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ABSTRACT

전기화학적 성능 향상을 위한 이온전도성 및 견고한 구조의 

기능성 에너지 재료 

                                         Park, Hui Gyeong

                                           Advisor : Prof. Lee, Jung-Soo, Ph.D.

                                           Department of Chemical Engineering,

                                           Graduate School of Chosun University

 환경오염과 지구 온난화는 현대 사회의 심각한 문제로 자리 잡고 있다. 화석 연료
의 소비를 줄이고 환경오염을 완화하기 위해 깨끗하고 지속 가능한 에너지 시스템의 
개발은 전 세계적으로 중요한 전략 중 하나이다. 화학 에너지와 전기 에너지 사이의 
높은 변환 효율로 인해 이차전지, 연료 전지 및 슈퍼커패시터와 같은 전기화학 에너
지 저장 장치가 많은 주목을 받고 있다. 그중 유망한 후보로 꼽히고 있는 리튬이온 
배터리와 슈퍼커패시터는 전 세계적으로 놀라운 속도로 개발되어 휴대용 전자 기기
를 넘어 전기자동차, 선박, 중장비 등 다양하게 적용되고 있다. 현재 높은 에너지 밀
도 및 고속 충ž방전이 가능한 에너지 저장 장치 개발에 대한 요구가 높아지고 있는 
추세이다. 따라서, 더 높은 용량을 나타내는 새로운 전극 재료 탐색이 본질적으로 중
요하다. 

에너지 저장 시스템의 전극은 활물질, 도전재, 바인더로 구성된다. 바인더는 소량으
로 사용되지만, 에너지 저장 장치의 전극 사이에 상호 연결성과 접착력을 제공하기 
때문에 전극의 필수 구성요소이며 사이클 안정성에 매우 중요한 역할을 한다. 

본 연구에서는 가교 반응을 통해 견고한 구조를 갖는 기능성 고분자 바인더를 제작
하였다. 제작된 기능성 바인더는 화학 구조의 물리적 안정성과 향상된 접착 성능을 
제공하였으며 반복되는 충ž방전 과정 동안 우수한 내구성과 전기화학적 특성을 나타
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내었다. 본 연구의 기능성 고분자 바인더는 현재 사용되는 상용 바인더보다 안정하고 
우수한 성능을 보여주었다. 본 연구 결과는 소재 연구 개발의 중심이 될 것으로 기대
된다.

Keywords: energy storage devices, lithium-ion batteries, supercapacitor, functional 

polymeric binder, cross-linking
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Ⅰ. Introduction

 A. Background of Study 

As technology advances, modern society demands the development of high-efficiency, 

high-density, and long-life energy storage devices ranging from portable electronic 

devices to electric vehicles [1]. Energy has been generated based on fossil fuels for 

decades until today, but fossil fuels have turned the history of civilization upside down 

by efficiently providing unprecedented amounts of energy to mankind. Fossil fuels have 

a strong storage capacity, a large amount of calories, and a wide range of uses, so 

they played a key role in modern human history, including the industrial revolution. 

However, fossil fuels are gradually being depleted, causing serious environmental 

problems such as global warming [2]. Therefore, as a more fundamental solution along 

with the efficient use of fossil fuels, the development of a sustainable energy storage 

system (ESS) is one of the most important strategies worldwide to reduce the 

consumption of fossil fuels and alleviate environmental pollution [3, 4].

ESS is an energy solution that can store the produced electrical energy and use it 

when power is needed. In addition, research is in progress, focusing on improving 

differentiation with high energy density, low price, and miniaturization.

The necessity of ESS is increasing in terms of efficient power utilization, high-quality 

power, and stable power supply. ESS must be externally exchanged with the outside 

through electrical energy, and the Power Conversion System (PCS) is supplied with 

power and converts it into a specific form for discharge when necessary [5]. ESS is a 

physical method such as positive power or compressive air, a chemical method such as 

lithium-ion batteries (LIBs) or sodium sulfur batteries (NaS), or an electromagnetic 

method such as supercapacitors or superconducting magnetic energy storage (SMES) 

stored in the same electromagnetic way [6–9].

Various ESSs are selectively used according to the surrounding environment and 

purpose of use. Among these ESSs, the electrochemical storage device and the electrical 

storage device are considered the most popular technologies because they show superior 

performance compared to other storage devices and are less restricted by the 
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environment.

Among storage devices, LIBs and supercapacitors receive the most attention; this 

research focused on them.
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 B. Background of Experimental

   1. Energy Storage Device

     a. Lithium Ion Battery (LIBs)

LIBs are a type of secondary battery that moves lithium ions during charging and 

discharging to produce electricity and can be charged through an electrochemical redox 

reaction (Figure 1). It is used in portable electronic devices such as laptops and smart 

phones because of its light weight and high density compared to conventional batteries; 

it is not affected by the memory effect and has low power loss [10]. In addition, it is 

a representative technology of the Fourth Industrial Revolution that can be applied to 

various applications based on the design of packs and modularized products and applied 

to wearable devices through miniaturization.

Recently, the supply of electric vehicles has been replacing internal combustion 

locomotives in order to reduce greenhouse gas emissions in response to climate change 

[11–15]. Unfortunately, LIBs have not yet improved their energy density and cycling 

performance compared to conventional internal combustion engines. To solve these 

problems, the search for new electrode materials with higher capacity is intrinsically 

important [16]. This is because the electrochemical properties of LIBs are highly 

dependent on material, structure, and design [17]. The LIBs market is growing steadily, 

centered on energy storage devices that enable efficient storage.
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Figure 1. Operation of LIBs.
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     b. Supercapacitor

Supercapacitors are characterized by high charging and discharging speeds, a very 

long cycle life, and semi-permanent power density [18]. A capacitor is a device that 

can store electrical energy, store a large amount of energy, and produce a high output. 

Therefore, it is expected to be the most suitable storage device for electric vehicles, 

renewable energy generation, and smart grid fields. With the development of IoT 

electronic devices and the 4th industrial revolution approaching, various power supply 

products can be applied to our lives, attracting attention as a new energy storage 

device.

Supercapacitors can be divided into electric double-layer supercapacitors (EDLC) and 

pseudocapacitors (PSEUDO) according to the charge storage mechanism (Figure 2). 

Supercapacitors with ion adsorption or desorption are called EDLC, and those with 

surface chemical reactions are called PSEUDO. There is also a hybrid supercapacitor 

that appropriately mixes these characteristics [19].

PSEUDO can store more electrons than EDLC, which simply charges without 

oxidation-reduction (redox) reactions and shows a capacity increase of more than 100 

times [20–22]. As development that can store and increase output energy while 

maintaining cycle characteristics is a major trend, it is expected that PSEUDO's 

continuous research and development (R&D) as an industry group will open up new 

opportunities.
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Figure 2. Operation of supercapacitor (a) EDLC, (b) PSEUDO.
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   2. Electrode Configuration

     a. Cathode

The cathode, one part of the electrode, requires a high-voltage cathode material 

because the stored energy is proportional to the cell's operating voltage [23]. The 

cathode material is composed of a combination of lithium and metal components, and 

the density of the battery varies depending on the ratio of this combination [24].

Metal oxide series cathode materials include lithium cobalt oxide (LCO; LiCoO2) 

with a layered structure, lithium manganese oxide (LMO; LiMn2O4) with a spinel 

structure, and lithium iron phosphate (LFP; LiFePO4) with an olivine structure [25–28]. 

The characteristics of each material are shown in Figure 3. There are lithium nickel 

manganese cobalt oxides (NCM; LiNiCoMnO2) and lithium nickel cobalt aluminum 

oxides (NCA; LiNiCoAlO2), etc. LCO, which is advantageous in charging and synthesis, 

is used as a cathode material for small batteries. In addition, NCM and NCA, which 

have excellent instantaneous power and lifespan, are used as materials for medium- and 

large-sized batteries [29].

LCO, which has a layered structure, is a typical cathode material for LIBs due to its 

high energy output. It has the advantage of being stable and easy to manufacture in the 

atmosphere. However, the usable capacity is low, and cobalt raw materials are difficult 

to supply, so recycling research is in progress to extract cobalt from waste batteries 

[30].

LMO, having a spinel structure, is cheaper than LCO, but it has the disadvantage of 

being thermochemically unstable [31].

Although LFP with an olivine structure has excellent structural stability, a high 

lifespan, and is inexpensive, However, it has the disadvantage that the ion diffusion rate 

is slow during charging [32].

NCM is a cathode material with manganese added to nickel and cobalt [33]. NCA is 

a cathode material made by adding aluminum to nickel and cobalt [34].

NCM and NCA, which require advanced technology, are conducting additional 

research on stability to secure cost competitiveness.
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Figure 3. Representative crystal structures of cathode materials for LIBs [29].
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     b. Anode

The anode absorbs and releases lithium ions from the cathode to allow current to 

flow. Therefore, it must be thermally and mechanically stable and be able to store 

Li-ions well.

Graphite, which has low electrochemical reactivity, structural stability, and low cost, 

is usually used as the anode material. Graphite has a layered structure, which facilitates 

the movement of lithium ions [35, 36]. However, the lifespan is reduced due to the 

volume change caused by repeated cycles. Therefore, carbon-based materials are being 

studied.

Carbon-based materials include graphene, carbon nanotubes (CNT), fullerenes, etc. 

[37]. Carbon-based anode materials have been used in commercial Li-ion cells since 

1991 because of their good electrochemical properties, low cost, and nontoxicity [38]. 

But since there is a limit to the capacity, metal oxides are being studied in addition to 

carbon-based materials, as shown in Figure 4.

In general, metal oxides have not received much attention because of their poor 

conductivity. However, an appropriate nano-sized metal oxide shows promising 

properties as a cathode material for batteries [39].

Metal oxides currently being studied include Zn, Ti, Si, Ge, Sn, Mn, Fe, Ru, Ni, 

and Co, etc. Among them, Si, which has about 10 times higher energy density than 

graphite, is also attracting attention as a next-generation anode material [40]. Si can 

provide specific capacities through an alloying-dealloying mechanism with Li [41]. 

However, there are problems to overcome with volume expansion, low efficiency, and a 

short lifespan (Figure 5). By changing the appropriate binder material and adding 

electrolyte solution, the volume expansion and lifespan problems of Si are being 

addressed. 

As such, various metal oxides other than carbon are being studied. In addition, 

various studies are being conducted so that it can have better capacity and cycle 

stability than conventional carbon anodes and metal oxides by combining metal oxide 

and carbon or utilizing a core/shell structure (Figure 6).
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Figure 4. Carbon-based anode materials.

Figure 5. Challenges of Si-based anodes in LIBs.

Figure 6. Progress of nanostructured metal oxides.
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     c. Electrolyte

In the battery, electrons move through the wire and Li-ions move through the 

electrolyte. The electrolyte requires low chemical reactivity and high ion conductivity to 

promote ion transport and must be able to withstand a voltage range without being 

easily decomposed. Electrolytes are classified into liquid electrolytes composed of 

organic solvents, solid state electrolytes, and ionic liquid (IL) electrolytes, etc. [42–46].

