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Chapter 1 

General Introduction 

 

 

1.1 Lithium-ion batteries (LIBs) 

 

In 2019, the Nobel Prize in Chemistry was awarded to three eminent scientists, John 

B. Goodenough, M. Stanley Whittingham, and Akira Yoshino, for the development of 

lithium-ion batteries (LIBs). LIBs have been developed as revolutionary rechargeable  

 

 

 

Fig. 1.1 Various types of lithium-ion batteries (Source: Panasonic website) 
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batteries that are suitable for long-term use and are lightweight in comparison with nickel- 

cadmium, nickel metal hydride, and lead-acid batteries. Since their discovery in 1990, 

LIBs have dominated the portable battery market in parallel with the increased popularity 

of mobile phones and laptops. They are also used as power sources for electric vehicles, 

which are rapidly emerging as a replacement to fuel-powered vehicles.[1–3] LIBs can 

also store a significant amount of energy from solar and wind power; thus, they may 

enable progression to a fossil fuel-free society. Currently, LIBs occupy greater than 90% 

of the battery market. Various types of LIBs, which are suitable for many applications, 

are shown in Fig. 1.1. LIBs are used ubiquitously to power the electronic devices that we 

use to communicate, work, study, move, listen to music, and search for knowledge. LIBs 

play a crucial role in our lives. 

 

 

 

Fig. 1.2 Global cumulative energy storage deployments until 2030 (Source: Bloomberg New 

Energy Finance) 
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To realize a green and sustainable society wherein the environment, economy, and 

A forecast of global cumulative energy storage up to 2030 is shown in Fig. 1.2. The overall 

energy storage market is predicted to increase by approximately 10 times by 2030.  

convenience are in harmony, the requirements for energy storage devices are immense. 

LIBs are undoubtedly one of the most promising candidates to satisfy this demand 

because of their high energy density.[4–6] Therefore, LIBs are considered to be essential 

to humankind in the present day and will remain so in the future. 

 

1.2 All-solid-state batteries (ASSBs) 

 

The current LIBs, however, face a potentially fatal safety issue arising from their 

high energy density. LIBs include a highly reactive material, a volatile and flammable 

organic solvent, as their liquid electrolyte solution, which poses risks of fire and explosion 

in the event of internal shorting.[7] Indeed, some accidents involving LIBs have occurred. 

As such, there are strict rules governing not only their use but also before and after their  

 

 

 

Fig. 1.3 Schematic diagrams of a lithium-ion battery and an all-solid-state battery 
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use, for example, during transportation, disposal, and recycling. At every step in their 

lifecycle, ensuring the safety of LIBs is inevitable to expand the applications of energy 

storage; this is of particular importance in electric vehicles to be used by people.  

Consequently, to avoid accidents and ensure safety, all-solid-state batteries (ASSBs) 

with a solid electrolyte (SE) have been investigated.[8–10] LIBs and ASSBs are 

compared in Fig. 1.3. Solid materials can remove the risks of electrolyte leakage, 

volatilization, flammability, and explosions. In addition, SEs are deemed to suppress Li 

dendrite formation and may therefore enable the development of high-energy density 

batteries with Li-metal anodes.[11,12] Moreover, multiple all-solid-state cells can be 

stacked in a bipolar series within a single package. This increases the cell voltage and 

reduces the weight of the package, potentially yielding an energy density above 1000 Wh 

L−1.[13,14] ASSBs may be the next breakthrough battery type after conventional LIBs, 

which were proposed by the Nobel Prize winners and developed by subsequent 

researchers. 

 

1.3 Solid electrolytes (SEs) 

 

One of the differences between LIBs and ASSBs is the electrolyte material. The key 

material in the development is the SE for ASSBs. A tremendous amount of research has 

been directed toward creating SEs with improved performance compared with 

conventional liquid electrolytes. However, the SEs developed thus far face several issues. 

A brief summary of the history of the SEs is presented in Fig. 1.4. The SEs developed so 

far can be classified into three types, i.e., ceramic-based, sulfide-based, and polymer-

based. Ceramic-based SEs typically suffer from a low ionic conductivity of 10−4 S cm−1 

and poor interfacial contact with the electrodes. Although high pressures are applied to 
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decrease the resistance at the interface as an additional process in battery fabrication, the 

interfacial contact degrades during charging and discharging cycles.[15,16] To date, 

sulfide-based electrolytes with high conductivities of up to 10−2 S cm−1 have been 

developed, but in addition to the required improvements in the interfacial contacts, the 

potential formation of toxic H2S gas needs to be resolved for these electrolytes.[17–19] 

The electrical contact is not a major issue with polymer-based SEs owing to their soft and 

adhesive nature; however, their ionic conductivity is typically below 10−4 S cm−1. 

Moreover, polymer electrolytes have relatively low thermal stability and mechanical  

 

 

 

Fig. 1.4 History of lithium superionic conductors (Source: Tokyo Institute of Technology) 
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strength, which prevents the growth of lithium dendrites.[20,21] High-performance SEs 

with fast lithium-ion conduction, good interfacial contact with the electrodes, high 

thermal stability, wide electrochemical window, and sufficient mechanical strength, 

made using non-toxic and environmentally friendly materials, have not yet been 

developed. 

 

1.4 Ionogels 

 

To fulfill these requirements, composites of a mesoporous oxide matrix filled with 

ionic liquid electrolyte (ILE) fillers have been proposed as SEs. These are referred to as 

inorganic-based “ionogels,” which comprise a non-volatile ionic liquid (IL) as the solvent, 

Li salt as the electrolyte, and inorganic oxide matrix.[22,23] The highest ion conductivity 

was obtained for an ionogel when the nanoporous oxide matrix was prepared by a 

chemical method, namely the one-pot sol-gel method.[24] An illustration of a silica-based 

ionogel is shown in Fig. 1.5.[25] The preparation of oxide-based chemical ionogels starts 

with a homogeneous liquid mixture, wherein an ILE composed of an IL and Li salt is 

added to a sol-gel precursor solution to synthesize the oxide matrix. In this method, the 

ILE and matrix form a composite in an “in situ” manner, wherein the precursors in the 

solution react to form an oxide matrix around the ionic liquid template, encapsulating it 

in the process. Under certain synthesis conditions, the solid composite electrolyte (i.e., a 

solid Li-ion conductor) can be in the form of a monolith with the ILE embedded in a 

continuous mesoporous oxide network. Such electrolytes ensure battery safety because 

of the non-volatility and thermal and electrochemical stability of the ILs and inorganic 

ingredients.[25] Furthermore, the extremely high porosity of the inorganic matrix confers 

a gel-like consistency to these nanocomposite electrolyte materials, making them 



12 
 

mechanically compliant with polymer electrolytes. The large porosity yet rigid porous 

matrix provides reasonable Li-ion conductivity combined with good mechanical 

properties. More importantly, a low-viscosity liquid sol-gel precursor can be impregnated 

into the dense porous powder electrodes, similar to a liquid electrolyte, where it further 

gels in the electrodes, which has the potential to achieve good all-around interfacial  

 

 

 

Fig. 1.5 Inorganic-based ionogel.[25] Reproduced with permission of ref. [25] Copyright 2017, 

Elsevier Inc. 
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contact between the active electrode particles and the electrolyte. As such, after further 

drying and curing of the ionogel, dense nanocomposite electrodes with high energy and 

power densities can be realized. 

However, the acidic nature of most of the reported sol-gel precursor chemistries has 

limited their compatibility with electrode materials to only LiFePO4 (LFP), which 

typically has a protective carbon coating. Since the first demonstration of Li/Ionogel/LFP 

in 2011,[26,27] different ILEs, oxide materials, and electrode materials have been 

investigated.[24,28,29] Although stable battery performance has been achieved, the C-

rate performance of these solid batteries is not satisfactory because of the low ionic 

conductivity of ionogels (<1 mS cm−1) or the chemical incompatibility of the precursor 

with the electrodes. In the former case, the ionic conduction of the ionogel is typically 

lower than that of the confined ILE owing to the increase in the viscosity of the 

mesopores.[30] In the latter case, dry electrodes are typically pressed against a thick 

ionogel pellet. Hence, a highly conductive ionogel from a chemically mild precursor is 

required to achieve ionogel-based solid-state batteries with excellent C-rate performance. 

 

1.5 Solid nanocomposite electrolytes (nano-SCEs) 

 

From this background, Chen et al. developed a new concept that consisted of a 

composite electrolyte formed from a water-based sol-gel process; which is called a “solid 

nanocomposite electrolyte” (nano-SCE).[31] A photograph of transparent silica gel nano-

SCE pellets is shown in Fig. 1.6. These silica gels are sometimes considered as hybrid 

SEs because they contain a liquid. However, for the silica nanocomposites, as described 

in this paper, the ionic “liquid” electrolyte acts like a solid when confined in the tens of 

nanometer-sized channels owing to an increase in viscosity and adsorption onto the silica 
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wall constraining the channel. If the silica matrix acted merely as a porous separator, then 

the increase in viscosity for the confined liquid electrolyte would lead to a decrease in 

ionic conductivity, similar to that seen in ionogels. 

Instead, the interaction between the ILE molecules and the silica pore render the 

properties of the nanocomposite different from the sum of its individual components. The 

adsorption of ILs on oxides resulting in the formation of solid mesophase layers up to a 

few nanometers in thickness has been shown on planar surfaces using atomic force 

microscopy (AFM), [32] X-ray reflectivity (XRR),[33] and molecular dynamics (MD) 

simulations.[34] XRR analysis revealed the IL molecule ordering in Fig. 1.7. The  

formation of an interfacial water phase between the hydrophobic IL solvation layer and 

 

 

 

Fig. 1.6 Fabrication method of nano-SCE pellets.[31] Reproduced with permission of ref.[31] 

Copyright 2020, American Association for the Advancement of Science. 
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silica surface was observed using AFM.[35] The significantly strong adhesion forces 

observed in the force curve measurement indicated that the strong hydrogen bonding on 

the silica surface adsorbed water molecules onto the silica surface, and that the IL 

molecules were stacked in an orderly manner on the water layer. A firm adsorbed 

mesophase layer with an IL/water/silica stack was formed with the combination of 

appropriate IL, water, and oxide materials. Hence, this selective adsorption of IL anions 

and cations on the oxide surface leads to enhanced Li+ conductivity at the interfaces, 

demonstrating the novel concept of surface conduction promotion in nano-SCEs. 

Based on this new concept, Chen et al. demonstrated the systematic promotion of 

Li-ion conductivity in a sol-gel derived nano-SCE by introducing an interfacial ice-water 

layer. This interfacial layer comprised a solid-adsorbed water layer, which was a few 

monolayers thick, between the IL molecules and the OH-terminated silica surface, as  

 

 

 

Fig. 1.7 Reported X-ray reflectivity characterization of the 1-butyl-1-methylpyrrolidinium 

tris(pentafluoroethyl)-trifluorophosphate ionic liquid on sapphire surface.[33] Reproduced with 

permission of ref.[33] Copyright 2016, American Association for the Advancement of Science. 
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Fig. 1.8 The adsorbed interfacial ILE layer and ice-water layer on the SiO2 pore wall. 
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shown in Fig. 1.8.[31,36,37] The ionic conductivity of the nano-SCE and the mechanism 

of surface conduction promotion are shown in Fig. 1.9. It was found that strong hydrogen 

bonding between the ice-water and the IL molecules induced molecular ordering of the 

ionic liquid anions and cations on the silica surface. This interfacial interaction weakened 

the association between the Li-ion and its anion, thus enhancing the ion conductivity well 

beyond (i.e., 200% at maximum) that of pure ILEs.[31] Here, the activation energy for 

diffusion was confirmed to be lower along the composite interface with the adsorbed ILE 

layer and ice-water layer, indicating that the free Li+ concentration increased near the 

surface. 

As such, high conductivity with surface conduction promotion is an exceptional 

feature of nano-SCEs that does not occur in ionogels. In addition, as the ice-water layer 

was confirmed to be electrochemically inactive, it did not degrade during the cycling of 

the batteries. Furthermore, damage to the active electrode materials was avoided as the 

water-based sol-gel precursors do not contain corrosive acidic compounds, such as formic 

acid (FA), which are typical catalysts proposed in the literature. Nano-SCEs have the 

potential to solve the issues of not only ionogels but also of conventional SEs, and 

therefore, they can meet all the requirements for SEs mentioned previously (Section 1.3). 
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Fig. 1.9 Ionic conductivity of a nano-SCE and the mechanism of surface conduction promotion. 

 

  



19 
 

1.6 Aims and outline of the thesis 

 

For these reasons, newly developed nano-SCEs may be a breakthrough material to 

allow production of ASSBs and to meet future energy storage requirements. To improve 

the conductivity and realize high-power performance using nano-SCEs, the surface 

enhancement effect will have to be maximized by tailoring the surface chemistry and 

nanostructure of the matrix. To achieve this, a comprehensive and quantitative 

understanding of the Li-ion conduction behavior in the pores and the design of an ideal 

porous structure is necessary. In other words, the effect of the silica nanostructure (pore 

size, surface area, and porosity) on the surface conduction promotion and confinement 

effects must be understood. 

This research aims to clarify the ion conduction behavior in nanopores of nano-SCEs 

and to demonstrate the high-power performance of the cell based on the new findings. An 

overview of the research is shown in Fig. 1.10. 

First, the characterization procedure of the nanostructures of IL-templated porous 

silica was established, as described in Section 2. Positron annihilation lifetime 

spectroscopy (PALS) was first selected to distinguish the nanometer-sized and closed 

pores from the mesopores and macropores. A comprehensive understanding of the pore 

structure of the porous silica matrix of nano-SCEs combined with SEM, TEM, and N2 

adsorption/desorption measurements is discussed. 

As described in the beginning of Chapter 3, the pore structures of the silica matrix 

in nano-SCEs, such as pore size, surface area, and porosity, were analyzed by the 

characterization method established in Section 2. Subsequently, the relationship between 
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Fig. 1.10 Overview of this research: Mechanistic analysis and ion conduction behavior in 

nano-SCEs and demonstration of high-power performance.  
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the pore structure and ion conduction behavior was clarified and described. The degree 

of the surface conduction promotion effect and pore confinement effect was verified in 

relation to the ILE and ice-water layer thickness estimated from the analysis of pore size, 

surface area, and porosity. 

Based on the findings in Chapter 3, a bis(fluorosulfonyl)imide (FSI)-based IL was 

selected to reduce the pore confinement effect in a new nano-SCE. A Li-LiFePO4 cell was 

fabricated using the new nano-SCE with EMI-FSI, and its electrochemical performance 

was compared with that of a cell using a conventional liquid electrolyte. The rate 

performance of each cell is described and discussed in Section 4. 

Finally, the overall conclusions of this dissertation and further suggestions for 

achieving higher conductivity and expanding the new applications using nano-SCEs are 

summarized and described in Chapter 5. 
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Chapter 2 

Pore structure analysis of ionic liquid-templated 
porous silica using positron annihilation lifetime 
spectroscopy 
 

 
2.1 Introduction 

 

Porous materials have attracted considerable attention over the years owing to their 

potential for use in a wide range of applications, including catalysis, chemical separation, 

sensors, nanoelectronics, and drug delivery [38–41]. To fabricate porous structures, sol-

gel processes have been developed and extensively used [5, 6]. In a typical sol-gel process, 

hydrolysis and condensation of a metal oxide precursor are performed to form a sol in an 

alcoholic aqueous solution. This is followed by gelation and drying of the sol to remove 

the existing water, alcohol, and solvents. Herein, by introducing a templating agent in the 

initial solution, such as a surfactant, nanostructures in the resultant gel can be tailored. 

