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Abstract 

 

Although Li-ion batteries (LIBs) have been considered as promising 

power sources, their energy and power densities should be improved 

to satisfy the skyrocketing social demands for the performances of 

energy storage devices such as electric vehicles (EVs). In this 

regard, it is imperative to develop the next-generation rechargeable 

batteries (NGRBs) that deliver the higher level of energy densities 

than LIBs do. Numerous types of NGRBs have been explored for 

decades such as Li metal, Li-S, Li-O2, Zn-based batteries and so 

on. Among them, Li-O2 batteries have received significant attention 

for its exceptional theoretical energy densities (~3400 Wh kg-1). 

However, although remarkable strategies have been introduced to 

improve the performances of Li-O2, the practical energy densities of 

Li-O2 are largely limited owing to the inherent nature of system. To 

overcome this, understanding the underlying chemistry is as 

significant as making efforts on the improvement of Li-O2.  

First, we suggest the unreported failure mode of Li-O2 batteries 

related to the initial states of Li metal anode, which will be discussed 

in chapter 2. Contrary to our expectation, the initially plated Li shows 

more stable cycling than the initially stripped Li does in Li/Li 
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symmetric cells. This is because the formation of Li dendrites (one-

dimensional growth) is accelerated on the initially stripped Li, 

whereas 3-dimensional growth is favorable on the initially plated Li. 

For this reason, the cycling performance of general Li-O2 full cell, 

starting with Li stripping (discharge), is worse than the pre-Li2O2-

deposited Li-O2 cell which can start with Li plating (charge). This 

insists that the increase in anode overpotential derived from the 

initially stripped states of Li metal can be one of the failure modes of 

Li-O2 batteries. 

Subsequently, we explore the failure of Li-O2 batteries using ionic 

liquid (IL) as an electrolyte. ILs are promising options for Li-O2 

battery solvents due to their chemical/electrochemical stability, 

hydrophobicity, non-flammability and negligible volatility. However, 

there are numerous issues that affect the performances of Li-O2 

batteries, such as the chemical/electrochemical stability, discharge 

pathways and kinetics of the oxygen species. For this reason, the 

most critical factor governing the cell failure still remains unclear. In 

chapter 3, with the multidisciplinary studies, we illustrate that the 

transport of the oxygen is a key factor that governs the failure of Li-

O2 batteries using IL as an electrolyte.  

In this dissertation, we mainly focus on the understanding failure 

behaviors of Li-O2 batteries in terms of the Li metal anode and the 
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mass transfer of oxygen. We believe that the researches in this 

dissertation provide new insights on the realization of the failure of 

Li-O2, contributing to moving beyond Li-ion technologies.  

 

Keyword : Lithium-oxygen battery, failure, lithium metal, ionic liquid, 

oxygen diffusivity, oxygen solubility 
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Chapter 1. Introduction 

 

 

1.1. Next-generation rechargeable batteries (NGRBs) 

 

1.1.1 Post-Li-ion battery 

The development of rechargeable Li-ion battery (LIB) technology 

has enriched the quality of human life in many ways.1, 2 LIB, as an 

energy storage device, has enabled the advanced level of electric 

vehicles (EVs), energy storage system (ESS), and portable devices. 

There are typically four different cell components in battery, which 

are cathode, anode, separator and electrolyte. Generally, layered 

oxides (Li[Ni,Co,Al]O2, i.e., NCA, Li[Ni,Mn,Co]O2, i.e., NCM), spinels 

(LiMn2O4, i.e., LMO) or olivines (LiFePO4, i.e., LFP) are used as 

cathode materials (Figure 1).1, 3 And graphite or silicon are utilized 

for anode materials. Cathodes and anodes are separated by polymer-

based separator which is soaked with carbonate-based nonaqueous 

liquid electrolyte. During cycling, the cathode materials in LIBs all act 

as hosts and intercalation/deintercalation of Li+ ions. However, the 

demands for higher energy densities are currently increasing and a 

lot more of energy densities are predicted to be required in the near-
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future.4-6 For example, the society these days requires more than 

