
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학박사 학위논문 

 

 

Designing Supramolecular Binder 

Networks for High Performance 

Silicon Anodes 

 

고성능 실리콘 음극을 위한  

초분자 바인더 네트워크 설계 연구 

 

 

 
2022 년 2 월 

 

 

 

 

서울대학교 대학원 

화학생물공학부 

김 재 민 



Designing Supramolecular Binder Networks 

for High Performance Silicon Anodes 

 

고성능 실리콘 음극을 위한  

초분자 바인더 네트워크 설계 연구 

 

지도교수 최 장 욱 

 

이 논문을 공학박사 학위논문으로 제출함 

 

2021 년 12 월 

 

 

서울대학교 대학원 

화학생물공학부 

김 재 민 

 

김재민의 박사학위논문을 인준함 

2021 년 12 월 

 

 

위 원 장  성 영 은 (인) 

    

부 위 원 장  최 장 욱 (인) 

    

위 원  차 국 헌 (인) 

    

위 원  이 규 태 (인) 

    

위 원  조 우 석 (인) 



 

i 

Abstract 

 

Designing Supramolecular Binder 

Networks for High Performance 

Silicon Anodes 

 

Jaemin Kim 

School of Chemical & Biological Engineering 

The Graduate School 

Seoul National University 

 

Lithium-ion batteries (LIBs) are secondary batteries based on redox 

reactions, and they can realize high capacity and wide operating potential. So, 

they have become an essential element for IT applications, electric vehicles 

(EVs), and energy storage systems (ESSs). Currently, the biggest issue in the 

development of LIBs is to enable batteries with high energy density. 

Maximizing the energy density of LIBs, it is necessary to introduce a higher 

capacity material than the active material used in conventional LIBs. Since 

silicon (Si) has a high theoretical capacity, there are attempts to apply it to LIBs, 

but the extreme volume expansion that occurs during the cycle causes 

deterioration of the electrode. For high-performance of the Si anodes, it is 

necessary to increase the stability of the electrode. Therefore, the binder 

engineering that maintains the structure of the electrode is continuously 

emphasized. For this purpose, sophisticated binder designs for Si anode system 



 

ii 

are covered in this text.  

In chapter 1, we suggest the Si active material which is spotlighted as 

next-generation anode material and explain the role of the polymeric binder in 

the Si anode system. Especially, the bond between the electrode material and 

binder in the Si electrode is classified from the viewpoint of the covalent bond 

and supramolecular interactions. Furthermore, we illustrate the effect of 

supramolecular interactions in the Si binder. 

 In chapter 2, we report a pyrene-polyacrylic acid (PAA)-polyrotaxane 

(PR) supramolecular network as a polymeric binder for silicon monoxide (SiO) 

with 100 wt%. The non-covalent functionalization of carbon coating layer on 

SiO is achieved by using hydroxylated pyrene derivative via π-π stacking 

interaction, which simultaneously enables hydrogen bonding interactions with 

PR-PAA network through its hydroxyl moiety. Moreover, PR’s ring sliding 

while being crosslinked to PAA endows a high elasticity to the entire polymer 

network, effectively buffering the volume expansion of SiO and largely 

mitigating the electrode swelling. Based on these extraordinary 

physicochemical properties of the pyrene-PAA-PR supramolecular binder, the 

robust cycling of SiO electrodes was demonstrated at commercial levels of 

areal loading in both half-cell and full-cell configurations.  

In chapter 3, we report Zn2+-imidazole coordination binder that is formed 

to carboxymethyl cellulose backbones in situ during electrode fabrication for 

silicon/carbon composite electrodes. The recoverable nature of Zn2+-imidazole 

coordination bonds and the flexibility of the poly(ethylene glycol) chains are 

jointly responsible for the high elasticity of the binder network. The high 

elasticity tightens interparticle contacts and sustains the electrode integrity, both 

of which are beneficial for long-term cyclability. These electrodes, with their 

commercial levels of areal capacities, exhibit superior cycle life in full-cells 

paired with LiNi0.8Co0.15Al0.05O2 cathodes. The current study underlines the 
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importance of highly reversible metal ion-ligand coordination chemistries for 

binders intended for high capacity alloying-based electrodes. 

In chapter 4, we report an amphiphilic, tightly interlocked host-guest 

complex binder composed of pyrene-conjugated poly(acrylic acid) (Py-PAA) 

and hyperbranched 𝛾-cyclodextrin polymer (𝛾CDp) for silicon-graphite 

integrated (Si-Gr) electrodes. The pyrene unit of Py-PAA not only endows 

enhanced affinity to the graphite surface but also serves as a guest molecule 

capable of interlocking with the 𝛾CDp host. This highly effective host-guest 

interaction sustains the integrity of the electrode to enable superior cycling 

performance and rate capability for Si-Gr electrodes with commercial-level 

areal capacity. This study informs that various supramolecular chemistries are 

useful for designing the binder of battery electrodes in which the components 

have different surface characteristics and have poor mechanical stability. 

 

Keywords : Elasticity, Li-ion battery, Polymeric Binder, Silicon anode, 

Supramolecular chemistry  

 

Student Number : 2017-20028 
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Chapter 1. Introduction 

 

1.1 Silicon anodes in lithium ion batteries 

 

Lithium ion batteries (LIBs) used in our daily life are a type of secondary 

battery based on the oxidation-reduction reaction of lithium ion.[1] Since lithium 

is lighter than other metal ions and has a low reduction potential, it can realize 

high specific capacity as well as a high operating voltage of 3 V or more.[2] 

Because of these advantages, LIBs have become an essential element for 

operating small devices such as smartphones and IT applications, and are 

evaluated as the most promising candidates for use in electric vehicles (EVs), 

which are expected to expand in the future.  

Typical anode material for LIBs is graphite, and the cathode material is 

a metal oxide (e.g., LiMO2, M=Co, Ni, Mn, etc.), which has the advantage of 

having a relatively stable cyclic lifespan.[3] However, it results in limited energy 

density in the battery cell due to the intrinsic low theoretical capacity of the 

material. In particular, high-performance EVs require a next-generation battery 

system that exceeds the energy density of conventional batteries to increase the 

driving mileage. Therefore, recently, research has been conducted in academia 

and industry by introducing high-capacity materials and new chemical 

approaches.  

Silicon (Si) has been spotlighted as a next-generation anode material 

with high theoretical capacity (above 3000 mAh g-1) and low operating 

potential (~0.3 V vs. Li/Li+). However, Si has several failure mechanisms such 

as pulverization of particles, delamination of the electrode, and formation of an 

unstable solid-electrolyte- interphase (SEI) layer due to the enormous volume 
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change of about 300% during cycling, leading to serious deterioration of the 

cell (Figure 1.1).[4]  

In order to compensate inherent problems of Si (e.g., volume expansion, 

low electrical conductivity), from an active material point of view, 

silicon/carbon composite, which is a composite of silicon-based material and 

carbon-based material, and carbon coated silicon monoxide have been widely 

used in most commercial LIBs.[5] Nevertheless, unfortunately, even in the smart 

composite structure system, binders that can be used when the Si content 

exceeds 10 wt% have not yet been identified. As representative silicone binders, 

various binders such as poly acrylic acid (PAA),[6] sodium alginate,[7] and 

sodium carboxyl methyl cellulose (Na-CMC)[8] have been reported, but there is 

a limit to the stable cycling performance of Si anodes. This fact shows that 

binders are still the bottleneck in silicon anode technology, so smart binder 

designs capable of maintaining electrode integrity at high Si content are 

required. 
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Figure 1.1 Degradation Mechanisms of Si anodes due to the several volume 

expansion of Si during lithiation[1] Copyright 2016, Nature Publishing Group. 
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1.2 Supramolecular polymeric binders in silicon anodes 

 

The electrode components are largely composed of active material, 

conductive agent, binder, and current collector. Binders are polymer materials 

used in LIBs and serve to stably bind the electrode materials to the current 

collector during the manufacturing process of the electrode. Since the binder 

acts not only as an adhesive but also as a thickening agent and dispersant, it is 

one of the most important factors in electrode design.[9] Especially, the 

polymeric binders are used as a buffer against the expansion/contraction of the 

active material to improve the physical stability of the electrode. Therefore, in 

the case of Si anode materials with extreme volume expansion during charging 

and discharging, a binder is known as a material that affects battery life beyond 

a simple adhesive role. Various binder concepts have been reported to relieve 

stress caused by the volume expansion of Si,[10] and the introduction of 

supramolecular chemistries into polymeric binders is also one of the advanced 

binder design strategies.  

Professor Jean-Marie Lehn, the Nobel prize winner in chemistry 1987, 

defined supramolecular chemistry as a ‘chemistry beyond the molecule’. 

Supramolecular chemistry covers a wide range of non-covalent bonds between 

molecules, which generally have lower bond dissociation energy compared to 

covalent bonds. Supramolecular interactions, unlike conventional chemical 

bonds where electron pair is necessarily shared between bond-forming atoms, 

exist between adjacent molecules without sharing electrons. Representative 

examples of supramolecular interactions include hydrogen bond, metal-ligand 

coordination, π-π interaction, host-guest complex, and mechanical interlocking. 

Notably, strong supramolecular interactions can be reformed at another site 

even after bond dissociation, demonstrating a self-healing effect resulting from 

reversible non-covalent bonds. Unlike covalent bonds, the intrinsic reversible 
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bonding property of supramolecular interactions is very effective in the Si 

system by dynamically repairing the bonds between active material-to-binder 

and binder-to-binder, even if the intrinsic interactions are ruptured due to 

volume expansion of Si (Figure 1.2).[4] Furthermore, Supramolecular 

interactions via functional groups in polymer chains and topological 

crosslinking between polymer chains can endow dynamic or elastic mechanical 

properties to polymer networks. Most of the previous Si binder research has 

focused on polymers with high modulus to prevent bulk expansion.[11] However, 

recent studies have reported that the special mechanical properties resulting 

from the supramolecular interactions are more important factors than the high 

modulus for the stability of the Si anode.[12] Figure 1.3 shows the fundamental 

mechanism of supramolecular interaction within binder for Si-based anodes. 

 

 

Figure 1.2. Classification of chemical bonds and supramolecular interactions 

in Si anodes[4] Copyright 2018, Royal Society of Chemistry. 
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Figure 1.3. Schematic illustration for effect of supramolecular interaction 

within binder for Si-based anodes. 

 

1.3 References 

 

[1] J. W. Choi, D. Aurbach, Nat. Rev. Mater. 2016, 1, 16013. 

[2] T. B. Schon, B. T. McAllister, P.-F. Li, D. S. Seferos, Chem. Soc. Rev. 

2016, 45, 6345 

[3] T.-w. Kwon, J. W. Choi, A. Coskun, Joule 2019, 3, 662. 

[4] T.-w. Kwon, J. W. Choi, A. Coskun, Chem. Soc. Rev. 2018, 47, 2145.  

[5] S. Chae, M. Ko, K. Kim, K. Ahn, J. Cho, Joule 2017, 1, 47. 

[6] A. Magasinski, B. Zdyrko, I. Kovalenko, B. Hertzberg, R. Burtovyy, 

C. F. Huebner, T. F. Fuller, I. Luzinov, G. Yushin, ACS Appl. Mater. Interfaces 

2010, 2, 3004. 



 

7 

[7] I. Kovalenko, B. Zdyrko, A. Magasinski, B. Hertzberg, Z. Milicev, R. 

Burtovyy, I. Luzinov, G. Yushin, Science 2011, 334, 75.  

[8] N. S. Hochgatterer, M. R. Schweiger, S. Koller, P. R. Raimann, T. 

Wöhrle, C. Wurm, M. Winter, Electrochem. Solid-Stage Lett. 2008, 11, A76. 

[9] F. Zou, A. Manthiram, Adv. Energy. Mater. 2020, 10, 2002508. 

[10] A. Miranda, K. Sarang, B. Gendensuren, E.-S. Oh, J. Lutkenhaus, R. 

Verduzco, Mol. Syst. Des. Eng., 2020, 5, 709. 

[11] a) Z. Li, Z. Wan, X. Zeng, S. Zhang, L. Yan, J. Ji, H. Wang, Q. Ma, T. 

Liu, Z. Lin, M. Ling, C. Liang, Nano Energy, 2021, 79, 105430; b) M. Tian, X. 

Chen, S. Sun, D. Yang, P. Wu, Nano Res. 2019, 12, 1121. 

[12] a) S. Choi, T.-w. Kwon, A. Coskun and J. W. Choi, Science, 2017, 357, 

279; b) Z. Xu, J. Yang, T. Zhang, Y. Nuli, J. Wang, S.-i. Hirano, Joule 2018, 2, 

950; c) G. Zhang, Y. Yang, Y. Chen, J. Huang, T. Zhang, H. Zeng, C. Wang, G. 

Liu, Y. Deng, Small 2018, 14, 1801189; d) C. Wang, H. Wu, Z. Chen, M. T. 

McDowell, Y. Cui, Z. Bao, Nat. Chem. 2013, 5, 1042.    

  



 

8 

 

Chapter 2. Pyrene-Mediated Binder Network     

for Silicon Monoxide Electrodes 

 

2.1 Introduction 

 

Silicon (Si) is a promising anode material for next-generation Li-ion 

batteries (LIBs) with high energy densities. High theoretical specific capacity 

(>3000 mAh g−1) and low operation potential (~0.3 V vs. Li/Li+) constitute the 

main advantages of Si anodes toward advanced LIBs.[1] However, the massive 

volume change of Si over 300% during charging and discharging process 

severely impairs the structural integrity of Si electrode and consequently causes 

continuous decomposition of electrolyte in the electrode leading to the 

formation of undesirably thickened solid electrolyte interphase (SEI). This 

process also incurs the delamination of the electrode. It is well known that all 

of these detrimental phenomena jointly worsen the electrochemical 

performance of Si electrodes. 

As for the Si particle size, nano-sized Si was mainly studied in the early 

stage of research due to the fact that the small particle size can more effectively 

release the accumulated strain during the volume change of Si and can thus 

withstand against pulverization.[2] However, the large surface area of nano-

sized Si makes it more difficult to stabilize the SEI layer owing to its increased 

exposure to electrolyte, thus harming the Coulombic efficiency (CE) in each 

cycle. Moreover, from the manufacturing viewpoint, nano-sized Si adds 

difficulty in maintaining uniform particle size and controlling rheological 

conditions of the electrode slurry. For these reasons, micrometer-size active 

materials such as Si-carbon blends and silicon monoxide (SiOx, x~1) are 
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preferred by the industry for the cell production.[3] 

Polymeric binders have also turned out to play a crucial role for the 

stabilization of Si electrodes,[4] and various concepts including three-

dimensional (3D) network structures,[5] covalent attachment between Si and 

binder,[6] hydrogen bonding interaction,[7] ion-dipole interaction,[8] self-

healing,[9] and molecular machines[10] have been recently introduced. The 

majority of these approaches were effective in dealing with bare Si active 

materials by taking advantage of polar functional groups on their surface. 

However, commercially viable Si-carbon blends and SiOx active materials 

contain carbon layers on their outer surface for facile electronic transport, thus 

active material-to-binder interactions need to be revised from existing designs. 

Specifically, polar functional groups that are useful in creating strong 

supramolecular interactions with bare Si are not adaptable to the hydrophobic 

carbon surface.  

On another note, supramolecular chemistry has been recognized as a 

useful tool box in designing polymeric binders for Si electrodes. [11] The 

rationale behind was that strong reversible bonding via noncovalent 

interactions can recover active material-to-binder interaction even when the 

original interaction is lost due to the volume expansion of Si. Thus, 

supramolecular interactions constitute the basis of self-healing mechanism that 

is critical in maintaining the mechanochemical integrity of Si electrodes. 

