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Abstract 

Synthesis and Characterization of Ion-conducting Cross-linked 

Polymeric Materials and Their Applications to Electrolytes and Binders 

for Lithium Secondary Batteries 

 

홍 동 기 (Dong Gi Hong) 

공과대학 화학생물공학부 (Chemical and Biological Engineering) 

고분자 합성 전공 (Polymer Synthesis) 

The Graduate School 

Seoul National University 

 

This study presents synthesis and characterization of ion-conducting 

cross-linked polymeric materials and their applications to electrolytes and 

binders for lithium secondary batteries. Firstly, cross-linked solid polymer 

electrolytes (SPEs) based on ion-conducting poly(ethylene glycol) (PEG), 

flexible polysiloxane, and anion-trapping boron cross-linker (BPC) were 

prepared via thiol-ene click reaction for lithium metal batteries. Various 

thermal and electrochemical properties of SPEs were systematically 

investigated by varying the content of BPC. Thermally stable free-standing 

SPE systems could be obtained due to the cross-linked structure, while 

relatively high ionic conductivity of about 1.3 × 10–4 S cm–1 at 60 °C was 

obtained at the same time by the flexible polysiloxane moiety. The boron 
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moiety in BPC could increase the lithium ion transference number compared 

to the corresponding boron-free SPE due to the anion-trapping capability of 

boron atom. The formation and growth of lithium dendrites were effectively 

suppressed by the anion-trapping capability and mechanically stable cross-

linked structure of the SPE. 

Secondly, a cross-linked polyphosphazene-based polymeric material 

was prepared using NH3-neutralized poly[bis(4-

carboxyphenoxy)phosphazene] (PCPP-NH3) as the base polymer and 

poly(ethylene glycol) bisamine (PEG-NH3) as a cross-linker for use as a 

silicon (Si) anode binder in lithium-ion batteries. PCPP was prepared by two 

step polymer modification reactions from poly(dichlorophosphazene).  

When an optimum amount of PEG-NH3 (7.5 wt% of PCPP-NH3) was used as 

the cross-linker, the resulting cross-linked polyphosphazene exhibited the 

highest glass transition temperature, elastic modulus, and peeling force values. 

The battery performance of the cells with the Si anode fabricated with this 

cross-linked polyphosphazene-based binder was found to be better than that 

of cells with Si anodes fabricated with PAA binder. The better performance 

of the cell with the polyphosphazene-based binder was ascribed to the 

composition and structure of the binder material: the flexible 

polyphosphazene backbone, carboxylic acid group with hydrogen bonding 
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ability, and the cross-linked network structure maintained the electrode 

structure during charge/discharge cycling of the cell. Furthermore, the ion-

conducting PEG moieties increased ion transfer conductivity inside the Si 

anode. 

 

Keywords: Cross-linked polymer, solid polymer electrolytes, anion-trapping, 

silicon anode binder, polyphosphazene, lithium metal batteries, lithium-ion 

batteries 

 

Student Number: 2017-27567 
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1.1 Challenges of Lithium Rechargeable Batteries 

 

After the industrial revolution, the population explosion and the 

developments of electronic devices have resulted in the dramatic increase in 

energy consumption. [1-3] Lithium rechargeable batteries have been 

extensively investigated for several decades along with the growth of portable 

devices, electric vehicles, and energy storage system. [4, 5] The conventional 

lithium rechargeable batteries consisting of lithium metal oxide cathode, 

graphite anode, and a liquid electrolyte with polyolefin-based separator have 

been continuously researched and developed to increase energy density since 

the first commercialization of lithium-ion batteries in 1991. [6] However, the 

current battery system composed of the lithium metal oxide cathode and the 

graphite anode does not satisfy the demand for higher capacity and safety. [7] 

As a result, interest in next-generation battery systems with higher energy 

density and safety is increasing day by day. In order to achieve high energy 

density, it is necessary to use electrode materials with high specific capacity 

such as lithium metal anode and silicon anode. [8] 

Lithium metal batteries (LMBs) have been substantially studied for several 

decades due to the advantages of lithium metal such as extremely high 

theoretical capacity (3860 mAh g-1), low density (0.58 g cm-3), and lowest 

negative electrochemical potential (−3.040 V vs. hydrogen standard 

electrode). [9, 10] However, the practical application of LMBs is hampered 
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by several disadvantages of the lithium metal as an anode material such as 

unstable solid electrolyte interface (SEI) layer and lithium dendrite formation. 

[11-13] The unstable SEI layer leads to the continuous electrolyte 

consumption and low Coulombic efficiency, resulting in poor long-term 

stability of LMBs. [14] The lithium dendrite formation, which is regarded as 

the main cause of the battery failure, results in the lithium metal penetration 

through separator, internal short-circuit of the battery, and finally thermal 

runaway. [13] 

Graphite-based anode materials, which are currently used in commercial 

lithium-ion batteries (LIBs), are limited in achieving high energy density 

because of a relatively low theoretical capacity (372 mAh g-1 based on LiC6). 

[15] On the other hand, silicon (Si) has been regarded as a promising anode 

material due to its high theoretical capacity (4,200 mAh g-1), low discharge 

potential (~0.3 V vs. Li/Li+), and natural abundance. [16-18] However, 

inherent huge volume change during the charge/discharge process (up to 

300%), which causes degradation of electrode structure and formation of 

thick solid electrolyte interface (SEI) layer, hinders the practical application 

of Si anodes. [19, 20] Various strategies to mitigate volume change of Si by 

processing Si into yolk-shell nanoparticles, [21, 22] nanowires, [23, 24] and 

nanoporous structure [25, 26] have been reported. Although the 

nanostructured Si anodes have been demonstrated to reduce Si volume 

expansion to some extent, the commercialization of these materials is 
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challenging because the production is costly and difficult to scale-up. [27] 

 

1.2 Solid Polymer Electrolytes in Lithium Metal Batteries 

 

To solve the aforementioned problems of LMBs, various strategies such as 

adding electrolyte additives, [28] forming artificial SEI layer, [29] and using 

gel or solid electrolytes. [30-32] In particular, solid polymer electrolytes 

(SPEs), which are composed of polymer matrix and lithium salts in the 

absence of any liquid components, have advantages such as low flammability, 

flexibility, and dimensional stability. [33] As compared to inorganic ceramic 

electrolytes, SPEs possess several advantages including ease of processing, 

flexibility, and strong adhesion to electrodes. [34] Recent researches on SPEs 

focus on the development of SPEs for practical applications in LMBs 

requiring sufficient ionic conductivity, sufficient mechanical properties, 

thermal stability, and wide electrochemical window. [35-37] 

Among the SPEs, poly(ethylene oxide) (PEO) based SPEs have been 

extensively investigated due to their Li+ solvating ability and ion-conducting 

nature of ethylene oxide units. [38] However, since PEO-based electrolytes 

suffer from the low ionic conductivity by crystalline structure of PEO, studies 

to improve ionic conductivity by suppressing the crystallization of PEO have 

been reported. [39, 40] In addition, anion-trapping moieties can increase 

lithium ion transference number (𝑡𝐿𝑖+) by reducing movement of anions. The 
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introduction of anion-trapping moieties in the SPEs not only reduces the 

concentration polarization, thereby lowering internal resistance of battery and 

improving cell performance, [41] but also inhibits the formation and growth 

of lithium dendrites. [42, 43] 

 

1.3 Polymeric Binders for Silicon Anodes 

 

It has been demonstrated that functional polymeric binders can effectively 

mitigate the volume expansion of Si and maintain the structural integrity of 

the Si anode. [44] Poly(vinylidene fluoride) (PVDF), which is a commercial 

binder in LIBs, is difficult to maintain structural stability because it cannot 

sufficiently interact with the Si particle surface. [18] Polymeric materials 

having a large amount of polar functional groups such as poly(acrylic acid) 

(PAA), [45] carboxymethyl cellulose (CMC), [46] and polysaccharides [47, 

48] have been demonstrated to show strong binding strength with silanol 

groups on the surface of the Si particles. The hydrogen bonding between 

silanol groups on Si particles and hydroxyl/carboxylate functional groups in 

the binder is beneficial to maintaining a conductive network from the huge 

volume change of Si. [15, 49] In particular, the binders containing large 

amounts of polar functional groups are usually soluble in water, and the 

aqueous binders have several advantages as follows. Since they use a cheap 

solvent, water, the process cost is low, and they are more eco-friendly than 
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binders using toxic organic solvents such as N-methyl-2-pyrrolidone (NMP). 

[50, 51] In addition, since water has a much lower boiling point than NMP, 

energy can be saved in the electrode manufacturing process. [52] One of the 

most important advantages of aqueous binders is that they are not swelled in 

liquid electrolytes such as carbonates, so it is easy to tolerate the volume 

change of Si particles during cell cycling. [45, 53] 

 

1.4 Motivation 

 

Based on the understanding of the current problems in lithium secondary 

batteries, especially lithium metal batteries and silicon anodes, and the 

required properties of polymeric materials in the battery system, we designed 

and synthesized cross-linked polymeric materials including anion-trapping 

solid polymer electrolytes and ion-conducting polyphosphazene-based 

binders (Figure 1.1). The structure-property relationships of the prepared 

cross-linked polymeric materials were investigated systematically and the 

electrochemical performance of the lithium metal batteries and silicon anode 

with the prepared polymeric materials was evaluated. 

Firstly, cross-linked solid polymer electrolytes (SPEs) with anion-trapping 

ability due to boron moieties were investigated. sp2 boron can trap anions 

through an empty p orbital, and a polymer cross-linker containing boron 

moieties was synthesized to utilize the anion-trapping ability of boron. 
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Polysiloxane is a very flexible polymer, and when used as a matrix of polymer 

electrolytes, it can improve ionic conductivity by increasing the chain 

mobility of the electrolyte. SPEs were prepared by thiol-ene click reaction of 

thiol in polysiloxane and double bonds in boron cross-linker and allyl PEG. 

The thermal and electrochemical properties of the SPEs according to the 

content of the boron cross-linker and the degree of crosslinking were 

investigated. The batteries with the prepared SPEs showed excellent cell 

performance due to the improved ion conductivity with the help of 

polysiloxane and the anion-trapping effect of boron moieties. 

Secondly, ion-conducting cross-linked Si anode binders based on 

polyphosphazene were prepared and their electrochemical properties were 

studied. Polyphosphazene is a macromolecule that has a flexible main chain 

and various organic side groups. To utilize polyphosphazene as the binder for 

the Si anode, polyphosphazene having two carboxylic acids per repeating was 

synthesized. In addition, in-situ cross-linked binders were prepared in the 

electrode drying process using PEG bisamine to provide additional ion 

conductivity and improve mechanical properties. Thermal, mechanical, and 

electrochemical properties were investigated according to the cross-linking 

density and PEG content. Si anodes with polyphosphazene-based cross-

linked binders exhibited excellent cell performance due to cross-linked 

structure and lithium ion conductivity. 
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Figure 1.1. Anion-trapping cross-linked solid polymer electrolytes for 

lithium metal battery and ion-conducting cross-linked polyphosphazene 

binder for Si anode. 
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Chapter 2 

 

Solid Polymer Electrolytes Based on Polysiloxane with Anion-Trapping 

Boron Moieties for All-Solid-State Lithium Metal Batteries  
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2.1 Introduction 

 

Along with ever-increasing demand for electric vehicles, portable devices, 

and energy storage system, the development of battery systems with high 

energy density, safety, and longer life span has received great attention [1-4]. 