These soft-templated sol-gel processes enable the realization of a variety of nano-ordered 

structures in accordance with the demands of the applications listed above [44–47]. 

Room-temperature ionic liquids (RT-ILs) are organic salts with melting points below 

100 °C. They are one of the favorable templates in the sol-gel process owing to their 

unique properties, such as high-thermal stability, nonflammability, and environmental 

friendliness [11, 12]. Given that ILs have an undetectable vapor pressure in a broad 

temperature range of −96 to +400 °C, they do not evaporate during long aging periods, 

thus enabling the production of a stable gel network. Moreover, tunable physical 
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characteristics (i.e., size and shape of molecules) and chemical characteristics (i.e., 

hydrophilicity and end-group of molecules) allow the control of the pore size, structure, 

and distribution in the gel. Since the first report on monolithic porous silica by Dai et al. 

[50], which was fabricated by a sol-gel process using 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide (EMI-TFSI), many studies have been conducted for 

the creation of various types of structures, such as wormlike [51], lamellar [15, 16], and 

random structures with very high porosity [54–56]. Various types of ILs have been tested 

to fine-tune the nanostructure [57–59]. Subsequently, the research has been extended to 

the use of different oxide materials, such as titanium oxide (TiO2) [60] and alumina 

(Al2O3) [61]. 

Based on the definition of the International Union of Pure and Applied Chemistry 

(IUPAC), porous structures can be classified into three categories according to their pore 

diameter: micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) [41,62]. 

These three types of pores created in IL-templated porous silica have been characterized 

by various techniques. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) have been the most popular methods for the observation of the pores 

in these materials. However, although they have been successfully used to visualize the 

fine structures of IL-templated porous silica [51–54,59–61], it has been difficult to 

quantitatively evaluate the pore size because of the overlap of the randomly located pores 

within the samples. By contrast, nitrogen adsorption/desorption measurements have been 

conducted for the quantitative analysis of the surface area and pore size distribution of 

IL-templated porous silica [50–54,57–61]. This method is known as the standard method 

for the characterization of porous materials; however, it can only evaluate open spaces, 

because the N2 gas cannot access closed spaces such as vacancy and voids. Additionally, 

it is generally difficult to analyze structures with sizes of a few nanometers (micropores) 
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with this technique. Small-angle X-ray scattering (SAXS) and small-angle neutron 

scattering (SANS) techniques have been used to obtain the pore structure information of 

IL-templated porous silica, including that of the closed pores [50–54,59]; however, the 

detection size is typically limited to ~2 nm, owing to the diffraction limit of X-rays. 

Therefore, pores with sizes on the order of a few nanometers (micropores) in IL-templated 

porous silica, including closed pores, have not been fully characterized. Micropores are 

important because they can act as bridges between the microporous zeolite and 

mesoporous materials, and they can thus potentially show size and shape selectivity for 

organic molecules [39,63]. Additionally, it is important to know the free volume of the 

open spaces to control the mechanical properties, such as the elastic modulus and fatigue 

resistance [41,43]. Nevertheless, to date, scientific interest in understanding the 

micropore structures in IL-templated porous silica has been limited. 

In this section, it is reported the use of positron annihilation lifetime spectroscopy 

(PALS) to analyze nanometer-sized and closed pores in IL-templated porous silica. The 

unique interaction of the antimatter probe (i.e., the positron with the electron) provides 

information on the open space with sizes spanning the sizes of atomic vacancies to a few 

tens of nanometers for the cases of open and closed pores with high sensitivities [25, 26]. 

PALS has contributed significantly to the evaluation of vacancy-type defects and open 

volumes in semiconductor materials [27, 28], and it has been successfully extended to the 

characterization of porous materials [68]. It has potential to be used for comprehensive 

understanding of the pore structures of IL-templated porous silica. I prepared IL-

templated porous silica with different compositions, ratios of IL and silica precursor, and 

characterized it by PALS. Based on the combination of results obtained with SEM, TEM, 

and N2 adsorption/desorption measurements, the relationship between the IL and silica 

precursor ratio used in the synthesis and the porous structure is analyzed and discussed. 
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2.2 Experimental 

 

2.2.1 Sample preparation 

 

The samples were prepared with a single-step sol-gel method using IL. The porous 

silica matrix was formed with a slow hydrolysis-condensation reaction of the SiO2 

precursor with the use of the IL as a soft template for the condensation of the 

interconnected hydrated silica network. Tetraethyl orthosilicate (TEOS, 98%, Sigma–

Aldrich) was selected as a SiO2 precursor, and 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (BMP-TFSI, 98.5%, Sigma–Aldrich) was selected for 

ionic liquids, respectively. Lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI, 99%, 

Solvey) was used as the catalyst to trigger the hydrolysis reaction. It has the same anionic 

molecular structure as that of BMP-TFSI, and was added in the initial solution together 

with deionized water (DIW) and 1-methoxy-2-propanol (PGME, 99.5%, Merck). The 

molar ratio between BMP-TFSI and TEOS (hereinafter “x”) in the mixture was varied 

between 0.5 and 2.0. Accordingly, the amounts of Li-TFSI and BMP-TFSI were 

determined with the use of these ratios. For example, when x = 1, the added BMP-TFSI 

and Li-TFSI in the solution were 0.97 g and 0.22 g, respectively. The volume of TEOS, 

DIW, and PGME, were fixed at 0.5 mL, 0.5 mL, and 1 mL, respectively. The pH value in 

the mixture with large excess of water and PGME was approximately equal to five. This 

mild pH condition ensured that the hydrolysis and condensation reactions are favorable 

[69]. The mixtures were shaken for 1 min to form monophasic solutions. These solutions 

were then stored without stirring to form gels at 25 °C and at 50% relative humidity (RH) 

in a climate chamber (SH-641, Espec Corporation). After the gelation process was 

completed (within a period that spanned a few days), the samples were soaked in acetone 
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for 36 h (12 h × 3) to extract the IL and Li salt, and was then dried in vacuum for 12 h at 

25 °C (<5 Pa) to remove the solvent. 

 

2.2.2 Imaging of the silica matrix 

 

The morphologies of the samples were investigated with SEM and TEM. SEM was 

conducted using a Thermo–Fisher Apreo tool with an acceleration energy setting in the 

range of 1.5–2.0 kV; it was operated in a dual-detector imaging mode with T1 and T2 

detectors in a parallel configuration for live image adjustments. Additionally, the T2 

detector was used to record the acquired SEM images. For the measurements, a piece of 

the sample was fixed with carbon conductive tape. TEM was conducted with the use of 

JEM-ARM200F at 300 keV. To minimize the overlap of silica with the voids, the samples 

were ground as follows. A piece of the sample was placed in the solution and vibrated for 

7 min in an ultrasonic bath. Subsequently, three droplets of silica dispersed solution were 

picked up and deposited onto the copper lacey carbon grid. 

 

2.2.3 Nitrogen adsorption and desorption 

 

The obtained samples were de-gassed for 4 h at 40 °C using 0.1 mbar vacuum. 

Subsequently, nitrogen physisorption isotherms were acquired at T = −196 °C with an 

Autosorb 3 analyzer. The surface area was extracted from the adsorption isotherm based 

on the Brunauer–Emmett–Teller (BET) theory. The BET theory is based on a model that 

describes the amount of gas adsorbed on a silica surface at different pressures [62,70,71]. 

The pore size distribution was analyzed with the Barrett–Joyner–Halenda (BJH) method, 

assuming a cylindrical pore [72].  
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2.2.4 Positron annihilation spectroscopy 

 

PALS was carried out using a conventional lifetime system, as described elsewhere 

[36]. The positron source was prepared by depositing and drying aqueous 22NaCl 

(radioactivity of ∼500 kBq) on Kapton polyimide foil, and by covering it with another 

Kapton foil. Subsequently, the positron source was sandwiched between two identical 

samples, which were prepared by packing the samples in the central groove of acrylic 

holders (4.5 mm in diameter, 3 mm in thickness), and then placing them in a vacuum 

chamber (10−3 Pa). The positron beam was irradiated through the whole sample (in 3 mm 

thick). To prevent backscattering of γ-rays by the scintillators, the two detectors were 

positioned perpendicular to each other. All the measurements were conducted at room 

temperature. The full width at half maximum (FWHM) of the time resolution of the 

system was ~230 ps and the time calibration constant was 102.7 ps/ch. The total number 

of accumulated counts was in the range of 4×106 to 8×106 for each lifetime spectrum. 

Here, the lifetime spectrum can be represented in a continuous decay form according to, 

 

𝑆 (𝑡) = ∫ 𝜆𝛼(𝜆) exp(−𝜆𝑡)𝑑𝜆                (2.1) 

 

where 𝛼(𝜆) is the probability density function (PDF) of the annihilation rate. The free 

volume hole distribution can be determined by the deconvolution of the lifetime using the 

numerical Laplace inversion technique [38, 39]. The computer program CONTIN was 

used for these calculations [40, 41]. The pore sizes of the samples were estimated from 

the lifetime using the extended Tao–Eldrup (ETE) model, which is a quantum mechanical 

model established by Gidley et al. [42, 43]. The EELViS calculator was used for this 

estimation [81]. 
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2.3 Results and discussion 

 

Figure 1 (a) shows the SEM image of the IL-templated porous silica with an IL/SiO2 

ratio of 1.5 (x = 1.5). The scaffold of porous silica, which is wrapped around various sizes 

of open spaces, is shown in Fig. 2.1 (a). The diameters of large open spaces are in the 

range of 200–400 nm (as indicated by the white closed circles), whereas the diameters of  

 

 

 

 

Fig. 2.1 (a) Scanning electron microscopy (SEM) and (b) transmission electron microscopy 

(TEM) images of ionic liquid (IL)-templated mesoporous silica with an IL/SiO2 of 1.5. 

Reproduced with permission of ref.[82] Copyright 2020, Elsevier Inc. 
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the smaller pores are typically in the range of 30–70 nm. The smallest pore diameter in 

this figure is approximately 10 nm (indicated by the white dotted circles). Given that it is 

difficult to obtain clear images with high magnification owing to the charge-up of the 

insulating samples, the small-sized pores cannot be fully characterized by SEM only. To 

distinguish the pore sizes of the order of a few nanometers, high-resolution TEM analyses 

were carried out. The TEM image of the IL-templated porous SiO2 with x = 1.5 is shown 

in Fig. 2.1 (b). A microstructure composed of closely packed silica nanoparticles is 

observed. The average particle diameter is approximately 14 nm for this sample. In 

addition, an open space is observed between the silica particles in the thinnest area of the 

sample (indicated by the yellow circle). The diameters of these pores are in the range of 

5–10 nm. These values correspond to the smallest sizes of pores that can be observed by 

SEM, as indicated in Fig. 2.1 (a). As the silica particles and pores overlap, it is difficult 

to conduct further quantitative analyses of the microstructure by TEM. A complementary 

analysis should therefore be performed to determine the sizes of the micropores. 

N2 adsorption/desorption measurements were conducted to characterize the pore size 

and its distribution quantitatively. Figure 2.2 (a) shows the isotherms of the IL-templated 

porous silica at different IL/SiO2 ratios (x = 0.5, 1.0, 1.5, 1.75 and 2.0). All the data show 

hysteresis with a N2 adsorption branch (bottom line) and N2 desorption branch (top line). 

This behavior can be classified as a typical type IV category, as defined by IUPAC, thus 

indicating that a mesoporous structure (2–50 nm) exists and is dominant in the sample 

[31, 33]. When the IL/SiO2 ratio is increased from 0.5 to 2.0, the hysteresis of the isotherm 

plot becomes clear. This indicates that the pore size distribution is larger in the sample 

with a higher IL/SiO2 ratio. By contrast, the total pore volume increased as a function of 

the IL/SiO2 ratio. This can be explained by the expansion of the open space according to 

the volume fraction of IL, i.e., the space occupied by IL increased as a function of the  
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Fig. 2.2 N2 adsorption/desorption measurements of IL-templated mesoporous silica. (a) Isotherm 

and (b) log differential pore size distribution analyzed using the adsorption part of the isotherm 

and the BJH method. (c) Log differential pore size distributions analyzed based on the desorption 

part. “x” denotes the IL/SiO2 molar ratio of the samples. Reproduced with permission of ref.[82] 

Copyright 2020, Elsevier Inc. 



31 
 

IL/SiO2 ratio. Figures 2.2 (b) and (c) show the log differential pore size distributions, 

which were analyzed by the BJH method assuming a cylindrical pore [72]. The numbers 

of pores are shown on the vertical axes of these graphs. Therefore, these plots provide 

information about the pore sizes and their distributions. In general, the pore size 

distribution obtained from adsorption branches reflect the length of the larger part in the 

cylindrical pore, and the distribution of the desorption branch reflects the smaller part.  

All the plots contain one main peak in the 2–50 nm region (Figs. 2.2 (b) and (c)), 

i.e., one type of mesopore can be distinguished using these measurement conditions. The 

profiles of the IL-templated porous silica with x = 0.5 and 1.0 are almost identical, 

although the templated IL volume of the sample with x = 0.5 was twice as large as the 

volume of the sample with x = 1.0. This implies that the pore structure in the samples 

with x = 1.0 collapsed and shrunk after acetone rinsing and vacuum drying owing to the 

surface tension of porous silica. This might be the case for the samples with higher 

IL/SiO2 ratios (x > 1.0) because the mechanical strength of porous silica scaffold was 

weaker owing to the decreased SiO2 volumetric ratio. The pore sizes and their 

distributions with x = 0.5 and 1.0 are smaller than those of the others, thus indicating that 

homogeneous pores exist in these samples. The main pore sizes of these samples are in 

the range of 3.5–3.6 nm (Figs. 2.2 (b) and (c)). In the sample with x = 1.5, the pore sizes 

are slightly increased and are in the range of 3.8–3.9 nm. Additionally, the number of 

pores increased (by more than four times) compared to the sample with x = 0.5 and 1.0. 

In addition, the pore size distribution is slightly broader. The created structure had clearly 

changed at this composition. For the sample with x = 1.75 and 2.0, both the pore size and 

its distribution increased considerably, although there were minor differences of IL 

volumes in these samples compared to those with x = 1.5. The pore sizes are in the range 

of 4.2–5.0 nm for the sample with an x = 1.75, and 7.6–8.7 nm for the sample with x =  
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Fig. 2.3 Positron annihilation lifetime spectra of IL-templated porous silica with an IL/SiO2 ratio 

of 1.5. Two types of otrho-positronium (o-Ps) annihilation processes are shown in the figure. 

