enhanced pulverization during repeated 

discharge/charge processes; (2) disconnection between electrode and current collector happens 

induced by the interfacial stress; (3) continuous consumption of lithium ions occurs during the 

continuous formation-breaking-reformation process of solid electrolyte interface (SEI) layer142,143. All 

these processes accelerate electrode collapse and capacity fading in a synergistic way. Besides, the 

critical problem of volume expansion, the poor intrinsic electron conductivity of Si also contributes to 

the sluggish electrochemical kinetics. 

To tackle the aforementioned critical issues, tremendous efforts have been made since 1990s131,144–146. 
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The strategies developed include utilizing nanoscale silicon, compositing with stress-relief buffer 

matrix, and constructing physical compartment to accommodate volume expansion147. 

In this research, the alginate (polysaccharides) was coated to the surface of nano silicon particles, 

formed a kind of core-shell structure material. To alleviate the volume expansion of pure silicon and 

prolong the cycle life of lithium-ion battery, the core-shell structured compound Si-Alg was applied to 

lithium-ion battery as anode. Because the polymeric shell as a buffer layer can endure the huge silicon 

volume change during the lithiation/delithiation process. 

5.2 Experimental 

5.2.1 Synthesis of core-shell structured Si-based anode Si-Alg 

First, 1 g SiNPs (Nano Silicon Particles, KCC Co., Ltd., Korea, d = 40-60 nm) were added in prepared 

100 mL Piranha solution (H2SO4 : H2O2 = 4 :1) slowly with rigid stirring for 1 h. The surface of the 

SiNPs would be hydroxylated by Piranha solution through this step. Then washed the hydroxylated 

SiNPs by water and dried it on oven for next step. 

Secondly, hydroxylated SiNPs (1 g) were dispersed in ethanol and water solution (volumetric ratio of 

95 : 5) and sonicated for 1 h. APTES ((3-Aminopropyl)triethoxysilane, CAS no. 919-30-2, Sigma-

Aldrich) 0.25 mL was added into the mixture and sonicated for 3 h. The solid was removed by 

filtration and washed with ethanol for 3 times. Si-NH2 nanoparticles were finally obtained by drying 

the product in vacuum at 80 °C for 24 h. 

Thirdly, 1 g of purified Alg was added in 100 mL of phosphate buffer solution (PBS, pH 6.0) with 

stirring until Alg was totally dissolved. 4.8 g EDC and 1.09 g NHS dissolved in PBS buffer were 

added to the Alg-PBS solution to activate the carboxylic acid groups in the Alg. The resulting mixture 

was stirred at room temperature for 15 min and Si-NH2 nanoparticles (5.8 g) was subsequently added 

to the Alg-PBS solution. After then, triethylamine (TEA) was added dropwise into the above solution 

to adjust pH to 7.4. This mixture solution was vigorously stirred for 9 h at room temperature. The 

crude product collected by suction filtration was repeatedly washed with ethanol and water for three 

times. The final core-shell structured product, marked as Si-Alg, was dried in a vacuum oven at 80 °C 

and smashed to powder by planetary ball mill before use. 

5.2.2 Preparation of electrodes and coin-cells 

In this research, the Alg/Si-Alg electrodes were prepared by mixing core-shell structured anode Si-Alg, 

super P and alginate binder with a ratio of 1 :1 :1 in an adequate amount of distilled water. After 

https://www.sciencedirect.com/topics/chemistry/ball-mill
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stirring in a planetary ball mill at 500 rpm for 30 min, a homogenous slurry was made and coated on 

the 20-μm-thick Al-foil by an automatic film-coating apparatus. The obtained raw electrodes were 

dried at 60 °C for 30 min in a convection oven and then put them in a vacuum oven (70 °C) for a 

whole night to completely remove remaining solvent before coin cell assembly. The mass loading of 

the electrodes were 1.3±0.3 mg/cm2. The electrolyte consists of ethylene carbonate (EC) : diethyl 

carbonate (DEC) : dimethyl carbonate (DMC) 3 : 5 : 2 v/v% with additive (5wt.% FEC, 2wt. % VC 

and 0.4wt.% LiBF4), and the CR2032 coin-half cells were assembled in an argon-filled glove box with 

lithium foil as a counter electrode. 