Lithium metal batteries (LMBs) has been investigated extensively for several 

decades due to the advantages of lithium metal such as extremely high 

theoretical capacity (3860 mAh g–1), low density (0.58 g cm–3), and lowest 

negative electrochemical potential (–3.040 V vs. hydrogen standard electrode) 

[2, 5, 6]. However, the practical application of LMBs is hampered by several 

disadvantages of the lithium metal as an anode material [7] such as unstable 

solid electrolyte interface (SEI) layer [8, 9] and lithium dendrite formation [7, 

10]. The unstable SEI layer leads to the continuous electrolyte consumption 

and low Coulombic efficiency, resulting in poor long-term stability of LMBs 

[11]. The lithium dendrite formation, which is regarded as the main cause of 

the battery failure, results in the lithium metal penetration through separator, 

internal short-circuit of the battery, and finally thermal runaway [10]. 

During last several decades, various strategies such as adding electrolyte 

additives [12-18], forming artificial SEI layer [19-22], and using gel or solid 

electrolytes [23-30] have been suggested to suppress the formation and 

growth of lithium dendrites. In particular, solid polymer electrolytes (SPEs), 

which are composed of polymer matrix and lithium salts in the absence of any 
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liquid components, have advantages such as low flammability, flexibility, and 

dimensional stability [31]. SPEs based on poly(ethylene oxide) (PEO) have 

been extensively studied owing to Li+ solvating ability and ion-conducting 

nature of ethylene oxide units [32]. However, since PEO-based electrolytes 

suffer from the low ionic conductivity by crystalline structure of PEO, studies 

to improve ionic conductivity by suppressing the crystallization of PEO have 

been reported [33-36]. Although polymer electrolytes based on poly(ethylene 

glycol) (PEG), low molecular weight PEO, have been developed because 

PEG have lower crystallinity, they could not be used as SPEs due to the 

insufficient dimensional stability of PEG [37]. Therefore, various studies 

have reported PEG-based SPEs with high ionic conductivity and dimensional 

stability through tailoring polymer morphology [38-40], cross-linking 

polymer chains [24, 30], and adding inorganic fillers [28, 29, 41]. 

Although cross-linking the PEG-based polymer can increase the 

dimensional stability, it can decrease the mobility of the polymer chain [42]. 

Since polysiloxane has a low barrier energy against polymer backbone bond 

rotation (≈0.8 kJ mol–1), it can promote ion transport in the SPEs by the high 

chain mobility [26, 43, 44]. Thus, the combination of PEG and polysiloxane 

with cross-linked polymer structure has been suggested to minimize the 

decrease of the conductivity of PEG-based cross-linked SPEs [45, 46]. 

In conventional PEG-based SPEs, both lithium cations and counter anions 

migrate between cathodes and anodes during the battery cycling [47]. In 
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particular, the lithium ions move more slowly than the anions, because the 

lithium ions in the PEG matrix coordinate with the oxygen atoms in ethylene 

oxide units [48]. Lithium ion transference number ( 𝑡Li+  ) defined as the 

fraction of the current carried by lithium ions is widely used to comprehend 

this phenomena [49]. It is highly desirable to use an electrolyte having large 

𝑡Li+  value, because it not only reduces the concentration polarization, thereby 

lowering internal resistance of battery and improving cell performance [50], 

but also inhibits the formation and growth of lithium dendrites [51, 52]. 

Various strategies for increasing the 𝑡Li+  value of polymer electrolytes such 

as introducing Lewis acidic groups [53, 54], adding organic or inorganic 

fillers [55-60], and attaching anions to the polymer matrix [23, 61] have been 

suggested. Especially, the incorporation of ‘anion-trapping’ sp2 boron 

moieties in polymer electrolytes has been known to increase the 𝑡Li+  value 

by Lewis acid-base interaction between empty p orbital of boron and anions 

of lithium salts [41, 62-66]. 

In this study, the lithium ion conducting PEG-based SPE system with 

flexible hyperbranched polysiloxane structure and the anion-trapping boron 

containing cross-linker is prepared for high temperature all-solid-state LMB 

applications. Overall characteristics of the prepared SPEs with different 

cross-linking density and anion-trapping boron content including ionic 

conductivity and electrochemical properties are investigated. 

  



22 

2.2 Experimental 

 

Materials 

 

(3-Mercaptopropyl)trimethoxysilane and (3-

mercaptopropyl)methyldimethoxysilane were purchased from TCI 

Chemicals and used as received. Methoxytrimethylsilane, trimethyl borate, 

poly(ethylene glycol) methacrylate (PEGMA, average Mn = 360 g mol–1), 

poly(ethylene glycol) methyl ether (mPEG, average Mn = 350 g mol–1), 

trimethylolpropane ethoxylate triacrylate (TMPETA, average Mn = 912 g 

mol–1), allyl bromide, bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), 

and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were purchased from 

Aldrich and used as received. Acetonitrile (TCI) and toluene (Junsei) were 

dried over 4 Å molecular sieve prior to use. Tetrahydrofuran (THF) was 

distilled over sodium/benzophenone under a nitrogen atmosphere. Allyl PEG 

was synthesized as described in our previous study as follows [26]. mPEG 

and allyl bromide were reacted in the presence of sodium hydroxide with 

dried toluene at 45 °C. The residual solvent was removed by under reduced 

pressure and purified by extraction and allyl PEG was obtained by 90 % yield. 

All other reagents and solvents were obtained from reliable commercial 

sources and used as received. 
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Synthesis of branched polysiloxane with thiol side and 

trimethylsilyl end groups (BPTS) 

 

Branched polysiloxane with thiol side group was synthesized by acid-

catalyzed hydrolysis and condensation reaction following the previous 

procedure reported before [26]. 7.4 g of hydrochloric acid (36.5% aqueous 

solution, 71 mmol) was added into the mixture of solvents (12.8 g of ethanol 

and 2.9 g of distilled water) and then the mixture of monomers (2.7 g of (3-

mercaptopropyl)trimethoxysilane (14 mmol) and 2.5 g of (3-

mercaptopropyl)methyldimethoxysilane (14 mmol)) was added into the 

mixture of solvents. Then the solution was heated at 50 °C for 15 h under 

nitrogen atmosphere. After the polymerization, methoxytrimethylsilane (1 g, 

9.6mmol) was added to the solution at 0 °C and stirred for another 30 min at 

50 °C to obtain branched polysiloxane with thiol side and trimethylsilyl end 

groups (BPTS) (Figure 2.1.(a)). The reaction mixture was poured to distilled 

water several times for purification. After being dried under vacuum at room 

temperature for 24h, transparent and viscous oil was obtained by 60% yield. 

1H NMR [400 MHz, CDCl3, δ (ppm), TMS ref] of BPTS: 2.55 (q, 2H, –

CH2SH), 1.68 (q, 2H, –CH2–), 1.36 (t, 1H, –SH), 0.68 (t, 2H, –SiCH2–), 0.13 

(s, 3H, –SiCH3). The number-average molecular weight (Mn) was measured 

to 3,000 g mol–1 by GPC analysis (Figure 2.2). 
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Synthesis of boron-containing poly(ethylene glycol) cross-linker 

(BPC) 

 

Boron-containing poly(ethylene glycol) cross-linker (BPC) was synthesized 

as described in our previous study [62]. Trimethyl borate (0.3 g, 2.9 mmol), 

poly(ethylene glycol) methacrylate (PEGMA, 3.1 g, 8.7 mmol), and 

acetonitrile (31 mL) were placed in the 100 mL one-neck round-bottomed 

flask equipped with a magnetic stirring bar and heated at 50 °C for 3 h under 

nitrogen atmosphere (Figure 2.2.(b)). Then, the reaction temperature was 

raised to 70 °C and stirred for another 2 h while purging with nitrogen to 

eliminate methanol which is a byproduct. After being dried under vacuum at 

room temperature for 24 h, transparent and viscous oil was obtained by 85% 

yield. The degree of substitution could be calculated by the following eq (1); 

 Degree of substitution (%) = (𝐼𝐵−𝑂−𝐶𝐻2
/2)/(𝐼𝐶𝐻2=𝐶/2) × 100  (1) 

where 𝐼𝐵−𝑂−𝐶𝐻2
 and 𝐼𝐶𝐻2=𝐶 are the intensities of the each peak in 1H NMR 

spectrum. The degree of substitution was found to be 78%. 1H NMR [400 

MHz, CDCl3, δ (ppm), TMS ref] of BPC: 6.13 (s, 1H, vinyl), 5.58 (s, 1H, 

vinyl), 4.35–4.20 (m, C(O)–O–CH2), 4.05–3.88 (m, 2H, B–O–CH2), 3.57–

3.77 (m, CH2–CH2–O), 1.95 (s, 3H, CH3). 
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Preparation of cross-linked solid polymer electrolytes 

 

Cross-linked solid polymer electrolytes with boron cross-linker (CSPE-B#) 

were prepared by mixing BPTS, BPC, allyl PEG, and LiTFSI in different 

molar ratios shown in Table 2.1 followed by UV irradiation, where # is the 

mole percent of double bonds of BPC among the total double bonds in BPC 

and allyl PEG. For the preparation of CSPE-B60, BPTS (0.04 g, 0.325 mmol 

of thiol group), BPC (0.075 g, 0.075 mmol), allyl PEG (0.054 g, 0.130 mmol), 

LiTFSI (0.046 g, 0.150 mmol, [Li]/[EO unit] = 0.07), and DMPA (0.004 g, 

0.015 mmol) were dissolved in distilled THF (0.35 mL). Therefore, the molar 

ratio of BPTS, BPC, and allyl PEG is as shown in Table 2.1. 0.04 g of BPTS 

contains 0.325 mmol of thiol because the average molecular weight of the 

repeating units containing thiol in BPTS is 116.03 g mol-1. The details for the 

calculation of the average molecular weight are shown in the Figure 2.3. The 

solution was cast onto a glass plate (2.5 ⅹ 2.5 cm2) and the solvent was dried 

under vacuum at room temperature followed by vacuum drying at 60 °C for 

1 day. Subsequently, the glass plate was irradiated by a UV lamp (UVP B-

100AP/R, 100 Watt, 365 nm, Analytik Jena, USA) for 2 h. The resulting film 

was peeled off from the glass plate and dried under vacuum at 60 °C for 2 

days prior to further characterization. Other polymer electrolytes such as PE-

B0, CSPE-B20, CSPE-B40, CSPE-B50, CSPE-B80, and CSPE-B100 were 

prepared with the same procedure except the ratio of BPC and allyl PEG. 
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Boron-free cross-linked SPEs (CSPE-BFs) were also prepared from the same 

procedures used for preparation of CSPE-Bs except using TMPETA as the 

cross-linker (Table 2.1). The average thickness of the SPEs were in the range 

of 250–300 μm. 