Besides the self-healing mechanism, mechanically interlocked molecules in the 

form of rotaxanes, in which the dynamic nature of supramolecular interactions 

is fully preserved, can endow high elasticity to buffer the volume change of Si, 

even in the microparticle cases, and polyrotaxane (PR) cross-linked polyacrylic 

acid (PAA) binder represents such an opportunity.[10] In the PR, the ring 

components can move freely along the thread while being crosslinked to PAA 

network, which imparts extraordinary stretchability (>400%) to the entire 
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polymer network. This pulley-like operation bearing PR effectively dissipates 

the stress in the Si electrode. 

In an effort to utilize the useful design principles involving 

supramolecular chemistry, particularly the ring-sliding motion of polyrotaxanes 

for current commercial active materials, we adopted polyrotaxane-containing 

binder, namely PRPAA, for SiOx electrodes. To facilitate the active material-to-

binder interaction for carbon-coated SiOx (c-SiO) particles, we took advantage 

of non-covalent functionalization of the hydrophobic carbon coating surface by 

attaching a hydroxylated pyrene derivative.[12] While the pyrene moiety enables 

strong π-π stacking interactions with the carbon surface, hydroxyl moiety 

facilitates hydrogen bonding interactions with the PRPAA. Notably, this 

approach functionalizes the surface of c-SiO without altering the electrical 

properties of carbon coating layer. While the pyrene treatment solely improves 

the particle-to-particle interaction and the electrode-to-current collector 

adhesion dramatically, the addition of PRPAA further improves the cycling 

performance even at commercial levels of areal capacity (~3 mAh cm−2) in 

pairing with state-of-the-art cathode material (LiNi0.8Co0.15Al0.05O2) with high 

loadings (19−28 mg cm−2) by utilizing its high elasticity. The present study 

represents the promise of supramolecular chemistry in tuning the interparticle 

interaction in the emerging high capacity battery electrodes. 

 

2.2 Experimental section 

 

Preparation of modified active material. PyOH was purchased from 

Sigma-Aldrich and used as received. 0.1 M PyOH solution was prepared in 

dimethyl sulfoxide (DMSO). 3 g of c-SiO powder (KSC1064, Shin-Etsu 

Chemical Co., Ltd) was added to 30 mL of the 0.1 M PyOH solution and stirred 

at room temperature for 2 days. The mixture was then filtered and washed with 
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30 mL of pure DMSO three times. The filtered Py-c-SiO powder was dried at 

70 ⁰C for 2 days right before its use. 

 

Synthesis of PRPAA binder. PRPAA was synthesized following the 

previously reported procedures. Briefly, PEG (Mw ~ 20k) was activated 

through 1,1′-carbonyldiimidazole (CDI), and ethylenediamine was added to 

yield amine groups at both chain ends. Afterwards, α-CD was threaded through 

PEG at an elevated temperature (80 oC), the generated amine groups were 

capped with 2,4-dinitrofluorobenzene. Hydroxyl groups on the α-CD were 

partially reacted with propylene oxide to yield hydroxypropylated PR (HPR). 

Finally, PRPAA was obtained by crosslinking CDI-activated PAA (Mw ~ 450k) 

with hydroxyl groups on α-CD of HPR. The feed ratio of PAA to HPR was 

fixed at 95:5 in weight. 

 

Material Characterization. The morphology characterization of active 

particles and EDS analyses were conducted using Cs-TEM (JEM-ARM200F, 

JEOL, Japan) and field-emission SEM (JSM-7600F, JEOL, Japan). X-ray 

diffraction (XRD) analysis was performed using SmartLab (Rigaku, Japan). 

Contact angle measurements were conducted using DSA100 (Krűss, Germany) 

by dropping 5 μL deionized water on the surface of pelletized active materials. 

UV-Vis spectra of the PyOH solutions were obtained using Lambda 35 

(PerkinElmer, USA). For this analysis, each PyOH solution (before and after c-

SiO modification) was 2000-fold diluted. 180⁰ peeling tests were conducted to 

evaluate adhesion strength using a universal testing machine (QM100S, 

QMESYS, South Korea). 3M double-sided tape (25 mm in width) was attached 

onto the electrodes and peeled off at a constant rate of 25 mm min−1. Stress-

strain curves of binder films were attained using the same universal testing 

machine. Top-view and cross-section images of the electrodes were obtained 
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using the aforementioned field-emission SEM and focused ion beam (Helios 

650, FEI, USA) equipment, respectively. For the analysis of cycled electrodes, 

coin-cells were disassembled in an Ar-filled glove box. The electrodes were 

washed with EC/DEC (1/1 volume ratio), followed by drying under vacuum for 

5 h. 

 

Preparation of Electrodes. Mass loading of active material was 

between 2.3 to 2.5 mg cm−2. For slurry preparation, active material, super P 

(Timcal, Switzerland), and binder were dispersed in DMSO at a weight ratio of 

8:1:1. The slurry was cast on copper foil using the doctor blade method, 

followed by drying at 60 ⁰C under vacuum overnight. The electrode was then 

compressed using a roll-pressor to reach the density of 1.0−1.1 g cm−3. 

LiNi0.8Co0.15Al0.05O2 (NCA) cathode was prepared by dispersing NCA, super P, 

and polyvinylidene fluoride (PVDF, Mw ~ 534k) in N-methyl-2-pyrrolidone 

(NMP) at a weight ratio of 90:5:5. The slurry was cast on aluminum foil and 

dried at 60 ⁰C under vacuum overnight. 

 

Electrochemical measurements. All electrochemical measurements 

were performed using CR2032 coin-type cells assembled in an Ar-filled glove 

box. For all cells, electrode diameters were 10 mm, and polyethylene separator 

(SK Innovation, South Korea) was used. 1.0 M lithium hexafluorophosphate 

(LiPF6) in ethylene carbonate (EC)/diethylene carbonate (DEC) (1/1 volume 

ratio) containing 7.5 wt% fluoroethylenecarbonate (FEC) and 0.5 wt% vinylene 

carbonate (VC) was used as electrolyte, and 100 μL of the electrolyte was 

injected to all cells tested in this study. Prior to cell tests, all cells were under 

rest for 6 h to ensure sufficient soaking of the electrolyte into the separator and 

electrodes. For cycling tests of Li half-cells, one pre-cycle was preceded at 

0.05C before the rest of cycles scanned at 0.5C in the potential range of 
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0.01−1.5 V vs. Li/Li+. Each charge or discharge was processed at constant 

current (CC) mode using a battery cycler (WBCS 3000, WonAtech, South 

Korea). For rate capability tests, Li half-cells were pre-cycled at 0.05C for three 

times, then scanned at various C-rates (0.1C, 0.2C, 0.5C, 1.0C, 2.0C). The full-

cell tests were conducted in the potential range of 2.5−4.2 V. Three pre-cycles 

at 0.05C was processed under constant current constant voltage (CCCV) mode 

for charging and CC mode for discharging. Subsequent cycles were also cycled 

under CCCV mode for charging and CC mode for discharging at 0.5C. 

Electrochemical impedance spectroscopy (EIS) measurements were performed 

using a potentiostat (VSP, Bio-Logic, France) over frequency range from 1 

MHz to 0.1 Hz. Cyclic voltammetry (CV) analysis was conducted for kinetic 

study at a series of scan rates (0.5, 0.7, 1.0, 1.5, 2.0 mV s−1) in the potential 

range of 0.01−1.5 V vs. Li/Li+. 
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2.3 Results and discussion 

 

2.3.1 Surface modification of active material 

     

  

Figure 2.1. (a) Schematic illustration of surface modification of c-SiO using 

PyOH and its interaction with PAA. (b) Graphical representation depicting ring-

sliding motion in PRPAA and its chemical structure. 
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Figure 2.1a illustrates the surface modification of c-SiO with 1-

pyrenemethanol (PyOH). While various binders incorporating polar adhesive 

functional groups are generally adopted for Si electrodes, these binders are not 

feasible for pristine c-SiO due to the hydrophobic carbon surface layer that is 

essential to compensate the low electronic conductivity of SiOx. The interaction 

of c-SiO with PAA binder must be mainly through weak Van der Waals 

interactions (Figure 2.1a). Moreover, it could be difficult to disperse c-SiO 

within the polar binder network due to strong hydrogen bonding interactions 

between the PAA chains. When c-SiO is treated with PyOH, however, the 

hydroxyl group on PyOH sticks out upon adsorption of pyrene moiety onto the 

conjugated carbon surface of c-SiO through π-π interaction, constituting PyOH-

c-SiO assembly, namely, Py-c-SiO. The hydroxyl groups in this assembly 

enable strong hydrogen bonds with both PAA and other Py-c-SiO particles, 

enhancing the structural integrity of the entire Py-c-SiO electrode. Furthermore, 

PRs can be crosslinked to PAA to impart elasticity to the PAA binder network 

as displayed in Figure 2.1b and thus substantially improve the mechanical 

stability of the SiOx electrode. The high stretchability and resilience of the 

PRPAA network arise from the sliding motion of cyclodextrin (CD) rings 

threaded on the polyethylene glycol (PEG) chain while the CD rings are 

covalently crosslinked to PAA through an ester linkage. The elasticity of the 

binder network endows the electrode with the ability of accommodating the 

volume change of active material by binder’s ‘breathing’ in harmony with the 

active material. 
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Figure 2.2. (a) TEM images and fast Fourier transform (FFT) pattern of c-SiO. 

(b) Water contact angle measurements of c-SiO pellet without and with the 

PyOH functionalization. (c) UV-Vis spectra of diluted 0.1 M PyOH solution 

before and after the c-SiO modification. (d) 180⁰ Peeling test profiles of c-SiO-

PAA and Py-c-SiO-PAA electrodes. 

 

To see the possibility of the surface functionalization with PyOH, bare c-

SiO particles were analyzed by transmission electron microscopy (TEM) 

(Figure 2.2a). As clearly shown in the magnified view, carbon layered structure 

was observed on the outer surface of c-SiO. The fast Fourier transform (FFT) 

pattern of the magnified view was circular, whose ring diameter corresponds to 

d-spacing of 3.4 Å, indicating that the carbon surface layer consists of graphitic 

carbon material (Figure 2.2a inset). This carbon configuration is ideal for 

supramolecular functionalization though strong π-π stacking interactions. The 

surface modification of c-SiO with PyOH was carried out in dimethyl sulfoxide 

(DMSO) solution of PyOH by a simple stirring process under ambient 

conditions. The effect of the PyOH functionalization on the surface properties 

of c-SiO was reflected in water contact angle measurements (Figure 2.2b). The 
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contact angle of 5 μL water droplet on pristine c-SiO pellet was 124°, verifying 

the hydrophobic nature of the c-SiO surface. By contrast, the Py-c-SiO pellet 

exhibited 74° owing to the polar hydroxyl group of PyOH.  

The amount of PyOH adsorbed on c-SiO was estimated by UV-Vis 

analysis (Figure 2.2c). The absorbance of the PyOH solution at 346 nm, a 

characteristic wavelength for PyOH, decreased by 2.2% after the surface 

modification with PyOH. Using Beer-Lambert law, the amount of adsorbed 

PyOH was found to be approximately 5 mg per 1 g of c-SiO, corresponding to 

0.5 wt% of active material.  

In spite of the relatively small amount of adsorbed PyOH, the PyOH 

functionalization brought a substantial influence on the adhesion strength of the 

electrode (Figure 2.2d). When tested using so-called 180° peeling method, in 

which the adhesion force was monitored with varying displacement of peeling 

tape, the Py-c-SiO electrode with 10 wt% PAA showed approximately four 

times as high average adhesion force as the bare c-SiO electrode counterpart 

with the same amount of PAA along the displacement of 10−20 mm: 16.65 vs. 

3.86 gf mm−1. The increased adhesion strength of the Py-c-SiO electrode is 

attributed to the hydrogen bond interaction between Py-c-SiO and PAA. 

Notably, the enhanced adhesion property of Py-c-SiO-PAA was preserved even 

during electrochemical cycling where the electrode was in contact with the 

electrolyte (Figure 2.3). When polyethylene (PE) separators were retrieved 

after 60 cycles of half-cell operation, PE separator from c-SiO-PAA had more 

electrode debris than that of Py-c-SiO-PAA, which reflects the stronger 

interparticle interaction of Py-c-SiO-PAA.  
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Figure 2.3. PE separators after 60 cycles of Li half-cell operation. (left) From 

c-SiO-PAA and (right) from Py-c-SiO-PAA. 

 

2.3.2 Electrochemical measurements 

Based on the enhanced adhesion by integrating PyOH and to improve the 

mechanical properties of the electrode, PRPAA was also employed as a binder 

to take advantage of its high elasticity compared to PAA. The electrochemical 

performances of all electrodes were evaluated under galvanostatic charging-

discharging protocol in the form of coin-type Li half-cells in the potential range 

of 0.01−1.5 V vs. Li/Li+. Each electrode consists of active material, binder, and 

conductive agent (Super P, Timcal, Switzerland) in a weight ratio of 8:1:1. The 

initial Coulombic efficiencies (ICEs) of the c-SiO-PAA, Py-c-SiO-PAA, and 

Py-c-SiO-PRPAA electrodes were 70.68%, 71.74%, and 75.52%, respectively, 

pointing to the fact that the high elasticity of binder and the strengthened 

particle-to-particle contacts by the supramolecular surface functionalization 

improve the interfacial stability.[10, 11] It is noted that the ICE values of these 

electrodes are not highly competitive for practical adoption due to the intrinsic 

material features of the used SiOx related to Li ion trapping and oxygen anion 

mobility, etc. The values would be increased substantially by using advanced 

SiOx analogues that incorporate foreign atom doping and Si domain control.[13] 
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Figure 2.4. Electrochemical performance of Py-c-SiO electrodes based on 

PRPAA and PAA binders. (a) Cycling performance of c-SiO-PAA (red), Py-c-

SiO-PAA (green), and Py-c-SiO-PRPAA (blue) electrodes measured at 0.5C 

and (b) their corresponding Coulombic efficiencies in the first 30 cycles. (c) 

Long-term cycling performance of Py-c-SiO-PRPAA electrode when measured 

at 0.5C (1.78 mA cm−2). (d) Rate capability at various C-rates. (e) Plots of log 

(Ipc) vs log (ν) from the cathodic peak currents of CV curves at various scan 

rates (ν). 

 

Cycling performance and corresponding CEs displayed a consistent 
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trend among the samples (Figure 2.4a, b) when evaluated at an initial areal 

capacity at around 3 mAh cm−2, a comparable value to those of commercial 

cells. The Py-c-SiO-PAA electrode showed clearly better capacity retention 

compared to that of the c-SiO-PAA electrode, as the Py-c-SiO-PAA electrode 

maintained the capacity until it decayed at around 60th cycle whereas the 

capacity of the c-SiO-PAA electrode decayed tangibly from the beginning. The 

more sustainable operation of the Py-c-SiO-PAA electrode is ascribed to its 

improved particle-to-particle cohesion and electrode-to-current collector 

adhesion via the hydrogen bonding interaction involving PyOH. By contrast, 

the Py-c-SiO-PRPAA electrode preserved an areal capacity of 2.54 mAh cm−2 

even after 100 cycles operated at 0.5C, corresponding to 97.6% capacity 

retention with respect to the value at the first cycle. The average CEs of the c-

SiO-PAA, Py-c-SiO-PAA, and Py-c-SiO-PRPAA electrodes for the first 30 

cycles after one pre-cycle were 99.08%, 99.25%, and 99.38%, respectively. 

Remarkably, the CE of Py-c-SiO-PRPAA increased rapidly from the beginning 

and reached 99.11%, 99.70%, and 99.73% at 5th, 20th, and 30th cycle (Figure 

2.4b), respectively, revealing its superior interface stability. In order to see the 

impact of the surface functionalization with PyOH more directly, unmodified 

c-SiO was integrated with PRPAA and tested under the same conditions. 