Reproduced with permission of ref.[82] Copyright 2020, Elsevier Inc. 
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2.0. This increase of pore diameter can be explained by the expansion of the open spaces 

according to the increase in the IL volume. Thus, the variation in the open mesoporous 

structure (>3 nm) corresponding to the IL/SiO2 molar ratio was characterized based on 

the analysis of the N2 adsorption/desorption measurements. Figure 2.3 shows the positron  

 

 

 

Fig. 2.4 Probability density function (PDF) of the annihilation rate obtained by the numerical 

Laplace inversion technique for IL-templated porous silica with an IL/SiO2 ratio in the range of 

0.5–2.0. “x” denotes the IL/SiO2 molar ratio of the samples. The three observed peaks are denoted 

as (a), (b), and (c). Reproduced with permission of ref.[82] Copyright 2020, Elsevier Inc. 
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annihilation lifetime spectra of the IL-templated porous silica with an IL/SiO2 molar ratio 

of 1.5. In porous materials, a portion of the injected positrons forms a positron–electron 

bound state, which is called Positronium (Ps) [44, 45]. The Ps with the singlet spin state 

(antiparallel) is called para-Ps (p-Ps), and it annihilates with the emission of two quanta 

with a short lifetime of 0.125 ns (in vacuum) [85]. Given that this component does not 

reflect the information of open spaces, it will not be discussed further in this paper. In 

contrast, the Ps with the triplet spin state (parallel) is called ortho-Ps (o-Ps), and it emits 

the three quanta during annihilation in the vacuum. As the intrinsic lifetime of o-Ps is 142 

ns (a thousand times longer than that of p-Ps) [85], it diffuses into the open spaces and 

survives for a longer period compared to p-Ps. However, in a condensed matter with small 

pore structures, a portion of the positrons in o-Ps annihilates with the electrons at the pore 

surface according to the two-quanta emission process with a lifetime of a few tens of ns 

(“pick-off” process) [86]. As this annihilation process is sensitive to small variations in 

the electron density, the small-sized pores in the samples can be characterized by 

analyzing the behavior of o-Ps annihilation. To analyze the details of the o-Ps annihilation 

behavior, a numerical Laplace inversion analysis was conducted for the measured spectra 

using the CONTIN program [75–78]. Figure 2.4 shows the PDF of the annihilation rate 

for the IL-templated porous silica with different IL/SiO2 compositions. The three 

distinguishable peaks are observed in the lifetime region of (a) 0.2–1.4 ns, (b) 2–14 ns, 

and (c) 15–120 ns. The peak with the shortest lifetime of 0.4–1.0 nm is attributed to the 

mixture of the annihilation of free positron, p-Ps, as well as o-Ps. Annihilation with 0.4-

0.5 ns has been observed in SiO2 synthesized via the sol-gel process [87,88]. It is known 

to be due to positron annihilation without the formation of positronium in the vacancy 

clusters in amorphous SiO2 [89,90]. 

In contrast, annihilation with a relatively larger lifetime of 0.5–0.8 nm has been 
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reported in sol-gel prepared SiO2 [91]. This value corresponds to the annihilation lifetime 

of free positron and o-Ps in the microvoids, which are created by the electron and/or 

neutron irradiation to amorphous SiO2 [92,93]. Although it is difficult to resolve each 

component, owing to the limitation of spectrometer resolution and the deconvolution 

technique, the (a) peaks in Fig. 4 are a result of the positron annihilation in the open-

volume structure of the amorphous network of SiO2. Components (b) and (c) are 

explained by the annihilation of o-Ps because their lifetimes are much longer than the 

intrinsic lifetime of p-Ps (0.125 ns). The lifetime of component (b) is approximately 2–

14 ns, and has a similar value as that observed for highly porous silica gel powders [94]. 

It originates from the pick-off annihilation of o-Ps trapped in the small pores between the 

primary silica particles. The longest lifetime component (c) with a lifetime of 15–120 ns 

is considered to be due to the annihilation of o-Ps in pores with larger sizes [94–96]. The 

other components with higher lifetimes (> 130 ns) could not be obtained from the spectra. 

This result is the same as the fitted results in Fig. 2. This means that most of the injected 

positrons are annihilated in the relatively smaller sized pores before they are trapped by 

the large open spaces (200–400 nm), which can be detected by SEM. The PALS 

characterization technique is sensitive to the small open spaces, which are less than a few 

tens of nanometers in size. 

Figure 2.5 compares the PDF spectra at different IL/SiO2 compositions in the three 

lifetime regions. The peaks with the shortest lifetimes are shown in Fig. 2.5 (a). In this 

region, the lifetime did not change in materials with different IL/SiO2 ratios; i.e., the size 

of the vacancy clusters and/or microvoids were not influenced by the IL/SiO2 ratio. 

Therefore, I mainly focused on the long lifetime components, (b) and (c), for 

characterizing the variation of pore structure with different IL/SiO2 ratios. If the pore 

shape is assumed to be spherical, the pore diameter can be estimated from the o-Ps  
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Fig. 2.5 Probability density function (PDF) of annihilation rate obtained by the numerical Laplace 

inversion technique for IL-templated porous silica with IL/SiO2 ratios in the range of 0.5–2.0 in 

the three lifetime regions. “x” denotes the IL/SiO2 molar ratio of the samples. The pore diameter 

was calculated and is shown in the upper horizontal axis of (b) and (c). Reproduced with 

permission of ref.[82] Copyright 2020, Elsevier Inc. 
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lifetimes using the ETE model [42, 43]. The calculated pore diameter is shown in the 

upper horizontal axis in Figs. 2.5 (b) and (c). Figure 2.5 (b) shows the positron lifetime 

distribution of the PDF in the 2–14 ns region. As observed in Fig. 2.5 (b), the pore 

diameter varied between 1.0 and 1.4 nm. This is the typical size of pores between primary 

silica particles in porous SiO2 prepared by the sol-gel process [94]. Note that the pores in 

this size range cannot be detected by standard N2 adsorption/desorption techniques. For 

samples with x = 0.5, no signal was detected in this lifetime region, indicating that the 

open space between primary silica particles was closed, i.e., a dense network of SiO2 was 

formed in the silica matrix. For the sample with x = 1.0, the peaks appeared at 8 ns (pore 

diameter = 1.4 nm). Upon increasing the IL/SiO2 molar ratio from 1.0 to 1.5, the 

probability density of the annihilation rate increased owing to the maintenance of the pore 

diameter at approximately 1.4 nm. This indicates that the number of pores increased 

owing to the expansion of the open spaces occupied by IL with an increase in the IL/SiO2 

ratio. Meanwhile, the pore diameter decreased as the IL/SiO2 molar ratio increased from 

1.5 to 2.0; i.e., the length of the pores between the primary silica particles decreased from 

1.4 to 1.0 nm. This might be related to the sizes of the primary silica particles. 

The sizes of the silica particles decreased in samples with higher IL/SiO2 ratios, 

owing to the small volume of TEOS compared to IL. As a result, the space between the 

silica particles decreased. The threshold IL/SiO2 ratio appears to be 1.5. In contrast, the 

probability density increased with increasing IL/SiO2 ratios. This indicates that the 

number of pores increased according to the reduction in the pore size and the expansion 

of the open spaces occupied by IL. The probability density was found to be 10 times 

smaller than that of the other peaks. Thus, these pore types are not dominant in the 

samples. However, the pores in this size range (1–2 nm) are important for the selection of 

organic molecules and for controlling the mechanical properties of the material.  
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The peaks with the longest lifetimes are shown in Fig. 2.5 (c). The pore diameter is 

distributed from 2.0 to 40 nm in this lifetime region. The lifetime increased as a function 

of the IL/SiO2 ratio. Additionally, the pore diameter at the peak increased from 4 to 7 nm. 

This variation is consistent with the results of the N2 adsorption/desorption measurements, 

especially with the results of the desorption branch analysis presented in Fig. 2.2 (c) (3.8–

7.6 nm). This clearly indicates that the pores detected in Fig. 2.5 (c) are the same as the 

mesopores that were characterized by SEM, TEM, and N2 adsorption/desorption. As 

shown in Fig. 2, this pore size variation can be explained by the expansion of the open 

space according to the increase in the IL volume. Therefore, the PALS technique can 

characterize various types of open spaces, not only mesopores (>2 nm) but also 

micropores (<2 nm), and can reveal the variation in the structure of these pores according 

to the variation in the IL/SiO2 ratio. 

A schematic of the pore structure variation of the IL-templated porous silica 

corresponding to the IL/SiO2 ratio is presented in Fig. 2.6. In the IL-templated porous 

SiO2 with x = 0.5, vacancy clusters, microvoids, and mesopores (4 nm) exist. Upon 

increasing the IL/SiO2 ratio to x = 1.0, micropores (1.4 nm) are created in addition to 

vacancy clusters, microvoids, and mesopores. This is because the space occupied by IL 

of increased IL content, as mentioned above. However, the size and number of mesopores 

increased with increasing IL content. In contrast, the size and number of mesopores did 

not change, indicating that IL molecules tend to gather into small clusters during the sol- 

gel process in the range of this IL/SiO2 ratio. The templated IL has a small influence on 

the creation of mesopores at this IL content. For the sample with x = 1.5, the size was 

comparable to that of the sample with x = 1.0. This can also be explained by the effects 

increased as compared to those of the sample with x = 1.0 (5 nm). This implies that IL 

molecules started to form larger clusters during the sol-gel process, leading to the  
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Fig. 2.6 Schematic of the pore structure of IL-templated porous silica with an IL/SiO2 ratio in the 

range of 0.5–2.0. (a) x = 0.5, (b) x = 1.0, (c) x = 1.5, (d) x = 2.0. “x” denotes the IL/SiO2 molar 

ratio of the samples. Reproduced with permission of ref.[82] Copyright 2020, Elsevier Inc. 

 

formation of larger mesopores. Upon increasing the IL/SiO2 ratio from 1.5 to a higher 

value, the number of micropores increased, although the size of the micropores decreased 

(1.0 nm with x = 2.0). These results are due to the suppression of the creation of the silica 

network and a reduction in the size of the primary silica particle due to decreased TEOS 

content. In contrast, the size and number of mesopores increased with higher IL/SiO2 

ratios (7 nm at x = 2.0). In the sample with x = 2.0, a highly sparse structure was created 
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with a large number of micropores and larger mesopores. 

 

 

2.4 Conclusion 

 

In this study, I clarified the pore structures of IL-templated porous silica using the 

PALS technique. PALS can be used to characterize open spaces with diameters below 2 

nm, which is otherwise difficult to analyze using standard methods for pore structure 

determination, such as SEM, TEM, SAXS, SANS, and N2 adsorption/desorption 

experiments. PALS analyses revealed that IL-templated porous silica samples have three 

types of pores: (1) vacancy clusters and/or microvoids (closed pores), (2) micropores 

between primary silica particles in the porous SiO2 (1.0–1.4 nm), and (3) mesopores with 

side lengths in the range of 4–7 nm. Upon increasing the IL/SiO2 ratio, the sizes of the 

spaces between the primary particles decreased from 1.4 nm to 1.0 nm. This is related to 

the size of the silica particle, which decreased owing to the small volume of TEOS (SiO2) 

compared to that of IL. As for the larger mesopores, their size increased at higher IL/SiO2 

ratios, indicating that the open space expanded according to the increase in the IL volume. 

Thus, the PALS method allowed us to comprehensively understand the pore structure of 

IL-templated porous SiO2. In the future, these findings on the relationship between pore 

structure and IL content will be used for optimizing the mechanical properties and 

chemical selectivity. 
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Chapter 3 

Ion Conduction behaviour in the Nanopores in 
Silica-gel Solid Nanocomposite Electrolytes 
 

 

3.1 Introduction 

 

All-solid-state batteries (ASSBs) with solid electrolytes (SEs) are epoch-making 

energy storage devices beyond conventional lithium-ion batteries because SEs can 

remove the risks of electrolyte leakage, volatilization, flammability and explosion. To 

realize high-energy and high-power performance as well as high-safety, SEs with fast 

lithium-ion conduction and good interfacial contact with the electrodes are expected to 

be developed. Recently, Xubin et al. developed a novel solid nanocomposite electrolyte 

(nano-SCE) composed of ionic liquid (IL), Li-salt and porous silica using sol-gel 

method[31]. This electrolyte ensures battery safety because of the non-volatility, thermal 

and electrochemical stability. Furthermore, a liquid precursor can be impregnated into the 

powder electrodes, which potentially forms a good interfacial contact between the 

electrode and the electrolyte. More interestingly, nano-SCE shows the promotion of the 

Li-ion conductivity on the silica pore wall. The strong hydrogen bonding between the 

surface ice-water and the IL molecules induces molecular ordering of IL anions and 

cations. This interfacial interaction weakens the association between the Li-ion and its 

anion, thereby enhancing the ionic conductivity well beyond that of pure IL electrolyte. 

In order to achieve higher conductivity and realize the high-power performance, the 

fundamental understanding of the Li ion conduction behavior in the pores is necessary. It 
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is important to evaluate the behavior of Li ion conduction in the pores, in order to design 

the ideal porous structure of nano-SCEs, towards improving the ionic conductivity. In 

other words, the effect of the silica nanostructure (pore size, surface area, porosity) on the 

surface conduction promotion phenomena and confinement effect must be understood. 

However, it is difficult to characterize the silica matrix structure itself in nano-SCEs 

because the silica structure collapses by the surface tension when the ILE is removed by 

rinsing with solvents such as ethanol and acetone and after drying, both in ambient and 

vacuum.[82] To maintain the nanostructural integrity of the silica matrix and characterize 

its properties, ILE should be removed without any damage to the original silica structures.  

In this section, I have extracted and characterized the pore structure of 

nanoporous silica matrix using CO2 supercritical drying (SCD) method. This 

method is generally used for the fabrication of aerogels[97,98] to extract ILE from 

SCEs. The porous structures were analyzed by scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), and N2 adsorption/desorption 

measurements. In addition, the positron annihilation lifetime spectroscopy (PALS) 

was performed to study the small size and closed pore structures, which is typically 

difficult to characterize with N2 adsorption/desorption analysis.[64,65] The PALS 

analysis is widely used for evaluating vacancy-type defects and open volume in 

semiconductor materials.[66,67] Additionally, it has been successfully applied in 

silica aerogels.[95] The variation of the porous structure with different IL/SiO2 

material ratio was studied with the aid of several analytical techniques. Moreover, 

the degree of surface conduction promotion and pore confinement were estimated 

from the variation in conductivity of nano-SCEs. The relationship between pore 

structures and conduction behavior was also investigated. 
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3.2 Experimental 

 

3.2.1 Synthesis of nano-SCE pellets 

 

The nano-SCE monolith was prepared using a templated sol-gel process; the 

mesoporous silica matrix was formed by slow hydrolysis-condensation reaction of 

TEOS as SiO2 precursor with ILE as a template, for the condensation of the 

interconnected hydrated silica network.[31] Lithium 

bis(trifluoromethylsulfonyl)imide (Li-TFSI, 99%, Solvay), 1-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP-TFSI, 98.5%, 

Sigma Aldrich), tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich), deionized 

water (DIW) and 1-methoxy-2-propanol (PGME, 99.5 %, Merck) were mixed in a 

glass vial. Here, the molar ratio between BMP-TFSI and TEOS (hereafter referred 

as “x”) in the mixture was varied between 1.0 and 2.0, while the molar ratio of Li-

TFSI and BMP-TFSI was fixed at 1:3 (equivalent to a 1M Li-TFSI ILE solution). 

The amounts of Li-TFSI and BMP-TFSI were determined from these ratios. For 

example, when x = 1, the added BMP-TFSI and Li-TFSI in the solution were 0.97 

g and 0.22 g, respectively. The volume of TEOS, DIW, and PGME were fixed at 

0.5 mL, 0.5 mL, and 1 mL, respectively. Unlike the typical formic acid catalyzed 

ionogel recipes,[24,26,27,29] a mixture with a mild pH of 5 with excess of water 

and PGME added to TEOS with ILE were used. This is because the hydrolysis 

reaction is slow, whereas the condensation reaction is favorable at this pH.[69] The 

Li-ions are believed to act as catalysts for the hydrolysis reaction, as no gelation 

occurred in the absence of the lithium salt while both had the same pH of 5. The 

mixtures were shaken for 1 min to form monophasic solutions. These solutions 
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were then stored without stirring to form gels at 25 °C and 50 %RH in a climate 

chamber (SH-641, Espec corp.). After allowing gelation for 2 to 4 days, the open 

vials were first dried at 40 °C for 4 days at a slightly reduced pressure (80 kPa) and 

then moved into a vacuum oven for 72 h at 25 °C (< 5x10-2 mbar). The weight of 

the resulting gels was measured with a semimicro balance (SM 1245Di-C, VWR). 