 

Cell fabrication and electrochemical analysis 

 

Ionic conductivities of the prepared SPEs were measured by electrochemical 

impedance spectroscopy (EIS) in a temperature range of 10 to 130 °C using 

Zahner Zennium XC apparatus in the frequency range of 0.1 Hz to 1 MHz at 

an applied AC voltage of 10 mV. Two electrode cells were assembled by 

sandwiching SPE between two symmetric circular stainless electrodes. Each 

cell was allowed to equilibrate for 30 min at each temperature prior to 

measurement. The real part of the impedance at the minimum of the 

imaginary part was regarded as a resistance (R) to calculate the conductivity 

of the SPEs. The ionic conductivity (σ) was calculated using the following 

equation, σ = (1/R) × (d/A), where d is the thickness of SPE, and A is the 

area of electrode. Lithium ion transference number (𝑡Li+) was measured by 

Bruce-Vincent method using EIS and direct current (DC) polarization. 

Li/SPE/Li symmetric cell was fabricated and polarized by a constant DC 

voltage of 10 mV. The current was recorded until the current reached a steady 
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state. The initial and steady-state impedances of the cell were also measured 

by EIS. The 𝑡Li+  was calculated using following eq (2); 

𝑡Li+ =  
𝑖ss(𝑉−𝑖0𝑅0)

𝑖0(𝑉−𝑖ss𝑅ss)
      (2) 

where V is the constant DC voltage applied to the cell; 𝑖0 and 𝑖ss are the 

initial and steady-state currents; and 𝑅0 and 𝑅ss are the initial and steady-

state interfacial resistances, respectively. The electrochemical stability of the 

electrolyte was investigated by linear sweep voltammetry (LSV). The cell for 

LSV measurement was fabricated by sandwiching electrolyte between a 

stainless steel electrode (working electrode) and a lithium metal electrode 

(reference electrode) in a 2032 coin cell. The cell was swept in the potential 

range from 2.95 V to 7 V (vs. Li/Li+) at a scan rate of 1 mV s–1 at 60 °C. A 

galvanostatic charge-discharge test of all-solid-state lithium metal battery was 

performed with WBCS3000 battery cycler (WonATech) in a voltage range of 

2.0–4.0 V (vs. Li/Li+) at 60 °C. V2O5 was used as a cathode active material. 

A slurry composed of V2O5 (70 wt%), Super P (20 wt%), and PVDF binder 

(10 wt%) was dispersed in anhydrous N-methyl-2-pyrrolidone (NMP) and 

coated uniformly on an aluminum current collector using a doctor blade. The 

residual solvent was dried under 120 °C for 24 h. The V2O5 mass loading was 

2.0 mg cm–2. The cathode coated with corresponding SPE, lithium metal foil, 

and SPE were assembled together in a 2032 coin cell. All components were 

assembled in an argon-filled glove box (H2O<0.5 ppm, O2<0.5 ppm). 
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Characterization 

 

1H nuclear magnetic resonance (NMR) spectra were obtained using 

Ascend™ 400 spectrometer (300 MHz) with CDCl3 (Cambridge Isotope 

Laboratories) as a solvent with tetramethylsilane (TMS) as a reference. 

Molecular weights (Mn, Mw) and polydispersity index (PDI) were measured 

by gel permeation chromatography (GPC) apparatus equipped with Waters 

515 HPLC pump and three columns including PLgel 5.0 μm guard, MIXED-

C, and MIXED-D from Polymer Laboratories followed by a refractive index 

(RI) detector (Viscotek LR125 laser refractometer). The obtained data were 

calibrated using polystyrene standards and analyzed using the Omnisec 

software. HPLC grade THF (J. T. Baker) was used as an eluent at a flow rate 

of 1.0 mL min–1 at 35 °C. Thermal transition behaviors were analyzed by 

differential scanning calorimetry (DSC) using a TA Instruments DSC 25 

under a nitrogen atmosphere. Samples with a typical mass of 5–10 mg were 

encapsulated in sealed aluminum pans. The samples were first heated to 

120 °C and then quenched to –80 °C to initialize crystallization, followed by 

a second heating scan from –80 °C to 100 °C at a heating rate of 10 °C min–

1. Thermal stability was investigated by thermogravimetric analysis (TGA) 

using TA instruments TGA 55 under a nitrogen atmosphere. The samples were 

placed at 120 °C for 10 min to remove any residual solvent, and then heated 
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to 700 °C at a heating rate of 10 °C min–1. Fourier transform infrared (FT-IR) 

spectroscopy was performed on a Nicolet 6700 in the wavenumber range 

from 4000 to 600 cm–1 with a resolution of 4 cm–1. Field-emission scanning 

electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy 

(EDS) were performed on a Carl Zeiss SUPRA 55VP with an accelerating 

voltage of 10 kV. Storage modulus was measured by advanced rheometric 

expansion system (ARES) using Rheometric Scientific ARES with 1 rad s–1 

of frequency and 5 % strain from 30 °C to 180 °C at 3 °C min–1 ramp. X-ray 

photoelectron spectroscopy (XPS) measurements were performed on an 

AXIS-SUPRA XPS (Kratos Analytical, UK) using Mg Ka (1254.0 eV) as the 

radiation source. The lithium electrode samples were sealed in an Ar-filled 

chamber during the entire transfer process. 
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2.3 Results and Discussion 

 

Preparation of cross-linked solid polymer electrolytes with boron 

cross-linker (CSPE-Bs) 

 

Branched polysiloxane with thiol side and trimethylsilyl end groups (BPTS) 

was synthesized by acid-catalyzed hydrolysis and condensation reaction of 

thiol containing methyldimethoxysilane and trimethoxysilane, followed by 

end-capping reaction as shown in Figure 2.1.(a). The combination of 

methyldimethoxysilane and trimethoxysilane results in the polysiloxane with 

the hyperbranched structure. Methoxytrimethylsilane was added into the 

reaction mixture after the reaction to end-cap the hydroxyl groups at the chain 

ends to prevent the possible side reactions with lithium metal in the battery 

system [67]. The polysiloxane with hyperbranced structure is effective in 

improving the ionic conductivity of cross-linked SPE, because the 

polysiloxane backbone is very flexible due to its low barrier energy for the 

polymer backbone rotation [43] and the hyperbranched structure increases 

free volume of the polymer chain that can further increase the ionic 

conductivity of the polymer electrolytes [68]. In the 1H NMR spectrum of 

BPTS (Figure 2.4), the signal from 1.36 ppm is assigned to the protons in the 

thiol group and the signal from 0.13 ppm is assigned to methyl group bonded 

to silicon, while those at 2.55, 1.68, and 0.68 ppm are originated from propyl 
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side groups. 

Boron-containing poly(ethylene glycol) cross-linker (BPC) was synthesized 

from trimethylborate and poly(ethylene glycol) methacrylate (PEGMA) as 

shown in Figure 2.1.(b). The 1H NMR spectrum of BPC correctly represents 

the chemical structure of BPC (Figure 2.5) [62]. The proton peaks adjacent to 

hydroxyl group in PEGMA shift to the down field after the formation of BPC 

due to the electron-deficient nature of boron atom. Thus, the signal from 3.88–

4.05 ppm could be assigned to the protons of ethylene oxide unit adjacent to 

boron atom (B–O–CH2–). CSPE-Bs were prepared by UV irradiation of the 

mixtures of BPTS, BPC, allyl PEG, and LiTFSI (Figure 2.6). DMPA was 

added to initiate thiol-ene click reaction of thiol of BPTS and double bonds 

in BPC and allyl PEG and LiTFSI with a [Li+]/[EO unit] ratio of 0.07 was 

also included. Cross-linking density of CSPE-B# could be controlled by 

adjusting the molar ratio of BPC and allyl PEG (Table 2.1). The thiol-ene 

reaction was monitored by FT-IR spectroscopy to confirm thiol-ene reaction 

as shown in Figure 2.7.(a) and Figure 2.8. The complete consumption of thiol 

and double bonds could be confirmed by the disappearance of thiol peak at 

2560 cm–1 and C=C stretching peak at around 1640 cm–1 after 2 h of UV 

irradiation. CSPE-B50, CSPE-B60, CSPE-B80, and CSPE-B100 were 

obtained as flexible free-standing films with an average thickness of 250–300 

μm (Figure 2.7.(b)). CSPE-B20 and CSPE-B40 were not dimensionally stable 

because fully cross-linked structure was not obtained because only small 
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amount of cross-linker was used and PE-B0 was obtained in a wax state 

because no cross-linker was used. Nonporous and smooth surface of the 

prepared SPEs was observed in SEM images. For example, CSPE-B60 shows 

dense and smooth surface indicating that the components are homogeneously 

mixed without any phase-separation (Figure 2.9.(a)). It was also confirmed 

that each element is uniformly distributed through EDS analysis (Figure 

2.9.(b)–(d)). CSPE-BFs without the boron moiety was also prepared using the 

same procedure used for CSPE-Bs to explain the effect of BPC on the 

properties of SPE system (Figure 2.10). 

 

Characterization of the SPEs 

 

Thermal transition behavior of CSPE-Bs and PE-B0 was investigated by 

DSC (Figure 2.11.(a)). The Tg values of PE-B0 to CSPE-B100 increase from 

–61.9 °C to –38.4 °C. The Tg of CSPE-Bs are much lower than room 

temperature although they are cross-linked because of the high flexibility of 

polysiloxane backbone. We further studied the relationship between the 

lithium salt concentration and the Tg value in CSPE-B60 (Figure 2.11.(b)), 

because CSPE-B60 is the representative sample having relatively high ionic 

conductivity with large lithium transference number showing the best cell 

performance when it was used as the SPE as discussed in the later part of this 

paper. The Tg values increase with the increase of salt concentration indicating 
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that the lithium ions strongly coordinate with EO groups in CSPE-B60 

decreasing the chain mobility. For CSPE-BFs, Tg values also increase with 

the increase of the content of cross-linker, TMPETA (Table 2.1). 

The ionic conductivity of CSPE-B60 with different LiTFSI doping 

concentration was measured (Figure 2.11.(c)). The ionic conductivity of 

CSPE-B60 was obtained at a [Li+]/[EO unit] ratio of 0.07 and the values were 

2.1 × 10–5 S cm–1 and 1.3 × 10–4 S cm–1 at 30 °C and 60 °C, respectively. The 

ionic conductivity is proportional to the product of the number of charge 

carriers and the mobility of the charge carriers [24]. At the low salt 

concentration region ([Li+]/[EO unit] ≤ 0.07), the ionic conductivity increases 

as the number of charge carriers increases, while the ionic conductivity 

decreases due to the decrease of charge carrier mobility after the maximum 

point ([Li+]/[EO unit] = 0.07) [24]. Figure 2.11.(d) shows the ionic 

conductivities of CSPE-B50, CSPE-B60, CSPE-B80, and CSPE-B100 at 

various temperatures having the same lithium salt concentration of [Li+]/[EO 

unit] = 0.07. The ionic conductivity values of PE-B0, CSPE-B20, and CSPE-

B40 could not be measured in this study because we could not make the free-

standing films that can work as the SPE between the electrodes. Since we did 

not use any separator to make our all-solid-state batteries, PE-B0 having the 

wax state and dimensionally unstable CSPE-B20 and CSPE-B40 could not be 

used to make the cell to compare the ionic conductivity and cell performance. 