500 km of driving range on a single charge of EVs to elevate the 

penetration rate of EVs.7 For these reasons, many researchers have 

been studying on the other types of rechargeable batteries that go 

beyond the LIB which currently shows about 250 Wh kg-1 of energy 

density.6, 8  
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Figure 1. Crystal structure of the layered, spinel, and olivine cathode 

materials where Li+ ions are mobile 2-, 3-, and 1-dimensionally.3 
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Many types of NGRBs have been devised, such as Li metal, Li-

sulfur (Li-S), Li-oxygen (Li-O2) batteries and so on.5, 9-13 These 

NGRBs have attracted significant attention because of their superior 

theoretical energy densities to that of LIBs (Figure 2). First, Li metal 

batteries adopt all of the cell components identical to those of LIBs 

only except for the graphite or silicon anode which are replaced by 

Li metal.14 Second, rechargeable Li-S batteries operate by the 

electrochemical reduction of sulfur to form lithium polysulfides.15 Li-

S batteries consist of S, as a cathode, and Li metal as an anode. Lastly, 

Li-O2 batteries utilize the electrochemical reaction of oxygen to form 

lithium peroxide (Li2O2). These aforementioned NGRBs all commonly 

use Li metal as an anode material which is the lightest metal on 

earth.16 It should be noted that we concentrate on the Li metal anode 

(part 1.1.2) and Li-O2 battery (1.1.3) in this work.  
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Figure 2. A plot of practical specific energy vs. theoretical energy 

density exhibiting the present position of various batteries.17  
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1.1.2 Li metal anode 

Li metal, the lightest metal on earth, has been considered as an ideal 

anode material because of its unrivaled theoretical specific capacity 

(3860 mA h g-1) and low redox potential (-3.04 V vs. standard 

hydrogen electrode).18 Thanks to these excellent properties, NGRBs 

using metallic Li as anode materials such as Li metal, Li-S and Li-

O2 batteries can theoretically deliver the specific energy densities of 

~400, ~2600 and ~3400 Wh kg-1, respectively.5, 12  

However, the practical application of the Li metal is hindered by 

some of the shortcomings (Figure 3). The first one is the poor 

coulombic efficiency due to the parasitic reactions between Li metal 

and liquid electrolytes. Highly reductive Li metal and electrolyte are 

repeatedly consumed, which is responsible for the poor coulombic 

efficiency. The second one lies in the dendritic growth of Li. Li 

dendrites can penetrate the separator and cause the internal short 

circuits, leading to cell explosion.19 Moreover, the dendritic growth is 

inevitably accompanied by the increase of surface area, which 

accelerates the exposure of fresh Li metal to electrolyte. As the 

cycle goes on, this converts fresh Li to electrochemically inactive 

“dead Li”.20, 21 The third problem is related to the “hostless” 

property of Li metal.22 In contrast to the host materials such as 

graphite, Li+ ions are not intercalated but directly plated on the Li 
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electrode surface or current collector. As the interfacial reactions 

between Li metal and electrolyte occur, solid electrolyte interphase 

(SEI) layer is formed. Yet, continuous Li plate/strip cause the infinite 

volume change, leading to the repeated breaking/repair of the SEI 

layer.16, 23 These can also result in the low coulombic efficiency.  

 

 

 

 

 

Figure 3. Scheme of challenges for Li metal anode in NGRBs.16  
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Recently, there have been many efforts to overcome the 

shortcomings of Li metal. First, many researchers have introduced 

the artificial SEIs to Li metal anode. The artificial SEIs demand a few 

requirements. First of all, the SEIs must have a low electrical 

conductivity but high Li+ ion conductivity to deter the direct plating 

of Li metal on the SEI layers. Finally, they should be mechanically 

robust enough to suppress the penetration of the Li dendrites during 

cycling. These artificial SEIs can be applied in two different ways: 

in-situ and ex-situ. In-situ fabrications include the introduction of 

electrolyte additives such as fluoroethylene carbonate (FEC) and 

vinylene carbonate (VC) which can form stable and robust SEI layers 

comprised of LiF during cycling (Figure 4a).24-26 Ex-situ fabrications 

indicate the SEI layers formed before cell assembly (Figure 4b). 

Many organic/inorganic materials have been used for ex-situ 

fabrications. Recently, composite materials which include both 

organic and inorganic compounds have also been introduced.27  

Second, many efforts have been made to provide host for Li metal to 

suppress the volumetric expansion. Especially, Cui group proposed 

hollow carbon spheres where Li metal is selectively deposited on the 

inner surface of the carbon spheres (Figure 4c). Moreover, many 

other reports have recently suggested 3-D porous frameworks 

working as a current collector and a Li metal host at the same time.28  
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Figure 4. Scheme of three different approaches to improve Li metal 

anode. (a) In-situ fabrication of artificial layers through addition of 

FEC in electrolyte.29 (b) Ex-situ fabrication of composite artificial 

layers comprised of organic/inorganic materials.30 (c) 3-D hollow 

carbon spheres including gold nanoparticles.31  
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1.1.3 Lithium-oxygen battery (Li-O2 battery) 

Over the past decades, nonaqueous Li-O2 battery has received 

huge attention because of its largest theoretical energy densities 

(~3400 Wh kg-1) among the other types of NGRBs.32, 33 As 

illustrated in Figure 5, Li-O2 adopt the reduction/oxidation reaction 

of gaseous oxygen where lithium peroxide (Li2O2) is 

formed/decomposed and the electrochemical reactions occurring in 

Li-O2 battery are as follows.  