The liquid electrolyte is a state in which Li salts (LiPF6, LiClO4, LiBF4, LiTFSI, 

etc.) are dissolved in an organic solvent (DMC; Dimethyl carbonate; DEC; Diethyl 

carbonate; EC; Ethylene carbonate, etc.). [47]. Liquid electrolytes have high ionic 

conductivity and excellent low-temperature characteristics, but there are temperature 

restrictions, so studies on electrolyte additives are being conducted for solid-state 

electrolytes with excellent high-temperature stability and efficiency of storage devices.

Solid state electrolytes have no issues of leakages of toxic organic solvents, easy to 

process, and have excellent thermal stability. Unfortunately, highly low ion conductivity 

limits their use.

Finally, ILs, which are receiving much attention as a material to replace the existing 

electrolyte, have favorable physical properties such as negligible vapor pressure, high 

ion conductivity, chemical inertness, and broad electrochemical stability. ILs have been 

extensively studied for use as electrolytes. However, since the current density is low 

when the ILs are used alone as an electrolyte, research on using the ionic liquid as an 

additive is also in progress.
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     d. Binder

An electrode is fabricated by the active electrode materials, the conductive agent, and 

the binder on the current collector [48–50]. The binder adheres and holds the active 

materials and conductive agent close to the current collector (Figure 7). Binders have 

received comparatively little attention, although recent reviews have begun to highlight 

their importance, especially in high-capacity battery systems [51]. While they only make 

up a small portion (such binder material whose weight is less than 2-5% of the 

electrode mass) of the electrode material, binder is crucial in determining the function 

of the battery, especially for their cycle performance. First, they help to disperse the 

other components in solvent during the fabrication process. Second, they hold together 

the various components of energy storage devices [52, 53]. 

With all the roles binders play in an electrode, there are many different properties 

that are desirable in a good binder. The main characteristics required of the electrode 

binder can be represented as shown in Figure 8. Even after the electrolyte environment 

or long-term electrochemical evaluation, the initial adhesive force should be able to be 

maintained significantly. The solubility of the solvent should also be appropriately high 

to effectively produce the electrode slurry. In addition, the ability to reversibly buffer 

the unavoidable volume changes of the active material and to inhibit the degeneration 

of the interfaces during battery operation is also a requisite.

Poly (vinylidene fluoride) (PVDF) has been widely used as an organic solvent-soluble 

binder in commercial batteries. PVDF has good electrochemical stability and adhesion to 

conventional electrodes and electrolytes. However, PVDF cannot afford sufficient 

binding to high-capacity anode particles that exhibit huge volume changes, and the 

usage of N-methyl pyrrolidone (NMP) is undesirable and not friendly to the 

environment [54–57]. In addition, the deadliest disadvantages of PVDF binder are its 

insulating character and a relatively large amount of electrolyte swelling. As a result, a 

passivation layer known as solid electrolyte interphase (SEI) was formed on the surface 

of electrodes from electrolyte decomposition products [58, 59]. The most problematic 

disadvantage was that SEI layer formation and growth led to capacity fading, increased 
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battery resistance, and reduced power density [60]. To overcome these disadvantages, a 

new design of the binder is urgently required.

In recent studies, several water-soluble polymer binder materials, such as 

carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA), styrene-butadiene rubber 

(SBR), and polyacrylic acid (PAA), have been reported. Hydroxyl (-OH), carboxylic 

acid (-COOH), and amino (-NH2) functional groups present in the polymer binder can 

effectively combine with the electrode surface [61, 62].

As mentioned earlier, binders have received relatively little attention. Since it has the 

potential to significantly improve performance when used in small amounts compared to 

other materials, we intend to conduct research on a new binder that can replace the 

existing PVDF binder.
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Figure 7. Schematic illustrations of electrode configuration.

Figure 8. Binder requirement characteristics.
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 C. Ionic liquid 
ILs are normally defined as compounds completely composed of ions (anions and 

cations) with a melting point below 100 oC [63, 64]. The first IL, ethyl ammonium 

nitrate, was reported in 1914 by Paul Walden, who at that time did not realize that ILs 

would become a major scientific field [65]. Actually, ILs as innovative fluids have 

received wide attention only during the past two decades. Multidisciplinary research on 

IL has emerged in various ways, including in chemistry, material science, chemical 

engineering, and environmental science. This indicates that more and more researchers 

are engaged in studying this exciting area.

ILs have emerged as a greener alternative to conventional organic solvents thanks to 

their low volatility and flammability and their wide liquid-state window. IL is tunable 

by an appropriate selection of constituent ions. That is, it can be variously transformed 

into a wide range of multiple structures. Among various ILs, the cations mainly used 

are imidazolium, pyridinium, etc. [66, 67]. In addition, there are various types of anion, 

such as TFSI, PF6, and BF4 [68, 69]. ILs exhibit various chemical and physical 

properties depending on the type of anion (Figure 9). Therefore, we can design 

combinations of ILs according to the purpose. In addition, ILs have high electrical 

stability, a wide electrochemical range, and excellent ionic conductivity, so they are also 

applied to catalyst, separation, membrane, and electrochemical fields [70, 71].

Poly(ionic liquid) (PILs) is a type of ILs monomer polymerization. PILs, like ILs, 

can be engineered with a wide range of physicochemical properties and rich chemical 

structures using a variety of IL monomers and backbones. Many of the favorable 

qualities of ILs, including thermal and chemical stability and ion conductivity, are 

preserved in PILs (Figure 10).

PIL dramatically changed the research scope of existing ionic polymers and polymer 

electrolytes. As a candidate material for solid electrolytes and binders, PIL is attracting 

a lot of attention in battery and fuel cell-related applications. Currently, PILs are being 

intensively researched for use in products including batteries, supercapacitors, fuel cells, 

and photovoltaic devices [72–81].
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Figure 9. Typical cations and anions used in the formation of ILs.
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Figure 10. Advances on the use of PIL-based electrolytes and binders for LIBs.
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 D. Purpose of Research
Electrochemical energy storage systems, such as batteries and supercapacitors, play a 

crucial role together with renewable energy sources in creating a greener and more 

sustainable future. Batteries, though often used in small doses, play an important role. 

However, the role of binders was underestimated, and thus development of binders was 

not prioritized. PVDF has been widely used for its good chemical stability and 

adhesion. However, PVDF does not deliver satisfactory performance. A SEI layer is 

formed at the electrode interface, interfering with lithium ion transport. Also, PVDF 

cannot buffer a huge volume change. Due to these problems, PVDF alternatives have 

become a really important and essential topic. Herein, we intend to design a new 

binder to replace the PVDF binder.

ILs have attracted great attention as candidates for electrolytes and binders due to 

their remarkable characteristics such as low vapor pressure, electrochemical stability, and 

structural stability. When an IL is used as a binder, it is dissolved in an electrolyte, so 

polymerization is attempted to increase the physical properties of the ionic liquid. In 

other words, it is an attempt to produce a functional binder by synthesizing a PIL.

Biomass, a renewable resource that is continuously productive and replaces fossil 

fuels, is becoming increasingly interesting as a future energy resource that can respond 

to climate change. Tannic acid (TAc) derived from biomass was considered a si anode 

binder in this study. It was cross-linked with radical-scavenging activity, a unique 

ability of TAc and PAA to produce a functional binder with a robust structure. 

Our binder is expected to overcome the shortcomings of PVDF, be used in various 

energy storage devices, and be the center of research and development of existing 

materials.
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Ⅱ. Dual Effect-Assisted Polymer Binder of LIBs

 A. Introduction

With the rapid advancement of energy storage systems, rechargeable battery systems 

with safe and long lifetime have been drawing attention over the several decades. 

Lithium-ion batteries (LIBs) are one of the most promising energy storage devices 

owing to their high energy and power density [1, 2]. High energy density and stability, 

it does not suffer from memory effects has low power loss, which is considered an 

important issue in the field of energy storage [3–8]. Although there are extensive 

studies on anodes, cathodes, electrolytes, separators, etc. to improve the efficiency of 

lithium batteries, there are still insufficient studies on polymer binders [9]. These binder 

materials account for 1 wt% of the electrode mass, they are adhesives that physically 

stabilize the active materials and conductive materials by fixing them to the electrode. 

Polymer binders can improve cycle performance and stability by interacting between 

electrolytes and active materials at interfaces. In addition, recent studies have shown 

that polymer binders improve the performance of electrochemical devices [10–15].

Polymer binders play multi important roles in battery performance. They act 

insolubility in the electrolyte, suitable adhesiveness, strong ion/electron conductivity.

In general, poly(vinylidene fluoride) (PVDF) hass been widely used representative 

polymer binder [16–18]. PVDF is routinely used in LIB for its adhesion, chemical 

inertness, and availability [19, 20]. However, the disadvantage of PVDF binders are its 

insulating character and a relatively large amount of electrolyte swelling. Moreover, 

when using PVDF as a binder, we observe lithium interruption that prevents the 

transport of lithium ions at the interface. As a result, a passivation layer called solid 

electrodes interphase (SEI) is formed on the surface of electrodes from electrolyte 

decomposition products [6, 21]. The most problematic disadvantage is that SEI layer 

formation and growth lead to capacity fading, increased battery resistance and reduced 

power density. To overcome these disadvantages, a new design of the binder is 

urgently required. In our opinion, if the newly designed binder participates in 

electrochemical reactions and is as stable as PVDF, will have a part to play resolve a 
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problem [1, 22]. 

Poly ionic liquids (PIL)s, which has recently attracted attention due to its high 

electrochemical stability, ion conductivity and excellent processability, it is very 

sustainable for electrochemical applications [23–27]. PILs were found to be a highly 

attractive class of functional polymers. Moreover, it is known to be highly stable for 

use as a LIB binder [28]. PIL can wrap powder components and improve cycle 

properties by allowing Li+ to flow. During the cycle, PIL particles can penetrate 

between electrolyte free spaces and maintain contact between conductive components  

[29–31]. 

Cross-linking is an effective method to reduce crystallinity while substantially 

improving mechanical strength and thermal stability (Figure 1). Moreover, the 

cross-linked polymer binder can improve the binding force of components and minimize 

the effects of swelling and contraction when charging and discharging the electrode  

[32–36]. Therefore, the binder composition comprising such cross-linked polymer system 

can improve the capacity of LIBs [37, 38].

In summary, we designed this method to cross-link allyl groups to increase the 

length of the ion channel (Figure 2). The designed binder has ionic conductivity and 

robustness, and adequately controls the SEI layer due to electrolyte degradation during 

cycling. Accordingly, a multifunctional binder with improved cycle life and LIB 

performance was developed. In this paper, we introduce a non-traditional binder 

concept, “dual-effect assisted cross-linked binder” (Figure 3). 
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Figure 1.  Description of uncross-linked and cross-linked rubber chains.