5.2.3 Characterization of materials and electrochemical properties 

In this research, the structure analysis of the core-shell structured Si-Alg anode was recorded by 

Fourier transform infrared (FT-IR) spectroscopy (Thermo ScientificTM NicoletTM iSTM). The 

morphology of Si, Si-APTES, Si-Alg and the electrodes before and after cycles was filmed by 

transmission electron microscope (TEM, JEOL, 2010) and scanning electron microscopy (SEM, JEOL, 

6700). The wettability of the binder films, represented by the contact angle of an electrolyte droplet on 

binder film, was measured using an optical tensiometer (Theta Lite, Biolin Scientific, Japan). The 

adhesion strength of the electrode was measured by the 180 peel strength of 2-cm-wide electrode 

strips in a texture analyzer (TA-Plus, Lloyd Instruments Ltd., USA) at a propagation speed of 60 mm 

min-1. The surface and interface resistivities of the electrode were obtained using a multipoint probe 

system (RM2610, HIOKI Corp., Japan) at room temperature. EIS with a frequency range from 106 Hz 

to 10-2 Hz at E=0 V was again used to obtain the kinetic parameters related to the charge/discharge 

processes of long-cycled electrodes. Cyclic voltammetry (CV) testing was also conducted in a battery 

cycler (WBCS3000, Wonatech, Korea) at scan rates of 0.2 mV s-1 between 3.0 V and 0 V. The 

galvanostatic charge/discharge and rate capability tests were also characterized in a battery cycler 

(PEBC 0550.1, PNE solution Co., Korea) with a constant current and a constant voltage mood at room 

temperature. For galvanostatic charge/discharge performance, the cells were fully charged/discharged 

between 0.05 V and 1.5 V at the current of 0.1 C for the first 2 cycles. Subsequently, the cells were 

charged/discharged at the current of 0.5 C for the next 200 cycles. Various charge/discharge current 

densities 0.1 C, 0.2 C, 0.5 C, 1.0 C, 2.0 C ,5.0 C, 10.0 C were applied in the rate capability test. 

5.3 Results and discussion 

5.3.1 FT-IR 

The chemical compositions of the products for each step were future confirmed by FT-IR. Fig. 5-1 

shows the FT-IR spectra of pure silicon, Si-APTES and Si-Alg. The APTES functionalized nano 
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silicon particles shows characteristic bands around 2916 cm-1, corresponding to the CHx stretching of 

APTES, The bands at 1045 cm-1 correspond to the Si-O-Si region, and the band at 1592 and 1485 cm-1 

reveals the scissor vibration of the NH2 terminal group of APTES, indicating that the nano silicon 

particles was successfully modified with APTES. The FT-IR spectra of Si-Alg shows the band at 1609, 

1409 and 1070 cm-1 which are due to the stretching of -COO- (asymmetric), -COO- (symmetric) and 

C-O-C, respectively, it demonstrated alginate has chemically bonded with silicon and formed core-

shell structure. 

 

Figure 5-1 FT-IR spectra of pure silicon, Si-APTES and Si-Alg. 

5.3.2 TEM 

Fig. 5-2 comprises TEM images of pure silicon and the resultant particles prepared in the coating 

experiments with addition of the coupling reagent APTES. As seen in Fig. 5.2(b), after the reaction 

between silicon and APTES, the surface of the nano silicon particles formed a thin layer which 

thickness is about 2 nm, it indicates that APTES successfully modified the silicon surface. The clear 

core-shell structure was showed in Fig. 5.2(c), the alginate reacted with APTES and was coated to the 

surface of nano silicon as shell. Furthermore, each composite particle contained only one silicon core, 

although the composite particles were not entirely spherical. The average diameter of the cores was 

https://www.sciencedirect.com/science/article/pii/S002197970400116X#FIG002


65 

 

confirmed to coincide with an average diameter (40-60 nm) of the silicon particles. 

 

 

 

Figure 5-2 TEM images of (a) nano silicon particles, (b) Si-APTES, (c) Si-Alg. 

5.3.3 EDS 

The EDS analysis of nano silicon particles and Si-Alg particles revealed different elemental 

compositions shown by the representative data in Fig. 5-3. Compare to the elemental compositions of 

pure nano silicon particles, the ratio of C and O elements in Si-Alg improved remarkably, and ratio of 

Si composition declined in the meantime. It shows that alginate has attached on the surface of the 

nano particle silicon successfully. Some extra carbon element was detected because the tested particle 

samples were covered by conductive resin when they were done EDS measurement.  

(a) 

(b) 

(c) 
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Element Line Type k Factor 
k Factor 

type 

Absorption 

Correction 
Wt% 

Wt% 

Sigma 
Atomic % 

C K series 2.784  1.00 10.63 0.17 21.24 

O K series 2.030  1.00 3.69 0.10 5.53 

Si K series 1.000  1.00 85.68 0.19 73.22 

Total:     100.00  100.00 

 

 

Element Line Type k Factor 
k Factor 

type 

Absorption 

Correction 
Wt% 

Wt% 

Sigma 
Atomic % 

C K series 2.784   1.00 11.91 0.18 22.82 

N K series 3.534   1.00 0.25 0.13 0.41 

O K series 2.030   1.00 7.67 0.13 11.04 

Si K series 1.000   1.00 80.17 0.23 65.72 

(a) 

(b) 
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Total:         100.00   100.00 

Figure 5-3 EDS spectra and quantitation data showing the typical composition found at the 

nano silicon particles and Si-Alg boundaries.  