While CSPE-B50, CSPE-B60, CSPE-B80, and CSPE-B100 could be used to 
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make the cell and their ionic conductivity values decreased as the cross-

linking density increased (Table 2.1). It is well known that the increase of the 

cross-linking density in the SPE decreases the ionic conductivity [69, 70]. For 

the same reason, the ionic conductivity of CSPE-BFs decreases with the 

increase of the content of cross-linker, TMPETA, without any boron moiety. 

The thermal and electrochemical stability of polymer electrolytes were 

investigated (Table 2.1). The decomposition temperature for 1 wt% loss was 

measured by TGA analysis. The TGA curves of CSPE-Bs with PE-B0 and 

CSPE-BFs are shown in Figure 2.12.(a) and (b), respectively. The thermal 

stability of the prepared electrolytes increases as the content of the cross-

linker increases. The decomposition temperatures for 1 wt% loss of all the 

samples are higher than 190 °C and any weight loss was not observed until 

150 °C, suggesting that our SPEs are thermally stable at elevated temperature 

such as 60 °C due to the cross-linked structure. The decomposition voltage 

behavior of the samples was studied by linear sweep voltammetry (LSV) at 

60 °C with a scan rate of 1 mV s-1 using the cell fabricated by the CSPEs. The 

LSV curves of CSPE-Bs and CSPE-BFs are shown in Figure 2.13.(a) and (b), 

respectively. The abrupt increase of anodic current corresponding to 

electrochemical decomposition is observed at 4.85–5.24 V (vs. Li/Li+). 

Although there is some deviation, the increase of the cross-linker increases 

the decomposition voltage because the cross-linked structure can hinder the 

decomposition of segments [71]. Still, it is clear that CSPEs are 
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electrochemically stable in the operating voltage of V2O5 cathode as well as 

high-voltage cathode materials. 

The lithium ion transference number (𝑡Li+  ) of polymer electrolytes was 

measured by Bruce-Vincent method using DC polarization and AC 

impedance results of Li/electrolytes/Li symmetric cell (Figure 2.14). Table 

2.1 and Figure 2.15 shows the 𝑡Li+  values of PE-B0, CSPE-Bs, and CSPE-

BFs with various cross-linking density. The 𝑡Li+  values of boron-containing 

CSPE-Bs are larger than those of CSPE-BFs because Lewis acidic boron 

moieties from BPC can trap TFSI anions. The increase in the BPC content in 

CSPE-Bs increases the 𝑡Li+  values due to increased anion-trapping ability 

by boron atom in the electrolyte. Slight increase of 𝑡Li+  value in CSPE-BFs 

could be observed with the increase of the cross-linker content, although the 

trend is not very clear. It was reported that the cross-linking can increase the 

𝑡Li+  value because the dense cross-linked structure can decrease the mobility 

of relatively large anions [72]. Therefore it is also possible that the increase 

of the 𝑡Li+ value of CSPE-Bs with the increase of the cross-linker content is 

affected by the cross-linking density for some degree. Because the higher salt 

concentration of the electrolyte restricts the movement of large anions, the 

𝑡Li+  value of PE-B0, which does not contain a cross-linker but has a higher 

salt concentration, is higher than those of CSPE-BFs. The ionic conductivity 

and the 𝑡Li+  value can be affected by the chain lengths of PEG in the SPEs. 

For example, as the chain length of the PEG constituting the SPE increases, 
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the crosslinking density decreases, and as a result, the ionic conductivity 

increases. For the SPE containing anion-trapping moieties, as the length of 

the PEG increases, the anion-trapping effect decreases and the 𝑡Li+   value 

decreases. To investigate the effect of PEG chain length on the ionic 

conductivity and the 𝑡Li+  value, the CSPEs with shorter and longer PEG 

chain length were prepared and their ion conductivity and the 𝑡Li+ values 

were measured (Figure 2.16 and Figure 2.17). 

 

Cell Performance 

 

Galvanostatic charge-discharge tests of all-solid-state V2O5/SPE/Li 

batteries were performed at 60 °C to evaluate the cycle stability and 

performance for high temperature application (Figure 2.18.(a)). To observe 

the effect of anion-trapping property on the cell performance, CSPE-B50 and 

CSPE-B60 having the highest ionic conductivity among CSPE-Bs, and 

CSPE-BF40 having the ionic conductivity close to that of CSPE-B50 and 

CSPE-B60, were used as the SPE for the cell test (Figure 2.20). Due to 

sufficient dimensional stability of the SPEs, the separator was not used for the 

cell fabrication. To create ion conductive pathway in the cathode and decrease 

the interfacial resistance between cathode and SPE, the SPE precursor 

solution was cast on each cathodes and exposed to UV. Since the ionic 

conductivity of the SPEs at room temperature is not high enough for the cell 
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test, the test was conducted with a low current density of 0.1 C at 60 °C, like 

other SPE system [24, 26, 28-30, 41, 68, 73]. It might be possible that the 

addition of inorganic fillers or organic plasticizer can increase the ionic 

conductivity of the SPEs as reported before [74-77] and such study is 

currently conducted in our group. Cells with CSPE-B50 and CSPE-B60 show 

higher discharge capacity values than the cell with CSPE-BF40 during 50 

cycles. Although CSPE-BF40 shows comparable ionic conductivity to CSPE-

B50 and CSPE-B60, the cell with CSPE-BF40 exhibits poorer cell 

performance due to the smaller 𝑡Li+  value by the concentration polarization 

[78]. The cell with CSPE-B60 shows higher discharge capacity values than 

the cell with CSPE-B50 during 50 cycles. Furthermore, the cell with CSPE-

B60 shows remarkable capacity retention (80%) and Coulombic efficiency 

(>99%) even though the ionic conductivity value of CSPE-B60 is smaller 

than that of CSPE-B50. This result could be ascribed to: (1) the larger lithium 

ion transference number of CSPE-B60 by the reduced concentration 

polarization, (2) the larger storage modulus value of CSPE-B60 (≈ 0.1 MPa) 

that can effectively suppress lithium dendrite growth (Figure 2.21) [79]. 

Furthermore, the cell with CSPE-B60 shows higher discharge capacity values 

than that with PP separator and liquid electrolyte (1M LiPF6 EC/DMC, 1:1 

v/v) (Figure 2.22) because the liquid electrolyte system cannot suppress 

lithium dendrite growth. The charge−discharge profiles at different rates of 

the cell with CSPE-B60 showed reversible discharge capacity of 289 mAh g-
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1 at 0.1C, 197 mAh g-1 at 0.2C, and 108 mAh g-1 at 0.5C (Figure 2.23). 

Plateaus due to the electrochemical lithiation were observed, and the 

discharge plateau moves to a lower potential at high current density due to the 

limited lithium ion diffusion. Surface morphologies of the lithium metal 

anode after 50 cycles are shown in Figure 2.18.(b). A rough and mossy surface 

of lithium metal with a lot of dendrites is observed in the cell with CSPE-

BF40, whereas the lithium metal anodes of the cell with CSPE-B50 and 

CSPE-B60 show much smoother surface without any noticeable dendrites, 

demonstrating that the CSPE-B50 and CSPE-B60 suppressed the dendrite 

growth more effectively than CSPE-BF40. It could be attributed to the 

reduced concentration polarization in the cells with CSPE-B50 and CSPE-

B60 which have larger 𝑡Li+  values than CSPE-BF40 [51, 52, 80-82]. 

Furthermore, lithium metal with CSPE-B60 shows much smoother surface 

compared to that with CSPE-B50 because CSPE-B60 has larger lithium 

transference number and mechanical strength, resulting in better cycling 

performance than CSPE-B50. X-ray photoelectron spectroscopy (XPS) 

analysis on the lithium metal surfaces of the V2O5/CSPE/Li cells with CSPE-

B60 and CSPE-BF40 after cycling for 50 cycles at 60 °C with a rate of 0.1 C 

was performed. Figure 2.18.(c) and (d) show the XPS spectra of N 1s and F 

1s, and Figure 2.24 shows those of C 1s, O 1s, and S 2p. For the N 1s spectra, 

the cells with CSPE-B60 and CSPE-BF40 show two peaks corresponding to 

TFSI (399 eV) and Li3N (397 eV). Li3N is the product of the decomposition 
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of TFSI anion [83]. The relative intensity of Li3N peak in cell with CSPE-

BF40 is much stronger than that in the cells with CSPE-B60, indicating that 

LiTFSI is more decomposed in the cell with CSPE-BF40. Since LiF is also 

produced by the decomposition of LiTFSI [84], the F 1s spectra of the anodes 

can also show the decomposition behavior. The peak intensity of LiF peak in 

the cell with CSPE-BF40 is stronger than that in the cell with CSPE-B60 in 

the spectra. In the cell with CSPE-B60 containing anion-trapping boron 

moieties, the anionic TFSI can be trapped resulting in the decrease of 

concentration polarization of TFSI anions. The reduced local TFSI anion 

concentration can lower TFSI decomposition on the lithium metal surface. 

These XPS results are consistent with the result that the lithium transference 

number of CSPE-B60 is larger than that of CSPE-BF40. Therefore, the anion-

trapping effect of the boron moieties in CSPE-B60 can decrease the 

concentration polarization and lithium dendrite growth. 

  



40 

2.4 Conclusion 

In this study, SPEs containing flexible hyperbranced polysiloxane, anion-

trapping boron cross-linker, and ion-conductive PEG moieties were prepared 

for all-solid-state lithium metal battery applications. For the preparation of 

dimensionally stable cross-linked SPEs, thiol groups in branched 

polysiloxane (BPTS), double bonds in anion-trapping boron cross-linker 

(BPC), and double bonds in allyl PEG were reacted via thiol-ene click 

reaction under UV irradiation. The ionic conductivity of 2.2 × 10–4 S cm–1 

was obtained from CSPE-B50 at 60 °C and slightly lower ionic conductivity 

of 1.3 × 10–4 S cm–1 was obtained from CSPE-B60 at same temperature, 

where CSPE-B50 and CSPE-B60 have 50 and 60 mole percent of double 

bonds of BPC, respectively, among the total double bonds in BPC and allyl 

PEG. CSPE-B50 and CSPE-B60 showed lithium ion transference numbers 

(𝑡Li+) of 0.32 and 0.35, respectively, of which are higher than that of CSPE-

BF40 (0.15), because they have the anion-trapping boron moieties. 

Furthermore, CSPE-B60 exhibited excellent thermal stability up to 200 °C 

and electrochemical stability up to 5.00 V. Since CSPE-B60 have relatively 

large 𝑡Li+  value and physical stability, the cell with CSPE-B60 showed 

excellent cycle stability during 50 cycles at elevated temperature. We believe 

that our results provide insight into the incorporation of anion-trapping 

moieties to the cross-linked SPEs in advanced all-solid-state lithium metal 

battery applications. 
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Table 2.1. Sample composition and properties of CSPE-Bsa and CSPE-BFsa. 