As a liquid reference, a pure ILE, a simple mixture of BMP-TFSI and Li-TFSI was 

prepared in the Ar-filled glovebox (O2, H2O <0.1 ppm), i.e., without air exposure. 

 

3.2.2 Removing ILE from nano-SCE pellets 

 

The open porous-silica matrix (aerogel) was prepared by removing the ILE 

fraction from the nano-SCE pellet using SCD.[97,98] First, nano-SCE pellet were 

immersed in ethanol at 40 °C for 12 h to exchange ILE by ethanol. This procedure 

was repeated three times, that is, the samples were soaked for 36 days in total. 

Subsequently, they were transferred into a CO2 critical point drying chamber (SCF-

201, JASCO) that was filled with ethanol and sealed tightly. The drying sequence 

started with a decrease in temperature to -5 °C. Subsequently, CO2 gas was purged 

through the chamber at a flow rate of 2 mL/min until the pressure was 12 MPa and 

then heated to 70 °C, which is higher than the supercritical point of CO2 (7.38 MPa 

and 31.1 °C).[97,98] At this stage, supercritical CO2 flow was continued at 2 mL/ 

min for 5–6 h to replace all the ethanol with CO2. Finally, the pressure was 

decreased slowly in intervals from 12 to 7 MPa, 7 to 3 MPa, and 3 to 0 MPa over 

time spans of 10, 60, and 10 minutes, respectively. After cooling down to room 

temperature, the samples were transferred to an Ar-filled glove box (oxygen <0.1 

ppm, water <0.1 ppm) and stored in a closed vial. For comparison, a sample with 
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the standard drying technique was prepared. The nano-SCE was soaked in acetone 

for 36 h (12 h x 3) to extract the ILE, and then dried in ambient for 4 h at 60 °C to 

dry the excess solvent. 

 

3.2.3 Imaging of the SCE and silica matrix 

 

The morphology of the nano-SCE pellet, with and without ILE, were 

investigated by SEM and TEM. SEM was done using a Thermo-Fisher Apreo tool 

with the acceleration energy in the range of 1.5–2.0 keV and dual-detector imaging 

mode using the T1 and T2 detectors in parallel for live image adjustments and the 

T2 detector for recording the SEM images. The sample was fixed on a conductive 

carbon tape. TEM was done using JEM-ARM200F at 200 keV and the sample was 

fixed on a copper micro grid. 

 

3.2.4 Density measurement 

 

The specific density of the nano-SCE (𝜌 ) and ILE (𝜌 ) were determined 

by N2 gas pycnometer (micromeritics, AccuPyc II 1340). The true density of 

porous silica after extracting ILE and drying (𝜌 ) was measured by H2 gas 

pycnometer (Quantachrome, UltraPyc 1200e).  

 

3.2.5 Nitrogen Adsorption and Desorption 

 

The obtained porous silica after ILE removal was outgassed for 4 h at 40 °C 

under a 0.1 mbar vacuum. Nitrogen physisorption isotherms were then measured 
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at T=77 K using an Autosorb 3 analyzer. The surface area was extracted from the 

adsorption isotherm with Brunauer-Emmett-Teller (BET) theory, which is based 

on a model that describes the amount of gas adsorbed on a silica surface as a 

function of pressure.[62,71,99] The pore size distribution was analyzed with the 

Barret-Joyner-Halenda (BJH) method.[72] The porosity of the silica matrix (𝑃) 

was determined by eq. (3.1) 

 

    𝑃 =  × 100 =
⁄

× 100                   (3.1) 

 

where 𝑉  (cm3/g) is the specific total pore volume obtained from the isotherms 

plot, and 𝑉  (cm3/g) is the specific volume of silica matrix, which is the 

inverse of the silica matrix density as determined above.  

 

3.2.6 Positron Annihilation Spectroscopy 

 

PALS was carried out using a conventional lifetime system with digital 

oscilloscope (LeCroyWavepro), as described by A. Uedono et al.[73] The positron 

source was prepared by the deposition and drying of aqueous 22NaCl (radioactivity 

of ∼500 kBq) on the Kapton polyimide foils and then covering it with another 

Kapton foil. Subsequently, the positron source was sandwiched between two 

identical samples, which were prepared by packing the samples in the central dip 

of the acrylic holders (4.5 mm in diameter, 3 mm thick), and then placing them into 

the vacuum chamber (10−3 Pa). The positron beam was irradiated through the 

whole sample (in 3 mm thick). To prevent backscattering of γ-rays by the 

scintillators, the two detectors were positioned perpendicular to each other. All the 
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measurements were conducted at room temperature. The full width at half 

maximum (FWHM) of the time resolution of the system was ~230 ps and the time 

calibration constant was 102.7 ps/ch. The total number of accumulated counts was 

in the range of 4×106 to 8×106 for each lifetime spectrum. Herein, the lifetime 

spectrum 𝑆 (𝑡) is given by eq. (3.2). 

 

𝑆 (𝑡) =  ∑ 𝜆 𝐼 exp (−𝜆 𝑡)                                        (3.2) 

 

where 𝜆  and 𝐼  are the annihilation rate and intensity of positrons of ith 

component, respectively.[73] The lifetime of positrons 𝜏  is given by 1/𝜆 . The 

number of lifetime components is determined by deconvoluting the spectra with a 

time resolution of approximately 190 ps using a computer program called 

RESOLUTION.[100] The pore size of the samples was estimated from the lifetime 

of each component using the extended Tao–Eldrup (ETE) model, which is a 

quantum mechanical model established by Gidley et al.[80,101] The EELViS 

calculator was used for this estimation.[81]  

 

3.2.7 Conductivity measurement of nano-SCE 

 

The ionic conductivity of the nano-SCE pellets was determined by 

electrochemical impedance spectroscopy (EIS) measurements on a small volume 

(23 l) of the synthesized pellets that was placed in a polytetrafluoroethylene 

(PTFE) ring. The filled ring was sandwiched between two stainless steel (SS) disks 

WITHOUT sealing in a coin cell (CR2032, MTI) to dry further in the glovebox 
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(O2, H2O <0.1 ppm). The effect of “drying” on the conductivity was determined 

using these samples. For impedance measurement, the AC amplitude was set at 5 

mV and the frequency range was from 1 MHz to 1 Hz. The ionic resistance of the 

nano-SCE was determined from the intercept of the high frequency with the real 

axis in the Nyquist plots and the dimension of the inner ring filled with nano-SCE. 

The conductivity measurements were done with a potentiostat (PGSTAT302N, 

Autolab) combined with a frequency response analyzer (FRA32M, Metrohm) 

controlled through Nova software. The details of the measurements was described 

by Chen et al.[31]  

 

3.3 Results and discussion 

 

In order to characterize the pore structures, the ILE was extracted from nano-

SCE, with x = 1.0, 1.5, and 2.0 by CO2 SCD methods. For comparison, ILE 

extracted nano-SCE samples (x = 1.5) that were simply dried in ambient air were 

also prepared. The optical images of nano-SCE (x = 1.5) at each step of the ILE 

removal process are shown in Fig. 3.1. First, a transparent nano-SCE pellet was 

prepared by following the procedure described in the experimental section (Fig. 

3.1(a)). The pellet diameter was approximately 1.8 cm. Next, the ILE in the nano-

SCE was exchanged by ethanol. The pellet appearance changed from clear to 

opaque after replacing the solidified ILE by liquid ethanol in the pores. However, 

the pellet size and volume remained unchanged, even after the exchange (Fig. 

3.1(b)) due to the solid monolithic nature of the silica matrix.[31] After careful 

drying beyond the critical point of CO2, intact aerogel monoliths, i.e., porous silica  
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Fig. 3.1 Pictures of nano-SCE pellets at each step of the ILE removal process (ILE/SiO2 = 1.5) 

(a) as-prepared pellet (without additional process). (b) The pellet after soaking in ethanol for 36 

h at 40 oC. (c) The pellet after soaking in ethanol for 36 h at 40 oC and then drying by CO2 super 

critical drying method. (d) The pellet after soaking in acetone for 36 h at RT and then drying in 

ambient at 60 oC. Reprinted with permission from ref.[102] Copyright 2021, American Chemical 

Society. 
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Fig. 3.2 SEM images of the nano-SCE with ILE/SiO2 molar ratio of 1.5 and porous silica matrix 

which was obtained by removal of ILE. (a), (b) as-prepared pellet (nano-SCE). (c), (d) The porous 

silica which remains after soaking in ethanol for 36 h at 40 oC and subsequent drying by CO2 

super critical drying method. Reprinted with permission from ref.[102] Copyright 2021, American 

Chemical Society. 
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Fig. 3.3 SEM images of the porous silica matrix which was obtained by removal of ILE from the 

nano-SCEs. (a) ILE/SiO2 = 1.0. (b) ILE/SiO2 = 1.5. (c) ILE/SiO2 = 2.0. ILE was collapsed 

almost completely during (ambient) drying due to the surface tension between the 

shrinking acetone fraction and the large internal silica surface. Reprinted with 

permission from ref.[102] Copyright 2021, American Chemical Society. 
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matrix, was obtained (Fig. 3.1(c)). The color became white due to the scattering of 

light by the random pore structures. However, no significant change in the size and 

volume of the pellets was observed after CO2 SCD. Even though some change in 

pore structure cannot be excluded, I expect that most of the original silica matrix 

structure remained intact. In contrast, after soaking in acetone and drying in 

ambient conditions, the pellet size had reduced more than half in size with a 

diameter of approximately 8 mm (Fig. 3.1 (d)). In this case, the pore structure  

Figure 3.2 shows the SEM images of the nano-SCE with x = 1.5 before and 

after ILE removal. The nano-SCE indicated no clear microstructure, except for 

some patched of smooth amorphous-like morphology randomly distributed (Fig. 

3.2 (a) and (b)). I believe these patches are silica matrix. The full silica matrix was 

revealed after the extraction of ILE by CO2 SCD. A dense scaffold of mesoporous 

silica with 10–30 nm diameter pores is observed, intersected by occasional larger 

macropores of 100–150 nm (Fig. 3.2 (c) and (d)). 

removed by soaking in ethanol for 36 h at 40 oC and subsequent drying by CO2 super 

critical drying method. 

Figure 3.3 shows the comparison of the silica matrix structure with increasing 

ILE/SiO2 content: x = 1.0, 1.5, and 2.0. In the porous silica with x = 1.0, the size 

of the pores was small (<70 nm) and relatively uniform. With increasing ILE/SiO2 

ratios of x = 1.0 to 2.0, more macropores appeared in the silica scaffold and their 

pore size became larger. This can be explained by the increase of the ILE volume 

fraction, which occupies a larger fraction in the nano-SCE. The larger volume 

fraction can be accommodated by either more pores and/or larger pore size. 

A high-resolution TEM image of the sample with x =1.5 is shown in Fig. 3.4. 

The silica scaffold microstructure is made up of silica nanoplatelets of  
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Fig. 3.4 TEM image of the porous silica matrix which was obtained by removal of ILE from the 

nano-SCE with ILE/SiO2 molar ratio of 1.5. ILE removal was done by soaking in ethanol for 36 

h at 40 oC and subsequent drying by CO2 super critical drying method. Reprinted with permission 

from ref.[102] Copyright 2021, American Chemical Society. 

 

 

approximately 7–10 nm. Unfortunately, the mesoporous character observed in the 

SEM images is not preserved in the TEM images owing to the sample preparation 

by drop casting and drying on the TEM carbon lace grid. Hence, it is seen that an 

image of a densified structure where the silica nanoplatelet building blocks are 

bound together. Nevertheless, upon carefully inspection, (more) open spaces can 

be observed in a few positions (indicated by yellow circles), which are the remnants 

of pores. The diameter of the pores is estimated to be approximately 8–9 nm. This 

corresponds to the smallest sized pores, which can be seen by SEM in Fig. 3.3 (b). 
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However, it is difficult to determine the pore size and their distribution by TEM as 

the pore was overwrapped with the electron transmission axis. 

N2 adsorption/desorption measurements were done to characterize the pore 

size and its distribution, and calculate the specific surface area (BET surface area) 

and porosity of the open porous silica aerogel matrix. Figure 3.5 (a) shows the 

isotherms of the nano-SCEs after ILE removal and drying. All data indicate the 

hysteresis with N2 adsorption branch (bottom line) and N2 desorption branch (top 

line), but the plot shape was different depending on the sample preparation 

conditions. The plots of the air-dried sample with x = 1.5 and SCD sample with x 

= 1.0 show a relatively clear hysteresis. This behavior can be classified into the 

typical type-IV category indicating that a mesoporous structure (2–50 nm) is 

dominant in the sample as defined by the International Union of Pure and Applied 

Chemistry (IUPAC).[62,71] In contrast, the hysteresis was flat in the SCD samples 

at higher ILE/SiO2 (x = 1.5 and 2.0). This behavior can be explained by an overlap 

of a type-II shape, which is indicative of a macroporous structure (>50 nm), and 

type-IV of a mesoporous structure. This confirms that a larger pore size co-exists 

with a mesoporous structure in these samples as observed with SEM.  

Figures 3.5 (b) and (c) show the pore size distributions analyzed by BJH method 

assuming a cylindrical pore.[72] The pore size distribution obtained from the 

adsorption branch (Fig. 3.5 (b)) reflects the pore size of the wider part of the 

cylindrical pore, and that of the desorption branch (Fig. 3.5 (b)) reflects the size of 

the narrow part of the cylindrical pore. Upon comparison the SCD and ambient 

drying samples at a fixed ILE/SiO2 ratio (x = 1.5), it was observed that the pore 

size and number density for the sample dried in air was much smaller than that of 

the SCD fabricated aerogels. This confirms that the pore structure collapsed during 
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ambient drying as expected. Whereas all SCD samples have comparable pore sizes 

in Fig. 3.5 (b) and (c). The pore size distribution for the x = 1.0 aerogel is 

distinctively narrower than that for the higher x-values, confirming the presence of 

relatively small and uniform pores in this sample as observed by SEM (Fig. 3.3 

(b)). Note that the lower cut-off value for the pore size was set at 3 nm; thus, the 

actual average pore size might even be somewhat lower. The pore size of the SCD 

samples with x = 1.0 was smaller than 30–90 nm with a peak density of 15–25 nm 

pores (Fig. 5 (b) and (c)). The maximum pore size and pore size distribution 

becomes larger with increasing ILE/SiO2 molar ratio due to the increase of ILE 

volume, i.e., the space occupied by ILE in the nano-SCE. Pore sizes as large as a 

few hundred nanometers with a peak density around 40–80 nm were measured for 

SCE samples with x = 1.5 and 2.0. This is also in accordance with the SEM results 

(Figs. 3 (b) and (c)). However, the total number of pores in the SCE sample with x 

= 2.0 seems lower compared to that of x = 1.5. This could be due to the partial 

collapse of the pores after CO2 drying, as the silica network might not be strong 

enough to withstand forces of water adsorption from air. 

The BET surface area and porosity is summarized in Table 3.1. The porosities 

of the samples were calculated from the total pore volume and true density of 

porous silica using eq. (1).[99] For comparison, the volumetric ratio of ILE (𝑉 ) 

to nano-SCE (𝑉 ) was determined by eq. (3) and summarized in Table 3.1. 