Remarkably, even though PRPAA was used, the c-SiO-PRPAA electrode 

showed rapid capacity fading only after 50th cycle (Figure 2.5), pointing to the 

weak interactions between PRPAA and bare c-SiO due to the hydrophobic 

nature of the c-SiO surface. 
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Figure 2.5. (a) Cycling performance of the c-SiO-PRPAA electrode measured 

at 0.5C and (b) its corresponding Coulombic efficiencies in the first 30 cycles. 

 

Based on the promising cycling performance of the Py-c-SiO-PRPAA 

electrode for 100 cycles, the test was extended for additional 350 cycles to 

cover total 450 cycles (Figure 2.4c). The capacity retentions at 150th, 200th, and 

250th cycle were 99.6%, 97.9%, 92.6%, respectively. The average CE in the 

cycling period of 30−250 was 99.83%. Since we suspected the degradation of 

Li metal counter electrode as the origin of capacity fading after 250th cycle, Li 

counter electrode was replaced with a fresh one at the 310th cycle. Upon this 

replacement, we observed that the areal capacity was restored nearly to the 

initial capacity in the very beginning of cycling and sustained until 450th cycle 

without a critical capacity drop, verifying highly robust nature of the Py-c-SiO-

PRPAA electrode based on the synergistic effect between PyOH and PRPAA. 

In an attempt to investigate the kinetics of all electrodes during charge-

discharge, a rate capability test was conducted. When C-rate was varied from 

0.1C to 2C, the Py-c-SiO-PRPAA electrode exhibited higher capacity retentions 

compared to those of the other two electrodes (Figure 2.4d). Consistent with 

the cycling test in Figure 2.4a, the c-SiO-PAA electrode suffered from capacity 

fading over repeated rounds of C-rate variation. The superior rate performance 

of the Py-c-SiO-PRPAA electrode can be explained by its compact contacts 

between electrode components that facilitate Li ion transport. Cyclic 
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voltammetry (CV) profiles at various scan rates afforded more detailed 

information on the electrode kinetics (Figure 2.6). For this analysis, the 

cathodic peak currents (Ipc) from various scan rates (v) were logarithmically 

plotted (Figure 2.4e) following the power-law relation: Ipc = avb. The b value, 

which corresponds to the slope of log Ipc vs log v plot, is known to be correlated 

to Li-ion diffusion kinetics within the electrode, and higher b value implies 

faster electrochemical reaction.[14] The Py-c-SiO-PRPAA electrode showed 

higher b value of 0.58 compared to that of the Py-c-SiO-PAA electrode (0.55), 

reconfirming the useful role of PyOH and PRPAA in the rate capability. 

Electrochemical impedance spectroscopy (EIS) measurements also showed 

consistent results (Figure 2.7). Both semicircles of the Nyquist plot of the Py-

c-SiO-PRPAA electrode were smaller than those of the Py-c-SiO-PAA 

counterpart, indicating lower SEI resistance (RSEI) and charge transfer 

resistance (Rct).
[14b, 15] Supplementary CV tests with only PAA, PRPAA, and 

PyOH demonstrated the electrochemical stability of these components in the 

given range of operation potential (Figure 2.8). 

 

 

Figure 2.6. CV profiles of (a) Py-c-SiO-PRPAA and (b) Py-c-SiO-PAA 

electrodes at various scanning rates in the potential range of 0.01−1.5 V vs. 

Li/Li+. 
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Figure 2.7. EIS plots of electrodes (a) after single pre-cycle at 0.05C and (b) 

after additional 10 cycles at 0.5C. (c) Equivalent circuit for EIS analysis and (d) 

the resulting resistance values by fitting to the equivalent circuit. 

 

 

Figure 2.8. CV profiles of (a) PRPAA, (b) PAA, (c) PyOH, and (d) bare Cu foil 

at 0.2 mV s−1 in the potential range of 0.01−1.5 V vs. Li/Li+. 
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Based on the encouraging results of the Py-c-SiO-PRPAA electrode in 

half-cells, tests were expanded to full-cells paired with LiNi0.8Co0.15Al0.05O2 

(NCA) cathode with a specific capacity of 190.5 mAh g-1 at 0.05C rate (Figure 

2.9). The n/p ratio defined as total anode capacity over total cathode capacity 

was set to 1.1. Figure 2.10a shows the initial charge-discharge profiles of full-

cells with two different NCA mass loadings at 0.05C (green : 19.4 mg cm−2, 

black : 27.8 mg cm−2). These two different cathode loadings delivered 

discharging capacities of 2.79 and 4.03 mAh cm−2, respectively, when measured 

at 0.05C. In the case of the lower mass loading of NCA, capacity fading was 

moderate, as 82.5% of the original capacity was preserved after 150 cycles 

operated at 0.5C (Figure 2.10b). Notably, the CE of this full-cell rose sharply 

such that the CE reached 99.9% at 27th cycle and saturated above thereafter (see 

inset of Figure 2.10b). In the case of the full-cell with the higher NCA loading, 

3.13 mAh cm−2 was maintained after 50 cycles under the same operation 

conditions (Figure 2.10c). The decent cyclability of these two full-cells 

suggests that the synergy between PyOH and PRPAA works out well even in 

the commercial cell settings. It is noted that the performance is expected to 

improve further by additional optimization in cell fabrication and operation, 

such as electrolyte additives. It also turned out that PyOH does not trigger 

hydrolysis of LiPF6 salt to damage the NCA cathode according to a control 

experiment with and without involving PyOH (Figure 2.11). In the same line, 

additional transition metal dissolution was not detected from the separator of 

the PyOH-containing cell, verifying a negligible effect of PyOH to the NCA 

cathode (Figure 2.12). 
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Figure 2.9. (a) Charge-discharge profiles of NCA half-cell at 0.05C during pre-

cycling. (b) XRD spectrum and (c) SEM image of the NCA powder used. 
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Figure 2.10. Electrochemical performance of full-cell based on Py-c-SiO-

PRPAA electrode. (a) Initial charge-discharge profiles of Py-c-SiO-

PRPAA/LiNi0.8Co0.15Al0.05O2 full-cells with different active material loadings 

at 0.05C and (b, c) its cycling performance at 0.5C, along with the Coulombic 

efficiencies. 
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Figure 2.11. (a) Initial voltage profiles of the Py-c-SiO-PAA and c-SiO-PAA 

cells paired with NCA cathodes when measured during pre-cycling at 0.05C. 

(b) Cycling performance and Coulombic efficiencies of the same two cells 

when measured at 0.5C. 

 

 

Figure 2.12. SEM images and elemental analyses of the separators from (a) Py-

c-SiO-PAA and (b) c-SiO-PAA full-cells after 15 cycles. 

 

 

2.3.3 Analysis of electrode structures 

The substantially better cyclability of Py-c-SiO-PRPAA compared to that 

of its PAA-based counterpart is attributed to the resilience of PRPAA. See 
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Figure 2.13 for the stress-strain curves of both binders. This distinct 

performance is schematically presented in Figure 2.14a. Although both 

electrodes start similarly in their pristine state in terms of distribution, upon 

repeated lithiation and delithiation, relatively brittle PAA network is 

irreversibly deformed and eventually fractured by severe stress accumulation 

during the volumetric change of Py-c-SiO. This mechanical instability renders 

the electrode-electrolyte interface unstable from the chemistry viewpoint by an 

undesired electrolyte decomposition. By sharp contrast, the PRPAA network 

can largely avoid this issue as its resilience can recover the electrode integrity 

after delithiation by keeping electrode components tightly bound. This picture 

with regard to electrode stability was confirmed by scanning electron 

microscopy (SEM) images of both electrodes during the course of pre-cycling. 

In the case of the lithiated Py-c-SiO-PAA electrode, well-distributed super P 

and SEI layer were observed (Figure 2.14b, c), a typical phenomenon of Si 

electrodes after lithiation. However, traces of PAA was invisible. After 

delithiation, some cracks were observed throughout the electrode (Figure 

2.14d). On the other hand, the lithiated Py-c-SiO-PRPAA electrode clearly 

showed traces of PRPAA (red dotted line in Figure 2.14e). These traces indicate 

the stretchability of PRPAA and its resulting conformal coverage of active 

particles. The stretched coverage was even more obvious from magnified SEM 

view (Figure 2.14f). The effect of high elasticity of PRPAA was reflected in 

uniform crack-free electrode morphology after pre-cycle (Figure 2.14g). 
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Figure 2.13. Stress-strain curves of PAA and PRPAA films. 

 



 

30 

 

Figure 2.14. (a) Schematic illustration of electrode structures during lithiation 

and delithiation. (b, c) SEM images of Py-c-SiO-PAA electrode after 1st 

lithiation. (d) Top-view SEM image of Py-c-SiO-PAA after pre-cycle. (e, f) 

SEM images of Py-c-SiO-PRPAA electrode after 1st lithiation. The red dotted 

line in (e) indicates stretched PRPAA binder on the active material. The arrow 

in (f) indicates stretched binder coverage over the electrode. (g) Top-view SEM 

image of Py-c-SiO-PRPAA after pre-cycle. 
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Cross-sectional SEM analysis revealed the effect of binders more 

directly (Figure 2.15). Before cycling, both the Py-c-SiO-PAA and Py-c-SiO-

PRPAA electrodes had the thickness of around 28 μm (Figure 2.15a, d). After 

pre-cycle, however, both electrodes showed significant difference in their 

thickness in a way that the thickness of the Py-c-SiO-PAA electrode increased 

to 41 μm (Figure 2.15b), whereas that of the Py-c-SiO-PRPAA increased 

merely to 34 μm (Figure 2.15e). From a magnified SEM image (Figure 2.15c), 

it can be seen that the greater thickness increase of the Py-c-SiO-PAA electrode 

originated from a significant SEI growth between SiOx particles, unlike the Py-

c-SiO-PRPAA counterpart that maintained relatively compact interface 

between SiOx particles. Thus, the high elasticity of PRPAA along with its 

improved interaction with the c-SiO through PyOH had a substantial effect on 

the swelling of c-SiO electrodes, a critical parameter in full-cell design and 

energy density, by stabilizing the SEI layer. 

 

 

Figure 2.15. Cross-sectional SEM images of Py-c-SiO electrodes. Py-c-SiO-

PAA electrode (a) at the pristine state and (b, c) after pre-cycle. Py-c-SiO-
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PRPAA electrode (d) at the pristine state and (e, f) after pre-cycle. (c) and (f) 

are magnified views from the boxes in (b) and (e). 

 

2.4 Conclusions 

 

In summary, Supramolecular chemistry has received an increasing 

attention for binder design in emerging high capacity battery electrodes. The 

present study demonstrates such an opportunity by employing π-π stacking and 

hydrogen bonding interactions in surface modification and active material-to-

binder connections, respectively. The incorporation of these two kinds of 

supramolecular interactions along with PRs improves the performance in cycle 

life, electrode adhesion, and electrode swelling mitigation compared to the case 

where either of those is involved, thus revealing the synergistic effect of 

supramolecular interactions. The current investigation also highlights the 

powerful and universal nature of polyrotaxane in keeping the electrode integrity 

via its high elasticity once its interaction with active material is warranted.  
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Chapter 3. Zn2+-imidazole Coordination      

Binder Network for                 

Silicon/Carbon Composite Electrodes 

 

3.1 Introduction 

 

In the battery community, considerable research has led to unambiguous 

consensus that a polymeric binder plays a critical role in the stable cycling of 

silicon (Si) anodes in lithium-ion batteries (LIBs).[1] A variety of structural and 

compositional advancements in active materials, such as glass-type SiOx
[2] and 

alloy-type SiXy (X=Fe, Mg, etc.)[3] based on the adjustment of the elemental 

composition as well as on smart composite designs[4] comprising Si and 

carbonaceous materials, have enabled the Si content in the electrode to be 

increased while achieving superior cyclability at the same time. Apart from the 

advancement in active material design, the incorporation of advanced 

polymeric binders further improved the key battery performance, thereby 

raising the status of Si anode technology in its entirety from the standpoint of 

commercialization. 

The promising feature of Si anodes is the possibility they offer to increase 

the specific energy of a LIB cell by taking advantage of their high theoretical 

specific capacity (>3000 mAh g−1) and low operating potential (~0.3 V vs. 

Li/Li+).[5] The increased energy density translates into extending the time for 

which mobile information technology (IT) devices can be used and the distance 

electric vehicles (EVs) can be driven per charge. Nevertheless, several failure 

mechanisms arising from the immense volume change of Si during repeated 

charge-discharge cycles have long been identified[6] as hurdles that need to be 
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overcome. These failure mechanisms include pulverization of particles, 

delamination of the electrode, and destabilization of the solid-electrolyte-

interphase (SEI) layer.[7] The difficulty with addressing these issues is that these 

mechanisms are often inter-related to one another in a way that once one 

mechanism is triggered, the other mechanisms are increasingly likely to occur.  

Besides advanced binder designs,[1a] a variety of strategies have been 

introduced to overcome the aforementioned problems of Si electrodes, targeting 

active material and electrolyte. From an active material design viewpoint, 

diverse nanostructures[8] and composite designs[9] were reported to buffer the 

volume change of Si. Additive engineering[10] is most representative for 

electrolyte-based approaches, and in this direction, fluorine-containing 

compounds[11] are remarkable to produce compact and stable SEI layer.  

Clearly, binder design needs to take the structure and size of the active 

material into consideration. Although diverse nanostructured Si (nano-Si)[12] 

with different morphologies has been studied widely, its low tap density, high 

cost, and large surface-to-volume ratio render it less attractive for use in 

practical cells. Instead, micrometer-sized silicon/carbon (Si/C) composites and 

SiOx have been used most widely for commercial LIBs. Therefore, binder 

designs targeting these two classes of active material are of utmost priority.  

The suitability of a polymeric binder is mainly assessed by its 

contribution to maintaining the structural integrity of the corresponding 

electrode. In this context, each polymer can be viewed by focusing on its 

functionality and chain structure.[1a] From the viewpoint of functionality, active 

particle-to-binder interaction with high affinity is preferable to weak Van der 

Waals interaction to sustain the electrode during cycling. From the perspective 

of the chain structure, three-dimensional (3D) network structures are more 

favorable than their linear counterparts because of the superior ability of 3D 

networks to dissipate the stress created during the volume expansion of Si. [1b] 
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On a related note, the self-healing capability was recently recognized[13] as a 

useful concept to pursue because it can restore particle-to-binder interactions 

even when these interactions are disrupted when the volume of Si changes. For 

this purpose, noncovalent bonds with high binding affinity and highly elastic 

polymer structures were found[14] to be effective. It is worthwhile noting that 

the binder system that is currently the most widely adopted in industry, and thus 

serves as a reference, is a styrene butadiene rubber/carboxymethyl cellulose 

(SBR/CMC) hybrid. Its popularity is attributable to the complementarity of its 

components to each other and their compatibility with the existing aqueous 

slurry-based manufacturing scheme. The advantages of this hybrid system are 

that CMC is highly adhesive to the carbonaceous surface and is suitable for 

controlling the viscosity of the slurry, while the SBR acts as a cushion to buffer 

the volume change of the active material. Nonetheless, when the Si content 

surpasses a certain portion (i.e., 10 wt%), unfortunately, the SBR/CMC binder 

is no longer able to sustain the integrity of the electrode. This shortcoming calls 

for the development of more advanced binder designs.  