Figure 2. Illustration showing ion channel expansion of research concept.
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Figure 3. Illustration showing dual-effect binder.
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 B. Experimental

   1. Materials

1-Vinylimidazole (Vm) (Alfa Aesar), allyl bromide (Sigma Aldrich), 

a,a’-azobisisobutyronitrile (AIBN) (JUNSEI), dimethylformamide (DMF) (JUNSEI), 

acetone (Duksan), methanol (MeOH) (Duksan), lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) (Duksan) were used without any further purification. AIBN was recrystallized 

from MeOH.

  

   2. Method

     a. Synthesis of Poly(vinyl imidazole)

Vm, AIBN, and DMF were mixed together in a flask. The mixture was slowly 

heated to 70 oC under an inert atmosphere such as nitrogen. After, the mixture was 

reacted polymerization for 24 h via magnetic stirring. The resulting mixture was cooled 

to room temperature and precipitated using acetone. The resultant product was filtered 

and dissolved in acetone many time. The product was vacuum dried at 60 oC for 

overnight to obtain a white powder.

     b. Quaternization of PVIm with Allyl bromide

PVIm, allyl bromide and MeOH were mixed together in a flask and allowed to react 

at 40 oC for 48 h under magnetic stirring. Next, the mixture was terminated, the 

mixture was precipitated with diethyl ether. Finally, the product was dried overnight in 

a vacuum oven at 40 oC, as shown in Figure 4.

     c. Anion Exchange of Poly(N-allyl-vinyl imidazolium)·TFSI- 

An ion exchange reaction was performed to obtain PAVIm·Br- and TFSI by 

solubilizing PAVIm·Br- in distilled water, followed by the dropwise addition of an 

aqueous solution of LiTFSI. The mixture was then stirred at room temperature for 10 

h. Finally, the precipitated powder was washed with distilled water in a aspirator and 

vacuum dried at room temperature for over night.
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     d. Thermal Cross-linked Poly(N-allyl-vinyl imidazolium)·TFSI- 

The prepared PAVIm·TFSI- film were placed in a vacuum oven at 100 oC for 1 h 

(C-PAVIm 0), 150 oC for 1 h (C-PAVIm 1) and 2 h (C-PAVIm 2), and 160 oC for 1 

h (C-PAVIm 3) to cross-link them thermally.

   3. Characterization

The chemical structures of the films were analyzed via Fourier-transform infrared 

spectrometry (FT-IR, Nicolet6700) and proton nuclear magnetic resonance (1H-NMR, 

JEOL-JNM-AL300) in DMSO-d6 at 300 MHz. The thermal properties of C-PAVIm 

were investigated using differential scanning calorimetry (DSC, TA Instruments DSC25) 

under a N2 atmosphere (at a temperature range of 25 oC–180 oC  and a heating rate 

of 5 oC  min-1) and via thermogravimetric analysis (TGA, TA Instruments SDT650) 

under a N2 atmosphere (at a temperature range of 25 oC–1000 oC and a heating rate 

of 10 oC min-1). To confirm the degree of chemical cross-linking, the gel content was 

determined using the solvent extraction method and calculated using the following 

equation:




×  gel content,

where M1 is the weight of C-PAVIm and M2 is the weight of the extracted solvent 

[39].

Morphological and chemical characterizations of the electrode were conducted via 

scanning electron microscopy (SEM, Hitachi Regulus 8100) and X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific, NEXSA) before and after the electrochemical 

cycle test.

   4. Electrochemical Characterization

All electrodes, including the cross-linked binder (C-PAVIm) and PVDF (1100, Kureha 

Chemical Industry, Japan, 10 wt%), were manufactured base on the same composition 

ratio. The constituent materials were a Si–graphite composite as the active material, 
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C-PAVIm and PVDF as the binder and Super-P (Timcal Inc.) as the conductive 

material, in a mass ratio of 88:8:4. A binder solution comprising C-PAVIm and PVDF 

was adopted, along with 4 wt% of NMP solvent. The loading levels of all 

manufactured electrodes were approximately 3 mg cm-2. We utilized 1.15 M LiPF6 in 

ethylene carbonate (EC)/ethyl methyl carbonate/dimethyl carbonate (DEC) (at a ratio of 

3:5:2 (v/v)) and microporous polyethylene as the electrolyte and separator, respectively. 

A 2032R coin cell assembled in an argon-filled glove box was used for all 

electrochemical tests. It was tested for charging/discharging at 0.05C (1C = 550 mA 

g-1) for the formation cycle, 1.0C for the cycle life test and 0.2C, 0.5C, 1.0C, 3.0C 

and 5.0C for rate capability tests in the voltage range of 1.5 to 0 V at 26 Â °C. 

Charging was performed at a constant current mode. Electrochemical impedance 

spectroscopy (EIS, IVIUM) was conducted to confirm the impedance at a frequency 

range of 0.003–300 kHz and an amplitude of 1.5 V for the pristine samples and 

samples that underwent 20 charging cycles at 26 °C.
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 C. Results and Discussion

Figure 4. Schematic illustration showing synthesis of C-PAVIm.
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   1. 1H-NMR Spectra

The structure of the as-synthesized PAVIm was identified by 1H-NMR in DMSO-d6. 

As show in Figure 5. (a), the signals at 1.6–2.2 ppm (Ha) 2.8–3.2 ppm (Hb) are 

ascribed to the backbone protons (CH2 and CH-). This suggests the successful  

polymerization of vinyl group of 1-Vinyl imidazole. Likewise, the peaks at around   

6.4–7.2 ppm are associated with the protons (Hc, Hd and He) on the imidazole ring. 

The well-defined peaks indicate that the polymerization proceeds smoothly. In Figure 5. 

(b), the NMR spectrum of allyl bromide shows specific peaks at 5–6.2 ppm (Ha, Hb) 

can be assigned to the protons on the allyl group of the allyl bromide. After the 

reaction between PVIm-allyl bromide and the quaternization of the resultant molecules 

to yield PAVIm, the proton resonance in imidazole ring (Hc, Hd, and He) shifted to 

7.0–8.0 ppm, which are due to existence of allyl group at 5–6.2 ppm (Hf, Hg, Hh) in 

Figure 5. (c). 1H-NMR spectra of PAVIm show that successful polymerization [40–42]. 
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Figure 5. 1H-NMR spectra of (a) PVIm; (b) Allyl bromide; (c) PAVIm.
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2. FT-IR Spectra

FT-IR spectroscopy was used to characterize the cross-linking bond formation in the 

resulting C-PAVIm network, as shown in Figure 6. The peaks at 3100–3000 cm-1 are 

attributable to sp2 -CH. And the spectra for sp3 -CH have peak at 2950–2800 cm-1. 

These are the peaks that can confirm the structure of PVIm [43]. The characteristic 

peaks at 1170 and 1126 cm-1  are attributed to the C-N asymmetric stretching freqency 

of the imidazole ring, whereas the peaks at 1750–1550 cm-1 are attributed to the -C=N 

stretching of the imidazole ring [44]. The two peaks at 992 and 944 cm-1 are attributed 

allylic -CH. In particular, the alkane of the allyl group decreased at peaks of       

730–720 cm-1 as the temperature increased for the cross-linking. The ovserved 

degradation of aromatic amines in C-PAVIm 2 and C-PAVIm 3 due to decreased peak 

at 1335–1250 cm-1 [42, 45, 46]. Therefore, C-PAVIm 1 was considered the optimal 

condition.
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Figure 6. FT-IR spectra of PAVIm and C-PAVIm.
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   3. Gel Content Analysis

The gel content of C-PAIVM was measured at different temperatures during thermal 

treatment, as shown in FIgure 7. The C-PAVIm were prepared by thermal annealing 

cross-linking followed by PAVIm. The results of the analysis showed that the 

cross-linking was the highest when the thermal annealing cross-linking was performed at 

PAVIm 1 (68.9%). This result indicates that if the temperature and thermal annealing 

time are increased, the cross-linking is break off and the deterioration occurs in the 

polymer property. At conditions higher than 150 oC (C-PAVIm 1), the gel content 

decreased slightly owing to the collapse of the polymeric chemical structure, as 

confirmed via FT-IR analysis. The gel content increased with the thermal treatment 

temperature until C-PAVIm 1, above which it saturated.
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Figure 7. Gel contents of C-PAVIm 0–C-PAVIm 3.
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   4. DSC Curves

DSC refers to the thermal analytical techniques of heat flow through sample and 

response, and is measured as a function of temperature, i.e., a curve is drawn 

between the heat flow vs. the temperature. The thermal property of the C-PAVIm 

prepared via thermal treatment was analyzed using DSC. Figure 8 shows the plots of 

the derivative of heating scans as a function of temperature. The peak values indicate 

the Tg of PAVIm in the C-PAVIm for different compositions. The data show that 

glass transition temperature of the prepared samples increased with the cross-linking 

temperature. Through these results, it can be seen that thermal stability can be 

improved through thermal cross-linking. 
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Figure 8.  DSC curves of PAVIm and C-PAVIm 0–C-PAVIm 3.
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 5. TGA Curves

The TGA results are shown in Figure 9 a. All of the samples generally exhibit two 

thermal degradation patterns. The first slight weight loss ( < 10%) below 300 oC can 

be attributed to the elimination of water in the C-PAVIm. The second degradation 

region, the onset decomposition temperature is above 480 oC, which is ascribed to the 

decomposition of imidazolium cross-linked main chain [47]. The second covering 

amount of C-PAVIm 0, C-PAVIm 1, C-PAVIm 2 and C-PAVIm 3 are 3.70, 8.45, 

5.84, 4.94 wt%, respectively. The TGA results indicated that the final weight of 

C-PAVIm 1 was the highest. A critical observation shows a decrease in weight loss in 

C-PAVIm 1. The Figure 9 b shows the final weight when the temperature is raised 

from room temperature to 1000 oC.

Improved thermal stability of the C-PAVIm 1 binder was achieved. In fact, it is 

more thermally stable than other binders. The enhancement of cross-linking network is 

probably beneficial to the binder thermal stability.
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Figure 9. TGA curves of (a) C-PAVIm 0–C-PAVIm 3; (b) Final weight based on 

TGA.
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   6. SEM Images

The cross sectional morphological status of the anode electrodes was observed after 

20 charge/discharge cycles via SEM and the results are shown Figure 10 [48].

Figure 10 a, b as shown, the PVDF-based electrode was clear swelling and a thick 

SEI layer. By contrast, the C-PAVIm 1-based electrode exhibited less swelling and a 

thinner SEI. Thus, the SEM images confirmed that the C-PAVIm 1 binder participated 

in the formation of the SEI layer owing to the degradation of the electrolyte and 

contributed positively to the cycling performance.