 

=  
⁄

⁄
                                                 (3.3) 

 

where 𝑤  and 𝑤  are the weight (g) of the combined materials in the reacted 
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Fig. 3.5 N2 adsorption/desorption measurement results of the porous silica matrix which was 

obtained by removal of ILE from the nano-SCEs. (a) Isotherm. (b) log differential pore size 

distribution which is analyzed by adsorption part of the isotherm using BJH method with an 

assumption that the pores in the silica are cylindrical in shape. (c) log differential pore size 

distribution which is analyzed by desorption part. “x” denotes the ILE/SIO2 molar ratio of the 

samples. Reprinted with permission from ref.[102] Copyright 2021, American Chemical Society. 
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sol-gel precursor solution, and 𝜌  and 𝜌  are the measured density of ILE 

and nano-SCE (g/cm3). The volumetric ratio in (3) expresses the space occupied 

by ILE in the nano-SCE and thus, in principle, is equal to the porosity of the silica 

matrix. Note that the calculation is done under the assumption that the density of 

pure ILE is the same as that of the ILE confined in the pores of the nano-SCE. As 

he ILE molecules form a solid, adsorbed and molecular ordered nanocomposite 

with the silica, the density of the ILE fraction is likely to be slightly higher; thus, 

the actual volumetric ratio is slightly smaller, as indeed discovered (Table 3.1). On 

the contrary, the density of the confined ILE in the sample x =1.5 can be extracted: 

1.56 g/cm3 or 5.4 % larger than bulk ILE density (1.48 g/cm3). The surface area 

and porosity of sample under ambient drying (x = 1.5) was lower than that of the 

SCD sample; however, not as much as one would expect from the near 100% 

volume reduction. Hence, the pore structure is indeed partially collapsed. However, 

the large shrinkage is also the result of a strong reduction in pore size, which was 

also inferred from the pore size distribution in Fig. 3.5 (b) and (c). For the SCD 

sample, the surface area decreased with increasing ILE/SiO2 ratio from 1050 m2/g 

for x = 1.0 to 850 m2/g for x = 2.0. Conversely, the pore volume reaches a 

maximum for x = 1.5. Hence, an optimum ILE/SiO2 ratio seems to be reached at 

this point. For higher x, there is insufficient silica to form more walls. Indeed, 

larger pores containing liquid ILE are likely to be formed for higher x-values as 

discussed in Fig. 3.5. From the ratio of pore volume to surface area, an average 

pore size of 9.6 nm, 15.8 nm and 11.4 nm is expected for x = 1, 1.5 and 2, 

respectively. However, the average silica wall thickness reduces to less than 2 nm 

from x = 1.5; thus, confirming that there is insufficient silica to form the matrix. 

Therefore, larger pores are formed to store the excess ILE.  
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Table 3.1 Summary of the structural properties of porous silica matrix which were obtained by 

removal of ILE from the nano-SCEs. BET surface area and porosity were determined from N2 

adsorption/desorption measurements. ILE/nano-SCE volumetric ratio was calculated from the 

density of ILE and nano-SCEs measured with pycnometer.  

 

 

 

The PALS was obtained for the nano-SCEs with ILE/SiO2 molar ratio of 1.0, 

1.5, and 2.0 after ILE removal and CO2 SCD. All the spectra resolved into four 

components by fitting using RESOLUTION.[100] The lifetime and intensity of 

each component is shown in Supplementary Information (Table 3.2). In porous 

materials, a part of the injected positrons form a positron-electron bound state, 

which is called positronium (Ps).[83,84] The Ps with the singlet spin state (anti-

parallel) is called para-Ps (p-Ps), which annihilates with the emission of two quanta 

in a short lifetime of 0.125 ns (in vacuum). The Ps with triplet spin state (parallel) 

is called ortho-Ps (o-Ps), which emits three quanta during annihilation in 

vacuum.[85] As the intrinsic lifetime of o-Ps is 142 ns (thousand times longer than 

that of p-Ps), it diffuses nto the pores and survives for significantly longer. In 

condensed matter with small pore structures; however, a part of positron in o-Ps 

annihilates with the electrons with opposite spin at the pore surface and annihilates 

through the two quanta emission process with the lifetime of few tens of ns (“pick- 
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Table 3.2 Positron lifetime and intensity of the four components fitted in the positron lifetime 

spectrum of the porous silica matrix which was obtained by removal of ILE. ILE was extracted 

from the nano-SCE by soaking in ethanol for 36 h at 40 oC and subsequent drying by CO2 super 

critical drying method.  

 

 

 

off” process).[86] As this annihilation process is sensitive to small variations in the 

electron density, the small-sized pores in the samples can be characterized by 

analyzing the behavior of o-Ps annihilation. 

Taking into account, that the porous silica (aerogel) samples are composed of 

silica and open spaces (pores), the first (shortest-lived) lifetime component, 𝜏 , 

with around 0.2 ns is attributed mainly to the annihilation of free-positron and the 

positron of p-Ps in the silica region. It is difficult to distinguish between the lifetime 

arising from the free positron and p-Ps due to limitation of the time resolution of 

the spectrometer. Since this component does not reflect the information of open 

spaces, it will not be discussed further in this paper. The second component, 𝜏 , 

with about 0.5 ns is due to the annihilation of o-Ps as it is longer than the intrinsic 

lifetime of p-Ps (0.125 ns). Annihilation with 0.4–0.5 ns has been observed in SiO2 

synthesized via the sol-gel process.[87,88] It is reported to be due to positron 
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annihilation without the formation of positronium in the vacancy clusters in 

amorphous SiO2.[89,90] Thus, the second component is a result of the positron 

annihilation in the open-volume structure of the amorphous network of SiO2. The 

third component, 𝜏 ,  with a mean lifetime of about 2.0 ns is a typical value 

observed in the porous silica made by sol-gel process.[91,94] It is originated from 

the pick-off annihilation of o-Ps trapped in the small pores between primary silica 

particles. The o-Ps lifetimes in the pick-off process can be used to evaluate the pore 

size using ETE model.[80,101] If the pore shape is assumed to be spherical, the 

pore diameter is calculated to be 0.63–0.65 nm for 2.0–2.1 ns (𝜏 ). The pore 

diameter of 𝜏  and 𝜏  is smaller than the molecular size of ILs;[103] thus, the 

pore corresponding to the second and third components don’t contain ILE inside. 

However, they could contain adsorbed or ice-water and affect the determination of 

the exact number of ice-water monolayers at the ILE/ice-water/silica interface.[31] 

Additionally, these pores might be closed spaces, which do not connect with each 

other; thus, Li ion conduction would not occur through these spaces. Hence, 𝜏  

and 𝜏  have negligible contribution towards the ionic conductivity. In contrast, 

the longest lifetime component, 𝜏 , with lifetime in the range of 60–65 ns is 

considered to be due to the annihilation of o-Ps in the larger size pores. The pore 

diameter is estimated to be about 4.6–5.1 nm, which can hold IL molecules. These 

small sized pores were not distinguished by SEM, TEM and N2 

adsorption/desorption analysis above. However, no components with lifetimes 

higher than 70 ns were observed from the PALS spectra. This implied that most of 

the injected positrons annihilated in the small sized pores (less than few tens nm) 

before getting trapped in the larger pores (> 10 nm). From these results, it is 

concluded that PALS technique is sensitive to a relatively small pore size in the 
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sample (less than few tens nm) and is in agreement with the other analytical 

techniques such as SEM, TEM, and N2 adsorption/desorption methods. 

The lifetime and intensity of the fourth component as a function of ILE/SiO2 

molar ratio is shown in Fig. 3.6. The lifetime increased with increasing molar ratio 

of ILE/SiO2 even though the intensity decreased. This indicates that the pores of 

approximately 5 nm slightly grow in size with increasing ILE, while decreasing in 

number density. This trend corroborates with the reduction in BET surface area, 

even though it does not capture the larger pores. Thus, the nanoporous structure  

 

 

 

Fig. 3.6 Positron annihilation parameters for the fourth component of porous silica matrix which 

was obtained by soaking in ethanol for 36 h at 40 oC and subsequent drying by CO2 super critical 

drying method. (a) Lifetime and (b) Intensity as a function of ILE/SiO2 molar ratio of the original 

nano-SCEs. The pore diameter was calculated and is shown in the right axis of (b). Reprinted 

with permission from ref.[102] Copyright 2021, American Chemical Society. 
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Fig. 3.7 Ionic conductivity of nano-SCEs with different ILE/SiO2 molar ratio (x = 1.0, 1.5 and 

2.0). (a) Conductivity vs. square root of drying time in Ar-filled glovebox. (O2, H2O <0.1 ppm). 

[31] (b) Ionic conductivity with drying in glovebox for 0 day (sas-prepared) and 138 days (ssaturated). 

The reference conductivity which is estimated from porosity is shown for comparison. (c) 

Schematic of the pore structure change in nano-SCE. Reprinted with permission from ref.[102] 

Copyright 2021, American Chemical Society. 
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was completely characterized by the combined results from SEM, TEM, N2 

adsorption/desorption, and PALS. 

In order to investigate the behavior of Li ion conduction in the nanoporous 

structure, the effect of drying on conductivity was studied. The nano-SCEs with x 

= 1.0, 1.5, and 2.0 were selected and are shown in Figure 3.7 (a). [31] The 

conductivity increased with increasing molar ratio of ILE/SiO2, i.e., the volume of 

ILE. The plot of pure ILE reference is also shown for comparison (0.6 mS/cm, 

horizontal dotted line). Fig. 3.7 (a) shows the change in conductivity for 23 μl of 

nano-SCE as a function of residence time (square root of time) in the Ar-filled 

glovebox. For the samples immediately after vacuum drying (without additional 

drying in the glovebox, Day 0), the conductivity exceeded that of the ILE reference. 

This is due to the promotion of the Li-ion conductivity by the ordered IL molecules 

on the porous silica surface with a functional adsorbed ice-water layer. The strong 

hydrogen bonding between the ice-water and the IL molecules induces molecular 

ordering of the ionic liquid anions and cations on the silica surface. This interfacial 

interaction weakens the association between the Li- ion and its TFSI anion, thereby  

enhancing the ionic conductivity well beyond that of pure ILE.[31] Herein, the Ar 

atmosphere in the glove box contains less than 0.1 ppm of water, which 

corresponds to a relative humidity of 0.0005 %RH, a partial water pressure of 0.01 

Pa or a dew point of -88 °C. The amount of ice-water on silica is in equilibrium 

with the partial pressure of water in the environment[36,37]. Thus, the nano-SCEs 

are slowly dried when they are kept in the glovebox until they reach an equilibrium 

with the dry glove box conditions. Fig. 3.7(a) indeed shows a decrease in the ionic 

conductivity of nano-SCEs until it saturates at a value well below that of the pure 
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ILE. The linear relationship of conductivity with the square root of drying time is 

due to the diffusion limited removal of the adsorbed water from the silica surface.  

Both the conductivity with largest enhancement (σas-prepared: conductivity at 

Day 0 with functional ice water layer) and least enhancement (σsaturated: 

conductivity at Day 138 with only a partial coverage with ice water) were extracted 

from Fig. 3.7 (a) and are summarized in Fig. 3.7 (b). It is noteworthy that the 

numbers for the σas-prepared and σsaturated are derived from the same sample; i.e. with 

the same nanoporous structure. Thus, these value can be compared directly for 

estimating the surface enhancement and pore confinement degree. For comparison, 

a reference conductivity (σref) was added, where the bulk ILE conductivity is 

corrected for the porosity, 𝑃, obtained by CO2 SCD (Table 1) using eq. (3.4) 

 

𝜎 = 𝜎 × 𝑃                                            (3.4) 

 

This reference is the value for a hypothetical case where the conductivity is simply 

proportional to the ILE/SiO2 volumetric ratio without any surface enhancement and 

effects of a viscosity increase.  

The ratio of σas-prepared to σref provides the enhancement in the ion conductivity 

with respect to the same volume of bulk ILE and increases with ILE/SiO2 ratio. 

However, the σas-prepared/σref ratio includes all the conduction phenomena in the 

nanostructure, that is, the surface enhancement effect (surface functionalization) 

and pore confinement degree (increase in viscosity). To distinguish the effect of 

these phenomena, the equivalent ice-water and ILE layer thickness was determined 

by the water and ILE content with the surface area of silica matrix in Table 3.3. 

The vacuum-dried nano-SCE pellets were directly brought into the Ar-filled 
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Table 3.3 Equivalent thickness of ILE and adsorbed ice water layer derived by surface area 

assuming the flat silica surface. The water content was determined from the excess mass weight 

difference from non-volatile compounds. 

 

 

 

glovebox (O2, H2O <0.1 ppm) and stored in closed vials. Thus, the water content 

retained in the nano-SCE was determined from the difference between the 

measured weight of the pellets and the weight of the non-volatile compounds (ILE 

and SiO2). As the BET surface area shown in Table 3.1 is for the mesopores and 

macropores only, surface area of micropores was also estimated from the silica 

volume and average particle diameter determined by TEM images in Fig. 3.4. A 

maximum additional surface area of micropores was determined to be between 350 

and 400 m2/g. The number of corresponding monolayers of surface-bound ice 

layers was estimated from the water content and total surface area of all kinds of 

pores. Meanwhile, the equivalent thickness of ILE was obtained by ILE volume 

fraction and BET surface area assuming a flat silica surface. The calculation detail 
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Fig. 3.8 Ion conduction behavior in the nano-SCEs. “x” denotes the ILE/SIO2 molar ratio of the 

samples. (a) Surface enhancement factor ((sas-prepared-ssaturated)/sref) of nano-SCEs as a function of 

Ice water layer thickness on the silica surface. (b) Pore confinement degree (ssaturated/sref) of nano-

SCEs as a function of equivalent ILE layer thickness assuming a flat silica surface. Reprinted 

with permission from ref.[102] Copyright 2021, American Chemical Society. 

has been described previously[31]. All the data is summarized in Table 3.3. 
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Fig. 3.8(a) shows the enhancement factor, which is defined by (σas-prepared-

σsaturated)/ σref, as a function of the number of ice-water layers. It is apparent that the 

enhancement effect is related to the number of ice water layers. The nano-SCE 

composition (water content) at t = 0 depends on the vacuum drying process, which 

indicates that the removal of water from the nano-SCE takes longer for a higher 

ILE/SiO2 content. It is known that a silanol surface can have 3 to 4 solid ice water 

layers.[36] Thus, ideally, 3 to 4 monolayers of ice water are obtained to impart the 

largest surface enhancement effect without liquid water.[31] The enhancement 

factor is likely to be saturated from the range of 4–5 monolayers of the ice water 

layer (Fig. 3.8 (a)). For the nano-SCE with x = 2, the surface water layer right after 

vacuum drying may already have some liquid-like surface water as up to 5 layers 

partial pressure of water in the glove box (0.01 Pa), the amount of surface water is 

reduced from 2-5 monolayers at the start to only a partial monolayer of adsorbed 

water.[31] Without this surface ice-water, the surface conduction promotion effect 

is small and the decrease in Li-ion were estimated. Thus, the thickness of the ice 

water layer should be controlled within 3 to 4 monolayers. However, it is difficult 

to make a thin and uniform adsorbed water layer on the silica pore walls as it is 

relatively sensitive to the environment (humidity). The other functional layers that 

yield similar or even larger surface promotion are expected to be developed. 