Along this line, various concepts including the implementation of polar 

functional groups,[15] host-guest interactions,[16] 3D cross-linked structures,[17] 

and highly elastic polymer structures[18] were recently demonstrated to extend 

the cycle life markedly. Especially, supramolecular chemistries turned out to be 

effective in maintaining the electrode integrity because their reversible 

noncovalent bonds can dynamically restore active particle-to-binder and 

binder-to-binder contacts, thus realizing self-healing. Among the various 

available noncovalent bonds, our investigation focuses on metal-ligand (M-L) 

coordination bonds. Our design was motivated by the fact that M-L bonds are 

one of the strongest noncovalent bonds, and their complexation is well defined 

based on the specific binding of a central metal ion with a limited pool of 

designated ligands.[19] Thus, once incorporated into an appropriately designed 
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structure, metal ions can be coordinated to carefully selected ligands that 

protrude from polymer chains and can perform as the centers of dynamic 

crosslinks in a polymer network.[20] We particularly intended to adhere to CMC, 

as its role as a viscosity enhancer is well established in the industry. Another 

reason for choosing CMC is to take advantage of its water solubility.[21] With 

respect to the detailed design of the polymer, Zn(II)-imidazole coordination 

chemistry and its in situ crosslinking capability were exploited and applied to 

the CMC polymer such that the elasticity/plasticity of the final binder network 

could be tuned in a sophisticated manner.[22] As a result of this binder design, 

when applied to a micrometer-sized Si/C composite electrode with a substantial 

areal capacity (>3 mAh cm−2), stable cycling performance was achieved in both 

half-cell and full-cell configurations.  

 

3.2 Experimental section 

 

Materials and chemicals. PEGDE (Mn = 500), 1-(3-aminopropyl) 

imidazole, Na-CMC (Mw = 250,000) and PVDF (Mw = 534,000) were 

purchased from Sigma-Aldrich (USA). Ethanol was purchased from Samchun 

(South Korea). Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O) was purchased from 

Alfa Aesar (USA). The average particle size of the Si/C composite was 10 μm. 

Super P was purchased from Timcal (Switzerland). A dialysis membrane tube 

with a molecular weight cut-off of 1 kDa was purchased from Membrane 

Filtration Products, Inc. (USA). N-methyl-2-pyrrolidone (NMP) was purchased 

from Junsei (Japan). 

 

Synthesis of polymer. PEGDE-Im was synthesized by introducing 9 g 

of PEGDE and 3.6 g of 1-(3-aminopropyl) imidazole to 60 mL ethanol and 

stirred at 50 °C for 4 h. The mixture was dialyzed against ethanol for 3 days 
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using a dialysis membrane (MWCO, 1 kDa) to remove unreacted molecules. 

After the dialysis, the mixture was lyophilized to yield the final product. 

PEGDE-Im-Zn
2+

 was synthesized by adding 2.14 g of zinc nitrate hexahydrate 

to the above-mentioned solution of PEGDE-Im and stirred for 12 h. The molar 

ratio of imidazole and Zn2+ was 4:1. The same purification method as for 

PEGDE-Im was used for the mixture and yielded a yellow transparent 

elastomeric material. 

 

Characterization. Field-emission scanning electron microscopy (FE-

SEM) (JSM-7800F Prime, JEOL, Japan) was used to characterize the 

morphology of the various electrodes. Energy dispersive spectrometry (EDS) 

mapping was performed to visualize the elemental distributions of the active 

material. 1H NMR analysis (Bruker Avance III NMR 400 MHz) and FT-IR 

spectroscopy (TENSOR27, Bruker, Germany) were carried out to characterize 

the chemical structures. The molecular weight distribution and mean value of 

PEGDE-Im were measured using matrix-assisted laser desorption ionization 

mass spectrometer (MALDI-TOF) (MALDI TOF Voyager DE-STR, Applied 

Biosystems, USA). The Tg was determined using DSC (PerkinElmer DSC 4000) 

at a ramping rate of 10 °C min−1. Raman spectra were recorded on a Raman 

spectrometer II (DXR 2xi, Thermo, USA). For this analysis, polymer films 

were prepared on a glass slide and a 532 nm laser was used as the light source. 

ICP-AES (OPTIMA 8300, Perkin-Elmer, USA), ICP-MS (NexION 350D, 

Perkin-Elmer, USA), and SEM-EDS analyses were conducted to evaluate the 

content of Zn and its distribution in the polymer. The peeling tests were 

performed using a universal testing machine (UTM) (QM100s, QMESYS, 

South Korea). In the peeling tests, 3M double-sided tape was attached to the 

electrodes and peeled off at a rate of 25 mm min−1 to evaluate the adhesion 

strength. The surface components of electrodes were analyzed using an X-ray 



 

41 

photoelectron spectrometer (Axis Supra, Kratos, UK). Nanoindentation tests 

were carried out using an ultra-precision surface mechanical analyzer (Anton 

Paar, Austria). For this analysis, samples were prepared by spin-coating 

polymers on a Si wafer at 3000 rpm for 100 s, followed by a drying step at 

60 °C for 24 h. In the case of CMC-PEG-Im-Zn
2+

, the drying procedure 

differed and entailed drying at 130 °C in a vacuum oven for 4 h and 

subsequently at 60 °C under vacuum overnight. The indentation load was either 

0.5 mN or 1 mN and the tests were repeated at five different positions on each 

electrode. Cross-sectional images of the electrodes were attained using a 

focused ion beam (FIB) (Helios G4, Thermo Fisher Scientific, USA). 

Electrodes were first dissected using a gallium (Ga) ion beam at 30 kV, and 

images of their cross-sections were captured via FE-SEM in the same FIB 

instrument. 

 

Preparation of electrodes. Electrode preparation involved first 

preparing slurries containing Si/C, binder, and Super P in a weight ratio of 8:1:1. 

In this process, each binder was first dispersed in deionized water. For the 

SBR/CMC binder, the weight ratio between SBR and CMC was 1:1. For the 

SBR/CMC-PEG-Im-Zn
2+

 binder, the weight ratio among SBR, CMC, and 

PEGDE-Im-Zn
2+

 was 5 : 4.5 : 0.5. The slurry for each electrode was cast on 

copper foil using the doctor blading method. In the case of the SBR/CMC-

PEG-Im-Zn
2+

 and SBR/CMC-PEG-Im electrodes with active loadings of 

3.67 and 3.65 mg cm−2, respectively, the electrodes were dried in a vacuum 

oven at 130 °C for 4 h to allow thermal crosslinking to take place, followed by 

additional drying at 60 °C under vacuum overnight. The control electrodes 

based on PVDF and SBR/CMC underwent drying at 100 °C for 10 min and 

then at 60 °C under vacuum overnight. The active loadings of these control 

electrodes was 3.62 and 3.67 mg cm−2, respectively. All electrodes were 
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compressed to reach the density of 1.0−1.1 g cm−3. The assembly of full-cells 

required the fabrication of cathodes consisting of NCA, PVDF, and Super P in 

a weight ratio of 90 : 5 : 5. For this electrode fabrication, the slurry based on 

NMP was cast onto aluminum foil, followed by drying at 60 °C under vacuum 

for one day. For full-cell assembly, the N/P ratio was set to 1.1 to provide a 

proper amount of excessive Li accommodation sites in the anode during the 

pre-cycle. 

 

Electrochemical measurements. CR2032 coin cells were assembled in 

an Ar-filled glove box for all galvanostatic electrochemical tests. The electrode 

diameter was 10 mm in all cases. In the half-cells, Li metal foil with a 15 mm 

diameter was used as the reference/counter electrode. Polyethylene film (SK 

Innovation, South Korea) was used as a separator. The electrolyte comprised 

1.0 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate 

(EC)/diethylene carbonate (DEC) in 1/1 volume ratio with 10 wt% 

fluoroethylene carbonate (FEC) (Welcos, South Korea). All electrochemical 

data were recorded on a battery cycler (WBCS 3000, WonATech, South Korea) 

at 25 °C. Before cycling, all cells were rested for 6 h. Prior to the half-cell tests, 

one pre-cycle was implemented at 0.1C to form a stable SEI layer, and 

subsequent cycles were at 0.5C. The potential range in both the pre-cycle and 

subsequent cycles was 0.01−1.5 V (vs. Li/Li+), and each charge and discharge 

cycle was carried out in constant current (CC) mode. In the rate capability tests, 

each cell was subjected to various C-rates from 0.1C to 2.0C. The full-cell tests 

were conducted by using one pre-cycle at 0.1C and subsequent cycles were 

scanned at 0.5C in the potential range of 2.5−4.2 V in constant current constant 

voltage (CCCV) mode for charging and in CC mode for discharging. 

Electrochemical impedance spectroscopy (EIS) was employed using a 

potentiostat (VSP, Bio-Logic, France). The frequency ranged from 1 MHz to 
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0.1 Hz. Cyclic voltammetry (CV) tests were carried out at a scan rate of 0.05 

mV s−1 in the potential range of 0.01−1.5 V (vs. Li/Li+). 

 

3.3 Result and discussion 

 

3.3.1 Synthesis and characterization of binders 

Figure 3.1a illustrates the overall synthetic scheme to produce the M-L 

network. To this end, poly(ethylene glycol) diglycidyl ether (PEGDE) was first 

reacted with 1-(3-aminopropyl) imidazole in a molar ratio of 2:1 via an epoxy-

amine reaction to yield PEGDE-Im dimers.[23] The terminal epoxy groups in 

the dimers were subsequently reacted with 1-(3-aminopropyl) imidazole to 

form PEGDE-Im. Zn2+ was then added to yield PEGDE-Im-Zn
2+

 in which 

Zn2+ and imidazole were coordinated in a 1:4 molar ratio. CMC-PEG-Im-Zn
2+

 

was finally obtained through a crosslinking reaction between PEGDE-Im-Zn
2+

 

and CMC by exposure to heat. During electrode fabrication, this crosslinking 

can be achieved when the electrode is being dried (Figure 3.1b) and thus occurs 

in situ. The hydroxyl and carboxylate functional groups of CMC can be 

covalently linked[24] with epoxy groups upon heating or under alkaline 

conditions, as presented in Figure 3.2. Consequently, CMC-PEG-Im-Zn
2+

 

engages in both covalent and noncovalent M-L complex crosslinking, which 

synergistically maintains the electrode integrity against the massive volume 

expansion of Si (Figure 3.1b). 
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Figure 3.1. (a) Synthetic scheme for the preparation of the metal-ligand 

complex PEGDE-Im-Zn
2+

. (b) Graphical illustration of the supramolecular 

network on the Si/C composite formed by in situ crosslinking between CMC 

and PEGDE-Im-Zn
2+

. 
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Figure 3.2. Scheme of the chemical reaction between the hydroxyl and 

carboxylate groups of CMC and the epoxy group of PEGDE-Im. 

 

The linkage of imidazole to PEGDE was verified by 1H nuclear magnetic 

resonance (NMR) analysis (Figure 3.3a). When dissolved in DMSO-d6 solvent, 

chemical shifts at 6.86, 7.14, and 7.58 ppm, which are related to the hydrogen 

on the imidazole ring, were observed.[25] The presence of the epoxy groups in 

PEGDE-Im, which are required for its crosslinking to CMC, was also 

confirmed by Fourier-transform infrared (FT-IR) spectroscopy (Figure 3.4a) 

and 1H NMR analysis (Figure 3.4b).[26] The FT-IR spectra of PEGDE-Im 

displayed peaks at 852 and 946 cm−1 that are associated with the bending 

vibration of the epoxy group, implying that the imidazole and epoxy groups 

were successfully integrated with the designated polymer architectures. The 

mean molecular weight of PEGDE-Im was 1310.81 Da (Figure 3.5), which 

infers that the number of units (n value) in this polymer is between 2 and 3. 
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Figure 3.3b visually captures the Zn2+
-imidazole complexation upon the 

addition of Zn2+ to PEGDE-Im. Before the complexation, PEGDE-Im had the 

fluency of a viscous liquid when the vial was held upside down (Figure 3.3b, 

left), whereas a yellowish gel formed once Zn2+ was added (Figure 3.3b, right). 

Moreover, M-L complexation affects the mobility of the polymer chains such 

that the glass transition temperature (Tg) of the polymer is raised. According to 

the differential scanning calorimetry (DSC) results (Figure 3.3c), PEGDE-Im 

and PEGDE-Im-Zn
2+

 exhibited Tg at −35.9 and −30.2 °C, respectively. The 

elevated Tg of PEGDE-Im-Zn
2+

 is attributed to weakened chain mobility 

owing to crosslinking via M-L complex formation.[27] The chemical bonds were 

further investigated using Raman spectroscopy (Figure 3.3d). M-L 

complexation in PEGDE-Im manifested itself in the form of peak shifts from 

1284, 1398, and 1506 cm−1 to 1294, 1408, and 1531 cm−1, respectively (Figure 

3.3d). The blue shifts can be explained[28] by the strengthened chemical bonds 

of the imidazole ring, including the C=C bond, as Zn2+ coordinates to the 

imidazole. In fact, it is well accepted that M-L causes the wavenumbers 

corresponding to the imidazole ring to undergo blue shift by 5−20 cm−1 

compared with those of its metal-free configuration.[28b, 29] The peaks of the 

imidazole-Zn2+ complex, when not bonded to PEGDE, were consistently 

observed to undergo blue shift (Figure 3.6). In addition, scanning electron 

microscopy-energy dispersive spectrometry (SEM-EDS) (Figure 3.7) indicates 

that Zn is uniformly distributed in PEGDE-Im-Zn
2+

, and its content was found 

to be 42.15 g L-1 by inductively coupled plasma-atomic emission spectrometry 

(ICP-AES). 

As described above, PEGDE-Im-Zn
2+

 is designed to crosslink with 

CMC in situ upon the application of thermal treatment to dry the electrode. The 

existence of thermal crosslinking was reflected in the solubility of this 

compound in water. Interestingly, a blend of PEGDE-Im-Zn
2+

 and CMC was 
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fully water-soluble (Figure 3.3e, left), whereas their thermally crosslinked form 

remained water-insoluble even after stirring for 3 days (Figure 3.3e, right). This 

insolubility can be understood on the basis of the epoxy-to-carboxylate and 

epoxy-to-hydroxyl covalent interactions that impede the dispersion of the 

individual polymer chain in CMC-PEG-Im-Zn
2+

, transforming the entire 

solution into a gel-like substance.[30] To check the stability of M-L complexation 

after the crosslinking to CMC, Raman analysis was conducted (Figure 3.8). 

According to the Raman spectroscopy results, a similar level of blue shift 

characteristic of Zn2+
-Im complexation was observed for both before and after 

the crosslinking to CMC (Figures 3.3d, 3.8), suggesting high stability of M-L 

complex throughout the synthesis.  

Assessment of the adhesion of electrodes via a 180° peeling test over a 

displacement of 5−15 mm indicated that the adhesion force of the SBR/CMC-

PEG-Im-Zn
2+

 electrode was higher than that of the SBR/CMC- and 

poly(vinylidene fluoride) (PVDF)-based ones. Specifically, the adhesion force 

of the SBR/CMC-PEG-Im-Zn
2+

, SBR/CMC, and PVDF electrodes was 4.83, 

3.79, and 2.07 gf mm−1, respectively (Figure 3.3f). The superior adhesion of the 

SBR/CMC-PEG-Im-Zn
2+

 results from the M-L crosslinks that tighten the 

active particle network, in addition to the well-known interaction of CMC with 

the carbon surface of Si/C.[1a] Additionally, inductively coupled plasma-mass 

spectrometry (ICP-MS) showed that the SBR/CMC-PEG-Im-Zn
2+

 electrode 

contained a concentration of 300.97 mg kg-1 of Zn2+. 
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Figure 3.3. (a) 1H NMR spectrum of PEGDE-Im (DMSO-d6, 400 MHz). (b) 

Digital photographs of (left) PEGDE-Im and (right) PEGDE-Im-Zn
2+

. (c) 

Differential scanning calorimetry (DSC) profiles and (d) Raman spectra of 

PEGDE-Im and PEGDE-Im-Zn
2+

. (e) Solubility test of CMC+(PEGDE-Im-

Zn
2+

) in water before (left) and after (right) in situ crosslinking. (f) Results of 

the 180° peeling test of the Si/C electrodes with different binders. 