 

a 10 wt% of DMPA added compared to BPTS. 

b the molar amount of thiol in BPTS was calculated using the average 

molecular weight of the repeating units containing thiol. 

c Decomposition temperature for 1 wt% loss. 

d At 60 °C. 

e Decomposition voltage at 60 °C. 

f PE-B0 is polymer electrolyte without cross-linker. 

g BPC is the cross-linker. 

h TMPETA is the cross-linker. 
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Figure 2.1. The synthetic scheme of (a) BPTS and (b) BPC. 
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Figure 2.2. GPC profile of BPTS. 
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Figure 2.3. Repeating units and end group of BPTS. 

 

▶ Calculation of average molecular weight of the repeating units containing 

thiol in BPTS (𝑀𝑎𝑣𝑔) 

 

The average molecular weight of the repeating units containing thiol in BPTS 

(𝑀𝑎𝑣𝑔) can be calculated using the following equation; 

𝑀𝑎𝑣𝑔 = 𝑤𝐴𝑀𝐴 + 𝑤𝐵𝑀𝐵 

where 𝑀𝐴  is the molecular weight of repeating unit A [–

Si(CH2CH2CH2SH)–O–] (119.2 g mol-1), 𝑀𝐵  is the molecular weight of 

repeating unit B [–Si(CH2CH2CH2SH)CH3–O–] (134.3 g mol-1), 𝑀𝐶 is the 
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molecular weight of end group C [–Si((CH3O)3)] (73.2 g mol-1) (Figure 2.3). 

𝑤𝐴 and 𝑤𝐵 are the weight fractions of repeating unit A and B, respectively. 

The weight fraction of each repeating unit can be obtained through the 

following equation; 

𝑤𝐴 =
𝑦𝐴𝑀𝐴

𝑦𝐴𝑀𝐴 + 𝑦𝐵𝑀𝐵 + 𝑦𝐶𝑀𝐶
, 𝑤𝐵 =

𝑦𝐵𝑀𝐵

𝑦𝐴𝑀𝐴 + 𝑦𝐵𝑀𝐵 + 𝑦𝐶𝑀𝐶
 

where, 𝑦𝐴 , 𝑦𝐵 , and 𝑦𝐶  are molar ratios of repeating unit A, B, and end 

group C, respectively. Since equimolar amount of trimethoxysilane and 

dimethoxymethylsilane was used for the polymerization, unit A and unit B 

have the same molar amount, and 𝑦𝐶  can be obtained by the following 

equation 

𝑦𝐶 =
𝐼𝑎 − 𝐼𝐶𝐻3,𝐵

𝑛𝐻,𝐶
 

where 𝐼𝑎 is an integral value of peak a from CH3 in the 1H NMR spectrum 

of BPTS, 𝐼𝐶𝐻3,𝐵  is an integral value of CH3 in unit B, and 𝑛𝐻,𝐶  is the 

number of hydrogen atoms in end group C. Therefore, 𝑀𝑎𝑣𝑔 can be obtained 

by the following equation. 

𝑀𝑎𝑣𝑔 =  
𝑀𝐴

𝑀𝐴 + 𝑀𝐵 + (
𝐼𝑎 − 𝐼𝐶𝐻3,𝐵

𝑛𝐻,𝐶
) × 𝑀𝐶

× 𝑀𝐴

+
𝑀𝐵

𝑀𝐴 + 𝑀𝐵 + (
𝐼𝑎 − 𝐼𝐶𝐻3,𝐵

𝑛𝐻,𝐶
) × 𝑀𝐶

× 𝑀𝐵 

Therefore, 𝑀𝑎𝑣𝑔 value in this study can be obtained using the integral values 
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obtained from the 1H NMR spectrum of BPTS (Figure 2.4). For example, if 

𝑦𝐴 and 𝑦𝐵 are 1, respectively, and the integral value of the b peak in the 

NMR spectrum is 4, then the 𝐼𝐶𝐻3,𝐵 value is 3. Since 𝑛𝐻,𝐶 is 9 and 𝐼𝑎 value 

is 6 in the 1H NMR spectrum, the 𝑀𝑎𝑣𝑔 is 116.03 g mol-1. 
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Figure 2.4. 1H NMR spectrum of BPTS. 
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Figure 2.5. 1H NMR spectra of BPC and PEGMA. 
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Figure 2.6. Preparation of solid polymer electrolytes based on hyperbranched 

polysiloxane (BPTS) and anion-trapping boron cross-linker (BPC). 
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Figure 2.7. FT-IR spectra of CSPE-Bs and PE-B0 in the range of 2750–1600 

cm-1, (b) photograph of free-standing CSPE-B60. 
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Figure 2.8. FT-IR spectra of BPTS, BPC, allyl PEG, and CSPE-B60 in the 

range of 2650–1600 cm-1. 
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Figure 2.9. SEM and EDS images of CSPE-B60. 
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Figure 2.10. Preparation of CSPE-BFs. 
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Figure 2.11. (a) DSC thermograms of CSPE-Bs and PE-B0 ([Li+]/[EO unit] 

= 0.07). (b) Glass transition temperatures of CSPE-B60 with various lithium 

salt concentrations. (c) Ionic conductivities of CSPE-B60 with various 

lithium salt concentrations at 30 °C and 60 °C. (d) Ionic conductivities of 

CSPE-Bs at various temperatures ([Li+]/[EO unit] = 0.07). 
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Figure 2.12. TGA curves of (a) CSPE-Bs with PE-B0 and (b) CSPE-BFs. 
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Figure 2.13. Linear sweep voltammogram of (a) CSPE-Bs and (b) CSPE-BFs 

at 60 °C with a scan rate of 1 mV s-1. 
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Figure 2.14. Chronoamperometric curves of (a) Li/CSPE-B50/Li cell, (b) 

Li/CSPE-B60/Li cell, and (c) Li/CSPE-BF40/Li cell (inset: corresponding 

electrochemical impedance spectra before and after polarization) 
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Figure 2.15. 𝑡Li+ of polymer electrolytes at 60 °C. 
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Figure 2.16. Components of CSPEs with different PEG chain length. 

 

▶ Investigation of the effect of PEG chain length on the ionic conductivity 

and the 𝑡Li+  values in the SPEs 

 

SPEs with the boron-containing cross-linker having longer oligo(ethylene 

oxide) (CSPE-B50L and CSPE-B60L) were synthesized using the same molar 

ratios that used for CSPE-B50 and CSPE-B60, respectively. SPEs with 

shorter oligo(ethylene oxide) without any boron moiety (CSPE-BF40S) were 

also synthesized from the same manner used for the synthesis of CSPE-BF40. 

The ionic conductivity values of CSPE-B50L and CSPE-B60L were found to 

be larger than those of CSPE-B50 and CSPE-B60, respectively, and the ionic 

conductivity values of CSPE-BF40S were smaller than those of CSPE-BF40 
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(Figure 2.17.(a)). The 𝑡Li+  values of CSPE-B50L and CSPE-B60L were 

smaller than those of CSPE-B50 and CSPE-B60 (Figure 2.17.(b)). The 𝑡Li+ 

value of CSPE-BF40S was larger than that of CSPE-BF40 because the 

densely cross-linked structure can decrease the mobility of relatively large 

anions, as we mentioned in manuscript. Therefore, the PEG lengths of BPC 

and allyl PEG were determined based on the previous results. 
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Figure 2.17. (a) Ionic conductivities of CSPEs with different PEG chain 

length at various temperatures. (b) 𝑡Li+  values of CSPEs with different PEG 

chain length at 60 °C. 
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Figure 2.18. (a) Specific discharge capacity and Coulombic efficiency of the 

V2O5/CSPE/Li cells cycled at 60 °C with a rate of 0.1 C. (b) Surface SEM 
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images of bare lithium metal before cycling and those of the cells with CSPE-

BF40, CSPE-B50, and CSPE-B60, respectively, after 50 cycles. XPS spectra 

of (c) N 1s and (d) F 1s from the lithium metal anode of the V2O5/CSPE/Li 

cells with CSPE-B60 and CSPE-BF40 after cycling for 50 cycles at 60 °C 

with a rate of 0.1 C. 

 

 
 

Figure 2.19. Nyquist plot of V2O5/CSPE-B60/Li cell at 60 °C. 
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Figure 2.20. Ionic conductivities of CSPE-BF40, CSPE-B50, and CSPE-B60 

at various temperatures ([Li+]/[EO unit] = 0.07). 
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Figure 2.21. Storage modulus profiles of CSPE-B50 and CSPE-B60. 
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Figure 2.22. Specific discharge capacity of the V2O5/PP separator-LE/Li cells 

cycled at 60 °C with a rate of 0.1 C. (LE: 1M LiPF6 EC/DMC, 1:1 v/v) 
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Figure 2.23. Charge-discharge profiles of V2O5/CSPE-B60/Li cell cycled at 

60 °C with various rates. 
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Figure 2.24. XPS spectra of (a) C 1s, (b) O 1s, and (c) S 2p from the lithium 

metal anode of the V2O5/CSPE/Li cells with CSPE-B60 and CSPE-BF40 after 

cycling for 50 cycles at 60 °C with a rate of 0.1 C. 
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Chapter 3 

 

Ion-Conducting Cross-linked Polyphosphazene Binders for High-

Performance Silicon Anodes in Lithium-Ion Batteries  
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3.1 Introduction 

 

With increasing development of electric vehicles, portable devices, and 

energy storage systems, considerable attention is being paid to improving the 

energy density of lithium-ion batteries (LIBs). [1-3] Graphite-based materials 

are the most commonly used materials for anodes in commercial LIBs; 

however, improvement of their energy density is limited owing to their 

relatively low theoretical capacities (e.g., capacity = 372 mAh g–1 based on 

LiC6). [4] Silicon has been regarded as a promising anode material owing to 

its high theoretical capacity (4,200 mAh g–1), low discharge potential (~0.3 V 

vs. Li/Li+), and natural abundance. [5-7] However, Si undergoes a significant 

volume change of up to 300 % during charging/discharging, which causes 

degradation of the electrode structure and formation of a thick solid–

electrolyte interface (SEI) layer, which is critical disadvantage for the 

practical application of Si anodes. [8, 9] One of the main strategies to mitigate 

the volume change of Si is adopting nanostructured Si as the anode material, 

such as yolk–shell nanoparticles, [10, 11] nanowires, [12, 13] and nanoporous 

structures. [14, 15] However, although nanostructured Si anodes have been 

known to reduce Si volume expansion to some extent, the commercialization 

of these materials is challenging because of high production cost and the 

difficulty of scaling-up the fabrication process. [16] 

Another promising approach to overcoming the volume expansion problem 
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of Si and maintaining the structural integrity of the Si anode is the use of 

polymeric binders that have functional groups such as hydroxyl and/or 

carboxylic acid groups, which can interact with silanol groups (Si–OH) on 

the Si particles via hydrogen bonding. [4, 17, 18] Poly(vinylidene fluoride) 

(PVDF) is the most commonly used material for LIB binders; however, when 

it is used in binders for Si anodes, the interface between the polymer and the 

Si surface is easily disrupted during the charging/discharging, which, 

accompanied by the volume change of Si, results in the severe degradation of 

battery performance. [19, 20] However, when poly(acrylic acid) (PAA), [21] 

carboxymethyl cellulose (CMC), [22] and polysaccharides, [23-25] which 

contain hydrogen bonding functional groups, are used as the binder, their 

interaction with the surface of the Si particles is improved, which helps 

maintain the structural integrity of the electrode. Polymeric binders with 

cross-linked structures have also been known to improve the performance of 

batteries with Si anodes because of the enhanced mechanical strength and 

adhesion strength imparted by the structure, which can help preserve the 

structural integrity of the Si anode. [22, 26, 27] Binders with ion-conducting 

moieties, including ethylene oxide, can also improve the performance of the 

Si anode by promoting the transport of lithium ions between the Si particle 

surface and the binder. [18, 28, 29]  