Our designed C-PAVIm shows that the ionic conductivity and robustness of the 

electrode improved owing to the formation of an appropriate SEI aleyr and thermal 

cross-linking. Meanwhile, PVDF formed a thick SEI laer, which inhibited ion 

conductivity and disintegrated the structure of the silicon nanoparticle. This finding 

verified the successful realization of our experimental design. The enhanced performance 

in the presence of silicon nanoparticles and C-PAVIm 1 can be explained based in the 

schematic illustration shown in Figure 10 c, d.
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Figure 10. SEM images showing cross-section of electrode: PVDF (a) Before and (b) 

After 20th cycles; C-PAVIm 1 (c) Before and (d) After 20th cycles at 1.0C.
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   7. XPS Spectra

The surface composition of PVDF and C-PAVIm 1 were qualitatively probed using 

XPS as shown in FIgure 11. C1s and O1s can be found in the XPS spectrum of 

PVDF and C-PAVIm 1. The peak at approximately 289 eV was assigned to Li2CO3 

and RO-COO. Li2CO3 and RO-COO have been widely reported as the main 

components of SEI layer formed on silicon. Based on the electrochemical reaction, the 

most likely principal component is Li2CO3, owing to the decomposition of the DMC 

electrolyte [49]. The relative intensities of the Li2CO3 and RO–COO peaks in the 

PVDF-based electrodes after 20 cycles were much higher than those of the C-PAVIm 

1-based electrode (Figure 11 a, b). In addition, C=O and C-OH bonds were formed at 

287 and 286 eV, respectively [50–55]. Therefore, the stable cycling performance and 

SEI layer formation are attributable to the C-PAVIm of the cross-linked network and 

ionic conductivity on the surface of the si nanoparticles. 

XPS was performed on the si electrodes before cycling; after 20 cycles, as shown in 

Figures 11 c and d, C=O and O-C=O were shown. This is believed to be due to 

oxidation occurring in the manufacturing and storage process of PVDF, C-PAVIm 1 

binder. 

The enhanced performance in the presence of silicon nanoparticles and C-PAVIm 1 

can be explained based on the schematic illustration shown in Figure 12. Our designed 

C-PAVIm shows that the ionic conductivity and robustness of the electrode improved 

owing to the formation of an appropriate SEI layer and thermal cross-linking. 

Meanwhile, PVDF formed a thick SEI layer, which inhibited ion conductivity and 

disintegrated the structure of the silicon nanoparticles. Hence, we focused on 

multifunctional binder designs that can enhance lithium-ion transport by supporting the 

formation of a conductive SEI, thereby affording a longer cycle life and improved 

overall LIB performance.
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Figure 11. XPS spectra for before cycling and after 20th cycles: (a) PVDF C1s; (b) 

C-PAVIm 1 C1s; (c) PVDF O1s; (d) C-PAVIm 1 O1s.  
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Figure 12. Schematic illustration showing Li-ion conduction of PVDF and C-PAVIm 

in Si electrodes.
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 8. Electrochemical Analysis

Figure 13 a shows the charge-discharge profile for the C-PAVIm-based electrode. In 

the first cycle observed at approximately 0.7 V, an irreversible reactions taking place 

lead to the formation of SEI. The C-PAVIm electrode demonstrated superior discharge 

and charge capacity of 610 and 520 mAh g-1. 

The C-PAVIm electrode exhibited a higher discharge capacity than the PVDF-based 

electrode during the cycling life test (Figure 13 b). After cycles, the C-PAVIm and 

PVDF electrodes indicated saturated capacity of 190 and 105 mAh g-1, respectively. 

This implied that the C-PAVIm electrode offers a more efficient transfer of Li even 

after ling charge/discharge cycles.

Figure 13 c shows the rate capabilities of the electrodes composed of C-PAVIm and 

PVDF were verified up to 5.0C. Based on the rate capability, we believe that the low 

Li-ion diffusivity of the PVDF electrode resulted in inferior electrical power properties, 

as compared with the C-PAVIm electrode. 

It is evident that the C-PAVIm electrode significantly outperform that with the PVDF 

binder.

The EIS for the corresponding to C-PAVIm and PVDF after the formation and 20th 

cycles shown in Figure 13 d. The interfacial resistance post cycling for the 

C-PAVIm-based electrode was less than half the value for the PVDF-based electrode. 

Also, it can be noted that the resistance corresponding to the diffusion of the of Li-ion 

into the active material was drastically reduced for C-PAVIm1-based electrode after 

cycling. These EIS results are consistent with the other electrochemical results presented 

above. Furthermore, the solution resistance of the PVDF electrode increased significantly 

after the 20th cycle, whereas that of the C-PAVIm electrode remained the same. This 

implies that the PVDF electrode exhausted the electrolyte continuously during the 

cycling test owing to the unstable interface between the active materials and electrolyte 

[56-60].
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Figure 13. (a) Charge-discharge profiles during first cycle for Si-graphite composite 

anodes with C-PAVIm as a binder; (b) Cycling performance of Si-graphite composite 

anodes with C-PAVIm (red) and PVDF (navy) as binders and 1.0 M LiPF6/EC:DEC 

electrolyte at 1C; (c) Rate capability performance of Si-graphite composite anodes with 

C-PAVIm and PVDF as binders and 1.0 M LiPF6/EC:DEC electrolyte; (d) 

Electrochemical impedance spectra (EIS) profiles at 26 oC for charging cycles of PVDF 

after formation, PVDF 20th cycles, C-PAVIm after formation and C-PAVIm after 20th 

cycles.
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 D. Conclusion

In conclusion, we have demonstrated that a cross-linked binder comprising cyclic and 

polymers can be utilized to improve the cycling performance. C-PAVIm as a binder in 

Si-graphite composite anodes demonstrated an enhanced performance as compared to the 

commercially employed PVDF binder. C-PAVIm-based electrode indicated the formation 

of a better SEI compared to PVDF-based electrode. These properties cumulatively led 

to the improved charge/discharge performance of the C-PAVIm binder. Also, it 

displayed an enhanced rate performance and higher discharge capacity than PVDF at 

higher charge/discharge rates indicating good stability. All of these results indicate 

C-PAVIm to be a potential alternative for PVDF as a binder in LIBs. It improved 

interaction with the electrode material and the current collector helps to maintain the 

electrode integrity over a long cycling. This innovative binder will provide a practical 

solution for polymer binder, which are highly promising electrode material.
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Ⅲ. Radical Scavenging and Robust Polymer Binder

 A. Introduction

Energy has been generally produced by consuming fossil fuels for decades up to 

today [1, 2]. As a result, fossil fuels are significantly depleting with serious 

environmental issues such as global warming and greenhouse gas emissions [3–7]. To 

achieve sustainable growth globally, it is necessary to ensure carbon neutralization by 

using Carbon Capture Utilization & Storage (CCUS), renewable energy, and 

biomass-recycling [8–10]. Among them, the utilization of carbon-neutral biomass is 

important now that the reduction of global warming gas emissions is urgently needed. 

Biomass is a well-known resource expected to be a powerful weapon against global 

warming because it has been counted as zero carbon dioxide (CO2) emissions [11]. 

Currently, the technological development using biomass as energy or products is being 

actively pursued [12, 13].

The demand for eco-friendly and safe energy storage system in various fields is 

increasing rapidly [14, 15]. It has led to the active research on lithium-ion batteries 

(LIBs) with high energy density. LIBs have been generally used as energy storage 

devices in various applications such as a variety of portable electronic devices and 

electric vehicles [16]. A lot of electrode materials have been widely studied regarding 

LIBs anodes. However, the need to improve the performance and energy density of 

LIBs has increased interest in electrode material development. Graphite has been widely 

used as an anode material for LIBs because of its long-life properties, electrochemical 

stability, abundance, and price competitiveness. Unfortunately, the theoretical energy 

density of graphite is 372 mAh g-1 [17]. Thus, there is urgent to develop anode active 

material with higher energy density.

Researchers have been extensively studying materials with high lithium-ion storage 

capability silicon (Si) to replace the graphite anode in LIBs. Si has the highest 

theoretical capacity of ~3572 mAh g-1 and this is particularly attractive due to its low 

charge/discharge potential [18, 19]. Also, Si is abundant, low cost and eco-friendly 

which makes it more promising for high energy LIBs. However, Si anode materials 
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undergo significant volume changes (>300 %) during lithiation/delithiation and have low 

electrical conductivity. This causes poor electrical contact between conductive materials 

and Si particles besides severe crushing of Si particles and excessive growth of 

solid-electrolyte interfaces (SEI) layer [16, 20, 21]. Consequently, Si anodes exhibit fast 

capacity fading, low Coulombic efficiency, and electrode degradation during cycling  

[22–24]. In order to overcome this problem, many researchers have reported several 

approaches to improve the lifespan characteristics of Si anodes such as the manufacture 

of nano-sized Si particles, carbon coating to maintain electrical conductivity, core-shell 

structure to reduce persistent SEI layer formation and development of mechanically 

superior binders [19, 25-31]. Among the various approaches, the development of binders 

has received much attention because it is relatively simple and not only maintains the 

structural stability of the electrode, but also plays an important role for the stabilization 

of the electrode-electrolyte interface [32].

In general, poly(vinylidene fluoride) (PVDF) binders have been widely used [33]. 

However, it is PVDF is not suitable to prevent substantial volume expansion that 

occurs during charging and discharging of Si anodes [34]. Deadliest disadvantages of 

PVDF binder are its insulating feature and the usage of N-methyl pyrrolidone (NMP) is 

undesirable and not friendly to the environment [35]. Thus, it is essential to develop an 

eco-friendly, low-cost, water-soluble binder. In recent studies, several water-soluble 

polymer binders, such as carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA), 

styrene-butadiene rubber (SBR), and polyacrylic acid (PAA), have been reported.[36–43]. 

Hydroxyl (-OH), carboxyl (-COOH), amino (-NH2) functional groups present in the 

polymer binder can effectively combine with native oxide layer of Si surface [44]. In 

particular, carboxylic-rich binders forming the strong covalent bonds interactions with Si 

particles have been reported to promote cycle life growth of Si particle-based 

electrodes. The performance of carboxylic-rich binders is able to be enhanced by 

inducting adhesive groups into polymer chains.

Tannic acid (TAc) is significantly cheaper and more abundant, which is widely used 

in many industries such as food, pharmaceuticals, and cosmetics [45–47]. Moreover, as 

a natural polyphenol compound, it has been widely used for material preparation and 

modification in the various fields of energy devices. Nowadays, most TAc is being 
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studied as an eco-friendly adhesive and coating due to its high solubility in water and 

high reactivity with aldehydes, as well as its economical aspect [48, 49]. Especially 

TAc has many remarkable properties as antioxidant [49–53]. Thus, we assume that the 

polyphenols of TAc maybe will scavenge the superoxide radicals during the discharge 

and charge processes, and then improve the cycle stability of LIBs. This can not only 

prevent excessive SEI layer formation, but also improve the conductivity of Li-ions  

[54–58]. The binder we designed is unique because the elimination activity of 

superoxide radicals generated by electrolyte decomposition is inside the battery.

Herein, we present cross-linkable PAA/TAc as a water-soluble binder for Si anodes. 