As the samples continue to dry in the glovebox, the surface water layer further 

shrinks. At the equilibrium condition (saturation), a conductivity is dropped due to 

the increasing viscosity of the ILE encapsulated in the nanopores.[30,104] Thus, 

the conductivity saturates well below the value of the pure ILE. Fig. 3.8 (b) shows 

the pore confinement degree, which was defined by σsaturated/σref, as a function of 

equivalent ILE layer thickness. As seen in the figure, the σsaturated/σref ratio is 
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proportional to the ILE thickness, that is, pore size of the silica matrix. The 

σsaturated/σref ratio dropped with decreasing pore size indicating that a strong 

confinement occurred in the samples with the smaller pores in nano-SCE. 

Furthermore, the ILE layer thickness where conductivity becomes zero is estimated 

to be approximately about 1.9 nm or 1-2 ILE monolayers from extrapolating the 

plots. This might correspond to the thickness of the adsorbed ILE layer on the silica 

pore wall. In contrast, the σsaturated/σref ratio increases with the ILE layer thickness, 

implying that the confinement effect was relieved in the large-sized pores. 

Furthermore, the σsaturated/σref ratio reaches 1 at the ILE thickness of 15 nm 

indicating that the pore confinement effect reached zero at some point. Assuming 

the pore size as approximately double that of the ILE thickness, the optimal pore 

size where the confinement effect was sufficiently suppressed can be estimated to 

be approximately 30 nm. This agrees well with the pore size of the samples with a 

higher conductivity (x = 2.0) in Fig. 3.5 The overall (measured) conductivity of 

nano-SCE was determined by the balance of surface enhancement and pore 

confinement effects. Thus, the low conductivity of the sample with x=1.0 is 

explained by the stronger confinement in the pores compared to the surface 

enhancement effect. The total conductivity was limited to 0.6 mS/cm even in Day 

0, which is almost the same as pure ILE value (0.6 mS/cm) and 0.15 mS/cm at the 

equilibrium condition on Day 138. This is due to the suppression of the ionic 

conduction by the severe confinement in the pores. In contrast, the higher 

conductivity was obtained in the sample with x = 2.0 (1.4 mS/cm in Day 0 and 0.5 

mS/cm in Day 138). This is due to the large surface enhancement effect with 

approximately five monolayers of ice water layer before drying, and the limited 

pore confinement effect in the large pores of 30–40 nm even at equilibrium 
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conditions. As such, the Li ion conduction behavior in nano-SCE with different 

ILE/SiO2 ratio was interpreted with two phenomena that originated from the 

nanostructure; surface enhancement effect and pore confinement effect. 

Finally, the effect of the pore structure on the Li ion conduction behavior was 

investigated by comparing the pore structures obtained from the various 

characterization techniques and surface enhancement/pore confinement effect. The 

variation in the surface area corresponds to the size of pores in the sample. Both, 

the size of the macropores (> 50 nm), which is characterized by SEM measurement 

(Fig. 3.3), and that of the mesopores (2–50 nm), which is determined by N2 

adsorption/desorption (Fig. 3.5) and PALS analysis (Fig. 3.6), were increased with 

increasing ILE/SiO2 molar ratio. The reason for the larger surface area in the 

sample with lower ILE/SiO2 ratio was the reduction of the pore size in the samples. 

Furthermore, the number of mesopores was larger in the samples with lower 

ILE/SiO2 ratio. This also leads to a larger surface area of the sample. However, the 

structure which has many small pores (less than few tens of nm) lead to suppression 

of the conductivity due to the pore confinement effect as discussed in Fig. 3.8 (b). 

Thus, to attain a higher conductivity by maximizing surface conduction promotion 

effect and minimizing the confinement effect, a pore structure with optimized pore 

size (approximately 30 nm) should be realized in the nano-SCE.  

 

3.4 Conclusion 

 

I have investigated the effect of the pore structures on the Li ion conduction 

behavior in nano-SCE, which is composed of ionic liquid and Li-salt (ILE) 

supported by porous silica matrix. The porous silica matrix was successfully 
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obtained by extracting the ILE from the nano-SCE. A careful drying above CO2 

super critical point aids in sustaining the original structure, thereby avoiding the 

collapse due to surface tension. Pore size and its distribution, BET surface area, 

and porosity were characterized by several analytical techniques such as SEM, 

TEM, N2 adsorption/desorption, and PALS methods. It was revealed that there are 

various size of macropores and mesopores in the silica matrix, and their size 

increased with increasing ILE/SiO2 molar ratio of original nano-SCEs. It was also 

revealed that the surface area was larger corresponding to the reduction in the pore 

size. The surface enhancement degree was verified to increase with the thickness 

of the adsorbed ice-water layer on the silica surface, indicating that the conduction 

promotion effect originated from the strong hydrogen bonding in the ice layer. In 

addition, a large number of small pores lead to a severe pore confinement effect 

that results in a drop in the conductivity due to the increasing viscosity of ILE filled 

in the pores. The conductivity can be higher by realizing a nano-SCE with an 

optimized pore size of approximately 30 nm to minimize the pore confinement 

effect.
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Chapter 4 

High-rate Performance Solid-State Lithium 
Batteries with Silica-gel Solid Nanocomposite 
Electrolytes using Bis(fluorosulfonyl)imide-based 
Ionic Liquid 
 

 

4.1 Introduction 

 

All-solid-state batteries (ASSBs) with solid electrolytes (SEs) are epoch-making 

energy storage devices beyond conventional lithium-ion batteries because SEs can 

remove the risks of electrolyte leakage, volatilization, flammability and explosion. To 

realize high-energy and high-power performance as well as high-safety, SEs with fast 

lithium-ion conduction and good interfacial contact with the electrodes are expected to 

be developed. Recently, Xubin et al. developed a novel solid nanocomposite electrolyte 

(nano-SCE) composed of ionic liquid (IL), Li-salt and porous silica using sol-gel 

method[31]. This electrolyte ensures battery safety because of the non-volatility, thermal 

and electrochemical stability. Furthermore, a liquid precursor can be impregnated into the 

powder electrodes, which potentially forms a good interfacial contact between the 

electrode and the electrolyte. More interestingly, nano-SCE shows the promotion of the 

Li-ion conductivity on the silica pore wall. The strong hydrogen bonding between the 

surface ice-water and the IL molecules induces molecular ordering of IL anions and 

cations. This interfacial interaction weakens the association between the Li-ion and its 

anion, thereby enhancing the ionic conductivity well beyond that of pure IL electrolyte. 
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As the ice-water layer was confirmed to be electrochemically inactive, it does not cause 

degradation during cycling of the batteries. Furthermore, damage to the active electrode 

materials is avoided as this water-based sol-gel precursor does not contain corrosive 

acidic compounds, such as formic acid (FA), which have been typically proposed as 

catalysts in the literature.  

Previously, Xubin et al. reported on the battery performance of Li-LFP (LiFePO4) 

and Li-Li4Ti5O12 (Li-LTO) cells using nano-SCE containing 1-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP-TFSI) as IL, which 

demonstrated stable charging and discharging behaviour.[31] However, the C-rate 

performance of these cells was limited as a result of the formation of a highly resistive 

solid electrolyte interphase (SEI) against metallic lithium and the limited ion conductivity 

of the BMP-TFSI based nano-SCE.[31,105,106] In this paper, I demonstrate the drastic 

improvement of the C-rate performance of a solid-state Li-ion battery using a nano-SCE 

with 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide (EMI-FSI). The 

bis(fluorosulfonyl)imide (FSI−) anion is a smaller analogue of TFSI−, where both CF3 end 

groups of TFSI− are substituted by F− atoms. FSI−-based ILs are known to reduce the 

resistance of SEI.[107–110] Additionally, the conductivity of FSI−-based ILEs is higher 

than those of TFSI− based ones as FSI− has a lower viscosity.[111] The reaction kinetics 

at the Li/SCE are compared between the EMI-FSI- and BMP-TFSI- based nano-SCEs 

using three-electrode measurements. The C-rate performance of the solid Li-LFP cell with 

nano-SCE is compared with that of a standard cell with a conventional lithium 

hexafluorophosphate (LiPF6) liquid electrolyte.  

 

4.2 Experimental 
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4.2.1 Synthesis of nano-SCE pellets 

 

The nano-SCE monolith was prepared using a templated sol-gel process: the 

mesoporous silica matrix was formed by the slow hydrolysis-condensation reaction of 

tetraethyl orthosilicate (TEOS) with an ILE as template for the condensation of the 

interconnected hydrated silica network. Two different ILEs, which were composed of a 

Li-salt and an ionic liquid with a molar ratio of 1 : 3, were selected. One was a mixture 

of lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI, 0.33 g, 99%, Solvay) and BMP-

TFSI (1.02 mL, 99.9%, Solvionic), and the other was a mixture of Li-FSI (0.21 g, 99%, 

Fluorochem) and EMI-FSI (0.70 mL, 99.9%, Solvionic). The ILE, tetraethyl orthosilicate 

(TEOS, 0.5 mL, 98%, Sigma Aldrich), deionized water (DIW, 0.5 mL) and 1-methoxy-2-

propanol (PGME, 1.0 mL, 99.5%, Merck) were mixed in a glass vial. The molar ratio of 

the ILE to TEOS was fixed at 1.5. The mixtures were stored in closed vials to form gels 

at 25 °C and 50% relative humidity in a climate chamber. After gelation for a few days, 

the open vials were first dried at 40 °C for 4 days at slightly reduced pressure (80 kPa) 

and then moved into a vacuum oven for 72 hours at 25 °C (<5 × 10−2 mbar). The result 

was a monolithic pellet with a diameter of approximately 1.5 cm and a thickness of 5 mm. 

The pellets were stored in a closed vial inside an Ar-filled glove box (oxygen <0.1 ppm, 

water <0.1 ppm). 

 

4.2.2 Fabrication of the electrode foil 

 

A LFP powder electrode was prepared by blade-coating on aluminum foil (20 µm) 

from an aqueous slurry containing a dry mass of 91 wt.% LFP, 3 wt.% carbon black (CB), 

2 wt.% carboxymethylcellulose (CMC) and 4 wt.% fluorinated acrylic latex. First, the 
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LFP powder and carbon black (Imerys, SUPER C65) were mixed with the aqueous CMC 

solution (Nippon Paper, MAC350HC) using a planetary mixer. Then this homogenized 

product was mixed with DIW and a fluorinated acrylic latex (JSR, TRD202A) in a 

vacuum mixer to make a slurry for the coating. The prepared slurry was cast on aluminum 

foils to deposit the electrode films using a blade coater (Elcometer, 4340) with a blade 

height of 150 µm and coating speed of 15 mm sec−1. These as-coated electrodes were 

immediately brought into an atmospheric oven with stagnant air at 70 °C for 10 min, and 

were further dried at 140 °C for 4 hours in a vacuum oven. The dry coating thickness was 

around 30 µm, as determined from scanning electron microscopy (SEM, Philips XL30) 

measurements. LTO powder electrode films were blade-coated on copper foils (25 µm) 

in a similar way as the LFP electrode. The composition of dry mass was 85 wt.% LTO 

powder, 5 wt.% CB, 5 wt.% CMC and 5 wt.% fluorinated acrylic latex. The LTO film 

thickness was approximately 40 µm. 

 

4.2.3 Fabrication of the battery cells 

 

Nano-SCE-impregnated electrodes were fabricated by drop-casting of the sol-gel 

precursor solution in the LFP and LTO electrode coatings and left to gel and cured in a 

similar way as for the fabrication of the nano-SCE pellets. First, 100 L of precursor 

solution that had been aged for 2 days was drop-casted on the LFP and LTO electrode 

punched with a diameter of 15 mm. The electrodes were left for 4 or 5 extra days at 25 °C 

to form a gel. Then, the composite electrodes were dried at 40 °C for 4 days at 80 kPa, 

and kept in a vacuum oven for 72 hours at 25 °C (<5 × 10−2 mbar). The overburden 

thickness of the fully cured and dried nano-SCE on top of the impregnated composite 

powder electrode was 300–400 µm, as determined by SEM. 
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A Li-LFP cell with nano-SCE was assembled in a coin cell (MTI, CR2032) in an Ar-

filled glove box. A lithium foil (0.75 mm, 99.9%, Sigma Aldrich) was pressed on the 

nano-SCE impregnated solid composite electrode, and the coin-cell was sealed. Similarly, 

a LFP-LTO cell was assembled by placing the nano-SCE impregnated solid composite 

LFP and solid composite LTO electrode foils facing each other. No separator was used in 

the solid-state cells. For comparison, a reference cell with LFP and LTO was made with 

a conventional organic liquid electrolyte solution, that is, 1 M LiPF6 in ethylene carbonate 

(EC) : dimethyl carbonate (DMC) (1:1 vol.%) (99.9%, Solvionic). The powder electrodes, 

separator (Celgard, 3501) and Li foil were stacked and sealed in the coin cell. 

 

4.2.4 Conductivity measurement of nano-SCE 

 

The ion conductivity of the nano-SCE pellets was determined by electrochemical 

impedance spectroscopy (EIS) measurements on a small volume (23 L) taken from the 

synthesized pellets and placed in a polytetrafluoroethylene (PTFE) ring. The filled ring 

was sandwiched between two stainless steel (SS) disks and sealed in a coin cell. All these 

preparations were done in an Ar-filled glovebox (O2, H2O < 0.1 ppm). The temperature 

of the coin cell was controlled by placing it on a metal chuck flushed with ethylene glycol 

from a circulating thermostatic bath (F12-ED, Julabo). The cells were first cooled to 

−10 °C, and then step-wisely heated to 50 °C. For impedance measurement, the AC 

amplitude was set at 10 mV and the frequency range was from 1 MHz to 1 Hz. The ionic 

resistance of the nano-SCE was determined from the high frequency intercept with the 

real axis in the Nyquist plots and the dimension of the inner ring filled with nano-SCE. 

The conductivity measurements were conducted with a Autolab PGSTAT302N 

potentiostat combined with a FRA32M frequency response analyzer (Metrohm) 
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controlled through Nova software. 

 

4.2.5 Pulsed field gradient nuclear magnetic resonance 

spectroscopy (PFG-NMR) 

 

PFG-NMR measurements were performed using a JEOL JNM-ECX400. The 

stimulated echo pulse sequence was used for the diffusion measurements. The normalized 

echo signal attenuation, E, was described by Eq. (4.1).[112]  

 

𝐸 = exp −𝛾 𝑔 𝛿 𝐷(∆ − 𝛿 3⁄ )                                     (4.1) 

 

where g is the strength of the gradient pulse, δ is the duration of the gradient pulse, ∆ is 

the interval between the leading edges of the gradient pulses, γ is the magnetogyric ratio 

and D is the self-diffusion coefficient of the molecules. The self-diffusion coefficients 

were estimated by fitting the echo signals which were obtained by changing ∆ in Eq. (1). 

7Li was selected to determine the diffusion coefficient of the lithium ion. All the 

measurements were performed at 30 °C.  

 

4.2.6 Three-electrode measurements of nano-SCE and ILE 

 

For current-potential characterization of the individual lithium/nano-SCE interface, 

a solid-state three-electrode electrochemical measurement setup was constructed in an 

Ar-filled glove box. A nano SCE pellet (thickness of 5 mm and diameter of 1.5 cm) was 

placed on a large Li-ribbon supported on a copper plate as the counter electrode (largest 

area of 1.8 cm2) and two Li-disks (diameters of 5 mm) were pressed on top of the SCE 
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pellet as working and reference electrodes (0.2 cm2). The area of the counter electrode 

was approximately 9 times larger than that of the working electrode (WE) so that the 

measured current was determined by the electrode kinetics of the WE only. Cyclic 

voltammetry (CV) measurements were performed with a scan rate of 20 mV sec−1. 