 

 

Figure 3.4. (a) FT-IR profiles of PEGDE and PEGDE-Im. (b) 1H NMR 

spectrum of PEGDE-Im. 
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Figure 3.5. Molecular weight distribution and mean value of PEGDE-Im. 
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Figure 3.6. Raman spectra showing (a) PEG and imidazole in PEGDE-Im and 

PEGDE-Im-Zn
2+

 and (b) imidazole and imidazole-Zn2+ in water. 
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Figure 3.7. SEM image and corresponding elemental mapping of PEGDE-Im-

Zn
2+

 using EDS. 
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Figure 3.8. Raman spectra of (a) PEGDE-Im and PEGDE-Im-Zn
2+

 and (b) 

CMC-PEG-Im and CMC-PEG-Im-Zn
2+

. 

 

Considering that the mechanical properties of the binder play a crucial 

role in maintaining the integrity of the electrode, nanoindentation analysis was 

carried out for bare polymer films. When subjected to a nanoindentation test, a 

polymer film generally deforms in one of the three possible ways: plastic, 

elastic, or viscoelastic.[31] In the case of plastic deformation, the absence of 

recovery during unloading is represented by a vertical profile on the load vs. 

indentation depth graph. By contrast, elastic deformation involves the opposite 

behavior such that the loading and unloading profiles overlap, reflecting the 
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perfect reverse trajectory of unloading compared to that of loading. Viscoelastic 

behavior lies between plastic and elastic deformation, leading to a curved 

unloading profile that is offset from the loading profile.  

The loading-unloading profiles of CMC-PEG-Im-Zn
2+

 and CMC with 

respect to indentation depth are presented in Figure 3.9a, b, respectively. The 

maximum penetration depth is referred to as the indentation depth when the 

maximum load (0.5 mN in our case) is reached, whereas the recovered length 

is defined as the restored distance upon complete unloading. As a descriptor to 

quantitatively assess the elasticity of a polymer film, we define the “elastic 

recovery ratio” as: 

 

          Elastic recovery ratio =
Recovered length

Max panetration depth
          (1) 

 

The CMC-PEG-Im-Zn
2+

 film (Figure 3.9a) exhibited an elastic 

recovery ratio of 0.46, which is higher than that of the CMC film (0.41) (Figure 

3.9b).[32]  

The elasticity can also be assessed in terms of the degree of energy 

conservation. As the integrated area below the load vs. indentation depth curve 

corresponds to the energy exerted during the indenting period or the energy 

restored during the unindenting period, the difference in the integrated areas of 

the loading and unloading curves (hatched areas in Figure 3.9c, d) indicate 

plastic work (P). On the contrary, the integrated areas below the unloading 

curve represent elastic work (E) (shaded areas in Figure 3.9c, d). The P and E 

can also be interpreted as the lost energy absorbed by the material under testing 

and the energy recovered (thus reversible) by the elasticity of the material, 

respectively.[33] According to this energy analysis, the P and E values of the 

CMC film were 23.6 and 9.8 pJ, respectively, whereas those of the CMC-PEG-

Im-Zn
2+

 film were 25.6 and 13.9 pJ, respectively. Because the elasticity of a 
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film is related to the relative contributions of these two parameters, the E/P ratio 

is of interest to us:  

 

                  E/P ratio =
elastic work

plastic work
                  (2) 

 

The E/P ratios of the CMC and CMC-PEG-Im-Zn
2+

 films were 0.41 and 

0.54, respectively, for a maximum load of 0.5 mN. The well-known stiff 

properties of CMC would serve as the origin of the observed lower E/P ratio. 

By contrast, the Zn2+
-imidazole complex as well as the PEG chains endow the 

polymer network with flexibility, which is responsible for the higher E/P ratio 

of CMC-PEG-Im-Zn
2+

. In particular, the reversible character of the Zn2+
-

imidazole coordination bonds allows for their recovery even when the bonds 

are perturbed during indentation, which is observed in the form of the large 

amount of elastic work associated with the corresponding polymer film. 
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Figure 3.9. Nanoindentation results of CMC-PEG-Im-Zn
2+

 (blue) and CMC 

(red). Load-displacement curves of the (a) CMC-PEG-Im-Zn
2+

 and (b) CMC 

films during a loading-unloading cycle. Maximum penetration depths and 

recovered lengths are denoted along the x-axes. Load-displacement curves of 

the (c) CMC-PEG-Im-Zn
2+

 and (d) CMC films during the same loading-

unloading cycle with plastic work (P) and elastic work (E) noted as areas 

underneath the curves. 

 

3.3.2 Electrochemical measurements 

The electrochemical stability of the CMC-PEG-Im-Zn
2+

 binder was 

assessed by conducting a cyclic voltammetry (CV) test (Figure 3.10a). The 

conductive agent, Super P, was also included in the binder films in a weight 

ratio of 1:1 to complement the electronic conductivity. The CV profiles of the 



 

57 

CMC-PEG-Im-Zn
2+

 film at the 1st, 10th, and 35th cycle indicate that cathodic 

peaks at 0.7 and 1.6 V, associated with the decomposition of the electrolyte, are 

present during the first cycle.[34] However, signals related to the reduction of 

Zn2+ were absent, which implies that the Zn2+ in the CMC-PEG-Im-Zn
2+

 

remained in the original valence state without undergoing a substantial redox 

reaction. X-ray photoelectron spectroscopy (XPS) analysis further supports the 

stable nature of Zn2+ during cycling (Figure 3.11). The CMC-PEG-Im-Zn
2+

 

electrode displayed a peak at 1022.2 eV in its Zn 2p3/2 spectra, indicating[35] that 

Zn2+ in CMC-PEG-Im-Zn
2+

 maintained its bivalency during cycling and 

supporting the robust character of the M-L complex in our binder. This 

phenomenon can also be interpreted to suggest that electron transfer in the 

Zn2+
-imidazole complex is limited to the electrode environment. Similarly, the 

robustness of the complex was verified by FT-IR analysis that showed largely 

consistent results for the films before and after CV cycles (Figure 3.12). Overall, 

the CMC-PEG-Im-Zn
2+

 binder proved to be electrochemically inert in the 

given potential range of the anode (Figure 3.13).  

To determine the effect of the binder on the key electrochemical 

performance, Si/C electrodes with different binders were galvanostatically 

evaluated under the coin half-cell setting in the potential range of 0.01−1.5 V 

(vs. Li/Li+). Each of the electrodes consisted of Si/C active material, binder, and 

Super P in a weight ratio of 8:1:1. The areal capacity was set to 2.2−2.4 mAh 

cm−2 at 0.1C (1C=650 mA g−1) (Figure 3.10b).[36] With this areal capacity, the 

SBR/CMC-PEG-Im-Zn
2+

 electrode exhibited sustainable cyclability without 

any capacity loss at all for 200 cycles when operated at 0.5C. By contrast, the 

SBR/CMC electrode lost its capacity abruptly at around the 125th cycle 

presumably owing to electrolyte depletion. [18, 37] In the case of the PVDF 

electrode, the capacity decayed steadily from the beginning, which can be 

explained by the weak Van der Waals force that characterizes the interaction of 
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PVDF with Si/C. The capacity retentions of the SBR/CMC-PEG-Im-Zn
2+

, 

SBR/CMC, and PVDF electrodes after 200 cycles were 100.8%, 40.4%, and 

69.9%, respectively. The retention of the SBR/CMC-PEG-Im-Zn
2+

 electrode 

in excess of 100% is attributed to an interfacial activation process that would 

require further investigation to fully understand. A similar trend was observed 

for the Coulombic efficiency (CE) during cycling. The CE of the SBR/CMC-

PEG-Im-Zn
2+

 electrode rose more drastically such that the CE at the 2nd, 10th, 

20th, and 50th cycles was 96.93%, 99.77%, 99.84%, and 99.87%, respectively 

(Figure 3.10c). On the contrary, the CEs of the SBR/CMC and PVDF electrodes 

saturated at 99.46% and 99.09%, respectively, after the 50th and 60th cycles. The 

average CEs of the SBR/CMC-PEG-Im-Zn
2+

, SBR/CMC, and PVDF 

electrodes for cycles 61−200 were 99.91%, 99.42%, and 99.20%, respectively. 

The superior CE of the SBR/CMC-PEG-Im-Zn
2+

 electrode stems from the 

intimate active particle-to-binder interactions that are maintained even during 

the immense volume change of Si/C by taking advantage of the elasticity of the 

binder. These intimate contacts stabilize the SEI layer during cycling with 

controlled electrolyte decomposition such that electrons from the electrode are 

merely wasted. To elucidate the role of Zn2+ in the M-L complexes, the 

SBR/CMC-PEG-Im electrode was tested without Zn2+
-coordination (Figure 

3.14). The capacity of this Zn2+
-free electrode decayed sharply at around the 

130th cycle, thereby reflecting electrolyte depletion owing to uncontrolled 

interfacial side reactions and reconfirming the importance of Zn2+
-imidazole 

complexation. This sharp decay was reflected in a drop in its CE profile; the 

CE value of the SBR/CMC-PEG-Im electrode began to drop at the nearly same 

cycling point around the 130th cycle (Figure 3.15).  

The rate capability of all the electrodes was assessed by varying the C-

rate from 0.1C to 2C (Figure 3.10d). All the electrodes began operating with 

similar initial capacities around 640 mAh g−1 at 0.1C, but the SBR/CMC-PEG-
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Im-Zn
2+

 electrode was noticeably more effective at preserving the capacity at 

high C-rates. For example, at 2C, the average capacities of the SBR/CMC-

PEG-Im-Zn
2+

, SBR/CMC, and PVDF electrodes were 261.8, 248.6, and 231.8 

mAh g−1, respectively. In addition, the capacity of the SBR/CMC-PEG-Im-

Zn
2+

 electrode was fully recovered when the current rate returned to 0.1C. This 

superior rate performance is attributed to the elastic nature of the SBR/CMC-

PEG-Im-Zn
2+

 network, which tightens the interparticle contacts to enhance the 

ionic and electronic transport at the interface.[14c, 18c, 38] In the same vein, the 

elasticity of SBR/CMC-PEG-Im-Zn
2+

 renders the interface of the electrode 

less prone to degradation during cycling at various C-rates. Beside the elastic 

behavior, the PEG units in CMC-PEG-Im-Zn
2+

 contribute to Li-ion transport 

and thus the enhanced rate performance by offering hopping sites for Li ions. 

This observation was consistent with the electrochemical impedance 

spectroscopy (EIS) results when measured after 10 cycles (Figure 3.16). The 

SBR/CMC-PEG-Im-Zn
2+

 electrode produced smaller semi-circles 

corresponding to SEI layer resistance (RSEI) and charge transfer resistance (RCT), 

both of which are critical for good rate performance.  

The cycling test was extended to cover a greater number of cycles, 

namely 400 (Figure 3.10e). During this test, the Li metal counter electrode was 

replaced with a fresh one after 200 cycles to enable us to exclude the effect of 

the degradation of the Li counter electrode related to Li dendrite growth. [18a] 

The SBR/CMC-PEG-Im-Zn
2+

 electrode with an areal capacity of 2.16 mAh 

cm−2 retained 96.2% of its initial capacity when cycled at 0.5C. The average 

CE in the periods before and after the Li metal replacement was 99.87% and 

99.91%, respectively. 
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Figure 3.10. Electrochemical test results of half-cells using SBR/CMC, 

SBR/CMC-PEG-Im-Zn
2+

, and PVDF binders. (a) CV profiles of CMC-PEG-

Im-Zn
2+

 with Super P (1:1 wt%) at 0.05 mV s−1 in the potential range of 

0.01−1.5 V vs. Li/Li+. (b) Cycling performance of Si/C electrodes using PVDF 

(green), SBR/CMC (red), and SBR/CMC-PEG-Im-Zn
2+

 (blue) measured at 

0.5C. (c) Corresponding Coulombic efficiencies in the cycle range of 1−50. (d) 

Rate capability at various C-rates. (e) Long-term cycling performance of the 
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Si/C electrode containing SBR/CMC-PEG-Im-Zn
2+

 binder when measured at 

0.5C (1.17 mA cm−2). 

 

Figure 3.11. XPS results of the CMC-PEG-Im-Zn
2+ 

film after 30 CV cycles 

at 0.5 mV s−1 in the voltage range of 0.01−1.5 V. 

 

 

Figure 3.12. FT-IR spectra of the CMC-PEG-Im-Zn
2+

 film before and after 

30 CV cycles at 0.5 mV s−1 in the voltage range of 0.01−1.5 V. 
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Figure 3.13. CV profiles of CMC, CMC-PEG-Im-Zn
2+

 with Super P (1:1 

wt%), and bare Cu foil at the (a) 1st cycle, (b) 10th cycle, and (c) 35th cycle. 
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Figure 3.14. Cycling performance of the Si/C electrodes containing 

SBR/CMC-PEG-Im and SBR/CMC-PEG-Im-Zn
2+

. 

 

 

Figure 3.15. Coulombic efficiencies of the Si/C electrodes containing PVDF 

(green), SBR/CMC (red), SBR/CMC-PEG-Im (gray), and SBR/CMC-PEG-

Im-Zn
2+

 (blue) in the cycle range of 125−200. 
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Figure 3.16. (a) EIS fitting of electrodes after 10 cycles at 0.5C. (b) Equivalent 

circuit for the EIS and corresponding resistance results obtained by fitting to 

the circuit. 

 

The practical viability of SBR/CMC-PEG-Im-Zn
2+

 was examined by 

carrying out coin full-cell tests by pairing the electrode with a 

LiNi0.8Co0.15Al0.05O2 (NCA) cathode with a specific capacity of 183.1 mAh g−1 

at 0.1C (Figure 3.17). The cathode was composed of NCA, PVDF, and Super P 

in a weight ratio of 90:5:5, and the active material loading was either 17.18 mg 

cm−2 or 26.83 mg cm−2. The full-cells based on these two different loadings 

delivered 2.6 and 4.3 mAh cm−2 at 0.1C, respectively (Figure 3.18a). The 

capacity ratio between the anode and cathode, namely the n/p ratio, was set to 
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1.1. The SBR/CMC-PEG-Im-Zn
2+

 full-cell with the lower NCA loading 

exhibited good cycling behavior such that 81.5% of the original capacity of 2.5 

mAh cm−2 was retained after 150 cycles at 0.5C (Figure 3.18b). This 

performance was superior to that of the SBR/CMC and SBR/CMC-PEG-Im 

full-cells that preserved 74.6% and 78.2%, respectively, after the same number 

of cycles (Figure 3.19). Remarkably, the CE of the SBR/CMC-PEG-Im-Zn
2+

 

full-cell rose sharply from the beginning and surpassed 99.9% at the 40th cycle. 

A SBR/CMC-PEG-Im-Zn
2+

 full-cell with the higher NCA loading also 

preserved 74.7% of the initial capacity after 150 cycles (Figure 3.18c). It should 

be noted that the cycle life of full-cells could be further improved by employing 

technical know-how of the various conditions related to cell manufacturing, 

such as the n/p ratio and viscosity of the slurry. Our study simply aims to 

demonstrate the practical viability of CMC-PEG-Im-Zn
2+

. 
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Figure 3.17. (a) SEM image and (b) XRD pattern of NCA powder. (c) 1st 

charge-discharge profile of NCA under the half-cell configuration when 

scanned at 0.1C. 
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Figure 3.18. Electrochemical performance of the full-cell containing the Si/C 

electrode with SBR/CMC-PEG-Im-Zn
2+

 binder. (a) Initial charge-discharge 

profiles of Si/C-LiNi0.8Co0.15Al0.05O2 (NCA) full-cells with different NCA 
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loadings at 0.1C. Cycling performance of the full-cells at 0.5C along with their 

Coulombic efficiencies over cycling when the NCA loading is (b) 17.18 and (c) 

26.83 mg cm−2. The n/p ratios of both cells are 1.1. 