5.3.4 Adhesion test 

The purpose of making Si-polymer core-shell anode material is to overcome the silicon volume 

expansion and reduce the pulverization during the charge/discharge process. Nevertheless, on the 

other hand, the polysaccharide polymer shell (Alginate) can enhance the adhesive strength between 

the anode and current collector as shown in Fig 5-4. The binders of both electrodes are sodium 

alginate, the 180°peeling test has been measured. It’s clearly to see the average adhesive strength of 

the electrode employing Si-Alg as anode is much higher than that using SiNPs as anode, the average 

strength are 8.05 N and 0.77 N, respectively. It’s well known that the electrode adhesion affect the 

capacity retention and cycling performance especially for high capacity silicon anodes experiencing 

huge volume change during charge/discharge processes. So what we can expect from this results is 

that the Si-Alg electrode would possess better cyclic performance compare to the SiNPs electrode. 
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Figure 5-4 Adhesion strength of the SiNPs and Si-Alg electrodes measured by 180°peeling. 

5.3.5 Cyclic voltammetry 

The Cyclic voltammograms curves of employing SiNPs and Si-Alg as anodes material in LIBs is 

shown in Fig. 5-5. The CV curves of the pure silicon and Si-Alg anodes exhibit similar peak features. 

In the first cathodic scan, one broad reduction peak located at  approximately 0.9 V vs. Li/Li+ could be 

attributed to the irreversible decomposition of electrolyte and the formation of SEI on the surface of 

anode, which disappeared at the subsequent cycles. The other two cathodic peaks at approximately 

0.20 V and below 0.1 V are attributed to Li–Si alloy formation. The subsequent delithiation process 

occurred at 0.31 and 0.55 V, but only one peak (0.55 V) occurred in electrode with SiNPs as anode. In 

the following cycles, emerging peaks are ascribed to the reversible lithiation/delithiation process of 

amorphous silicon.  
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Figure 5-5 Cyclic voltammograms of (a) SiNPs and (b) Si-Alg electrodes  at 0.5mVs-1 at 25℃ 

from OCV to 0 V (versus Li/Li+) at first 3 cycles. 

(a) 

(b) 
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5.3.6 Cyclic performance 

Fig. 5-6 compares the long-term cyclability of the Si-Alg composite and the pristine nano-silicon 

particles anodes at 0.5 C rate. To ensure the reproducibility of the result, we assembled two coin-cells 

at a time and simultaneously tested their cycling performance under the same condition. As is clearly 

seen from Fig. 5-6, the SiNPs anode shows a quite high capacity of 5100 mAh g–1 at first cycle, but 

the reversible capacity falls down very quickly to 900 mAh g–1 after 50 cycles. In contrast, the Si-Alg 

anode demonstrates a greatly improved cyclability. In addition to its initial high capacity of 4000 mAh 

g–1, the Si-Alg anode can maintain to 1200 mAh g–1 after 200 cycles. At the same time, the coulombic 

efficiency kept stably at >99% at the prolonged cycles. 

 

Figure 5-6 Cycling performance of the Si and Si-Alg electrode employing SA binder measured 

at 0.5 C rate. 

5.3.7 Rate capability 

Similar results with cyclic performance, the rate capability of Si-Alg electrode is more excellent than 

SiNPs electrode, especially in high rate.  At current densities of 1, 2, 5, 10 C, the Si-Alg electrode 

retained capacities of 1000, 900, 800, and 600 mAh g−1. After the current density returned to 0.5 C, 

the capacity was recovered to 1200 mAh g−1. On the contrary, the pure nano-silicon anodes suffer fast 
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capacity decay as the current increases, and fail to deliver capacity when the current increases to 10 C 

rate. 

 

Figure 5-7 Rate capacity performance of the Si and Si-Alg electrodes employing SA binder 

measured from 0.1 to 10 C rate. 

5.3.8 EIS 

The charge transfer resistance in the EIS spectra (Fig. 5-8) is represented by the size of semicircles in 

the medium frequency range. The larger the semicircle, the larger Rct. Because of polysaccharide 

polymer shell is a kind nonconductive material, the Si-Alg electrode exhibit higher charge transfer 

resistances than those containing SiNPs anodes no matter fresh or cycled cells. Normally, more 

insulative polymer covers more silicon surface leading to high resistance to lithium ion transfer 

through the coverage. As a matter of course, the Si-Alg electrode is more difficult to transport the ions 

and electrons, but in the long cycle life, this disadvantage can be offset. 
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Figure 5-8 Nyquist plots of (a) the fresh, (b)three and five cycled electrodes employing SiNPs 

and Si-Alg anodes. 