This binder inhibits side reactions during cycling because of the antioxidant 

characteristics of TAc, contributes to the formation of a compact SEI layer, and 

improves the conductivity of Li ions. The obtained cross-linked network structure of the 

C-PAA/TAc binder would benefit the Si anode by buffering the change in volume. 

Therefore, we demonstrate that a cross-linked binder can be utilized to improve the 

cycling performance and mitigate the large volume expansion of Si anodes upon the 

incorporation of Li.
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 B. Experimental

   1. Materials

PAA (ACROSS, M.W. 240,000), TAc (Sigma Aldrich, M.W. 1701.20), methanol 

(MeOH) (Duksan), 2,2-Diphenyl-1-picrylhydrazyl (DPPH) (Alfa Aesar), MeOH (Duksan, 

HPLC Grade), silicon nanoparticles (50 nm, Nanostructured & Amorphous Materials, 

Inc.), and Super P (Wellcose) were used without further purification.

  

   2. Method

     a. Prepared PAA/TAc Film

A 10 wt% mixed solution was prepared to synthesize cross-linkable PAA/TAc. The 

prepared PAA/TAc (8:2, 5:5, AND 2:8) were placed in a vacuum oven at 150 oC for 

2 h to conduct thermal cross-linking. They were designated as C-PAA/TAc (8:2), 

C-PAA/TAc (5:5) and C-PAA/TAc (2:8), respectively, and were immersed in MeOH to 

remove any unreacted monomers. Finally, the samples were dried overnight in a 

vacuum oven at room temperature (Figure 1). 

     b. DPPH Radical Scavenging Assay

DPPH is a stable free radical that is typically used to test the radical-scavenging 

activity of antioxidant molecules. The DPPH radical scavenging activities of TAc, PAA, 

and C-PAA/TAc were measured using ultraviolet–visible (UV-vis) spectroscopy. In 

terms of the radical-scavenging mechanism, the antioxidant molecule serves as a 

hydrogen donor, transforming the DPPH radical into its reduced form. Therefore, the 

radical property of DPPH is neutralized, and its color transforms from purple to yellow. 

Briefly, a 0.2 mM DPPH solution prepared in MeOH (HPLC grade) solution and the 

sample solution were mixed for 30 min at room temperature. All measurements were 

performed under dim-light conditions. Spectrophotometric measurements were performed 

at a wavelength of 517 nm.
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   3. Characterization

The chemical structure of C-PAA/TAc was characterized via UV-vis absorbance 

(Amersham Biosciences, Ultrospec 2100 pro). The chemical structures of the films were 

analyzed using Fourier-transform infrared spectrometry (FT-IR, Nicolet6700). The 

thermal properties of C-PAA/TAc were investigated using differential scanning 

calorimetry (DSC, TA Instruments DSC25) under a N2 atmosphere (at a temperature 

range of 25 °C–180 °C and a heating rate of 5 °C min-1) and thermogravimetric 

analysis (TGA, TA Instruments SDT650) under a N2 atmosphere (at a temperature 

range of 25 °C–1000 °C and a heating rate of 10 °C min-1). The morphology of the 

electrodes was investigated using scanning electron microscopy (FE-SEM (MSE40) UHR 

FE-SEM). To confirm the degree of chemical cross-linking, the gel content was 

determined using the solvent extraction method and calculated as follows:




×  gel content,

where M1 is the weight of C-PAA/TAc, and M2 is the weight of the extracted 

solvent [59]. The peel-off test was conducted by Universal Testing Machine (Shimadzu, 

Japan) at an extension speed of 50 mm min-1. Each electrode was taped with a 3M 

magic tape (2.5 cm in width).

   4. Preparation of Si anode for Half-Cells

Silicon slurries were prepared by mixing 60 wt% of silicon nanoparticles as the 

active material, 20 wt% of PAA and TAc solution as binders, and 20 wt% of Super P 

as a conducting agent in deionized water. For comparison, the binders were mixed at 

various mass ratios of 5:5, 8:2, and 2:8 (PAA:TAc) and labeled as C-PAA/TAc (5:5), 

C-PAA/TAc (8:2), and C-PAA/TAc (2:8), respectively. The mixtures were cast on Cu 

foil using a doctor blade, which measured 40 µm thick. Additionally, an electrode with 

a higher mass loading was fabricated by controlling the amount of deionized water in 

the slurries. The coated electrode was dried in a convection oven at 80 °C for 1 h, 
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followed by in a vacuum oven at 150 °C for 2 h. The low (0.35 mg cm-2) and high 

(1.1 mg cm-2) mass loading electrodes were prepared to conduct the different 

electrochemical performance.

   5. Electrochemical Characterization

The CR2032 coin-type half cells of Si anode was assembled in a glove box 

(KK-011AS, KIYON, Korea) under an argon atmosphere (O2 < 0.01 ppm, H2O < 0.01 

ppm). The electrodes were punched into disks with a diameter of 14 mm. A lithium 

foil (Wellcos, Korea) measuring 300 µm thick was punched into disks with a diameter 

of 16 mm as the counter and reference electrodes. The silicon anodes were separated 

using a polypropylene separator (Cellgard 2400) in a coin cell. The electrolyte was 1M 

LiPF6 dissolved in a mixture of ethylene carbonate (EC), and diethyl carbonate at a 

volumetric ratio of 3:7 with the addition of 10 wt% fluoroethylene carbonate (FEC) and 

was purchased from Wellcos. The galvanostatic charge/discharge performance of the 

precycle was tested at a rate of 0.05C, and the cycling performance of the coin cells 

for 100 cycles was tested at a rate of 0.5C in the voltage window of 0.05 to 1.0 V 

(vs. Li/Li+) at room temperature. (1C = 3000 mA g-1). Electrochemical impedance 

spectroscopy (EIS) was performed at a 10 mV amplitude signal in the frequency range 

of 500 kHz to 0.1 Hz.
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 C. Results and Discussion

Figure 1. Schematic illustration showing preparation of binder using poly(acrylic acid) 

(PAA) and tannic acid (TAc). (a) PreparationofPAAandTAcsolution; (b) Nano-sized Si 

particles and interaction between PAA and TAc; (c) PAA and TAc structure.
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   1. FT-IR Spectra

FT-IR spectroscopic analysis in the 500–4000 cm-1 region reveals the characteristic 

bands for PAA, TAc, C-PAA/TAc (8:2), C-PAA/TAc (5:5), and C-PAA/TAc (2:8); the 

results are presented in Figure 2. The ordinary peaks at 3340 and 1028 cm-1 were 

assigned to the -OH stretching vibration. The peaks near 2800–3000 cm-1 and 1319 

cm-1 were due to C–H stretching vibrations assigned to the -CH and -CH2 groups of 

aliphatic hydrocarbons. The characteristic peaks at 1645, 1707, and 1604 cm-1 were 

attributed to the C=O stretching frequency of the ester groups. The absorption band at 

1448 cm-1 was attributed to the aromatic C=C of TAc. The bands at 1193 cm-1 are 

characteristic of C–O formed by interchain cross-linking. The high intensity C–C 

stretching peak at the bands in the 616–890 cm-1 were associated with the C–H of 

benzene rings and the O–H of alcohol vibrations. The strong interaction between PAA 

and TAc is the key factor affecting the stability of silicon-based electrodes         

[45, 60, 61]. Morever, Figure 3 displays the overall structures of the TAc. And the 

cross-linked structure of PAA and TAc can be seen in Figure 4. 
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Figure 2. FT-IR spectra of PAA, TAc, C-PAA/TAc (8:2), C-PAA/TAc (5:5), and 

C-PAA/TAc (2:8).
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Figure 3. Molecular structure of tannic acid (TAc).
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Figure 4. Cross-linked binder formed by condensation between PAA and TAc.
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   2. Gel Content Analysis

To confirm the degree of cross-linking, the gel content of C-PAA/TAc was measured 

for each weight ratio, as shown in Figure 5. The gel content was the highest for 

C-PAA/TAc (5:5). These results indicate that cross-linking was effective when the PAA 

and TAc weight ratios were equal. Conversely, as the amount of TAc increased, 

cross-linking occurred less, similar to C-PAA/TAc (2:8) [48, 62]. A similar trend was 

observed from the results of FT-IR, DSC, and TGA. 

Condensation reaction between the COOH groups of PAA and OH group of TAc 

will cause the hydroxyl (-OH) groups to disappear. In organic chemistry, a condensation 

reaction is a type of chemical reaction in which two molecules are combined to form a 

single molecule, usually with the loss of a small molecule such as water. This 

condensation reaction can be seen in Figure 1 c. When thermal annealing is performed 

to form a cross-linking structure, a dehydration reaction occurs, resulting in an ester 

(-O-C=O) bond between PAA and TAc.
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50.45 %

57.57 %

28.03 %

Figure 5. Gel contents of C-PAA/TAc (8:2), C-PAA/TAc (5:5), C-PAA/TAc (2:8).
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   3. DSC Curves

The thermal behavior of C-PAA/TAc was analyzed via DSC, which is a typically 

used method for investigating polymer composites (Figure 6). All the samples showed 

similar images. C-PAA/TAc (8:2) and C-PAA/TAc (2:8) indicated glass transition 

temperatures (Tg) of 131 °C and 137 °C, respectively, whereas C-5:5 indicated a Tg of 

158 °C. The thermal properties of C-PAA/TAc (5:5), analyzed via DSC, were 

significantly better than those of C-PAA/TAc (8:2) and C-PAA/TAc (2:8). This thermal 

behavior shows similar tendencies in both Figure 3, and is an indicator that the 

characteristics of C-PAA/TAc (5:5) are the most excellent in electrochemical 

characteristics.
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Figure 6. DSC curves of C-PAA/TAc (8:2), C-PAA/TAc (5:5), C-PAA/TAc (2:8).



- 60 -

   4. TGA Curves

The TGA results show that C-PAA/TAc (5:5) and C-PAA/TAc (2:8) exhibited similar 

thermal behaviors in the first stage (Figures. 7 a and b). However, they exhibited 

different thermal behaviors in the second stage. The first weight loss stage (˂ 5%) 

occurred from room temperature to 210 °C, which was induced by the evaporation of 

absorbed water from the sample. The second weight loss stage occurred from 210 °C 

to 320 °C. The second mass loss lying in between 210 and 320 °C is attributed to the 

decomposition of groups (e.g., oxygen-containing groups) and the oxidation of carbon. 

The third weight loss stage, which occurred form 320 °C to 700 °C, was caused by 

the decomposition of the C-PAA/TAc interaction. All samples exhibited weight losses of 

less than 5% below 210 °C, which is more than sufficient for Si anode applications. 