[Anode] Li (s) → Li+ + e- 

[Cathode] O2 (g) + 2e- → O2
2- 

[Overall] 2Li+ + O2 (g) + 2e- → Li2O2 (s) 

During discharge process, Li+ ions are dissolved from Li metal 

anode while Li+ ions react with the electrochemically reduced 

oxygen to form Li2O2 as a final discharge product, which is oxygen 

reduction reaction (ORR).34 Meanwhile, during charge process, the 

reverse reactions occur on both anode and cathode sides, which is 

oxygen evolution reaction (OER). Considering the discharge/charge 

reactions, the cathode must be electrically conductive and provide 

enough reactive sites to form Li2O2. For these reasons, high-

surface-area carbon particles, such as carbon nanotube (CNT), are 

generally used as the cathode materials for Li-O2 battery.34  
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Figure 5. Schematic operation for the nonaqueous Li-O2 battery.  
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1.2. Key issues in Li-O2 battery 

 

1.2.1 Electrolytes and discharge pathways 

If we go into more detail on the reactions of Li-O2 battery, oxygen 

first uptakes an electron and is reduced to superoxide radical (O2
−) 

on discharge (Eq (1)). Subsequently, the superoxide radical and Li+ 

form so-called lithium superoxide (LiO2). In this stage, there are 

two scenarios to take place depending on the LiO2 solubility in 

electrolytes. If an electrolyte shows low solubility of LiO2, LiO2 is 

adsorbed on the electrode surface, while LiO2 stays dissolved in the 

bulk electrolyte under the electrolyte with high solubility of LiO2. 

Now, LiO2 can either be further reduced (Eq (3)) or chemically 

converted (Eq (4)) to form Li2O2. For the first case, under low LiO2 

solubility, LiO2 is electrochemically reduced on the active surface, 

which is a surface-confined discharge (Eq (3)). Meanwhile, for the 

other case, under high LiO2 solubility, chemical disproportionation 

occurs in the bulk electrolyte, which is a solution-mediated 

discharge (Eq (4)).  

O2 + e- → O2 …… (1) 

Li+ + O2
-→LiO2 …… (2) 

LiO2 + Li+ + e- → Li2O2 …… (3) 

2LiO2 → Li2O2 + O2 …… (4) 
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The solubility of LiO2 is predominantly determined by the solvents. 

If the Gutmann donor number (DN) or acceptor number (AN) of a 

solvent is high enough to solvate Li+ or O2
- ion, LiO2 can sufficiently 

be dissolved in the electrolyte. This is because DN and AN stand for 

the quantitative measure of Lewis basicity and acidity, respectively. 

Yet, it has been reported the solubility is largely governed by the 

solvation of Li+ cations. For this reason, solution-mediated discharge 

occurs under the solvents like dimethyl sulfoxide (DMSO, DN = 29.8) 

or dimethylacetamide (DMA, DN = 27.8). On the other hand, the 

solvents with low DN, such as acetonitrile (ACN, DN = 14.1), 

dimethoxyethane (DME, DN = 20), and tetraethylene glycol 

dimethylether (TEGDME, DN = 16.6), induce surface-confined 

discharge (Figure 6a). Also, the electrolyte counter anions can 

solvate Li+ cations, acting like solvents that stabilize Li+, which favor 

LiO2 present in bulk solution. Hence, under the electrolytes with 

high-DN counter anion such as NO3
-, solution-mediated pathway 

can also be favorable (Figure 6b). Some additives which can strongly 

associate Li+ or superoxide, such as water (AN = 54.8), can also 

induce solution-mediated discharge (Figure 6a). However, water 

induces parasitic side reactions with other cell components such as 

Li metal anode as well, which makes it a flawed additive for Li-O2 

batteries.7  
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Figure 6. Plots showing (a) DN and AN of various organic solvents35 

and (b) DN of four different solvent-anion couples36. Free energies 

are normalized relative to that of DME and 1 M LiTFSI.  
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Depending on the discharge pathways, the presences of Li2O2 are 

in different morphologies. First, Li2O2 is only formed as thin film (less 

than 6-7 nm) under surface-confined discharge where conformal 

coatings occur.7 In other words, ethereal solvents such as DME or 

TEGDME predominantly induce thin-film Li2O2 on cathode surface. 