Additionally, pure ILE references were measured under similar conditions using a three-

electrode electrochemical cell with a large Li counter electrode. The CV measurements 

were conducted with a Autolab PGSTAT302N potentiostat controlled through Nova 

software. 

 

4.2.7 Electrochemical stability of nano-SCE 

 

The electrochemical window of the nano-SCE was measured on a Li/nano-SCE/SS 

stack. A small volume (23 L) of nano-SCE was placed in a PTFE ring, and sandwiched 

between Li foil and SS disks in an Ar-filled glovebox (O2, H2O < 0.1 ppm). The cyclic 

voltammograms were recorded at a scan rate of 10 mV sec−1 from the open circuit 

potential (OCP) to −0.5 V and +4.5 V. The CV measurements were performed using a 

potentiostat (Solartron Celltest 1470E). 

 

4.2.8 Li stripping and plating test in a Li/nano-SCE/Li 

symmetric cell 

 

Li stripping and the plating test were performed with a Li/nano-SCE/Li stack. A 

small volume (23 L) of nano-SCE was placed in a PTFE ring, and sandwiched between 

two Li foils and sealed in a coin cell. A constant current of +/− 0.1 mA cm−2 was applied 

for one hour alternately. The measurements were conducted using a potentiostat 
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(Solartron Celltest 1470E) at room temperature in an Ar-filled glovebox. 

 

4.2.9 Electrochemical measurement of the battery cells 

 

In a typical experiment, three cyclic voltammograms were recorded at a scan rate of 

1 mV sec−1 before and after the charge-discharge cycles. The potential ranges were 

between 2.7 V and 4.2 V for the Li-LFP cell, and 1.2 V to 2.4 V for the LTO-LFP cell. 

The galvanostatic charge-discharge measurements were performed at a C-rate of 0.1C, 

0.2C, 0.5C and 1.0C. The charge and discharge cycles were performed at the same C-rate. 

Note that no constant voltage step was used in these experiments. The current density of 

1C was 0.15 mA cm−2. All the electrochemical measurements of the two-terminal battery 

cells were conducted using a potentiostat (Solartron Celltest 1470E) at 30 °C.  

 

 

4.3 Results and discussion 

 

Figure 4.1 shows the temperature dependence of the ionic conductivity of the nano-

SCE with BMP-TFSI + Li-TFSI (hereinafter referred to as BMP-TFSI nano-SCE) and 

EMI-FSI + Li-FSI (hereinafter referred to as EMI-FSI nano-SCE). The ion conductivity 

of the EMI-FSI nano-SCE was higher than that of BMP-TFSI nano-SCE as expected from 

the difference in viscosity and ion conductivity of the pure ionic liquids.[111] The 

conductivity at 25 °C was 0.8 mS cm−1 for BMP-TFSI nano-SCE and 6.2 mS cm−1 for 

EMI-FSI nano-SCE. For comparison, the conductivity at 25 °C was 0.6 mS cm−1 and 8.8 

mS cm−1 for their respective ILEs. Note that the BMP-TFSI nano-SCE showed a slight 

enhancement compared with ILE owing to the large interfacial conduction enhancement,  
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Fig. 4.1 Temperature dependence of the ion conductivity of nano-SCEs with BMP-TFSI + Li-

TFSI (blue) and EMI-FSI + Li-FSI (red). Reprinted with permission from ref [113] Copyright 

2020, IOP Science. 

 

 

which overcompensated the decrease in conductivity arising from the strongly increased 

viscosity of the ILE encapsulated in the pores. However, the conductivity of EMI-FSI 

nano-SCE was slightly lower than that of ILE itself, which indicated a relatively smaller 

interface enhancement and/or larger increase in viscosity inside the pores. In Fig.4.1, a 

continuous and nearly linear variation in ion conductivity, , with inverse temperature 

was observed, which is typical for a nano-SCE.[31] The slope of the  –T−1 profile was 

smaller in the EMI-FSI nano-SCE than in the BMP-TFSI nano-SCE, which indicated a 

lower activation energy of Li-ion diffusion owing to the lower viscosity of EMI-FSI and 

the higher dissociation degree of the Li cation from the FSI anion.[114–117] Indeed, it  
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Fig. 4.2 Pulsed field gradient NMR derived Li+ diffusion coefficient of nano-SCEs with BMP-

TFSI + Li-TFSI (blue) and EMI-FSI + Li-FSI (red) as a function of the interval between the 

gradient magnetic field pulses. Reprinted with permission from ref [113] Copyright 2020, IOP 

Science. 

 

 

has been shown that the Li cation is solvated by three FSI− anions and the bond length of 

Li+-O- (of the FSI anions) is relatively longer than that of other Li-salts (e.g., Li- 

TFSI).[117]  

From the PFG-NMR measurement, the self-diffusion coefficients of the different 

mobile Li-ion species in the nano-SCEs were determined as a function of the interval time 

between the gradient magnetic field pulses ∆. The 7Li+ self-diffusion coefficients of BMP-

TFSI nano-SCE and EMI-FSI nano-SCE are shown in Fig. 4.2. The diffusion coefficient 

of EMI-FSI nano-SCE was approximately 6 times higher than that of BMP-TFSI. This 

value matched well with the ratio of conductivity shown in Fig. 4.1. The Li+ self-diffusion 

coefficient decreased with ∆ and became saturated at higher ∆ for both BMP-TFSI and  
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Fig. 4.3 Three-electrode electrochemical measurements of nano-SCEs and ILEs. (a) Picture of 

the three-electrode measurement set up with SCE pellet. (b) Schematic showing the cross 

sectional view of the electrical contact of the set up. (c) Cyclic voltammograms of nano-SCE with 

BMP-Li-TFSI (solid line) and ILE reference (dotted line) measured by three-electrode 

measurement set up. (d) Cyclic voltammograms of nano-SCE with EMI-Li-FSI (solid line) and 

ILE reference (dotted line) measured by three-electrode measurement set up. Reprinted with 

permission from ref [113] Copyright 2020, IOP Science. 

 

 

EMI-FSI nano-SCEs, which indicated that slow moving species became dominant in the 

long pulse intervals. As the saturation value was less than that of pure ILE, these slow Li-

species corresponded to the decrease in conductivity arising from the confinement of the 

ILE in the mesopores of nano-SCE, which has a higher viscosity owing to the restriction 
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of molecular movement.[30,31] In contrast, the self-diffusion coefficient was higher at 

small ∆, which indicated the presence of a fast moving Li-species that responded only at 

short intervals between magnetic field pulses. The gradient of the self-diffusion 

coefficient suggested that the activation energy of diffusion was lowered at the silica pore 

surface. This implied that the Li+ diffusion was enhanced at the silica surface according 

to the conductivity enhancement mechanism described in our previous study.[31] The 

increase in the self-diffusion coefficient or, thus, the enhancement at the silica surface 

was indeed larger for the BMP-TFSI nano-SCE than for the EMI-FSI nano-SCE. 

However, the presence of a gradient in the EMI-FSI nano-SCE implied that an interface 

enhancement was still present even though the total conductivity was slightly lower 

owing to the increased viscosity in the core of the mesopore, as stated above.  

The electrochemical stability of the nano-SCE against lithium metal was tested using 

a three-electrode setup. A schematic of the setup is shown in Fig. 4.3 (a) and (b). The 

current-potential characteristics of Li/ILE/Li and Li/nano-SCE/Li are shown in Fig. 4.3 

(c) and (d), respectively. Reversible lithium plating and stripping was observed in all the 

measurements. For the BMP-TFSI ILE, a stable SEI layer was formed at the metallic 

lithium which caused the large IR drop in the i-V curve on both the cathodic and anodic 

sides. The cathodic current in the pure ILE solutions did not show any hysteresis down to 

−0.2 mA cm−2. However, the anodic dissolution showed a passivation peak with a 

maximum peak current of 0.17 mA cm−2 and a steady-state current of only 0.06 mA cm−2 

(measured at 4.0 V in Fig. 4.3 (c)) in the fully inhibited current regime. Whereas the 

physical SEI layer limits both the currents in the cathodic and anodic regimes, an 

additional passivation layer is formed only for lithium dissolution.[105,106] As the i-V 

curves were reproducible over many cycles in the ILE solutions, we believed the 

inhibition layer was a soluble near-surface layer that disappeared upon switching polarity. 
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Indeed, whereas the extraction of Li+ from the Li-TFSI solution merely builds up a 

depletion layer in the cathodic regime, the introduction of additional Li+ in the ILE 

solution needs a solvation action by the IL molecules, which quickly reaches saturation. 

Additionally, an increased salt concentration in ionic liquids leads to a strong increase in 

ILE viscosity and even solidification.[118] Note that in a symmetric two-electrode setup 

with equal size of Li cathode and anode, only the passivation peak is seen as the anode 

will be always rate limiting. Similar to ILE, the cathodic current branch of SCE, that is, 

the solid-solid interface, showed no hysteresis for cathodic currents up to −0.15 mA cm−2 

with the similar SEI resistance of ILE. However, the anodic peak of Li/nano-SCE was 

lower at 0.09 mA cm−2, which is half of ILE, and the steady state current in the anodic 

passive region became 0.015 mA cm−2 (measured at 4.0 V), that is, only a quarter of that 

in the pure ILE solution. The ILE in the nano-SCE is already more viscous in the 

mesopores and inhibition by saturation will hence be reached quicker at the interface of 

lithium and the pores of the nano-SCE. Both the voltammograms for the Li/ILE/Li and 

Li/SCE/Li electrodes were reproducible upon multiple cycles, which indicated that the 

anodic passivation layer and chemical SEI layer were stable. The slow dissolution kinetics 

at the Li/SCE interface severely limited the performance of the half cells made with Li 

metal anodes. In contrast, the resistance of the stable SEI layer in the EMI-FSI ILE was 

much less than that of BMP-TFSI + Li-TFSI. The anodic dissolution peak current 

increased to 2.8 mA cm−2, and the steady state current for anodic passivation was 1.1 mA 

cm−2 (measured at 4.0 V in Fig. 4.3 (d)). The higher currents for EMI-FSI versus the 

BMP-TFSI ILE showed that both the cathodic (SEI limited) and anodic (SEI and 

passivation layer limited) reaction kinetics at the Li/SCE interface were faster, at least in 

part as a result of the smaller resistance of the SEI and passivation layers.[109,110] For 

the nano-SCE, the resistance of the stable SEI layer was almost the same as that of ILE  
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Fig. 4.4 Electrochemical stability of nano-SCEs. (a) Linear sweep voltammograms of EMI-FSI 

nano-SCE at stainless steel (SS) using a two-electrode SS/nano-SCE/Li stack structure with a 

scan rate of 10 mV s−1. (b) Cycling stability of the Li/nano-SCE/Li symmetric cell with EMI-FSI 

nano-SCE at a current density of 0.1 mA cm−2. Reprinted with permission from ref [113] 

Copyright 2020, IOP Science. 
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and the anodic peak current reached 2.8 mA cm−2; which was very similar to that of the 

ILE solution. The steady-state anodic passivation current was somewhat lower for nano-

SCE than for the ILE solution but was still high with a value of 0.7 mA cm−2. Indeed, the 

lower viscosity in the pores lowered the saturation value somewhat but overall, the  

 

 

 

Fig. 4.5 Schematic of the composite electrode fabrication process with sample pictures and 

images. (a) LFP powder electrode foils. (b) Drop casting of the SCE sol-gel precursor. Liquid sol-

gel precursor penetrates into the powder electrode and fills the space between active mass and 

gels in place. (c) Gelation 6 days after drop casting. The nano-SCE forms around the active mass 

and the composite electrode densifies during drying curing of the gel into the nano-SCE. (d) 

Cross-sectional SEM images of composite electrode. Reprinted with permission from ref [113] 

Copyright 2020, IOP Science. 
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dissolution kinetics at the Li and EMI-FSI nano-SCE interface were still approximately 

50 times higher than those of BMP-TFSI nano-SCE. 

To check the electrochemical stability of the EMI-FSI nano-SCE, linear sweep 

voltammograms were recorded at a scan rate of 10 mV sec−1 with a SS/SCE/Li stack, and  

are shown in Fig. 4.4 (a). The OCP was around 2.2 V versus Li+/Li. First, the voltage was 

swept to a negative potential of −0.5 V. The water reduction peak (expected above 1 V) 

was not observed, which confirmed that the ice-water layer, which was created at the 

IL/SiO2 interface, was stable. Before the onset of lithium plating at V < 0 V versus Li+/Li, 

a current plateau of approximately 0.5 mA cm−2 was measured at V< 1.5 V versus Li+/Li 

for the decomposition of the IL. The decomposition of the electrolyte was controlled by 

the introduction of a stable SEI as it is done also for conventional carbonate electrolytes 

(e.g., LiPF6 in EC:DEC). Hence, the nano-SCE may be used for an anode such as 

graphite,[119,120] Si[121] as well as metal Li. The formation of stable SEI at Li metal 

was already discussed with regards to Fig. 4.3. Below, the cycling stability of the nano-

SCE against Li metal in a symmetric cell will be shown (See Fig. 4.4 (b)). When 

increasing the potential from OCP to more positive potentials, a small current started to 

flow at 3.0 V (vs Li+/Li) with an even steeper increase at 4.2 V (vs Li+/Li) but the current 

density remained well below 0.02 mA cm−2 up to 4.5 V. The electrochemical window of 

the nano-SCE was determined by that of the ILE.[115] For a voltage window up to 4.5 V, 

LiFePO4,[108,122] LiCoO2[123] and LiMn1/3Co1/3Ni1/3O2[124] can be used as the 

cathode. 

To assess the cycling stability of EMI-FSI nano-SCE against Li metal, sequential Li 

stripping/plating experiments were performed using a Li/nano-SCE/Li symmetric cell. As 

shown in Fig. 4.4 (b), a steady-state voltage hysteresis of approximately 50 mV was 

observed at a current density of 0.1 mA cm−2 without voltage reduction from the first few 
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cycles. This indicated that a stable SEI was formed at the Li/nano-SCE interface as 

discussed above. After long-term cycling for over 500 h, no sign of an internal short 

circuit was observed, which indicated a uniform and reversible Li deposition with a stable 

Li/nano-SCE interface layer. Hence, the results showed that the nano-SCE shows 

potential for use in Li-metal batteries with high safety, high interfacial stability and long-

term cycling stability. 

Next functional cells with LFP powder electrodes were assembled. Figure 4.5 (a)–

(c) shows a schematic of the composite electrode fabrication process. The sol-gel solution 

was prepared and kept for two days to allow for the hydrolysis and polycondensation 

reactions to proceed. The slightly viscous solution was then drop-casted on the porous  

 

 

 

Fig. 4.6 Cyclic voltammograms of Li-LFP cells with BMP-TFSI nano-SCE (blue), EMI-FSI 

nano-SCE (red) and LiPF6 in EC:DMC reference (black). The scan rate was 1 mV sec−1 and the 

cell temperature was 30 °C. Reprinted with permission from ref [113] Copyright 2020, IOP 

Science. 
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electrode punchout, which was placed in a coin cell. The precursor sol-gel solution 

penetrated into the porous electrode and was left for further gelation before they were 

dried and vacuum annealed. Figure 4.5 (d) shows the cross sectional SEM images of the 

LFP powder electrode impregnated with nano-SCE. No particle structure was observed 

as the nano-SCE had fully filled the openings in-between the particles of the electrode 

foils. The nano-SCE was found all the way down to the current collector foil, which meant 

that the nano-SCE had fully impregnated into the electrode. The average thickness of the 

nano-SCE impregnated electrode film was 33 m; that is, close the nominal thickness of 

the LFP electrode (~30 m), which meant that the binder kept the electrode structure 

intact during the nano-SCE impregnation process. Thus, the nano-SCE seemed to nicely 

fill the open space in the powder electrode and it did not break the binding structure 

between the active mass and the current collector, and so maintained a good electrical 

contact. 