Hence, the good thermal stability of C-PAA/TAc (8:2), C-PAA/TAc (5:5), and 

C-PAA/TAc (2:8) was confirmed. The Figure 7 b shows the final weight when the 

temperature is raised from room temperature to 1000 oC.
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Figure 7. TGA curves of (a) C-PAA/TAc (8:2), C-PAA/TAc (5:5), C-PAA/TAc (2:8); 

(b) Final weight based on TGA.
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5. DPPH Radical scavenging activity

Various methods are currently used to assess the antioxidant activity of plant 

phenolic compounds. DPPH has been widely used to evaluate the free-radical 

scavenging effectiveness of various antioxidant substances. In the DPPH assay, 

antioxidant activity analysis is performed based on the inhibition of the DPPH radical 

by antioxidants. 

The optimal initial concentration of DPPH was evaluated to determine the assay 

sensitivity. The intensity represented in violet increased rapidly as the DPPH 

concentration increased from 0 to 0.2 mM [63, 64]. Using this method, the antiradical 

power of the antioxidant can be determined based on the decrease in the absorbance of 

DPPH• at 517 nm (Figure 8) [65, 66].

Figure 8 a illustrates the significant decrease in the concentration of DPPH radicals 

owing to the scavenging ability of TAc and a standard. The scavenging effects of TAc 

and the standard on the DPPH radicals decreased in the order of C-PAA/TAc (2:8) > 

C-PAA/TAc (5:5) > C-PAA/TAc (8:2); quantitatively, they were 92.66%, 92.57%, and 

80.50%, respectively. The DPPH free radical-scavenging activity of TAc increased with 

the TAc ratio Figure 8 b [67, 68]. The reaction between the antioxidant and DPPH 

free radical can be seen in Figure 9.
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Figure 8. (a) Absorption vs. TAc concentration; (b) DPPH radical scavenging activity 

of C-PAA/TAc.
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Figure 9. Reaction of antioxidant and DPPH free radical.



- 65 -

   6. Electrochemical Analysis

The results in Figure 10 b show that the first galvanostatic charge/discharge voltage 

profiles of the Si C-PAA/TAc binser electrode were evaluated in the 0.05–1 V vs. 

Li/Li+ voltage range at room temperature at 0.05C. Significantly, Si C-PAA/TAc (8:2), 

C-PAA/TAc (5:5), C-PAA.TAc (2:8) electrodes exhibit higher reversible capacities 

(2706, 2672, 2595 mAh g-1) than the PAA and TAc electrode (2583, 2205 mAh g-1), 

which is probably ascribed to excellent adhesive abilities and improved mechanical 

properties of C-PAA/TAc electrodes. 

The initial Coulombic efficiencies of the Si C-PAA/TAc (8:2), C-PAA/TAc (5:5), 

C-PAA.TAc (2:8), PAA and TAc electrodes were 82.6%, 81.5%, 79.4%, 82.3% and 

73.3%, respectively. These results indicate the initial Coulombic efficiencies of 

C-PAA/TAc (2:8) and TAc were lower than those of the other electrodes because these 

electrodes featured weak chemical bonds, which hindered electrical conduction owing to 

the excessive polyphenol groups [69, 70]. Meanwhile, the capacities of C-PAA/TAc 

(5:5) and C-PAA/TAc (8:2) were much higher than that of the Si PAA electrode, 

indicating that the cross-linked structure of C-PAA/TAc accommodated the volume 

change in Si without pulverization and contributed to the formation of a compact SEI 

layer [46]. 

Figure 10 c displays the long-term cycle performance of all electrodes with different 

polymeric binders at 0.5C for 100 cycles. The C-PAA/TAc (8:2), (5:5), and (2:8) 

electrodes retained much higher capacities after 100 cycles than the PAA and TAc 

electrodes. C-PAA/TAc (5:5), which indicated a higher cross-linking degree than 

C-PAA/TAc (8:2) and C-PAA/TAc (2:8), as confirmed in Figure 5. These results 

indicate that cross-linking was effective for electrode. 

We evaluated the adhesion strength of Si electrodes with PAA and C-PAA/TAc 

binders to conduct a 180° peel-off test in Figure 11. As a result, the average peel 

strengths of the Si electrodes with PAA, C-PAA/TAc (8:2), C-PAA/TAc (5:5), 

C-PAA/TAc (2:8), TAc, and PVDF were 4.08, 4.11,5.48, 2.29, 1.21, and 0.47 N, 

respectively. The applied Si anode with a C-PAA/TAc (5:5) binder was 5.48 N, which 

was higher than the Si electrodes with other binders. Furthermore, the C-PAA/TAc 
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(5:5) binder showed that a large amount of anode materials was retained on the current 

collector after peeling (Figure 11). These results suggest that the increase in electrode 

adhesion strength is attributed to the hydrogen bonding interaction between our binder 

and the Si powder. Based on these results, the adhesion properties of the designed 

binder clearly demonstrate an advantage as a binder for Si anodes.

   In addition, the Coulombic efficiency of all electrodes showed approximately 98% 

over the entire cycle (Figure 10 d). The electrochemical performance of all electrodes is 

listed in Table 1. Excellent cycle stability and high reversible capacity were achieved 

because TAc with numerous hydrogen bonds can interact with silicon, and the strong 

adhesive cross-linking between the TAc and PAA chains can hinder significant volume 

changes and structural collapse during continuous cycles [46, 71]. 

Figure 10 e shows the nyquist plots of the Si PAA, C-PAA/TAc (8:2), C-PAA/TAc 

(5:5), C-PAA.TAc (2:8) electrodes after 100 cycles. To determine the resistance 

properties of the electrodes with different binders, we conducted EIS after 100 cycles. 

The measured resistance is presented in Table 2. The resistance in the high-frequency 

region corresponds to the resistance of the ionic electrolyte (Rs), the diameter of the 

semicircle represents the interfacial resistance of the anode material (RSEI), and the 

medium-frequency region is associated with the charge transfer resistance (Rct). we can 

find obviously all of Si C-PAA/TAC electrodes have much smaller semicircles than the 

Si PAA electrode, which indicates the Si C-PAA/TAc electrodes have much better 

charge transfer abilities that is, the cross-linked network structure of the C-PAA/TAc 

binder can help decrease Rct.
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Figure 10. (a) Schematic assembly illustration of Si ∥ Li half cell configuration; (b) 

Galvanostatic charge-discharge profiles for half cell by controlling binder ratio of 

C-PAA/TAc; (c) Cycling performance of Si PAA, Si TAc and Si C-PAA/TAc at 0.5 

C-rate; (d) Coulombic efficiency of cycling performance of Si PAA Si TAc and Si 

C-PAA/TAc; (e) Electrochemical impedance spectroscopy of Si PAA, Si TAc and 

C-PAA/TAc after 100 cycles.
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Table 1. Electrochemical performances of Si PAA, Si TAc and Si C-PAA/TAc
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Table 2. EIS data of Si PAA, Si TAc and Si C-PAA/TAc after 100th cycles.
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Figure 11. (a) Optical images of the tapes peeled from the Si PVDF, Si TAc, Si 

C-PAA/TAc, and Si PAA electrodes; (b) 180° peel-off test results of Si PVDF, Si 

TAc, Si C-PAA/TAc, and Si PAA electrodes EIS data of Si PAA, Si TAcand Si 

C-PAA/TAc; (c) The average peeling forces.
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  7. SEM Images

To further confirm the mechanism of the C-PAA/TAc binder, the cross-sectional 

scanning electron microscopy (SEM) to understand the morphology change and measure 

the thickness of the electrodes after 100 cycles were also characterized. As shown in 

Figure 12 a and c, the thickness of Si PAA and Si C-PAA/TAc electrodes before 

cycling were 7 and 6.5 um, respectively. After cycling, the thickness of the Si PAA 

and Si C-PAA/TAc electrodes were 24 and 16 um, respectively (Figure 12 b and d, 

respectively), which corresponded to expansion levels of 350% and 250%, respectively. 

The SEM images indicate the volume expansion that typically occurs in the Si anodes. 

However, However, the C-PAA/TAc binder demonstrated superior mechanical properties 

that allowed it to maintain its active materials during cycling [72].
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Figure 12. Cross-sectional SEM images: (a) Si PAA electrode and (b) After 100 

cycles; (c) Si C-PAA/TAc (5:5) electrode and (d) After 100 cycles.



- 73 -

  8. Electrochemical Performances 

To commercialize Si C-PAA/TAc for use in LIBs, we tested the electrode using our 

stable binder for the si anode at a high mass loading (~1.1 mg cm-2), as shown in 

Figure 13 and Figure 14. The discharge capacity of the C-PAA/TAc electrode with 

high mass loading was determined to be 2361 mA h g-1
Si, and the initial Coulombic 

efficiency was 82.6% after the first cycle. These values were higher than those for the 

Si PAA electrode (1602 mA h g-1
Si and 77.0%) (Figure 13 a). These electrodes were 

tested for over 60 cycles. The results show that the capacity retention of the Si 

C-PAA/TAc electrode with high mass loading was 79.8% after 60 cycles, and its 

discharge capacity after cycling was 1219 mA h g-1
Si, which was much higher than that 

of Si PAA (804 mA h g-1
Si) (Figure 13 b). These results indicate that the cross-linked 

structure prevented some of the active materials from collapsing from the current 

collector despite the high active material loading [73].
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Figure 13. Electrochemical performances of the Si ∥ Li half-cell with a high mass 

loading (~1.1 mg cm-2): (a) Galvanostatic charge-discharge profiles for half cell Si PAA 

and Si C-PAA/TAc (5:5); (b) Cycling performance of Si PAA and Si C-PAA/TAc at 

0.5 C-rate.
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Figure 14. Cycling performance of Si C-PAA/TAc low (~ 0.35 mg cm-2) and high 

(~1.1 mg cm-2) loading at 0.5 C-rate.
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 D. Conclusion

Herein, an excellent cross-linked PAA/TAc binder that can be used for the Si anode 

of LIB is reported. It was shown that TAc with plentiful -OH groups was effectively 

cross-linked with PAA to achieve high electrochemical performance. These -OH groups 

readily formed a network structure during cross-linking. Particularly, TAc, which 

exhibits excellent antioxidant properties, can suppress side reactions during cycling by 

resident DPPH radicals and maintain stability of LIBs through antioxidants. This not 

only prevents excessive formation of the SEI layer, but also enhances the conductivity 

of the Li-ion. We present a unique feature of C-PAA/TAC as a radical scavenging that 

improves the electrochemical performance of LIBs. Therefore, the C-PAA/TAc binder 

offers better electrochemical performance. This study demonstrated a sustainable method 

for manufacturing a robust polymeric binder with high electrochemical durability and 

excellent radical scrubbing activity. In the future, these innovative binders will be able 

to provide practical solutions for Si anodes.
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Ⅳ. Cross-Linked Organic/Inorganic Polymer Binder

 A. Introduction

With advancements in technology, modern society is demanding the development of 

high-efficiency, high-density, and long-life energy storage devices, ranging from portable 

electronic devices to electric vehicles [1, 2]. Energy has been generated based on fossil 

fuels for decades up to this day, but fossil fuels are gradually depleting, causing 

serious environmental problems such as global warming and environmental destruction 

[3]. Fossil fuels have been used to produce energy for several decades. Formulating and 

implementing strategies to develop clean and sustainable energy systems to reduce the 

consumption of fossil fuels and alleviate environmental pollution is of global 

significance [4]. 