Polyphosphazenes are inorganic polymers that comprise a backbone of 

alternating phosphorus and nitrogen atoms, and two organic side groups 
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attached to each phosphorus atom. [30] The inorganic phosphorus–nitrogen 

backbone imparts polyphosphazenes with excellent thermal stability, while 

the backbone structure simultaneously has very high chain flexibility owing 

to the low barrier energy to torsion (0.1–0.5 kcal/repeating unit). [31, 32] In 

addition, as two organic side groups can be introduced per phosphazene 

repeat unit via chlorine substitution, polyphosphazenes with diverse physical 

and chemical characteristics have been prepared and used in various 

applications, including in the fields of engineering and biomedicine. [33-35] 

Polyphosphazenes with different structures have also been used as polymeric 

materials in lithium secondary batteries, including as polymer electrolytes, 

[36, 37] electrode materials, [38, 39] and interlayers for Li−S batteries. [40] 

In this study, polyphosphazene-based binders with hydrogen-bonded 

carboxylic acids and ion-conducting PEG groups were prepared for the first 

time for use as binder materials in Si anode-based lithium-ion batteries. We 

believed that the cross-linked structure of the binders and the hydrogen bonds 

between polyphosphazene and the Si surface could maintain the structural 

integrity of the electrode and reduce structural damage during battery cycles. 

The overall characteristics of the prepared binders with different cross-linking 

densities, including the thermal, mechanical, and electrochemical properties, 

were investigated. We found that the presence of carboxylic acid groups in 

the binder was beneficial for maintaining the structural integrity of the 

electrode, and that PEG moieties promoted lithium-ion conduction in the 
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electrode, resulting in better Si anodic performance (Figure 3.1). 
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3.2 Experimental 

 

Materials 

Hexachlorocyclotriphosphazene (HCCP) was purchased from Shandong 

Look Chemical (China) and used after vacuum sublimation at 60 °C. 

Poly(dichlorophosphazene) (PDCP) was synthesized via thermal ring-

opening polymerization of HCCP with a catalyst (sulfamic acid) and a 

promoter (CaSO4∙2H2O) according to a previously reported method; [41] the 

prepared PDCP was used after dissolving in dry 1,4-dioxane. 1,2,4-

trichlorobenzene (Merck), ammonium hydroxide solution (NH4OH; 28.0 

wt%, Merck), poly(acrylic acid) (PAA; average Mv = 450,000 g mol–1; Merck), 

Super P (Alfa Aesar), silicon powder (average particle size = ~100 nm), and 

poly(ethylene glycol) bisamine (PEG-NH3, Mn = 1,000; Alfa Aesar) were 

used as received. Sulfamic acid (Merck) and CaSO4·2H2O (Merck) were 

stored under vacuum before use. Ethyl 4-hydroxybenzoate (Merck) was 

dissolved in 1,4-dioxane and dried over a 3 Å molecular sieve prior to use. 

Sodium hydride (Merck) and potassium tert-butoxide (Alfa Aesar) were 

stored in an argon-filled glove box (H2O < 0.5 ppm, O2 < 0.5 ppm). 

Tetrahydrofuran (THF) was distilled over sodium/benzophenone under a 

nitrogen atmosphere. 1,4-Dioxane (Daejung) was dried over a 3 Å molecular 
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sieve prior to use. All other reagents and solvents were obtained from reliable 

commercial sources and used as received. 

 

Synthesis of poly[bis(4-(ethoxycarbonyl)phenoxy)phosphazene] 

(PEPP) 

 

Poly[bis(4-(ethoxycarbonyl)phenoxy)phosphazene] (PEPP) was 

synthesized via the substitution of chlorine atoms in PDCP with ethyl 4-

hydroxybenzoate sodium salt. [42] Ethyl 4-hydroxybenzoate sodium salt was 

prepared by mixing sodium hydride (4.1 g, 0.1 mol) and ethyl 4-

hydroxybenzoate (20.6 g, 0.12 mol) in dry dioxane (50.0 mL) at 0 °C. To this 

solution, PDCP (3.0 g) in dioxane (200.0 mL) was added dropwise for 30 min 

and stirred under reflux conditions for 48 h. The resulting reaction mixture 

was precipitated into the distilled water and further purified by reprecipitating 

from the THF into hexane and methanol. Upon drying under vacuum at 25 °C 

for 24 h, a white-colored polymer was obtained in 76% yield. 1H NMR [400 

MHz, CDCl3, δ (ppm), TMS ref] of PEPP: 7.43 (d, 2H, aromatic), 6.59 (d, 

2H, aromatic), 4.22 (q, 2H, –CH2–), 1.28 (t, 3H, –CH3). 
31P NMR [600 MHz, 

CDCl3, δ (ppm)] of PEPP: –20.4 (s, –P=N–). The number-average molecular 

weight (Mn) and weight-average molecular weight (Mw) values (5.21 × 105 

and 1.73 × 106 g mol−1, respectively) were determined by GPC analysis 

(Figure 3.2). 
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Synthesis of poly[bis(4-carboxyphenoxy)phosphazene] (PCPP) 

 

Poly[bis(4-carboxyphenoxy)phosphazene] (PCPP) was synthesized by the 

ester hydrolysis of the ethoxycarbonyl group in PEPP. [42] In detail, 1.0 g of 

PEPP (2.7 mmol) in THF (20.0 mL) was added slowly to a flask containing 

8.1 g of potassium tert-butoxide (72.0 mmol) in distilled THF (100.0 mL) at 

0 °C under a nitrogen atmosphere for 5 min, following which the mixture was 

stirred for 40 h at 30 °C. After the reaction, the solvent was evaporated using 

a rotary evaporator. Then, 100 mL of deionized water was added to the 

reaction mixture in an ice bath. The solution was dialyzed against deionized 

water using a regenerated cellulose tube (MWCO = 3,500). After dialysis for 

48 h, the polymer was isolated by acidification of the solution with 

hydrochloric acid. After being centrifuged and dried under vacuum at 25 °C 

for 24 h, a beige-colored polymer was obtained in 94 % yield. 1H NMR [400 

MHz, DMSO-d6, δ (ppm)] of PCPP: 7.42 (s, 2H, aromatic), 6.64 (s, 2H, 

aromatic). 31P NMR [600 MHz, DMSO-d6, δ (ppm)] of PCPP: -20.8 (s, –

P=N–). The molecular weight of PCPP could not be obtained because of the 

interaction between the carboxylic acid groups and the GPC column. [43] 

However, because the phosphazene backbone did not decompose in the 

reaction under basic conditions, the molecular weight of the backbone will be 

similar to that of PEPP. [44] 
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Preparation of aqueous binder solutions using PCPP and PEG-NH3 

 

PCPP is insoluble in water despite the presence of carboxylic acids because 

of the hydrophobicity of the benzene group. [45] Therefore, a 10.0 wt% 

aqueous solution of PCPP-NH3 (Figure 3.3) was first prepared by mixing 0.16 

g of PCPP (0.5 mmol) with 64 mg of NH4OH solution (containing 1.1 mmol 

of NH3) in 1.56 g of deionized water. A 10.0 wt% of PEG-NH3 aqueous 

solution was also prepared by mixing 20 mg of PEG-NH3 (0.02 mmol) with 

0.18 g of deionized water. The two aqueous solutions were mixed at different 

weight ratios of PEG-NH3 to PCPP-NH3 between 2.5 wt% and 10.0 wt% 

(Table 3.1, Figure. 3.3) to produce PCG-Xs, where X indicates the wt% of 

PEG-NH3 to PCPP-NH3. For example, when 0.4 g of the PCPP-NH3 solution 

and 0.03 g of the PEG-NH3 solution are mixed, it is referred to as PCG-7.5. 

Lastly, the control binder PAA was dissolved in deionized water at 10.0 wt%. 

 

Cell fabrication and electrochemical analysis 

 

Ionic conductivities of the PCG-X binders were measured by electrochemical 

impedance spectroscopy (EIS) using the Zahner Elektrik IM6 apparatus in a 

frequency range of 0.1 mHz–1.0 MHz with an applied alternating current (AC) 
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voltage of 10.0 mV. Symmetric cells for the measurement were prepared by 

sandwiching the PCG-Xs between two stainless-steel electrodes with a liquid 

electrolyte to form 2032 coin cells. For electrochemical characterization, the 

Si particles to be used as the anode active material were dispersed in deionized 

water with Super P and a binder at a weight ratio of 6:2:2, respectively. The 

dispersed slurry was coated uniformly on a copper current collector using a 

doctor blade and dried at 80 °C for 24 h. To form a covalently cross-linked 

structure in the binder (PCG-X), the prepared electrodes were further dried at 

130 °C under vacuum for 8 h. The loading amount of Si was 0.8–1.0 mg cm–

2 in all samples. The prepared anode, separator (Celgard 2400), and Li foil 

were assembled in a 2032 coin cell using a liquid electrolyte containing 1.0 

M lithium hexafluorophosphate (LiPF6) in EC:DEC (1:1 v/v) with 10 vol% 

FEC. All the components were assembled in an argon-filled glove box (H2O 

< 0.5 ppm, O2 < 0.5 ppm). Cyclic voltammetry (CV) tests were performed 

using a WBSC3000 battery cycler (WonATech) with a cutoff voltage of 0.01–

1.5 V (vs. Li/Li+) at 25 °C with different scan rates. The lithium-ion diffusion 

ability of each anode was measured using the Randles-Sevcik equation [29, 

46] 

𝐼𝑝 = 2.69 × 105𝑛1.5𝐴𝐷𝐿𝑖+
0.5 𝑣0.5𝐶𝐿𝑖+ 

where 𝐼𝑝 is the peak current, 𝑛 is the number of electrons in the reaction, 

𝐴 is the area of the electrode, 𝐷𝐿𝑖+  is the lithium ion diffusion coefficient, 

𝑣 is the scan rate, and 𝐶𝐿𝑖+  is the lithium-ion concentration in the electrolyte. 
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Galvanostatic charge–discharge testing of the coin-type half-cells was 

performed using the WBCS3000 battery cycler in a voltage range of 0.01–1.5 

V (vs. Li/Li+) at 25 °C. 