Cyclic voltammograms of the solid-state Li-LFP cells with both types of nano-SCE 

are presented in Fig. 4.6. For comparison, the wet cell with standard LiPF6 in EC:DMC 

is also shown. Reversible anodic and cathodic peaks for the Li+ extraction and insertion 

reaction were observed around 3.4 V versus Li+/Li for both nano-SCEs. However, the 

peak current of the cell with EMI-FSI nano SCE was approximately 4 times higher than 

that of the BMP-TFSI nano-SCE based cell, and was comparable to that of the reference 

cell with liquid electrolytes. This was explained by the difference in Li+ diffusion 

coefficient of the bulk electrolyte as Li-ion depletion in the porous electrodes was the 

likely mechanism (even though an effect of a slower diffusion constant through the SEI 

layer at the Li/SCE interface cannot be completely excluded). The larger peak separation 

for BMP-TFSI compared with EMI-FSI nano-SCE (0.72 V vs. 0.47 V) was then the result 

of a larger iR-drop over the SEI layers (and passivation layers for the cathodic currents) 
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at the Li/SCE interface. Note that the iR-drop also implied a slower effective scan rate (as 

the potential axis is also a time axis in cyclic voltammetry), which also contributed to the 

lower peak current. However, the difference in current was too large to be only explained 

by the difference in effective scan rate (a difference of approximately 0.4mV s−1 was 

estimated from the peak shift). The similar peak currents obtained for the EMI-FSI nano-

SCE and reference cell showed that the Li+ diffusion coefficients for the solid nano-SCE 

were similar to those of the liquid electrolyte solution. Additionally, the small peak shift 

of 80 mV indicated a small difference in the Ohmic drop for both electrolyte systems, 

which was remarkable as the thickness of EMI-FSI nano-SCE was 300–400 µm; that is, 

20 times thicker than the separator thickness of 15 µm of the liquid reference cell (55 

mV). 

The lithiation (discharging) and delithiation (charging) characteristics of the 

different Li-LFP cells are shown in Fig. 4.7 (a) and (b). The same C-rate was used for the 

charge and discharge cycles without any additional constant voltage steps. The reference 

cell displayed the typical voltage-charge characteristics of Li-LFP cells with a flat plateau 

at 3.45 V versus Li+/Li for delithiation and 3.38 V versus Li+/Li for lithiation at 0.1C (Fig. 

4.7 (b)).[125] As for the cyclic voltammograms, the cathodic lithiation and anodic 

delithiation voltage plateaus were symmetric around 3.42 V for all cells. The separation 

between the voltage plateaus was the largest for BMP-TFSI nano-SCE (0.12 V at 0.1C) 

and smallest (and equal) for the EMI-FSI nano-SCE and liquid reference (0.07 V at 0.1C), 

in accordance with the differences in the Ohmic drop shown in Fig. 4.6. As expected, the 

effect of the Ohmic drop was even more pronounced at a higher C-rate: for the BMP-

TFSI nano-SCE with its resistive SEI at the Li/SCE interface, the plateau separation 

quickly exceeded 0.35 V at a 1C rate, whereas for the lower resistance EMI-FSI nano-

SCE, the voltage separation was only 0.12 V for similar capacities measured at 1C, which  
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Fig. 4.7 Performance of Li-LFP cells with nano-SCEs cells with different electrolytes of BMP-

Li-TFSI (blue), EMI-Li-FSI (red) and LiPF6 in EC/DMC (black). Lithiation and delithiation 

characteristics at a C-rate of 1C (a) and 0.1C (b). Comparison of the C-rate performance of 

delithiation (closed symbol) and lithiation (open circle) (c) Cycle test at different C-rates and (d) 

cell capacity as a function of C-rate. The dashed and dotted lines are the maximum capacity of 

the lithiation and delithiation, respectively. The measurement temperature is 30 °C. Reprinted 

with permission from ref [113] Copyright 2020, IOP Science. 
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was comparable to the liquid reference electrolyte (0.1 V). The effect of the lower Li+ 

diffusion coefficient for BMP-TFSI nano-SCE, as compared with EMI-FSI nano-SCE, 

was reflected in the achieved capacity limit. Indeed, the capacity of the solid-state cell 

with BMP-TFSI nano-SCE was limited to 120mAh g−1 and 45 mAh g−1 for 0.1C and 1.0C, 

respectively (or 80% and 30% of the reference cell). The capacity of the solid-state cell 

with EMI-FSI nano-SCE, however, had the same capacity (150 mAh g−1 or 100%) as the 

reference cell with a standard liquid electrolyte at 0.1C. Interestingly, the voltage profile 

for the EMI-FSI cell deviated from its flat plateau for a capacity > 100 mAh g−1. This 

gradient profile was present for both the lithiation and delithiation cycles and thus could 

not be attributed only to the inhibition of the Li-dissolution reaction, as discussed for Fig. 

3. Instead, I believed that the voltage increase arose from polarization as the result of 

diffusion limitation and ion depletion processes. The charge at this point was 0.0088 mAh 

cm−2, which corresponded to a consumed Li+ concentration of over 3 mol L−1 inside the 

LFP electrode (33 µm and 70% porosity); hence, over three times the Li-ion bulk 

concentration in the nano-SCE. The capacity of the solid-state cell with EMI-FSI nano-

SCE still reached 113 mAh g−1 (75%) at 1.0C, which was only slightly below that for the 

liquid reference (128 mAh g−1 or 85% at 1C) and was drastically improved compared 

with the BMP-TFSI nano-SCE solid cell. In all cases, the coulombic efficiency was close 

to 100% at 1C, whereas the delithiation charge was somewhat higher than the lithiation 

charge at lower C-rates, which pointed to parasitic anodic electrolyte decomposition at 

LFP and Li+ loss at Li during charging. 

Figure 4.7 (c) shows the capacity of cells during cycling of the solid-state cells at 

varying C-rates. The second lithiation and delithiation cycles are plotted in Fig. 4.7 (d) 

together with the rate performance of the liquid reference cell. The rate performance of 

the solid battery with EMI-FSI matched that of the conventional liquid electrolyte cell at 
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Table 4.1 Comparison of the Li-LFP cell capacities with ternary composite electrolytes, which 

are composed of ionic liquid, Li-salt and porous-SiO2 by sol-gel process.  

 

 

 

low C-rates and was only slightly lower for C-rates of >0.2C. A comparison of the 

Li-LFP cells using similar nano-SCE (or ionogels) composed of ionic liquids, Li-salts and 

porous-SiO2 reported in the literature is summarized in Table 4.1.[126,127] The Li-LFP 

cell using EMI-FSI nano-SCE presented in this study showed the highest capacity at both 

0.1C (150 mAh g−1) and 1C (113 mAh g−1). For the BMP-TFSI cell, however, the capacity 

dropped rapidly with increasing C-rate compared with the EMI-FSI cell. However, the  

delithiation charge of a series of C-rates (with decreasing C-rate), shown in Fig. 4.7 (c), 

was always higher than the following cycles within the same set of C-rates. This meant 

that the Li+ insertion and extraction reaction in the BMP-TFSI system was limited by the 

lithiation step. This corresponded to the passivation of the anodic dissolution reaction, as 

inferred from the Li/nano-SCE three-electrode measurements shown in Fig. 4.3. In 

contrast, the difference of the cycle variation was smaller with the EMI-FSI cell as the 

anodic passivation at lithium was not limiting in this case. This demonstrated that the 

reaction kinetics were improved using EMI-FSI. 

Both nano-SCE showed good cycle performance as the capacity at the final cycles  
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Fig. 4.8 Delithiation performance of LTO-LFP full cell with EMI-FSI nano-SCE (red full line) 

and 1M LiPF6 in EC:DMC (black dotted line) at a C-rate of 1 C. The capacity was normalized to 

the capacitance of the cell with LiPF6 in EC/DMC (black). The inset shows cyclic voltammogram 

at a scan rate of 1 mV s−1. Reprinted with permission from ref [113] Copyright 2020, IOP Science. 

 

 

(0.1C) returned to its original value at 0.1C. This implied that the volume change of the 

LFP electrode did not negatively affect the battery performance. The somewhat elastic 

properties of the nano-SCE were a major advantage compared with the rigid ceramic solid 

electrolytes. However, the silica matrix of the nano-SCE provides the mechanical support 

needed and suppresses Li-dendrite formation. The lithiation and delithiation performance 

was stable and reversible, that is, a stable battery performance was demonstrated with the 

EMI-FSI cell. 

In addition, solid-state LTO-LFP cells with EMI-FSI nano-SCE were assembled. In 

this case, nano-SCE was impregnated both in the porous LFP cathode and in the porous 

LTO anode. The inset of Figure 4.8 shows a typical cyclic voltammogram of the cell. 
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Cathodic and anodic current peaks for Li+ insertion and extraction were centered around 

1.9 V, which corresponded to the difference between the potential of LFP (3.40 V vs. 

Li+/Li) and of LTO (1.55 V vs. Li+/Li). The lithiation curve of the solid-state cell was 

compared with that of a similar cell made with a conventional liquid electrolyte. The 

capacity was normalized to that of the liquid electrolyte. The capacity of the solid-state 

cell reached 70% of the liquid cell capacity even at 1C. These experiments demonstrate 

the functionality of the nano-SCE as Li-ion electrolyte and the feasibility for integration 

in Li-ion cells. Considering the electrochemical window of the EMI-FSI nano SCE, it 

may be used in combination with electrode materials such as graphite,[119,120] Si,[121] 

LiFePO4,[108,122] LiCoO2,[123] and LiMn1/3Co1/3Ni1/3O2.[124]  

 

4.4 Conclusion 

 

I have demonstrated a high-rate performance in solid-state lithium and Li-ion 

batteries using a silica-gel solid nanocomposite electrolyte of a FSI-based ionic liquid and 

Li-salt. The nano-SCE made with EMI-FSI and Li-FSI has a room-temperature ionic 

conductivity of 6.2 mS cm−1, which is in the same range as standard organic liquid 

electrolytes conventionally used in LIBs. An advantage of the nano-SCE technology is 

that it can be impregnated into powder electrodes as a liquid precursor solution, which 

enables for complete filling of the pores and subsequent solidification. The capacity of 

the Li-LFP cell with EMI-Li-FSI SCE reached 150 mAh g−1 at 0.1C and 113 mAh g−1 at 

1C. The C-rate performance of solid batteries with EMI-FSI nano-SCE was drastically 

improved compared with the cell with the BMP-TFSI SCE, and comparable to the cell 

with the conventional liquid electrolyte. The capacity of the solid-state batteries is the 

highest among the cells using ternary composite electrolytes reported so far with ionic 
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liquids, Li-salts and porous-SiO2 made by sol-gel process. This clearly shows that the 

reaction kinetics at the interface of the active material and the nano-SCE are fast, which 

is a strong advantage compared with other types of solid electrolytes. 

 

  



96 
 

Chapter 5 

General Conclusion and Future Prospects 

 

This dissertation focused on providing new knowledge regarding the ion conduction 

behavior in nanopores in nano-SCEs and high-power performance of cells using nano-

SCEs based on fundamental understanding. 

In Chapter 1, background information on SE development and the requirements for 

high-performance SEs to realize ASSBs were summarized. To meet this demand, nano-

SCEs were proposed as a novel concept in SEs. The surface conduction promotion effect 

was illustrated, as described in our previous study. 

In Chapter 2, a method to analyze nanometer-sized and closed pores in porous silica 

was established using PALS. PALS analysis distinguished between the three types of open 

spaces in the silica matrix: vacancy (vacancy clusters); micropores between primary silica 

particles; and mesopores. This technique afforded the comprehensive understanding of 

the pore structure of the porous silica matrix of nano-SCEs when combined with SEM, 

TEM, and N2 adsorption/desorption measurements. 

In Chapter 3, the relationship between the pore structure of the silica matrix and its 

conduction behavior was clarified and the design of an ideal nanoporous structure to 

achieve a higher conductivity was described. It was revealed that the surface area was 

larger, corresponding to a reduction in the pore size, which increased the ILE/SiO2 molar 

ratio. The surface enhancement degree was verified to increase with the thickness of the 

adsorbed ice-water layer on the silica surface, indicating that the conduction promotion 

effect originated from the strong hydrogen bonding in the ice-water layer. In addition, a 
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large number of small pores led to a severe pore confinement effect, which resulted in a 

decrease in the conductivity due to the increasing viscosity of ILE in the pores. To realize 

higher conductivity, nano-SCEs with a high surface area should be created using the 

optimum IL material to suppress the pore confinement effect. 

In Chapter 4, the development of a new nano-SCE using a bis(fluorosulfonyl)imide 

(FSI)-based IL, which was selected to mitigate the pore confinement effect, was presented. 

A high C-rate performance in solid-state cells was demonstrated using this new nano-

SCE. The capacity of Li-LiFePO4 cell using the EMI-FSI-based nano-SCE was 

comparable to that of cells with conventional liquid electrolytes. These results also 

indicated that the nano-SCE fabrication process, especially the impregnation of a liquid 

precursor, was an efficient approach to producing excellent electrode/electrolyte 

interfacial contact in the solid composite electrode, as the reaction kinetics at the interface 

of the active mass and nano-SCE were sufficiently fast. 

In conclusion, I succeeded in clarifying the ion conduction mechanism in the pores 

of nano-SCEs by analyzing the pore structure and internal ion conduction behavior. Stable 

and high-power cell performance was demonstrated by tuning the IL chemistry based on 

the ion conduction mechanism. The advantages of nano-SCEs over other types of SEs are 

described in this thesis. 

 

To improve the conductivity of nano-SCEs and achieve extremely high-power 

performance in ASSBs, the surface enhancement effect must be maximized and the pore 

confinement effect must be minimized by tailoring the surface chemistry and 

nanostructure of the matrix. To suppress the pore confinement effect, the pore size is 

required to be controlled at approximately 30 nm; this was achieved using surfactants. In 

contrast, to improve the surface enhancement effect, surface chemistry can be tuned using 
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a functional ice-water layer. Ice-water is native to silica and therefore ideally suited for 

the systematic study the effect of surface functionalization on ion conduction promotion, 

as reported previously.[31] However, it is difficult to control the out-diffusion of water; 

thus, functional ice-water is not the best option for practical applications. Instead, the 

author proposes to find the best combination of the oxide, the adsorbed organic molecules 

on the oxide, and IL molecules, as the functional surface mesophase layer and its dipole 

depend on them. In this regard, the potential of 3-glycidyloxypropyl and 3-

methacryloxypropyl molecules to act as functional groups that result in conductivity 

enhancement on the silica surface has been reported.[128,129] Other functional surface 

layers that provide similar or even greater surface promotion can now be developed. 

In conclusion, by optimizing the functionalization of the oxide surface combined 

with maximizing the surface-to-volume ratio with optimal pore size, nano-SCEs with ion 

conductivities exceeding 10 mS cm–1 were engineered. These prepared materials are 

attractive for high-capacity batteries for automotive applications. Furthermore, the 

demonstrated principle of ion conduction enhancement can be applied to different ion 

systems, such as those suitable for sodium, magnesium, calcium, or aluminum ion 

batteries. In addition, the nano-SCE with interface conduction shown here is a concept 

rather than a single material; as such, it can be further engineered to achieve the desired 

properties of ion conduction, transport number, electrochemical window, safety, and cost, 

to generate various types of battery cells in the future. 
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