Meanwhile, under solution-mediated discharge, large toroidal Li2O2 

are seen on the cathode surface. This is because LiO2 can easily drift 

to the bulk electrolyte and Li2O2 particles start growing from solution. 

In this case, comparably large toroidal Li2O2 (maximum ~500 nm)7, 

which is precipitated on the surface, are observed. These whole 

concepts of two different discharge pathways are summarized in 

Figure 7.  
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Figure 7. The influence of solvents, counter anions, and water content 

on the Li2O2 growth mechanism during discharge (ORR).30  
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1.2.2 Charge overpotential 

As shown in part 1.1.3, Li2O2 is formed/decomposed during 

discharge/charge of Li-O2 battery. The solid Li2O2 is not only 

electronically insulating, but also shows low Li+ ion conductivity 

through lithium vacancies.37 This causes high overpotential during 

charge where the oxidation of Li2O2 (Li2O2 → 2Li+ + O2 + 2e-) takes 

place.  

To overcome this issue, two types of catalysts have been 

introduced: the solid38-41 and the soluble42-46 (Figure 8a and b). First, 

for the solid catalyst, noble metals40 or transition metal oxides41 have 

been generally introduced, which are bound to the porous carbon 

cathodes. The introductions of solid catalysts have alleviated the 

charge overpotential issues, but it has been known that some of the 

solid catalysts also accelerate the decomposition of liquid 

electrolyte.37 Moreover, the limited contact area of solid catalyst 

hinders its efficacy.37 Secondly, the soluble catalyst, also known as 

redox mediator (RM), mediates the redox reaction as follows:  

 

RM → RM+ + e- 

2RM+ + Li2O2 → 2Li+ + O2 + 2RM 
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Many kinds of organic compounds have been reported to be 

effective as RMs, such as tetrathiafulvalene (TTF)43, 10-

methylphenothiazine (MPT)47, 2,2,6,6-Tetramethylpiperidine 1-

oxyl (TEMPO)44 and 5,10-dihydro-5,10-dimethylphenazine 

(DMPZ)45. However, the efficacy of RMs have been reported to be 

faded by several side reactions.46, 48, 49 Ha et al. elucidated the 

failure mechanism of Li-O2 using RM where RM is exhausted by Li 

metal.46 Moreover, Sun group has found that RMs can also be 

predominantly deactivated by singlet oxygen which is an excited 

state of oxygen.48  
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Figure 8. Scheme of a typical Li-O2 cell profile with and without (a) 

solid catalysts39 and (b) redox mediators7.  
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1.2.3 Chemical and electrochemical stabilities 

There are many reactive species in Li-O2 battery. First one is Li 

metal anode. Li-O2 battery is vulnerable to the gas such as H2O, N2 

and CO2. It is known that Li reacts with H2O, N2 and CO2 to form LiOH, 

Li3N, Li2CO3, implying that Li metal can be consumed by reacting with 

gaseous species.16 Moreover, as discussed in part 1.1.2, highly 

reductive property of Li metal causes chemical decomposition of 

DMSO or DMA are highly corrosive to the Li metal, irreversibly 

degraded (Figure 9). For this reason, many efforts have been devoted 

to protecting Li metal anode.50 It was reported by Addison group that 

NO3
- anion generates stable Li2O-based SEI, so reversible cyclings 

are possible even with DMA or DMSO.50 In addition, the artificial SEIs 

have been introduced to Li metal surface to suppress parasitic 

reactions.51, 52  

As demonstrated in Eq (1-4), nucleophilic species formed during 

discharge such as O2
-, LiO2, and Li2O2 chemically reactive with 

electrolyte solvents, resulting in cell failure.53 In the early age of Li-

O2 batteries research, carbonate-based solvents were used just as 

for LIBs.54, 55 However, it was proved that carbonates are easily 

decomposed by nucleophilic attack from superoxide.55, 56 To deal with 

the issues, ethereal (e.g. DME, TEGDME)57, 58 and high-DN solvents 

(e.g. DMA, DMF, DMSO)55, 59, 60 were introduced. Yet, some reports 
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have announced that even TEGDME, DMSO and DMA are vulnerable 

to the nucleophilic attack from superoxide radicals (Figure 10). Even 

if most of the nonaqueous solvents are vulnerable to the irreversible 

degradation, ethers are most commonly used solvents for Li-O2 

studies these days due to the vigorous reactions between high-DN 

and Li metal are quite critical.  