 

 

Figure 3.19. Cycling performance of the full-cells based on the SBR/CMC-

PEG-Im-Zn
2+

, SBR/CMC-PEG-Im, and SBR/CMC binders. 

 

3.3.3 Analysis of binder effect 

Cross-sectional SEM was employed to monitor the thickness and 

morphology of the SBR/CMC-PEG-Im-Zn
2+

 electrode during electrochemical 

cycling (Figure 3.20). In the pristine state, both the SBR/CMC and SBR/CMC-

PEG-Im-Zn
2+

 electrodes had similar thicknesses of approximately 38 μm 

(Figure 3.21). However, the thicknesses of these electrodes became clearly 

distinct after the 30th delithiation in that they increased to 51 μm (Figure 3.20a) 

and 43 μm (Figure 3.20c), respectively. This change in the relative thickness 

originated from the different levels of SEI stability,[18a, 18c, 39] as revealed by 

magnified images of the SEI (Figure 3.20b, d). In the case of the SBR/CMC 

electrode, the interparticle space was completely filled with the SEI layer 

(Figure 3.20b), which provides direct evidence of an unstable interface. By 
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stark contrast, a significant portion of the interparticle space of the SBR/CMC-

PEG-Im-Zn
2+

 electrode remained void (Figure 3.20d) as the binder contributed 

greatly to retaining the interparticle contacts. The same trend was observed after 

135 cycles (Figure 3.22). The bulk-scale swelling of the electrodes, measured 

by a micrometer, also reflects the effect of the binder; the thicknesses of the 

SBR/CMC and SBR/CMC-PEG-Im-Zn
2+

 electrodes increased by 18% and 11% 

after 30 cycles, respectively, compared to their pristine states (Figure 3.20e). It 

is reminded that electrode swelling is a critical parameter in full-cell design and 

thus affects the specific energy of a cell.  
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Figure 3.20. Cross-sectional SEM images of Si/C electrodes. (a) Si/C-

SBR/CMC electrode after the 30th delithiation and (b) a magnification of the 

area within the yellow box. (c) Si/C-SBR/CMC-PEG-Im-Zn
2+

 electrode after 

the 30th delithiation and (d) a magnification of the area enclosed by the yellow 

box. (e) Thickness changes of the Si/C electrodes after the 30th delithiation. 
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Figure 3.21. Cross-sectional SEM images of the (a) Si/C-SBR/CMC and (b) 

Si/C-SBR/CMC-PEG-Im-Zn
2+

 electrodes in the pristine state. The thicknesses 

of both electrodes were 38 μm. 
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Figure 3.22. Cross-sectional SEM images of the (a) Si/C-SBR/CMC and (b) 

Si/C-SBR/CMC-PEG-Im-Zn
2+

 electrodes after the 135th delithiation. 

 

Our combined results serve to corroborate that the superior 

electrochemical performance of the SBR/CMC-PEG-Im-Zn
2+

 binder is 

ascribed to its high elasticity. We portray that this binder network is more 

effectively able to tolerate the volume change of the active material by utilizing 

the reversible bonding character of the Zn2+
-imidazole complex and the 

flexibility of PEG (Figure 3.23a). CMC does not have this capability of 

buffering the volume change of Si because the polymer chains are not 

chemically interconnected. As a result, upon experiencing repeated charge-

discharge cycles, the CMC polymer network ruptures as it is incapable of 

absorbing the stress originating from the volume change. Hence, “dynamic 

crosslinking” is the key to the superior performance of the SBR/CMC-PEG-

Im-Zn
2+

 binder. The mechanical robustness of CMC-PEG-Im-Zn
2+

 was 

revealed when a film of this compound was subjected to repeated bending-

unbending motion. Even after the CMC-PEG-Im-Zn
2+

 film was repeatedly 
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bent 10 times, the original integrity of the film was maintained (Figure 3.23b). 

This behavior contrasts that of its CMC counterpart, which ruptured 

immediately after far weaker elongation stress was applied (Figure 3.23c). 
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Figure 3.23. (a) Proposed operating mechanisms of the binders in the 

electrodes during lithiation and delithiation. (b and c) Photographs of the CMC-
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PEG-Im-Zn
2+

 and CMC films before (left) and after (right) two times of 

bending-unbending action. 

 

3.4 Conclusion 

 

In summary, we demonstrated the Zn2+-imidazole complex as a useful 

crosslinking component to realize a binder with outstanding elasticity for Si/C 

composite electrodes. Crosslinking is accomplished in situ during the drying 

step of electrode preparation such that the dispersion of the binder throughout 

the electrode does not present a problem. The high elasticity of CMC-PEG-

Im-Zn
2+

 maintains tight interparticle contacts during cycling and enables the 

interface to remain stable and to offer high and consistent ionic conductivity. 

The recoverable nature of Zn2+-imidazole coordination bonds is also beneficial 

for sustaining the electrode integrity during the huge volume change Si/C 

undergoes, and this benefit is closely linked to its extended cycle life. This study 

highlights the significance of reversible noncovalent crosslinks as generally 

useful tools for designing a binder that targets high capacity battery electrodes 

that are adversely affected by a large volume change. 
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Chapter 4. Host-Guest Interlocked           

Binder Network for                       

Silicon-Graphite Integrated Electrodes 

 

4.1 Introduction 

 

The use of silicon (Si) as an anode material in lithium-ion batteries (LIBs) 

has been unequivocally accepted in the battery community to hold tremendous 

promise for increasing the energy density of a cell, which is directly related to 

increasing the driving mileage of electric vehicles (EVs). Although the 

operating voltage of Si is only slightly higher than that of its commercial 

graphite (Gr) counterpart, the theoretical specific capacity of Si (above 3000 

mAh g−1) is far greater than that of its bare Gr counterpart (~372 mAh g−1).[1] 

Nevertheless, the massive volume change (as much as 300%) Si undergoes 

during each charge-discharge cycle, has long been recognized as the origin of 

wrecking the integrity of the Si electrode at both the particle and electrode level 

as well as destabilizing the electrode-electrolyte interface by accelerating the 

decomposition of the electrolyte.[2] These failure mechanisms shorten the cycle 

life of a Si-based electrode drastically and place a critical obstacle in the way 

of increasing the Si content of the LIB anodes. 

 A variety of approaches have been introduced thus far to address the 

problems caused by the volume expansion of Si: diverse Si nanostructures 

represented by nanowires,[3] nanotubes,[4] and porous materials[5] as well as Si 

alloys with foreign atoms such as iron (Fe),[6] manganese (Mn),[7] and nickel 

(Ni)[8] turned out to be effective in buffering the volume expansion of Si. 

Carbon materials such as Gr,[9] graphene,[10] carbon nanofibers,[11] and carbon 
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nanotubes[12] were also acknowledged to play a crucial role in stabilizing the 

electrodes over long-term cycling while supplementing the electrical 

conductivity. Although the exclusive use of Si as the active material would be 

the most ideal in terms of the energy density, blending Si with Gr would be a 

more realistic option in the near future to manage the aforementioned failure 

modes of Si.  

 In addition to the various approaches mentioned above, the polymeric 

binder has also been identified as a critical electrode component that has to be 

taken into account when addressing the issues associated with the volume 

expansion of Si.[13] In this regard, it would be desirable to design the binder 

such that it outperforms conventional binders, which include carboxymethyl 

cellulose (CMC)-styrene butadiene rubber (SBR) blends, poly(vinylidene 

difluoride) (PVDF), and poly(acrylic acid) (PAA) in terms of preserving the 

electrode integrity during cycling. Beyond these established binders, various 

unconventional concepts were recently divulged, which include covalent 

crosslinking,[14] noncovalent supramolecular interactions with self-healing 

ability,[15] three-dimensional (3D) networks,[16] and high elasticity.[17] Most of 

these approaches were validated in treating bare Si active materials by securing 

the interaction with Si or releasing the stress during the volume expansion of 

Si. However, the interaction with Gr was not given much consideration, 

rendering these binders less suitable or unwarranted for practical silicon-

graphite (Si-Gr) electrodes. One notable, unfortunate circumstance is that until 

now so-called “champion” binders that can sustain Si-Gr electrodes for 

prolonged cycles have been unidentified when the Si content exceeds ~10 wt% 

in the commercial electrode setting. 

 In this study, we report an amphiphilic host-guest binder system in 

which the pyrene-conjugated poly(acrylic acid) (Py-PAA) guest is tightly 

interlocked into the 𝛾-cyclodextrin polymer (𝛾CDp) host for Si-Gr blended 
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electrodes. In this binder system, 𝜋–𝜋 and host-guest interactions were 

employed to build the noncovalent binder-active material and binder-binder 

connections, respectively. This system offers the desirable electrode properties 

in that the binder is homogeneously distributed throughout the electrode while 

tightly maintaining the interparticle network during cycling.[18] These features 

remain unperturbed even at commercial levels of the areal capacity (≈3 mAh 

cm−2) when paired with the state-of-the-art commercial cathode material 

(LiNi0.8Co0.15Al0.05O2 (NCA)) with a high loading (19−27 mg cm−2). This work 

reveals the practical impact of sophisticatedly designed supramolecular 

chemistry in advancing LIB composite electrodes with high specific capacities 

in which the dispersion of and intimate interaction among the electrode 

components are critical for long-term cycling. In the battery community, 

considerable research has led to unambiguous consensus that a polymeric 

binder plays a critical role in the stable cycling of silicon (Si) anodes in lithium-

ion batteries (LIBs). A variety of structural and compositional advancements in 

active materials, such as glass-type SiOx and alloy-type SiXy (X=Fe, Mg, etc.) 

based on the adjustment of the elemental composition as well as on smart 

composite designs comprising Si and carbonaceous materials, have enabled the 

Si content in the electrode to be increased while achieving superior cyclability 

at the same time. Apart from the advancement in active material design, the 

incorporation of advanced polymeric binders further improved the key battery 

performance, thereby raising the status of Si anode technology in its entirety 

from the standpoint of commercialization. 
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 4.2 Experimental section 

 

Materials. 1-Pyrenemethylamine, poly(acrylic acid) (PAA, MW=450k), 

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

(PyBOP), triethylamine, epichlorohydrin, and 𝛾-cyclodextrin were purchased 

from Sigma-Aldrich or Biosynth Carbosynth and used without further 

purification. 

 

Synthesis.  

1) Synthesis of Py-PAA: Pyrene-conjugated PAA (Py-PAA) was 

synthesized by the coupling reaction between 1-pyrenemethylamine 

hydrochloride and PAA as reported elsewhere.1 Briefly, 1 g of PAA (13.88 

mmol of acrylic acid units) was dissolved in 40 mL of anhydrous N,N-

dimethylformamide. After the complete dissolution of PAA, PyBOP (0.42 

mmol, 0.2166 g) and triethylamine (0.83 mmol, 0.11 mL) were added to the 

PAA solution and stirred for 1 h under argon atmosphere. Next, 1-

pyrenemethylamine hydrochloride (0.42 mmol, 0.1115 g) was added to the 

flask and the reaction was allowed to proceed for 36 h. Once the reaction was 

complete, Py-PAA was precipitated as a white powder by adding the Py-PAA 

solution to dichloromethane followed by drying overnight to remove any 

residual solvent. 

2) Synthesis of 𝛾-cyclodextrin polymer: 𝛾-cyclodextrin polymer 

(𝛾CDp) was synthesized by crosslinking 𝛾-cyclodextrin (𝛾CD) with 

epichlorohydrin as reported.2 Briefly, 𝛾CD (10 g) was dissolved in an aqueous 

solution of sodium hydroxide (20 mL, 33 wt%) for 24 h. Epichlorohydrin (7 

mL) was then injected into the flask and stirred for 1 h. The solution of 
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hyperbranched 𝛾CDp was added to acetone to enforce precipitation followed 

by neutralization with hydrochloric acid, and diafiltration at 4000 rpm to 

remove any remaining salt. The diafiltered 𝛾CDp solution was freeze-dried and 

the product was recovered as a white powder. 

 

Characterization.  

1) Nuclear magnetic resonance spectroscopy (NMR): The conjugation 

of 1-pyrenemethylamine hydrochloride to PAA and the synthesized 𝛾CDp were 

characterized by 1H nuclear magnetic resonance spectroscopy (Advance III 400, 

Bruker, Germany). An 850 MHz cryo NMR (Advance III HD 850, Bruker, 

Germany) with a TCI Cryoprobe, installed at the National Center for Inter-

University Research Facility (NCIRF) at Seoul National University, was used 

to perform 2D-NMR experiments. For this analysis, Py-PAA and 𝛾CDp were 

mixed in deuterium oxide (0.5 wt%, 2:1 = [Py]:[CD]). 

2) Rheology: The frequency dependent moduli of the swollen binder and 

slurry were characterized with an oscillatory rheometer (MCR-302, Anton-Paar, 

Austria). The Py-PAA and 𝛾CDp/Py-PAA binders were separately swollen in 

Milli-Q water (10 wt%). The slurry was prepared under the same conditions as 

for electrode preparation, as is described below. All samples were measured 

using a parallel plate geometry with 1 mm spacing. Frequency sweep tests 

between 0.628 and 62.8 rad s−1 were performed at various temperatures to 

measure the storage modulus (G') and loss modulus (G'') at each temperature. 

A master curve was drawn for each sample by horizontally superimposing the 

data acquired at various temperatures. 

3) Characterization of Materials: Contact angle measurements 

(DSA100, Kruss, Germany) were performed by dropping 10 μL of PAA 

solution (1 wt%) or Py-PAA solution (1 wt%) onto the carbon surface. The 

homogeneity of the components of the electrode was characterized by an 
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optical microscope (Axio Imager M1m, Carl Zeiss, Germany). For this analysis, 

slurries based on PAA or Py-PAA together with CMC as a dispersion agent 

were prepared in the same manner as for electrode fabrication (see below). To 

evaluate the adhesion test of each electrode, a 180° peeling test was performed 

using a universal testing machine (UTM, QM100S, QMESYS, South Korea). 

3M double-sided tape was attached to each electrode and peeled off at a 

constant rate of 25 mm min−1. The morphological characterization of electrodes 

was performed using field-emission scanning electron microscopy (FE-SEM) 

(JSM-7800F Prime, JEOL, Japan) installed at the National Center for Inter-

University Research Facilities (NCIRF) at Seoul National University. 

Crystallographic information of NCA was obtained via X-ray diffraction (XRD, 

SmartLab, Rigaku, Japan) analysis. 

 

Preparation of electrodes. The silicon-graphite (Si-Gr) electrode was 

prepared by dispersing active material (Si-Gr), super P (Timcal, Switzerland), 

and binder (CMC, PAA, Py-PAA, 𝛾CDp/Py-PAA) in deionized water in a 

weight ratio of 85 : 5 : 10. As the active material, a mixture of silicon 

nanopowder (average particle size=30–50 nm, Nanostructured & Amorphous 

Materials, Inc., USA) and graphite (average particle size=15 μm, Timcal, 

Switzerland) was used in a weight ratio of 20 : 65. In the case of the 𝛾CDp/Py-

PAA binder, the composition was CMC : Py-PAA : 𝛾CDp = 3 : 2 : 1 by weight. 