 

Characterization 

 

1H and 31P nuclear magnetic resonance (NMR) spectra were obtained using 

JNM – ECX400 (400 MHz, JEOL) and AVANCE 600 (600 MHz, Bruker), 

respectively, with CDCl3 and DMSO-d6 (Cambridge Isotope Laboratories) as 

solvents. Molecular weights (Mn, Mw) and polydispersity index (PDI) were 

measured by gel permeation chromatography (GPC) apparatus equipped with 

quaternary pump and three columns including KF-806L, KD-806M, and GF-

7M followed by a refractive index (RI) detector. The obtained data were 

calibrated using polystyrene standards. HPLC grade THF (Fischer) was used 

as an eluent at a flow rate of 1.0 mL min–1 at 35 °C. Thermal transition 

behaviors were analyzed by differential scanning calorimetry (DSC) using a 

DSC 25 (TA Instruments) under a nitrogen atmosphere. Samples with a 

typical mass of 5–10 mg were encapsulated in sealed aluminum pans. The 

samples were first heated to 200 °C and then cooled to –50 °C to initialize 

crystallization, followed by a second heating scan from –50 °C to 200 °C at a 

heating rate of 10 °C min–1. Thermal stability was investigated by 

thermogravimetric analysis (TGA) using TGA 55 (TA instruments) under a 
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nitrogen atmosphere. The samples were placed at 120 °C for 10 min to 

remove any residual solvent, and then heated to 700 °C at a heating rate of 

10 °C min–1. Fourier transform infrared (FT-IR) spectroscopy was performed 

on an ALPHA II (Bruker) in the wavenumber range from 4000 to 400 cm–1 

with a resolution of 2 cm–1. X-ray photoelectron spectroscopy (XPS) 

measurements were performed on an AXIS-SUPRA XPS (Kratos Analytical) 

using Mg Ka (1254.0 eV) as the radiation source. Nano-indentation test was 

conducted for slide glass cast binder samples using a TI-950 (Bruker). The 

surface morphology of electrode samples was observed by field-emission 

scanning electron microscopy (FE-SEM, AURIGA, Carl Zeiss) with an 

accelerating voltage of 10 kV. The thickness of each electrode was measured 

from the cross-sectional SEM image of the samples milled by a focused ion 

beam (FIB, AURIGA, Carl Zeiss). For the 180° peel test, 12 × 20 mm 

electrode samples were attached to 3M tapes. Both ends of the samples were 

loaded on a universal testing machine (LS1, AMETEK), and the 3M tape was 

pulled at a constant displacement rate of 10 mm min−1 while peeling force 

was monitored. 
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3.3 Results and Discussion 

 

Synthesis of poly[bis(4-(ethoxycarbonyl)phenoxy)phosphazene] 

(PEPP) and poly[bis(4-carboxyphenoxy)phosphazene] (PCPP) 

 

Poly[bis(4-(ethoxycarbonyl)phenoxy)phosphazene] (PEPP) was prepared 

via the substitution reaction of PDCP with the sodium salt of ethyl 4-

hydroxybenzoate (Figure 3.4.(a)). The success of the substitution reactions 

was confirmed using 1H and 31P NMR spectroscopy (Figure 3.5); the 

appearance of the singlet peak corresponding to the phosphorous atom of 

PEPP in the 31P NMR spectrum confirms complete substitution (Figure 

3.5.(b)). 

Poly[bis(4-carboxyphenoxy)phosphazene] (PCPP) was prepared via the 

hydrolysis of the ethoxycarbonyl group of PEPP under basic conditions 

(Figure 3.4.(b)), the success of which was confirmed by NMR and FT-IR 

spectroscopy (Figure 3.6 and 3.7). In the FT-IR spectra, a broad peak 

originating from the carboxylic acid group appeared at 2500 cm–1 and the 

carbonyl peak shifted from 1713 cm–1 to 1689 cm–1 after the hydrolysis 

reaction. [42] The two carboxylic acid groups per repeating unit of PCPP can 

form strong hydrogen bonds with the silanol groups on the Si particles, 

allowing the Si anode to avoid detachment of the binder materials while 

undergoing large volume change during the charge/discharge cycles. 
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The thermal transition behavior of PEPP and PCPP was investigated using 

DSC (Figure 3.8.(a) and (b)). PEPP, which has a semi-crystalline structure 

induced by its symmetrical side chain, exhibited Tg and Tm values of 12.1 °C 

and 150.1 °C, respectively. [42] After the hydrolysis reaction, the Tg value of 

PCPP increased to 56.6 °C, which can be attributed to the strong hydrogen 

bonding between the carboxylic acid groups. The thermal stability of PEPP 

and PCPP was investigated using TGA (Figure 3.9). PEPP, which comprises 

an inorganic backbone (–P=N–), was thermally stable up to a temperature of 

250 °C and did not undergo decomposition; however, loss of mass occurred 

at temperatures above 250 °C because of the decomposition of the organic 

side groups. In the case of PCPP, loss of mass began in a lower temperature 

range (150–200 °C) because of the anhydride groups that formed by 

dehydration between two carboxylic acid groups. [47, 48] 

 

Preparation of the aqueous binder solution and the properties of 

the binder materials containing PCPP and PEG-NH3 (PCG-X) 

 

Because PCPP is not soluble in aqueous media by itself, it was neutralized 

using NH4OH (28.0 wt% NH3 aqueous solution); after neutralization, PCPP-

NH3 dissolved well in water owing to the formation of an ammonium 

carboxylate group. The aqueous binder solution was prepared by mixing the 

PCPP-NH3 and PEG-NH3 solutions at different weight ratios (Table 3.1 and 
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Figure 3.3). When the aqueous binder solution containing PCPP-NH3 and 

PEG-NH3 was heated at 80 °C under vacuum, the ammonium carboxylate 

groups in PCPP-NH3 changed to carboxylic acid groups, releasing NH3 gas; 

this caused the formation of an ionically cross-linked structure (i-PCG). [49] 

When i-PCG was further heated to 130 °C under vacuum, water molecules 

were liberated, causing the ionically cross-linked structure to change into a 

covalently cross-linked structure (PCG-X) by the formation of an amide 

group. The same heating process at 80 °C and at 130 °C under vacuum was 

used to prepare the Si anode. 

The formation of ionically and covalently cross-linked structures in i-PCG-

7.5 and PCG-7.5, respectively, from the addition of 7.5% (w/w) PEG-NH3 to 

PCPP-NH3 was confirmed by FT-IR spectroscopy. In Figure 3.10, the i-PCG-

7.5 spectrums exhibits a peak at 1536 cm–1 corresponding to the carboxylate 

group, while that of PCG-7.5 exhibits a peak at 1645 cm–1 corresponding to 

the amide group. [4] In addition, the peak at 1713 cm–1 that originated from 

the aromatic ester of PEPP disappeared after the hydrolysis reaction, while a 

new peak corresponding to aromatic carboxylic acid appeared at 1689 cm–1 

for PCPP, i-PCG-7.5, and PCG-7.5. [42] 

The thermal transition behavior and mechanical properties of PCG-Xs were 

evaluated by DSC and nano-indentation to investigate the properties of the 

binder materials and elucidate their effects on cell performance (Figure 3.11 

and 3.12.(a)). For DSC and nano-indentation analysis, PCG-X films were 
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prepared by film casting the aqueous binder solutions without adding 

electrode materials, such as Si particles and Super P, following which heat 

treatment was conducted first at 80 °C and then at 130 °C under vacuum. 

Because the cross-linking density of PCG-Xs increases with increasing 

PEG-NH3 content, the glass transition temperature (Tg) and elastic modulus 

of PCG-Xs also increased as the PEG-NH3 content increased up to 7.5 wt% 

(Table 1). [50, 51] However, when the PEG-NH3 content increased to 10.0 

wt%, the Tg and elastic modulus decreased owing to the increased content of 

the flexible ethylene oxide units. [52] The strong mechanical strength of the 

polymer binder can be beneficial in improving the cell performance of the Si 

anode because it can help maintain the polymer structure when the Si particles 

undergo volume change. [53, 54] Although PCG-7.5 had the highest Tg value 

of 65.8 °C, there would not be much effect on the cell performance as the 

difference was less than 4 °C. Furthermore, because PCG-Xs have a cross-

linked structure, a small difference in the Tg value does not significantly affect 

the overall physical properties. 

The adhesion properties of the silicon anodes prepared with the PCG-Xs 

were evaluated using 180° peel test and SAICAS (Figure 3.12.(b) and (c)). 

The adhesion force of the PCG-Xs also increased with increasing PEG-NH3 

content up to 7.5 wt%, following which it decreased as the PEG-NH3 content 

increased to 10.0 wt%; this behavior was observed for Tg and elastic modulus 

as well. In general, an increase in cross-linking density improves the adhesion 
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force of the polymers on the substrates by increasing the mechanical strength. 

[55, 56] Accordingly, when the PEG-NH3 content increased up to 7.5 wt%, 

the adhesion forces of the PCG-Xs increased. However, a further increase to 

10.0 wt% decreased the adhesion force because although the cross-linking 

density increased, the concentration of carboxylic acid groups—which have 

strong binding ability with Si particles—decreased; in addition, the 

excessively flexible ethylene oxide unit, which does not have strong hydrogen 

bonding ability and thus decrease the binding strength. Therefore, we 

confirmed once again that a PEG-NH3 content of 7.5 wt% is optimal for the 

Si anode binder to exhibit both the highest adhesion force as well as the 

highest mechanical strength. Because the highest adhesion force indicates the 

highest interaction between the binder and Si particles, the cell performance 

can be improved as the Si-containing electrode structure can be effectively 

maintained. [57, 58] 

 

Cell Performance 

 

The long-term cycling stability of Si/LE-Celgard/Li cells with different 

binders (PCG-Xs or PAA) was evaluated at a 0.2 C rate (840 mAh g–1) after 

two activation cycles at 0.05 C (210 mAh g–1) (Figure 3.13.(a)). The cell with 

the PCG-7.5 binder exhibited the highest discharge capacity over 300 cycles, 

followed by the cells with PCG-10, PCG-5, and PCG-2.5 in that order. Owing 
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to the volume change of Si particles, the better the physical properties of the 

binder, such as elastic modulus and peel strength, the better the structure of 

the Si anode is maintained during the charge/discharge process. Among the 

PCG-Xs, PCG-7.5 had the best physical properties and, as a result, showed 

the best cell performance. The cell performance results of the other PCG-Xs 

also coincided with the physical properties of the binders. 

In addition, the cell with PCG-7.5 showed better cell performance and rate 

capability than the cell with PAA, which is a conventional Si anode binder 

(Figure 3.13.(b)), although the elastic modulus (10.56 GPa) and peeling force 

(1.21 N) values of PAA were larger than those of PCG-7.5. We believe that 

the better performance of the cell with PCG-7.5 can be ascribed to (1) the 

larger chain flexibility of the polyphosphazene backbone, (2) the cross-linked 

structure of PCG, and (3) enhanced ionic conductivity by the PEG moiety. 

The polyphosphazene backbone and PEG chain, which are the main polymer 

structures of PCG-7.5, are very flexible. [31, 32] The Tg values of the 

polyphosphazene- and PEG-based polymers are therefore much smaller than 

that of PAA. Accordingly, the Tg value of PCG-7.5 (65.8 °C) was smaller than 

that of PAA (103 °C), [59] despite PCG-7.5 having a cross-linked structure. 