Energy storage systems (ESS) play a prominent role in the proper utilization and 

storage of green energy. Supercapacitors, which store energy by the adsorption of ions 

or surface redox reactions, are considered the most promising ESSs [5–8].

Supercapacitors offer advantages such as shorter charging/discharging times and higher 

power densities compared to those offered by lithium-ion batteries (LIBs) [9]. 

Electrochemical double-layer capacitors (EDLCs) store charges electrostatically at the 

interface between the electrode material and electrolyte [10, 11]. In response to fast 

surface redox reactions, pseudocapacitors (PSEUDOs) store charges in the electrode, 

providing a capacitive-like electrochemical behavior. The active materials of PSEUDO 

exhibit higher capacitances than those of EDLCs do. However, such PSEUDOs often 

produce a compromised rate capability and reversibility because they rely on faradaic 

redox reactions.

Most polymer binders only occupy a small proportion (<5 wt%) of commercial 

electrodes [12–15]. However, they play an important role in physically stabilizing 

electrodes [16–20]. When used as binders, polymer materials should not chemically 

reject organic electrolytes and should instead maintain stable adhesive properties without 

undergoing side reactions, even in an electrochemical environment. Although 

polyvinylidene fluoride (PVDF) is the most successful and widely used binder for 



- 78 -

conventional LIBs, it suffers from several limitations such as having weak 

intermolecular interactions with active materials and showing an insulating to support 

the fast ion transport required under high rates [21, 22]. 

The homogeneous composite structure of pristine electrodes gets disrupted because of 

substantial volume changes, leading to mechanical failure and capacity loss over 

repeated charge/discharge cycles. Several studies have pointed out that the 

cyclability-related problems of most promising advanced electrode materials can be 

alleviated by using more efficient battery binders [23–27]. 

An ideal electrode matrix should (1) form strong interactions with active materials to 

maintain adhesion over cycles; (2) offer strong adhesion toward current collectors to 

prevent electrode delamination; (3) provide a continuous conductive network within the 

electrode; and (4) be electrochemically and chemically stable in harsh environments for 

batteries [28, 29]. 

A class of polymers that has recently garnered attention are polymeric ionic liquids 

(PILs), whose high electrochemical stability, conductivity, and good processability 

support their suitability for electrochemical applications [30, 31]. They have been 

successfully incorporated in supercapacitors, electrochemical sensors, and a variety of 

energy devices. PILs can wrap powder components while still allowing ion flow, 

improving cyclability [32].

The cross-linking of polymer binders has been proposed as an effective and simple 

method for the volume expansion of electrodes [33, 34]. Thermal and mechanical 

analyses that were conducted to examine some cross-linked polymers revealed a raised 

glass transition and rheology in them like those in permanently cross-linked polymer 

matrices.

In this study, we present nickel oxide (NiO) synthesized by the sol-gel method and a 

cross-linkable organic/inorganic hybrid polymer successfully obtained through the 

quaternization of poly(N-vinyl imidazole) (PVIm) with a unique functional group 

containing ethoxysilane. We assumed that durability would be improved through the 

formation of Si-O bonds between the polymer chains and the active material from 

introducing a cross-linkable silane group. We fabricated a PSEUDOs with PVIm; the 

corresponding electrode could provide cycle stability through the simultaneous 
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improvement in the ion conductivity and physical properties of the composite through 

cross-linking. Currently, the main trend is developing devices that can be stored while 

maintaining the cycle characteristics and also increase the output energy; continuous 

research and development on PSEUDOs is expected to create new opportunities because 

they are located in an industry group.
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 B. Experimental

   1. Materials

1-Vinylimidazole (Vm) (Alfa Aesar), a,a’-azobisisobutyronitrile (AIBN) (JUNSEI), 

(3-chloropropryl)triethoxysilane (3CPTES) (Sigma Aldrich), dimethylformamide (DMF) 

(JUNSEI), acetone (Duksan), methanol (MeOH) (Duksan), Nickel(Ⅱ) nitrate hexahydrate 

(Ni(NO3)2·6H2O) (Alfa Aesar), Hexamethylenetetramine (HMTA) (KANTO), Carbon 

black (Alfa Aesar), PVDF 1 wt% solution, N-Methylpyrrolidone (NMP) (SAMCHUN)  

were used without any further purification. AIBN was recrystallized from MeOH.

  

   2. Method

     a. Synthesis of Poly(vinyl imidazole)

Vm was polymerized out via free radical polymerization, as shown in Figure 1. 

Initially, Vm and DMF were briefly added to a round-bottom flask equipped with a 

magnetic stirrer. AIBN was added into the flask and the mixture was slowly heated to 

70 oC under a nitrogen atmosphere. After radical polymerization for 24 h, the resulting 

yellow viscous solution was cooled to room temperature and precipitated with acetone; 

this was followed by filtration, which yielded a white powder. The vacuum was dried 

overnight at 40 oC. The white powder was dissolved in DMF, and the precipitation 

process was repeated twice. Finally, the resulting wet powder was dried overnight under 

vacuum at 60 oC to obtain a white powder of PVIm.

     b. Quaternization of PVIm with 3CPTES

PVIm_Si was synthesized via the nucleophilic substitution reaction (SN2) of PVIm 

and 3CPTES. This synthesis was conducted at molar ratios of 100:50, 100:70, and 

100:100.

PVIm and 3CPTES (50, 10.7 mmol), (70, 14.9 mmol), (100, 21.2 mmol) and DMF 

40 mL were added to a 250 mL round bottom flask equipped with a magnetic stirrer. 

The mixture was then stirred at 40 oC for 48 h. The resulting solution was precipitated 

with acetone, followed by filtration to a white powder. The white powder was dried  
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overnight under vacuum at 40 oC as shown in Figure 1. 

     c. Cross-linked Poly(1-vinyl-propyl triethoxysilane imidazolium)·Cl- 

Finally the prepared PVIm_Si films were placed in vacuum at 150, and 160 oC for 

1, 2, and 1 h, respectively, to conduct thermal cross-linking. We referred to the 

obtained sample as C-PVIm_Si.

     d. Synthesis of Ni(OH)2 Nanostructure

Ni(NO3)2·6H2O and HMTA were dissolved in deionized (DI) water water under 

magnetic stirring. The mixed solution was then transferred into a 100 mL vial, 

maintained at 100 oC for 4 h, and then cooled naturally. The synthesized nickel 

hydroxide products were cleaned by washing with D.I water. The prepared samples 

were then freeze-dried for 48 h [35]. 

     e. Synthesis of Porous NiO Nanostructure

Porous NiO nanostructure powders were obtained by annealing the as prepared 

Ni(OH)2 samples at 300 oC for 2 h. NiO is generally known to exhibit excellent 

electrochemical properties including pseudocapacitance [35, 36].

   3. Characterization

The chemical structures of the films were analyzed using Fourier-transform infrared 

spectroscopy (FT-IR, Nicolet6700) and proton nuclear magnetic resonance (1H-NMR 

spectra, JEOL-JNM-AL300) in dimethyl sulfoxide-d6 (DMSO-d6) at 300 MHz. The 

thermal properties of C-PVIm were investigated using differential scanning calorimetry 

(DSC, TA Instruments DSC25) under a N2 atmosphere (in a temperature range of 25 
oC–180 oC  and a heating rate of 5 oC  min-1) and via thermogravimetric analysis 

(TGA, TA Instruments SDT650) under a N2 atmosphere (in a temperature range of 25 
oC–1000 oC and a heating rate of 10 oC min-1). To confirm the degree of chemical 

cross-linking, the gel content was determined using the solvent extraction method and 

was calculated using the following equation:
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×  gel content,

where M1 is the weight of C-PVIm_Si and M2 is the weight of the extracted solvent 

[37]. 

Based on American Society for Testing and Materials (ASTM) standards, several 180o 

peel tests were performed using a universal testing machine (UTM, Shimadzu, 

AGS-10kNX). The samples were measured at room temperature. (20 mn min-1).

The electrodes were morphologically and electrochemically characterized using 

scanning electron microscopy (SEM, Hitachi Regulus 8100).

   4. Electrochemical Characterization

The working electrode was prepared by mixing the electro active material (NiO, 85 

wt%), carbon black (10 wt%), PVDF and PVIm_Si (5 wt%) as a binder. The prepared 

slurry was measured in a nickel plate electrode, and the PVDF electrode binder was 

dried at 120 oC for 1 h to remove the NMP. The PVIm_Si binder was manufactured 

by drying at 120 oC for 1 h to remove the NMP followed by drying for 1 h at 160 
oC, this was the optimal cross-linking condition. The cross-linking reaction in such an 

electrode can be seen in Figure 2 and Figure 3.

The electrochemical performance of the NiO was evaluated using Pt foil as a counter 

electrode and a KOH solution (2 M) as an electrolyte. A voltage window of -0.05 to 

0.4 V was observed at room temperature.
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 C. Results and Discussion

Figure 1. Schematic illustration showing synthesis of C-PVIm_Si.
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Figure 2. Schematic illustration showing reaction of NiO@C-PVIm_Si.

Figure 3. Schematic illustration showing metal surface reaction.
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   1. 1H-NMR Spectra

Free radical polymerization was used to prepare PVIm using AIBN as the initiator. 

PVIm_Si was made from partial functionalization of PVIm with 3CPTES. The 1H-NMR 

peaks of PVIm and 3CPTES used for quaternary substitution are shown in Figure 4. 

This rection proceeded smoothly owing to the weak steric hindrance and strong 

nucleophilicity of the 3-position nitrogen atom in the imidazole ring as well as the high 

reactivity of 3CPTES. Figure 5 shows the 1H-NMR spectra of PVIm 50, 70, 100 in the 

range of 0-10 ppm with DMSO-d6 (yellow dot) as the deuterated reagent. The peaks 

between 6.6 ppm (H3,4) and 7.6 ppm (H5) are assigned to proton of the imidazole 

ring. Meanwhile, the peaks at 1.6-2.3 ppm (H1) and 2.88-3.2 ppm (H2) correspond to 

protons from the polymer backbone (CH2 and CH-). The peaks at 1.2 ppm (H6) and 

3.4 ppm (H7) are ascribed to the ethyl group (CH3, CH2) [38, 39]. 
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Figure 4. 1H-NMR spectra of (a) PVIm; (b) 3CPTES.
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Figure 5. 1H-NMR spectra of PVIm_Si 50, PVIm_Si 70, PVIm_Si 100.
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   2. FT-IR Spectra

The chemical structure of imidazolium-based binder was confirmed by FT-IR 

spectroscopy measurements. Figure 6 shows the FT-IR of C-PVIm_Si; the broad 

absorption band at approximately 3018 cm-1 and 2983 cm-1 can be attributed to the 

stretching vibrations of C-H (sp2) and C-H (sp3) groups, respectively. The peaks at 

2916 cm-1 and 2846 cm-1 were attributed to the poly vinyl imidazole moieties. The 

peak at 1750 cm-1 confirmed the presence of an aromatic C=N. The peaks 1510–1276 

cm-1 confirm the presence of the imidazole ring. The absorption bands at 1250 cm-1 

and 1084 cm-1 were attributed to Si-O-Si and Si-O-C stretching [40–43]. 