The slurry was uniformly coated on the copper foil using a doctor blade, 

followed by drying at 100 °C for 10 min and then at 60 °C under vacuum 

overnight. The electrodes were compressed using a roll press to reach densities 

of 1.0–1.1 g cm−3. The active material loadings of these electrodes were 1.35–

1.45 mg cm−2. To prepare the Si-Gr electrodes used for full-cell tests, the 

composition was Si-Gr : super P : binder = 80 : 10 : 10 by weight. For full-cell 

testing, a LiNi0.8Co0.15Al0.05O2 (NCA) cathode was fabricated by preparing a 
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slurry consisting of NCA, super P, and poly(vinylidene difluoride) (PVDF, Mw 

=534k) in a weight ratio of 90 : 5 : 5 in N-methyl-2-pyrrolidone. The fabricated 

cathode delivered a specific capacity of 193.9 mAh g−1 at the 0.1C rate (Figure 

4.16). The slurry was cast onto aluminum foil and dried at 60 °C for 24 h under 

vacuum.  

 

Electrochemical measurements. All the measurements were performed 

using a 2032 coin cell prepared inside a glove box. The electrodes (10 mm in 

diameter) and the separator (SK innovation, South Korea) were contained in 

each coin cell. Lithium hexafluorophosphate (1.0 M, LiPF6,) in 1:1 (v/v) 

ethylene carbonate (EC)/diethylene carbonate (DEC) containing 10 wt% 

fluoroethylene carbonate (FEC) was used as the electrolyte (Welcos, South 

Korea). Then, the electrolyte (100 μL) was injected into each coin cell. Cyclic 

voltammetry (CV) tests were conducted at a scan rate of 0.2 mV s−1 in the 

potential range of 0.01–1.0 V (vs. Li/Li+). For the half-cell cycle tests, the 

electrodes were scanned at the rate of 0.1C for pre-cycling, and subsequent 

cycles were scanned at 0.5C in the potential range of 0.01−1.0 V (vs. Li/Li+). 

For the rate capability tests, the C-rate was changed every five cycles. For the 

half-cell measurements, the constant current (CC) mode was adopted for both 

charge and discharge. The full-cell measurements were conducted in the 

potential range of 2.5–4.2 V (vs. Li/Li+). Before cycling, the pre-cycle was 

operated at 0.1C, and subsequent cycles were run at 0.5C. The charge and 

discharge were carried out in constant current/constant voltage (CC/CV) and 

CC modes, respectively. A battery cycler (WBCS 3000, WonATech, South 

Korea) was used for all cycling measurements. 
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4.3 Result and discussion 

 

4.3.1 Synthesis and characterization of binders 

Figure 4.1a presents a schematic illustration of the formation of an 

amphiphilic binder in which the Py-PAA guest polymer is tightly interlocked 

into the 𝛾CDp host polymer via host-guest interaction, which leads to a 

crosslinked binder network composed of the two polymers. The 𝛾CD in the 

𝛾CDp is an eight-membered sugar ring composed of glucose monomeric units 

with a hydrophobic cavity. The hyperbranched 𝛾CDp is particularly useful as a 

battery binder component because 𝛾CD can be produced from starch on a large 

scale using an established enzymatic process.[19] Furthermore, 𝛾CD can 

participate in multidimensional hydrogen-bonding interactions by utilizing its 

highly branched topology.[20] The pyrene in the Py-PAA is a polycyclic 

aromatic hydrocarbon consisting of four fused benzene rings that can engage in 

𝜋–𝜋 interaction with the Gr active material (Figure 4.1b). Py-PAA can also 

form hydrogen bonds with the Si surface by exploiting the hydrophilic 

carboxylic acid groups of PAA. Thus, Py-PAA itself is amphiphilic. The host-

guest interaction between 𝛾CDp and Py-PAA is attributed to pyrene being of 

the appropriate size to form a complex with 𝛾CD with high affinity.[21] From 

the energetic viewpoint, complexation with hydrophobic pyrene excludes water 

molecules in the high energy state from the 𝛾CD cavities, thereby lowering the 

enthalpy of the 𝛾CD and therefore serving as a driving force for the host-guest 

interaction.[22] This explains the high affinity of the host for the guest and the 

resulting strong interaction. At the macroscopic scale, this inter-chain 

interaction between the two polymers enhances the toughness of the binder 

network, thus maintaining the electrode integrity during the repeated volume 
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changes of Si. Details of the synthetic procedure and molecular 

characterizations of 𝛾CDp and Py-PAA are provided in Figure 4.2.[23]  

 As the host-guest interaction would play a pivotal role in sustaining 

the electrode integrity for long-term cycling, the host-guest linkage between 

pyrene and 𝛾CD was characterized by two-dimensional nuclear Overhauser 

effect spectroscopy (NOESY) 1H NMR spectroscopy. Because two stacked 

pyrene units are known to form a complex with one 𝛾CD unit,[24] the molar 

complexation ratio between the guest and host molecules was controlled to be 

2:1. A correlation signal indicative of the close proximity of the proton from 

pyrene (8.27 ppm) to the proton from 𝛾CD (3.60 ppm) was observed for the 

host and guest molecules (see the red box in Figure 4.3a and the magenta box 

in Figures 4.3a and 4.3b). Although the observed correlation signal is weak 

owing to the low conjugation density of pyrene (3 mol%) in Py-PAA, the 

presence of the correlation peak is effectively reflective of the host-guest 

linkage, which is in good agreement with the literature.[25] Encouraged by the 

presence of host-guest interaction, the frequency dependent modulus was 

measured for swollen Py-PAA and 𝛾CDp/Py-PAA binders to investigate the 

effect of host-guest interaction on the mechanical properties of the binder. 

Owing to the large association constant of the host-guest interaction between 

𝛾CD and pyrene,[26] the relaxation time of the network is expected to increase 

when host-guest interaction is involved. Figures 4.3c and 4.3d depict the 

superimposed master curves originally measured at various temperatures 

between 5 °C and 35 °C (see the original data in Figure 4.4). In these master 

curves, the crossover frequency 𝜔c shifted to lower values, and the relaxation 

time of the network, defined as τ = 2𝜋/𝜔c, increased from 0.2 s to 20 s when 

𝛾CDp was incorporated into the Py-PAA. Considering that the relaxation time 

corresponds to the time scale in which the fluid flows, these results imply that 

the 𝛾CDp/Py-PAA network exhibits solid-state behavior. This led us to infer 
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that the junctions created between 𝛾CDp and Py-PAA are sufficiently strong to 

make the overall network less fluidic and, hence, less responsive to external 

forces. In addition, the activation energy of the junctions was estimated by so-

called time-temperature superposition practice[27] (with the reference 

temperature being 25 °C) using the Arrhenius relationship between the 

horizontal shift factor and the inverse temperature (insets in Figures 4.3c and 

4.3d). These results showed that the introduction of the host 𝛾CDp to the 

swollen guest Py-PAA increased the activation energy from 80.7 kJ mol-1 to 

90.2 kJ mol-1, which is attributed to the host-guest interaction. This increased 

activation energy can also be interpreted as signifying that more energy is stored 

in the 𝛾CDp/Py-PAA network as a result of the host-guest interaction.[28] 

Furthermore, the rheological properties of the Py-PAA and 𝛾CDp/Py-PAA 

slurries were investigated using frequency sweep rheological measurement 

(Figure 4.5). The slurry was composed of Si-Gr, super P, and binder in the 

weight ratio of 85 : 5 : 10 in DI water. Once 𝛾CDp was introduced to the slurry, 

the storage modulus (G’) increased over the entire frequency range, reflecting 

the crosslinking involving the host-guest interaction. Interestingly, in the case 

of the 𝛾CDp/Py-PAA slurry, the storage modulus (G’) remained greater than 

the loss modulus (G”) over the entire frequency range, whereas the storage 

modulus of the Py-PAA slurry measured at 20 °C decreased to below its loss 

modulus when the angular frequency was below 3.0 rad s-1. This phenomenon 

represents that the Py-PAA slurry becomes fluid beyond the timescale of 2.1 s 

owing to the absence of strong crosslinks. These distinct rheological behaviors 

of the two slurries portray the role of 𝛾CDp in crosslinking the binder network 

and ultimately enhancing the mechanical properties of the Si-Gr electrode. 
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Figure 4.1. (a) Graphical representation and chemical structure of the 

𝛾CDp/Py-PAA complex binder. (b) Supramolecular interactions of the 

𝛾CDp/Py-PAA complex binder in the Si-Gr electrode. 
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Figure 4.2. Synthetic scheme and structural analysis of (a) pyrene-conjugated 

poly(acrylic acid) (Py-PAA) and (b) hyperbranched 𝛾-cyclodextrin polymer 

(𝛾CDp) by 1H NMR spectroscopy. 
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Figure 4.3. (a) Two-dimensional NOESY 1H NMR spectrum of the 𝛾CDp/Py-

PAA complex binder. (b) Magnified view of the area enclosed by the magenta 

box in (a). The mixing ratio between pyrene and cyclodextrin is [Py]:[CD] = 

2:1, and the total concentration of the polymer is 0.5 wt% (solvent: D2O). 

Time-temperature superposed master curves of (c) swollen 𝛾CDp/Py-PAA 

binder and (d) swollen Py-PAA binder (both 10 wt% in water). Insets in (c) and 

(d) display Arrhenius plots of the horizontal shift factor ( 𝑎𝑇 ) vs. inverse 

temperature (1000/T). 
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Figure 4.4. Frequency dependent storage (filled) and loss (open) moduli 

(measured at 1% strain, 𝛾 = 1%) of (a) swollen Py-PAA binder and (b) swollen 

𝛾CDp/Py-PAA binder (10 wt% in deionized water). 

 

 

Figure 4.5. Comparison of frequency dependent rheology between Py-PAA 

and 𝛾CDp/Py-PAA slurries of the Si-Gr electrodes at (a) 20 °C and (b) 25 °C. 

The amount of binder in the slurry was 5 wt%, and the mixing ratio of Py-PAA 

and 𝛾CDp was 2:1 (w/w). 
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As described above, a crucial role of pyrene is to secure the contact of 

the binder with the Gr surface. To prove the existence of this interaction, 

aqueous polymer solutions containing 1 wt% of Py-PAA and PAA were 

dropped onto the surface of the carbon material to conduct contact angle 

measurements. The carbon surface was prepared by pelletizing Gr. The contact 

angles of the Py-PAA and PAA solutions were 63° and 77°, respectively 

(Figures 4.6a and 4.6b), indicating the improved wettability of the Py-PAA 

solution. This observation can be explained by the higher affinity of Py-PAA 

for the Gr surface as a result of pyrene engaging in 𝜋–𝜋 interaction. This 

enhanced affinity was indeed effective at the electrode scale. To assess the 

contribution of pyrene at the electrode scale, electrodes containing Si-Gr, super 

P, and binder in the mass ratio of 85 : 5 : 10 were prepared and visualized using 

an optical microscope. Unlike the Py-PAA (Figures 4.6c and 4.7a,), cracks 

were observed to have formed in the surface of the electrode based on bare PAA 

(Figures 4.6d and 4.7b), which is attributed to the insufficient binder dispersion 

to release the stress accumulated within the electrode film. We hypothesized 

that the improved integrity resulting from the conjugation of pyrene facilitates 

adhesion within the electrode.[29] This rationale was verified by conducting a 

so-called 180° peeling test for the Si-Gr electrodes (Si-Gr : super P : binder = 

85 : 5 : 10 = w:w:w) by using a universal tensile machine (UTM). The average 

adhesion forces of the Py-PAA, PAA, and CMC electrodes were 20.78, 16.10, 

and 12.93 gf mm-1 (Figure 4.6e), respectively, along the displacement of 10–

20 mm, verifying that pyrene conjugation is indeed an effective way to improve 

the adhesion of the electrode including Gr. We investigated the electrode 

adhesion for the binder that contains 𝛾CDp. As depicted in Figure 4.6f, the 

adhesion force of 𝛾CDp alone was lower than those of Py-PAA, PAA, and 

CMC, indicating that 𝛾CDp alone does not function as a high-performance 

binder. In contrast, the adhesion force of the 𝛾CDp/Py-PAA blend was 20–22 
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gf mm-1, which is similar to that of the Py-PAA electrode, implying that the 

addition of 𝛾CDp does not impair the adhesion capability of Py-PAA. Recall 

that, although 𝛾CDp does not contribute to the adhesion of the electrode 

significantly before cycling, 𝛾CDp plays an important role in managing the 

volume change of Si by utilizing reversible host-guest interaction and increased 

modulus. 

 

 

Figure 4.6. Contact angle measurements of (a) Py-PAA (1 wt% in H2O) and 

(b) PAA (1 wt% in H2O) on the carbon surface. Optical microscope images of 
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the Si-Gr electrodes based on the (c) Py-PAA and (d) PAA binders. 180° 

peeling test profiles of the Si-Gr electrodes using the (e) Py-PAA, PAA, and 

CMC binders and (f) 𝛾CDp/Py-PAA, Py-PAA, and 𝛾CDp binders. 

 

 

Figure 4.7. Optical microscope images of electrodes with (a) Py-PAA and (b) 

PAA binders at 20× magnification. The scale bar corresponds to 100 μm. 

 

4.3.2 Electrochemical measurements 

Encouraged by the adhesion and dispersion of 𝛾CDp/Py-PAA, 

electrochemical characterizations were conducted to determine the correlation 

between the physical properties and electrochemical performance of the 

electrodes. The electrochemical stability of the binder was evaluated by 
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employing cyclic voltammetry (CV) in the voltage range of 0.01–1.0 V vs. 

Li/Li+ at a scan rate of 0.2 mV s-1 (Figure 4.8a). For this test, super P was 

included in the binder film to ensure sufficient electronic conductivity. Both the 

𝛾CDp/Py-PAA film and bare copper foil exhibited cathodic peaks in the 

voltage range of 0.5–1.5 V, which are attributed to the formation of the SEI in 

the first cycle.[30] In subsequent cycles, both samples had almost identical 

featureless profiles (Figure 4.9), indicating that 𝛾CDp/Py-PAA is 

electrochemically stable in the operating potential range.  

 Subsequently, the effect of the binder on the electrochemical 

performance of the Si-Gr electrodes was assessed by galvanostatically scanning 

in the potential range of 0.01–1.0 V vs. Li/Li+ in a coin-type half-cell setting. 

Each electrode consisted of active material, super P, and binder in the weight 

ratio of 85 : 5 : 10, and the active material contained Si and Gr in the weight 

ratio of 20 : 65. The initial charge-discharge profiles of electrodes containing 

𝛾CDp/Py-PAA, PAA and CMC as the binder were almost the same (Figure 

4.8b), implying that these binders did not perturb the Li-ion storage mechanism 

in the Si. The initial Coulombic efficiencies (ICEs) of the 𝛾CDp/Py-PAA, 

CMC, PAA electrodes were 88.2%, 88.3%, and 87.3% (Figure 4.8b), 

respectively, pointing to the fact that stable SEI layers were formed consistently 

for all three of these electrodes. Importantly, the cycling performance of the 

𝛾CDp/Py-PAA electrode was superior to that of its CMC and PAA electrode 

counterparts (Figure 4.8c). The capacity retentions of the 𝛾CDp/Py-PAA, PAA, 

and CMC electrodes were 80.2%, 77.8%, and 67.3%, respectively, after 100 

cycles. The Coulombic efficiencies (CEs) of the 𝛾CDp/Py-PAA electrode were 

99.1%, 99.3%, 99.5%, and 99.6%, respectively, at the 75th, 100th, 150th, and 

200th cycle. Notably, between the PAA and CMC electrodes, the capacity decay 

of the PAA electrode was more prominent, which is ascribed to the highly rigid 

and hydrophilic nature of PAA[31] that makes it incapable of buffering the 
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volume change of the Si-Gr blend. More critically, to elucidate the role of host-

guest interaction, the Py-PAA electrode without 𝛾CDp was evaluated as a 

control electrode (Figure 4.10). The 𝛾CDp/Py-PAA and Py-PAA electrodes 

retained 75.9% and 66.5% of their initial capacities, respectively, after 150 

cycles at 0.5C. The higher capacity retention of the 𝛾CDp/Py-PAA electrode 

reveals the effect of the host-guest interaction in maintaining the integrity of 

the Si-Gr electrode. Furthermore, the cyclability of the 𝛾CDp/Py-PAA 

electrode was compared with that of the CMC/SBR electrode (Figure 4.8d) 

considering that CMC/SBR has been most widely adopted for commercial LIB 

anodes with limited content in terms of Si components. The initial capacities of 

the 𝛾CDp/Py-PAA and CMC/SBR electrodes were similar at 794.4 and 784.5 

mAh g-1, but the capacities after 150 cycles were 602.6 and 507.7 mAh g-1, 

respectively. The average CE of the 𝛾CDp/Py-PAA electrode during cycles 50–

150 was also higher than that of the CMC/SBR electrode: 99.3% versus 99.1 %. 