(a) 

(b) 
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Furthermore, the lithium-ion diffusion coefficient was calculated using the classic Warburg formula 

(D = R2T2/2A2n4F4c2σ2) through the EIS of five-cycled electrodes, D is lithium-ion diffusion 

coefficient; R is the gas constant; T is the absolute temperature; A is the electrode area; n is the 

number of electron transferred per molecule during electrochemical reaction; F is Faraday constant; 

and c is molar concentration of lithium ions; σ is the Warburg impedance coefficient. The lithium-ion 

diffusion coefficients calculated for the SiNPs and Si-Alg electrodes were 6.59 × 10−9 cm2 s−1, 1.38 × 

10−9 cm2 s−1, respectively. From these results, it also shows that the core-shell structure Si-Alg anode 

show higher charge transfer resistance compare to the SiNPs anode.  

5.3.9 SEM 

The morphology of the electrodes was examined using SEM, shown in Fig. 5-9. Fig. 5-9(a) and 5-9(c) 

show the surface of the SiNPs and Si-Alg electrodes respectively before they were cycled in the 

lithium-ion batteries. Fig. 5-9(b) and 5-9(d) show the post-cycling morphology of the corresponding 

electrodes. Pre-cycling SEM shows the electrode materials are smoothly packed without any cracks. 

Post-cycling SEM shows large void space due to the volumetric expansion of active materials and the 

formation of SEI products during lithiation. Compare to the SiNPs electrode, the Si-Alg electrode has 

a smaller void space and less destroyed after 200 charge/discharge cycles. This indicates that the Si-

Alg electrodes have better ability to endure the silicon volume expansion and pulverization than 

SiNPs electrode.  

 

  

(a) (b) 



74 

 

  

Figure 5-9 SEM images of SiNPs and Si-Alg anodes (a) and (c) before and (b) and (d) after 200 

charge/discharge cycles, respectively. 

5.4 Conclusions 

In this research, the sodium alginate successfully reacted with silicon nanoparticles and obtained the 

core-shell structured Si-based anode material. The coin-cell with core-shell structured Si-based 

material as anode exhibited the excellent and long cycle life electrochemical performance, in addition, 

it also kept the stable capacity compared to the electrode with silicon nanoparticles as anode. This 

research introduced a convenient and efficient way to endure the swelling of silicon and keep the 

integrity of electrode during the lithiation/delithiation process by introducing the alginate as a shell. 
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Summary 

In this dissertation, most efforts were put on modifying or designing novel multiple functional binders 

using the polysaccharides as raw materials for high-powered Li4Ti5O12 and high-capacity Si anode in 

lithium-ion batteries. In addition, some efforts were put on modifying Si particles anode through 

coating the polysaccharides on the surface of Si particles, aim to alleviate the volume expansion of Si-

based anode during lithiation/delithiation process and prolong the cycle life of coin-cell with modified 

core-shell structured Si-Alg as anode. 

It’s well-known that binder plays a crucial role in lithium-ion batteries. Nowadays, various binders 

were commercialized for different cathodes and anodes. But no binder is perfect for lithium-ion 

batteries, each binder has own defects and application restriction. Our purpose is to remedy the defects 

on some binders and endow them more functions, leading them to be used for lithium-ion batteries 

efficiently.  

In the first research, we modified the polysaccharide binders alginate and CMC by introducing the -

SO3H groups to the backbone of them, the obtained modified binder Alg-S and CMC-S improved the 

ionic conductivity of LTO anode and electrochemical performance as well. Originally, the classic 

polysaccharides don’t possess good ionic conductivity due to natural insulation, after introduced the -

SO3H groups to the backbone of them, they possess a new function to contribute the coin-cell’s 

excellent electrochemical performance. 

In the second research, the alginate backbone was graft copolymerization with AA and BA, this step 

enhanced the adhesion ability among active materials and between active materials and current 

collector. Then the 2-dimensional conductive material MXene was chemical bonded with Alg-AABA 

and formed novel adhesive and conductive binder Alg-AABA-Mx. This new binder not only 

improved the adhesion strength, but also improved the electronic conductivity, the coin-cell exhibited 

better electrochemical performance with the Alg-ABAA and Alg-ABAA-Mx as binders for high-

capacity Si anode in lithium-ion batteries. 

More and more attention paid to Si anode due to the highest theoretical capacity, while the huge 

volume expansion limits it for commercial application. In the third research, the pure silicon particles 

were modified by coating alginate on its surface, the formed core-shell structured Si-based material 

was employed to lithium-ion batteries as anode. The research results demonstrated that the 

modification alleviate the volume expansion and anode pulverization during lithiation/delithiation 

process, prolong the coin-cell’s cycle life and improve the electrochemical performance as well. 
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