The flexibility of PCG-7.5 can also improve the electrochemical kinetics by 

increasing the free volume [60] and maintain the anode structure by adjusting 

quickly to the volume change of Si particles. [61] In addition, the cross-linked 

structure of PCG-7.5 allows the binder structure to be maintained more 
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effectively than that of PAA (which has a linear structure) when the Si 

particles are undergoing volume change during charge/discharge cycles. [22] 

Lastly, the improved ion transport inside the electrode caused by the PEG 

moieties is the third reason for the excellent electrochemical performance of 

PCG-7.5. The ionic conductivities of PCG-Xs and PAA are summarized in 

Table 3.1 and Figure 3.14.(a). It was found that the ionic conductivity of the 

PCG-Xs increased as the PEG content increased. In addition, all the PCG-Xs 

had considerably larger ionic conductivity values than PAA; greater ionic 

conductivity leads to lower internal resistance of the Si anode, which 

improves cell performance. EIS was performed to investigate the effect of 

ionic conductivity on the internal resistance of Si half-cells; the resulting 

Nyquist plots of the half-cells before and after cycling are shown in Figure 

3.15. The charge transfer resistance (Rct) values of the Si anode with PCG-7.5 

were smaller than those of the Si anode with PAA both before and after 

cycling, suggesting that PCG-7.5 can improve the ion conduction in the Si 

anode more than PAA can. CV tests were also conducted to determine the 

𝐷𝐿𝑖+ of the Si anodes. The CV curves of the half-cells with PAA and PCG-

7.5 at different scan rates over the range of 0.1–0.4 mV s–1 between voltages 

of 0.01 and 1.5 V (vs. Li/Li+) were plotted (Figure. 3.16), and 𝐷𝐿𝑖+ values 

were calculated using the Randles–Sevcik equation [6] 

𝐼𝑝 = 2.69 × 105𝑛1.5𝐴𝐷𝐿𝑖+
0.5 𝑣0.5𝐶𝐿𝑖+ 

where 𝑛 is the number of electrons in the redox process (4.4), 𝐴 is the 
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anode area (0.95 cm2), 𝐶𝐿𝑖+  is the concentration of lithium ions ( 0.001 mol 

cm–3), 𝑣 is the scan rate, and 𝐷𝐿𝑖+ is the diffusion coefficient. Plots of the 

peak current (𝐼𝑝) with the square root of the scan rate (𝑣0.5) are shown in 

Figure 3.13.(c). 𝐷𝐿𝑖+ values of the Si anodes with PAA and PCG-7.5 were 

1.8 × 10–10 cm2 s–1 and 4.3 × 10–10 cm2 s–1, respectively, which also 

demonstrates that the PEG moieties in PCG-7.5 improve lithium-ion 

conduction inside the Si anode. 

 The surface morphologies of the Si anodes with PAA and PCG-7.5 binders 

before and after cycling were examined using SEM (Figure 3.17.(a)–(d)). 

While numerous cracks were generated after 50 cycles on the surface of the 

Si anode with PAA, the surface of the Si anode with PCG-7.5 was relatively 

less cracked after cycling, demonstrating that PCG-7.5 can tolerate the huge 

volume change of Si during charge/discharge cycles; this is attributed to the 

higher chain flexibility and the cross-linked structure of PCG-7.5. To observe 

the change in thickness of the Si anodes before and after cycling, FIB-milled 

cross-sectional SEM images were obtained (Figure 3.17.(e)–(h)). The change 

in thickness of the Si anode with PAA was 64.4%, whereas that of the anode 

with PCG-7.5 was 30.8%. This result indicates that PCG-7.5 can withstand 

the huge volume change of Si better than PAA; this allows for the electrode 

integrity to be maintained, leading to the formation of a compact and thin SEI 

layer. [62]  



104 

3.4 Conclusion 

In this study, cross-linked polymeric binders containing polyphosphazene 

with carboxylic acid groups (PCPP) and ion-conducting PEG were prepared 

for application in high-performance lithium-ion battery systems with Si 

anodes. For the preparation of aqueous binder solutions, the water-insoluble 

PCPP was neutralized with NH3-producing water-soluble PCPP-NH3, and 

subsequently mixed with poly(ethylene glycol) bisamine (PEG-NH3); the wt% 

of PEG-NH3 to PCPP-NH3 was varied from 2.5 wt% to 10 wt%. 

Polyphosphazene binders with cross-linked structures (PCG-Xs, where X 

indicates the wt% of PEG-NH3 to PCPP-NH3) were prepared by covalent 

bond formation between carboxylic acid and amine groups via thermal 

treatment during the electrode drying process. PCG-7.5, which contained 7.5 

wt% PEG-NH3, exhibited the highest glass transition temperature, elastic 

modulus, and peeling force among the PCG-Xs; this is because it had the 

optimum amount of flexible ion-conducting ethylene oxide and carboxylic 

acid groups, which resulted in the optimum degree of cross-linking density 

that imparted the highest thermal transition temperature, mechanical strength, 

and interactions with Si. Comparing the battery performance of the cell 

fabricated with PCG-7.5 against that of the cell fabricated with PAA, the cell 

with PCG-7.5 exhibited better performance owing to the advantageous 

features of PCG-7.5, including chain flexibility, cross-linked structure, and 

ionic conductivity. Our results have proved that binders based on flexible 
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polyphosphazenes and ion-conducting PEG moieties with cross-linked 

structures can impart Si anodes with high performance when used in LIBs. 

Further studies optimizing their chemical structures, including cross-linking 

density, ion-conducting moiety, and hydrogen bonding groups, can improve 

battery cell performance. 
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Table 3.1. Preparation of aqueous binder solutions and properties of the 

binder materials (PCG-Xs) 

 
aFor the preparation of aqueous binder solution. 

bEquimolar amounts of NH3 to carboxylic acid in PCPP were used, where 

NH4OH is a 28 wt% aqueous solution of NH3. 

cMeasured at 25 °C after soaking with liquid electrolyte. 

dMeasured after solution casting followed by heat treatment at 130 °C under 

vacuum. 

eMeasured using Si anode dried under vacuum at 130 °C. 
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Figure 3.1. The illustration for lithiation/delithiation of Si anode with ion-

conducting cross-linked poly[bis(4-carboxyphenoxy)phosphazene] binder. 
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Figure 3.2. GPC profile of PEPP. 

  



120 

 
 

Figure 3.3. Schematic illustration for the preparation of binder solution and 

the formation of binders with cross-linked structures (PCG-Xs). 
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Figure 3.4. Synthetic scheme of (a) PEPP and (b) PCPP. 

  



122 

 

Figure 3.5. (a) 1H NMR spectrum and (b) 31P NMR spectrum of PEPP. 
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Figure 3.6. (a) 1H NMR spectrum and (b) 31P NMR spectrum of PCPP. 
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Figure 3.7. FT-IR spectra of PEPP and PCPP in the range of 4000–600 cm-1. 
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Figure 3.8. DSC thermograms of (a) PEPP and (b) PCPP. 
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Figure 3.9. TGA curves of PEPP and PCPP. 
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Figure 3.10. FT-IR spectra of PEPP, PCPP, i-PCG-7.5, and PCG-7.5 in the 

range of 1800–1200 cm–1. 
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Figure 3.11. DSC thermograms of PCG-Xs. 
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Figure 3.12. (a) Elastic moduli of PCG-Xs. (b) Load–displacement curves 

and (c) SAICAS data of Si anodes with PCG-Xs. 
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Figure 3.13. (a) Specific discharge capacity of the Si half-cells with PCG-Xs 

and PAA binders cycled at a rate of 0.2 C after two activation cycles at 0.05 

C. (b) Rate capability test of cells with PCG-7.5 and PAA binders. (c) Linear 

fits for the cathodic peak currents versus the square root of the scan rates for 

anodes with PCG-7.5 and PAA binders. 
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Figure 3.14. (a) Ionic conductivities and (b) electrolyte uptake of PCG-Xs 

and PAA at 25 °C. (c) Electrochemical stability of PCG-Xs at 25 °C. 
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Figure 3.15. Nyquist plots of the cells with Si anode using PAA and PCG-7.5 

binders (a) before and (b) after cycling. 
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Figure 3.16. Cyclic voltammetry curves of the cells with Si anode using (a) 

PAA and (b) PCG-7.5 binders at different scan rates. 
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Figure 3.17. Top-view SEM images of Si anodes with (a) PAA and (b) PCG-

7.5 binders before cycling. Top-view SEM images of Si anodes with (c) PAA 

and (d) PCG-7.5 binders after 50 cycles. Cross-sectional SEM images of Si 

anodes with (e) PAA and (f) PCG-7.5 binders before cycling. Cross-sectional 

SEM images of Si anodes with (g) PAA and (h) PCG-7.5 binders after 50 

cycles. 
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초   록 

 

본 연구에서는 이온 전도성을 갖는 가교 고분자 재료의 합

성과 분석, 그리고 리튬 이차 전지 전해질 및 바인더로의 응

용에 대하여 기술하였다. 첫째, 이온 전도성 poly(ethylene 

glycol) (PEG), 유연한 폴리 실록산, 그리고 음이온 포착성 

붕소 가교제 (BPC) 간의 싸이올-이중결합 클릭 반응을 통

하여 리튬 금속 전지의 가교된 고체 고분자 전해질 (SPE)을 

제조하였다. BPC 함량에 따른 SPE의 다양한 열 및 전기화학

적 성질을 체계적으로 분석하였다. 가교 구조에 의해 열적으

로 안정한 SPE를 얻을 수 있음과 동시에, 유연한 폴리실록산

의 도입으로 60°C 에서 1.3 × 10–4 S cm–1 의 비교적 높은 

이온 전도도를 얻을 수 있었다. BPC에 포함된 붕소 작용기는 

붕소 원자의 음이온 포착 능력으로 인해 붕소를 포함하지 않

는 SPE와 비교하여 리튬 이온 운반율을 높일 수 있었다. 

SPE의 음이온 포착 능력과 기계적으로 안정한 가교 구조에 

의해 리튬 덴드라이트의 형성 및 성장이 효과적으로 억제되
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었다. 

둘째, 가교된 폴리포스파젠 기반 고분자 재료는 NH3 에 의

해 중화된 poly[bis(4-carboxyphenoxy)phosphazene] 

(PCPP-NH3) 를 가교제인 poly(ethylene glycol) bisamine 

(PEG-NH3)으로 가교하여 제조하였으며, 이를 리튬 이온 전

지의 규소 음극 바인더로 사용하였다. 최적 비율의 PEG-

NH3 (7.5 wt% of PCPP-NH3) 가교제를 갖는 가교 폴리포스

파젠은 가장 높은 유리 전이 온도, 탄성 모듈러스, 접착력 값

을 보여주었다. 이러한 가교 폴리포스파젠 기반 바인더로 제

조된 규소 음극을 갖는 전지의 전지 성능이 PAA 바인더를 

활용한 규소 음극을 갖는 전지보다 더 우수함을 확인할 수 

있었다. 폴리포스파젠 바인더를 갖는 전지의 우수한 성능은 

유연한 폴리포스파젠 주쇄, 카복시산 기의 수소결합 능력, 가

교 구조에 따른 전지 구동 과정에서의 전극 구조 유지 등과 

같은 바인더 재료의 성분 및 구조에 의한 것이라 할 수 있다. 

더욱이, 이온전도성 PEG는 규소 음극 내부에서의 이온 전도

도를 더 높여주었다. 
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주요어: 가교 고분자, 고체 고분자 전해질, 음이온 포착, 규소 

음극 바인더, 폴리포스파젠, 리튬 금속 전지, 리튬 이온 전지 
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