Overall, these cycling results demonstrate that 𝛾CDp/Py-PAA is superior to the 

others in warranting the cycling stability of the Si-Gr blended system. In 

addition, Figure 4e depicts the long-term cycling performance of the 𝛾CDp/Py-

PAA electrode. Remarkably, compared to the initial value, 86.4% of the 

original capacity was retained after 300 cycles at 0.5C, and the CEs were 99.1%, 

99.5%, 99.6%, and 99.7% at the 50th, 100th, 150th, and 200th cycle, respectively, 

verifying the beneficial role of the 𝛾CDp/Py-PAA binder. 

 The 𝛾CDp/Py-PAA electrode also demonstrated excellent rate 

capability compared with that of the PAA and CMC electrodes when tested at 

various C-rates from 0.2C to 4C (Figure 4.8f). For example, raising the C-rate 

from 0.2C to 2C, the capacity of the 𝛾CDp/Py-PAA electrode dropped from 

852.6 mAh g-1 to 461.6 mAh g-1, corresponding to 54.1% retention, whereas 

the capacity of the CMC electrode decreased from 845.2 mAh g-1 to 348.8 mAh 

g-1, corresponding to 41.3% retention. The superior rate performance of the 
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𝛾CDp/Py-PAA electrode was also verified with polarization measurements 

(Figure 4.8g). The average voltage difference between charge and discharge 

(ΔV) of the 𝛾CDp/Py-PAA electrode remained 0.02 V lower than those of the 

PAA and CMC electrodes throughout 160 cycles. This observation can be 

interpreted to indicate that the high affinity and dispersion of 𝛾CDp/Py-PAA 

maintain tight inter-particle contacts to induce the stable electrode-electrolyte 

interface and thus to facilitate Li ion transport therein.[32]  
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Figure 4.8. Electrochemical performance of the Si-Gr electrodes based on 

various binders. (a) Cyclic voltammograms of 𝛾CDp/Py-PAA with super P (1:1 

wt%) and bare copper foil when scanned at 0.2 mV s-1 in the potential range of 

0.01−1.0 V vs. Li/Li+. (b) Discharge-charge voltage profiles of the Si-Gr 
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electrodes based on the CMC, PAA, and 𝛾CDp/Py-PAA binders at a current 

rate of 0.1C (1C = 1090 mA g-1) during pre-cycling. (c) Cycling performance 

of the Si-Gr electrodes using CMC, PAA, and 𝛾CDp/Py-PAA binders at 0.5C. 

(d) Cycling performance of the Si-Gr electrodes based on CMC/SBR and 

𝛾CDp/Py-PAA binders at 0.5C. (e) Long-term cycling performance of the Si-

Gr electrodes using 𝛾CDp/Py-PAA binder at 0.5C. (f) Rate capability at 

various C-rates. (g) Average voltage differences (ΔV) between charge and 

discharge for the Si-Gr electrodes based on 𝛾CDp/Py-PAA, PAA and CMC 

binders. 
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Figure 4.9. CV profiles of 𝛾CDp/Py-PAA with super P (1:1 wt%) and bare 

copper foil at 0.2 mV s-1 in the potential range of 0.01−1.0 V (vs. Li/Li+) at the 

(a) 30th and (b) 50th cycle. 
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Figure 4.10. Comparison of cycling performance of the Si-Gr electrodes with 

and without the 𝛾CDp in the Py-PAA binder. 

 

4.3.3 Analysis of binder effect 

Figure 4.11a schematically illustrates the operating mechanism of the 

𝛾CDp/Py-PAA binder during lithiation and delithiation of the Si-Gr electrode. 

In the pristine state, the 𝛾CDp/Py-PAA electrode contains homogeneously 

distributed electrode components that are interconnected through the binder 

network. Even in the lithiated state, the 𝛾CDp/Py-PAA electrode is able to 

utilize its tight network to maintain the electrode integrity despite the volume 

expansion of Si. The stability of the electrode during cycling was additionally 

probed by further clarifying the role of the 𝛾CDp/Py-PAA binder by top-view 

SEM characterization before (Figure 4.12) and after 50 cycles (Figures 4.11b 

and 4.11c). In the case of the 𝛾CDp/Py-PAA electrode, relatively clear particle 

morphologies were presented as a signature of a stable interface without the 

active material being severely cracked (Figures 4.11b and 4.13a). By contrast, 



 

106 

the PAA electrode was covered with a thick SEI layer that buried the 

morphologies of the Si-Gr particles. Moreover, the surface of this electrode was 

characterized by the appearance of many cracks (Figures 4.11c and 4.13b). 

Similar to the PAA electrode, the CMC electrode also adversely experienced 

uncontrolled SEI growth, which rendered the active particles invisible (Figure 

4.14). These results reconfirmed that the extraordinary physicochemical 

properties of 𝛾CDp/Py-PAA contribute markedly to the stability of the 

interface, which is closely related to its superior cyclability.  
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Figure 4.11. (a) Operating mechanism of the 𝛾CDp/Py-PAA binder 

incorporating the 𝛾CD-pyrene host-guest complex. Top-viewed SEM images 

of the Si-Gr electrodes based on (b) 𝛾CDp/Py-PAA and (c) PAA binders after 

50 cycles. 

 

 

Figure 4.12. SEM images of the Si-Gr electrodes incorporating the (a) 

𝛾CDp/Py-PAA binder and (b) PAA binder before cycling. 

 

 

Figure 4.13. High-magnification SEM images of the Si-Gr electrodes based on 

the (a) 𝛾CDp/Py-PAA and (b) PAA binders after 50 cycles. 
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Figure 4.14. Top-viewed SEM images of the Si-Gr/ CMC electrodes at (a) 

300× and (b) 1000× magnification. 

 

In an attempt to assess the effect of the binder under practically usable 

conditions, the Si-Gr/ 𝛾CDp/Py-PAA anode was paired with high-nickel 

LiNi0.8Co0.15Al0.05O2 (NCA) cathode with an n/p ratio between 1.05 and 1.15. 

The n/p ratio was defined as the total anode capacity over the total cathode 

capacity. Detailed cell specifications are presented in the Supporting 

Information. Figure 4.15a displays the initial charge-discharge curves of full-

cells with different NCA loadings (black curve: 19.8 mg cm-2, green curve: 

27.3 mg cm-2). For the full-cell with an NCA loading of 19.8 mg cm-2, when 

cycled at 0.5C, the initial areal capacity of 2.85 mAh cm-2 became 2.27 mAh 

cm-2 at the 150th cycle, which represents the preservation of 79.6% of the initial 

capacity (Figure 4.15b). Even with the higher NCA loading (27.3 mg cm-2), 

85.0% of the original capacity of 4.00 mAh cm−2 was retained after 100 cycles 

(Figure 4.15c). The CEs for the lower and higher NCA loadings were 99.7% 

and 99.9%, respectively, at the 100th cycle, indicating that the observed 

cyclability originated from 𝛾CDp/Py-PAA, which stabilizes the interface and 

thus the charge-discharge reversibility. Once again, the amphiphilicity and 

tightly interlocked host-guest network formed by 𝛾CDp/Py-PAA complexation 

play a major role regardless of the cell configuration and capacity. It is noted 
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that the long-term cyclability of a full-cell highly depends on the sophistication 

of the fabrication process and is expected to improve further after optimization 

of the n/p ratio, electrode pressing, etc.[33] 
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Figure 4.15. Electrochemical performance of full-cells consisting of the Si-Gr/ 

𝛾CDp/Py-PAA anode and LiNi0.8Co0.15Al0.05O2 (NCA) cathode. (a) Initial 

charge-discharge profiles of the Si-Gr-NCA full-cells with different active 
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material loadings at 0.1C (1C = 190 mA gNCA
-1). Cycling performance of the 

Si-Gr/ 𝛾CDp/Py-PAA full-cell along with Coulombic efficiencies when the 

NCA loading is (b) 19.8 mg cm-2 and (c) 27.3 mg cm-2, respectively. 

 

 

Figure 4.16. (a) Powder XRD pattern and (b) SEM image of NCA particles. (c) 

Initial charge-discharge profile of the NCA electrode when measured at 0.1C in 

a half-cell configuration. 
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4.4 Conclusion 

 

This study reports a multifunctional supramolecular binder with a 

sophisticated design that stabilizes Si-Gr composite electrodes during the 

massive volume change Si undergoes. While the contact between pyrene and 

Gr occurs via π-π interaction to ensure homogeneous dispersion of the binder 

in the dominant presence of Gr, the interlocking host-guest interaction between 

pyrene and 𝛾CD forms a high modulus 3D network to sustain the integrity of 

the electrode. These individual and combined properties of the binder network 

result in excellent electrode adhesion and cycle life as compared with the 

existing counterparts that have been adopted in practice. Our findings provide 

a useful design principle for binders targeting Si-Gr active materials, the most 

popular anode system in immediately forthcoming LIB generations, 

represented by amphiphilicity, host-guest interaction, and a supramolecular 

chemistry network.  
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국문초록 

 

리튬 이온 배터리는 산화환원 반응을 기반으로 하는 이차전지

로, 높은 용량 및 기전력을 구현할 수 있어 휴대용 전자 제품을 시

작으로 전기차, 그리고 에너지저장시스템 등을 구동하기 위한 필수 

요소가 되었다. 최근 리튬 이온 전지 발전의 가장 큰 화두는 높은 

에너지 밀도의 배터리를 가능케하는 것이다. 에너지 밀도를 높이기 

위해서는 현재 리튬 이온 전지에 사용되는 활물질보다 높은 용량을 

가진 활물질을 도입하는 것이 필요하다. 실리콘 음극 소재는 높은 

이론용량을 가지고 있어 리튬 이온 전지에 적용하고자 하는 시도가 

이루어지고 있지만 충방전과정에서 발생하는 극심한 부피 팽창은 

전극의 열화현상을 초래하여, 이를 어렵게 한다. 실리콘 전극의 우

수한 사이클 성능을 위해서는 전극의 안정성을 높여 주는 것이 필

요하며, 따라서 전극의 구조를 유지시켜 주는 바인더 기술이 지속적

으로 강조되고 있다. 이를 위해 이번 학위 논문에서는 실리콘 음극 

시스템을 위한 정교한 고분자 바인더 설계에 대하여 다루고자 한다.  

제 1장에서는 차세대 음극 소재로 각광 받고 있는 실리콘 활

물질과 실리콘 음극 시스템에서 고분자 바인더의 역할에 대해 간략

히 제시하고자 한다. 특히, 실리콘 전극 내에서 전극소재와 바인더 

사이에 존재하는 결합을 공유결합 및 초분자 상호작용 관점에서 분

류하고, 더 나아가 실리콘 바인더 내 초분자 상호작용 효과를 설명

하고자 한다. 

제 2장에서는 리튬 이온 전지에 활용되는 실리콘 모녹사이드 

(SiO) 음극을 위한 파이렌 매개체 바인더 네트워크 (파이렌-폴리아크

릴산-폴리로텍세인 초분자 네트워크)에 대해 보고한다. 탄소층으로 
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코팅되어 있는 SiO의 비공유 개질은 활물질과 하이드록시기 파이렌 

유도체 사이 π-π 상호작용을 통해 이루어지며, 이는 표면의 하이드

록시기를 통해 폴리로텍세인-폴리아크릴산 (PR-PAA) 네트워크와의 

수소결합을 동시에 가능케 한다. 또한 PAA에 가교되어 있는 PR의 

링 슬라이딩 움직임은 전체 고분자 네트워크에 높은 탄성을 부여하

여, SiO의 부피 팽창을 효과적으로 완충하고 전극 팽창을 크게 완화

한다. 파이렌-폴리아크릴산-폴리로텍세인 초분자 바인더의 특별한 물

리화학적 특성을 기반으로, SiO 전극이 상용화 수준의 면적 용량에

서 반쪽셀, 완전셀 조건에서 우수한 사이클 특성이 나타남을 입증하

였다.    

제 3장에서는 리튬 이온 전지에 활용되는 실리콘/탄소 복합체 

음극을 위한 Zn2+- imidazole 배위 바인더 네트워크 대해 보고한다. 

전극 제조과정에서 카르복시메틸셀룰로오스 (CMC)와 금속-리간드 

배위 결합물을 in-situ 가교하여 바인더를 합성한다. Zn2+- imidazole 배

위 결합의 회복성과 폴리에틸렌글리콜 (PEG) 사슬의 유연성은 바인

더 네트워크의 탄성력을 향상시킨다. 높은 탄성력은 입자 간의 접촉

을 강화하고 전극의 무결성을 유지하여, 우수한 장기 사이클을 보여

준다. 상용 면적 용량 수준에서도 이러한 전극들은 

LiNi0.8Co0.15Al0.05O2와 완전셀을 이뤄 우수한 사이클 특성을 보여준다. 

현재 연구는 높은 가역성을 가진 금속-리간드 배위 화학이 높은 용

량의 합금 기반 전극용 바인더에서 중요한 역할을 한다는 것을 강

조한다.  

제 4장에서는 리튬 이온 전지에 활용되는 실리콘-흑연 복합 음

극을 위한 호스트-게스트 인터락 바인더 네트워크에 대해 보고한다. 

실리콘-흑연 복합 음극의 경우 두 활물질의 이질적인 표면 특성과 
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실리콘의 엄청난 부피 변화로 인해 사이클동안 전극 구성 요소의 

균일한 분포 및 우수한 결착을 유지시키기는 어렵다. 우리는 파이렌 

작용기를 포함하는 폴리아크릴산 (Py-PAA)과 하이퍼브랜치 형태의 

감마사이클로덱스트린 고분자 (𝛾CDp)로 구성된 양친매성 호스트-게

스트 복합 바인더를 활용하여 전극의 안정성을 높이고자 한다. Py-

PAA 내 파이렌 단위체는 흑연 표면에 대한 향상된 친화성을 부여함

과 동시에 𝛾CDp 내 사이클로덱스트린 호스트와 연동할 수 있는 게

스트 분자 역할도 한다. 효과적인 호스트-게스트 상호작용은 전극의 

무결성을 유지하여 상용 수준의 면적 용량을 가진 실리콘-흑연 전극

에 대해 우수한 사이클 성능과 율속 특성을 가능케 한다. 이번 연구

는 초분자 화학이 표면 특성이 다르며, 기계적 안정성을 필요로 하

는 배터리 전극에 사용되는 바인더를 설계하기 위해 유용하다는 것

을 알려준다. 

 

주요어 : 탄성, 리튬 이온 배터리, 고분자 바인더, 실리콘 음극, 초분
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