Finally, there are indicates that the synthesis of PVIm_Si was successfully 

synthesized. The FT-IR peak and the corresponding functional groups of PVIm_Si are 

shown in Table 2 [44]. Moreover, Figure 7 displays the FT-IR spectrum of C-PVIm_Si 

with peaks of interest marked. In addition, the structural formula after cross-linking of 

NiO and PVIm_Si in Figure 2 confirmed the FT-IR peak in Figure 8.
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Figure 6. FT-IR spectra of PVIm_Si 50, PVIm_Si 70, PVIm_Si 100.



- 90 -

Figure 7. FT-IR spectra of C-PVIm_Si. a) C-PVIm_Si 50 (150 oC 1h); b) 

C-PVIm_Si 70 (150 oC 1h); c) C-PVIm_Si 100 (150 oC 1h); d) C-PVIm_Si 50 (150 
oC 2h); e) C-PVIm_Si 70 (150 oC 2h); f) C-PVIm_Si 100 (150 oC 2h); g) C-PVIm_Si 

50 (160 oC 1h); h) C-PVIm_Si 70 (160 oC 1h); i) C-PVIm_Si 100 (160 oC 1h).
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Figure 8. FT-IR spectra of NiO@C-PVIm_Si.
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Table 1. List of band assignments for FT-IR spectra [40].
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Table 2. FT-IR spectra peak and corresponding functional groups of PVIm_Si.
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   3. Gel Content Analysis

The C-PVIm_Si was prepared by thermal-induced cross-linking. It is well known that 

the thermal treatment of ethoxy silane group leads to the formation of insoluble 

cross-linked networks (Si-O-Si) in the polymer matrix. This is called a silanol reaction, 

and this reaction is shown in Figure 9. The gel content as a function of temperature is 

shown in Figure 10. The results confirm that the gel content significantly increased 

with increasing ratio of quaternized silane in the PVIm matrix and thermal treatment 

temperature up to 160 oC. Unlike other ratios of C-PVIm_Si, it can be found that 

100:100 ratio of C-PVIm_Si shows about 32% gel content at 160 oC 1 hour. Through 

this, it was verified that, when heat treatment was performed, samples were cross-linked 

with each other through silanol reaction and became insoluble. On the other hand, in 

the molar ratio of 100:50 and 100:70 the degree of cross-linking increases as the 

temperature increases, but it can be seen that the molar ratio of 100:100 has the best 

thermal stability. 
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Figure 9. Schematic illustration showing silanol reaction.
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Figure 10. Gel contents of C-PVIm_Si 50, C-PVIm_Si 70, C-PVIm_Si 100.
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   4. TGA Curves

Excellent thermal stability is a fundamental requirement for PSEUDO in practical 

application. The thermal degradation behavior of the polymer binder was examined via 

TGA in a nitrogen atmosphere. As shown in Figure 11 a. Clearly, two degradation 

steps were observed for the cross-linked binders. The first degradation step from about 

180 to 350 oC is related to the decomposition of the imidazolium groups. The 

degradation step above 380 oC is believed to be caused by the degradation of the 

polymer main chain. The Figure 11 b shows the final weight when the temperature is 

raised from room temperature to 1000 oC. As a result, it was confirmed that the 

thermal stability was also improved as the ratio of silane and the temperature of 

cross-linking increased. Comprehensively observing Figures 10 and Figure 11, it is 

judged that C-PVIm_Si 100 binder is the best in condition of thermal stability. The 

TGA curves of the NiO@C-PVIm_Si is diplayed in Figure 12.
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Figure 11. TGA curves of (a) C-PVIm_Si 50, C-PVIm_Si 70, C-PVIm_Si 100; (b) 

Final weight based on TGA.
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Figure 12. TGA curves of (a) NiO@C-PVIm_Si; (b) Final weight based on TGA.
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   5. 180o Peeling Test

The force-displacement curves of the Ni electrode as shown in Figure 13 indicate the 

adhesion between binder and Ni electrode. The average peeling force of C-PVIm_Si 50 

(2.02 N), C-PVIm_Si 70 (3.01 N), C-PVIm_Si 100 (3.75 N) binders is also higher than 

that PVDF (2.54 N) binder (Figure 13 a).

In the case of PVDF binder, uneven exfoliation was shown and strength was 

measured low.

PVIm_Si binder, on the other hand, showed uniform exfoliation. The results of the 

mechanical strength analysis confirmed that PVIm_Si produced a higher load value. 

This is expected to result in improved adhesion to the electrode through the 

cross-linking of the PVIm_Si binder.

Moreover, the optical images show that when PVDF or C-PVIm_Si was used as 

binders, a large portion of electrode slurry was peeled off from the Ni electrode and 

adhered on the tape side after the peeling test (Figure 13 b) [45, 46].
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Figure 13. (a) The 180o peeling tests for the Ni electrode with different binders; (b) 

The optical images of the tape and electrode surface after the peel test.
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   6. SEM Images

Additionally, concentration of solution, temperature of solution in reactor and 

complexing reagent of Ni2+ ion are also important factors for the preparation of high 

density spherical Ni(OH)2 with excellent performance.

In a word, concentration of the solutions, complexing reagent, feed-in velocity, 

intensity of agitation, temperature of reactor, and pH value of solution in reactor are 

important for optimizing the performance of the product in the process of controlled 

crystallization. The SEM image shows the external morphology of Ni(OH)2 obtained 

through synthesis, where particles are of spherical shape (Figure 14) [47]. 

Porous NiO nanostructure powders were obtained by annealing as-prepared Ni(OH)2 

samples. After calcination, a color change from light green to gray was visualized, 

confirming the trnasformation of Ni(OH)2 into NiO [48]. Elemental mapping by 

energy-dispersive X-ray spectrometry (SEM/EDS) was performed for Ni(OH)2 and NiO 

samples. Obtained compositions from the EDS analysis of individual samples were 

compared to the corresponding targeted chemical phase. The obtained compositions 

matched well within the typical errors related to EDS analysis. A representative EDS 

spectrum and elemental mapping is shown in Figure 15 a–j. The obtained data suggest 

the homogeneous dispersion of Ni, O, in both Ni(OH)2 and NiO (Figure 15 a–e, Figure 

15 f–j), respectively. 

Moreover, the XRD patterns of Ni(OH)2 and NiO are shown in Figure 16. The XRD 

peaks in sky blue can be identified as those of a Ni(OH)2, on the basis of the standard 

pattern in JCPDS card 22-044.
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Figure 14. SEM images showing of (a) Ni(OH)2; (b) NiO.



- 104 -

Figure 15. SEM image, energy dispersive X-ray (EDX) elemental mapping of (a)–(e) 

Ni(OH)2.
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Figure 15. SEM image, energy dispersive X-ray (EDX) elemental mapping of (f)–(j) 

NiO.
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Figure 16. XRD patterns of Ni(OH)2 and NiO.
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   7. Electrochemical Analysis

In this study, the working electrode was fabricated as shown in Figure 17. Based on 

this cross-linking study, the cyclic voltammogram (CV) test for NiO, the active material 

of supercapacitors, is shown in Figure 18 [49–51]. In order to observe the change in 

the CV curve of the C-PVIm_Si 100 binder, which exhibited the best physical and 

thermal stability, different scan rates were obtained. In the Nyquist plot (Figure 19), the 

impedance behaviour of the Ni electrode is portrayed and shown by a vertical line in 

the low-frequency region, showing ideal capacitive behavior coupled with low charge 

transfer resistance (Rct). Similarly, the PVDF revealed a larger semicircle than 

C-PVIm_Si 100.

Our binder showed higher capacity than PVDF binder (Figure 18 b). When 

comparing before and after cross-linking, it was confirmed that the capacity after 

cross-linking was significantly improved (Figure 18 c and d). It can be seen that the 

cross-linking rate affects the electrochemical capacity [52–55]. It is considered that the 

durability is improved because the binding force between the electrode and the binder 

is increased due to the cross-linking reaction. As a result, it was confirmed that the 

prepared binder showed high capacity in pseudo-capacitors and had cycle stability. 

Therefore, we are confident that our C-PVIm_Si binder has sufficient potential to 

replace the PVDF binder.
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Figure 17. Schematic illustration of working electrode.
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Figure 18. Cyclic voltammogram curve of (a) Cycle test; (b) PVDF; (c) PVIm_Si 

100; (d) C-PVIm_Si 100.
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Figure 19. EIS spectra of the device showing the internal resistances NiO@PVDF 

and NiO@C-PVIm_Si 100.
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 D. Conclusion

A PVIm_Si binder was successfully synthesized to improve the cycle characteristics 

of PSEUDOs. This polymeric binder exhibited a strong binding ability with the 

electrode slurry and Ni electrode. 1H-NMR and FT-IR analyses confirmed the synthesis 

of PVIm_Si, and the thermal stability and cross-linking degree increased as the ratio of 

silane increased through TGA and gel content. Additionally, a peel test was performed 

to confirm physical stability. Examining the electrochemical properties by manufacturing 

an electrode to which the C-PVIm_Si binder was applied revealed that the binding 

force between the electrode and binder was increased owing to the cross-linking effect. 

The resulting C-PVIm_Si 100 binder exhibited a better adhesion and cycle stability than 

the PVDF binder did. Thus, it was confirmed that the produced binder showed a high 

capacity in PSEUDOs and cycle stability. The C-PVIm_Si binder, which has advantages 

such as easy synthesis and excellent cross-linking, can be competitively used for its 

high adhesion and also be applied to high-capacity electrode materials other than 

PSEUDOs. This study revealed that cross-linked networks in functional polymers were 

long-cycle-life features for electrochemical redox capacitors.
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Ⅴ. Summary
In this study, we fabricated functional binders exhibiting various properties. The first 

is an ionic liquid binder that has both a strong structure and ion conductivity by 

cross-linking; the second is a PAA/TAc binder that suppresses side reactions due to its 

radical scavenging ability in the battery; and the third is a pseudo-capacitor that 

improves durability. An ionic liquid binder incorporating a silanol reaction.

We conducted analysis to confirm the chemical structure, thermal stability, physical 

properties, and electrochemical property evaluation. All analyses showed improved 

characteristics compared to the existing commercially available binders, and it was 

verified that the electrochemical performance was improved remarkably. More 

importantly, our functional polymeric binder possesses a good cross-linking network 

structure, thereby outperforming currently used commercial binders. We expect our 

binders to be used in various energy storage devices, and we are expected to be the 

center of research and development of existing materials. In addition, our binder will 

serve as a starting point for spurring research on materials that have been lacking in 

the past.
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