 

 

 

 

Figure 9. Optical images of DMA-based electrolyte before and after 

the 10-days storage with Li metal.  
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Figure 10. Possible degradation pathways of the solvents for Li-O2 

batteries.61  
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1.3. Research objectives 

Even though Li-O2 has high potential to deliver the excellent energy 

density, as demonstrated in part 1.2, the performances of Li-O2 

batteries are limited by a number of reasons. However, the problem 

is, because of the comparably short period of researches on Li-O2 

batteries as compared to LIBs, that there might be some unknown 

factors affecting the performances of Li-O2 batteries. For this reason, 

it is significant to actively explore the underlying Li-O2 chemistry to 

achieve better-performing Li-O2 batteries such as the failure 

behavior of Li-O2. Also, as shown in part 1.2, the problems in Li-O2 

are highly correlated with each other, so it’s hard to distinguish the 

most relevant factor that determines the performances of Li-O2 

batteries. In this regard, this research mainly aims to discover the 

overlooked failure modes and clarify the predominant factor that 

governs the performances of Li-O2 batteries.  
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Chapter 2. The influence of the initial state of Li 

metal anode in Li-O2 batteries 

 

 

2.1. Research background 

 

NGRBs using Li metal anode can be divided into two categories. The 

first is the Li metal battery, which uses Li-containing cathodes, such 

as Li|NCA and Li|NCM. The other ones are that take Li-free 

cathodes, such as Li-S, Li-O2, and Li-V2O5 batteries.62, 63 The cell 

cyclings of the former full cells start with charge, in which Li metal 

is plated and cathode materials are delithiated forming Li1-xMO2 (M= 

Ni, Co, Mn). In contrast, the electrochemical reactions of the latter 

ones start with discharge, in which Li metal is stripped and cathode 

materials are lithiated forming lithium sulfide or lithium peroxides. 

However, there are no other works which have considered the role 

of these different initial stages in the electrochemical performance of 

Li metal electrodes. Most researchers have assumed that Li metal 

electrodes show the same electrochemical behaviors, regardless of 

the steps at which cells start.  

In addition, most of the works have been focusing on the Li plating 

mechanism, because the formation of Li dendrites, one of the failure 
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modes, was considered strongly dependent on Li plating. On the other 

hand, only few reports have focused on the stripping mechanism of 

Li metal to elucidate its failure modes.64, 65 In this chapter, we 

demonstrated the asymmetric behavior of two identical Li metal 

electrodes in Li/Li symmetric cells, stressing the role of stripping in 

the electrochemical performance of Li metal electrodes. Furthermore,  

this also implies that the initial states of Li metal anode might affect 

the reversibility of the Li-using NGRB full cells including Li-O2 

batteries.  
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2.2. Experimental details 

 

2.2.1 Materials preparations 

Lithium bis(fluorosulfonyl)imide (LiFSI) was purchased from 

Enchem Co., Ltd, South Korea. 1,2-dimethoxyethane (DME, 99.9%, 

Sigma Aldrich) was used after drying with molecular sieves (4 Å). 

The amount of water in DME was less than 10 ppm, which was 

measured by Karl-Fischer titrator. 1.3 M LiPF6 in EC:DEC (battery 

grade, EC:DEC = 3:7 vol%) was purchased from Soulbrain Co., Ltd, 

South Korea. For Li-O2 cell, Sigracet 39BB carbon cathode was used, 

purchased from Fuel Cell Store.  

 

2.2.2 Materials characterizations 

The morphologies of Li metal electrodes were examined using field 

emission scanning electron microscopes (FE-SEM), JSM-7800F 

Prime (JEOL Ltd, Japan) equipped with EDS and Auriga (Zeiss, 

Germany). The cross-sectional images were obtained with focused 

ion beam (FIB)-SEM, Scios (Hitachi, Japan).  

 

2.2.3 Electrochemical characterizations 

The electrochemical performances of Li/Li symmetric cells were 

examined using 2032 coin-type cells. Li metal (Honjo Metal, Japan) 
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was approximately 700 µm in thickness. Coin cells were assembled 

in Ar-filled glove box where the amounts of O2 and H2O were less 

than 0.1 ppm. For the reassembly of symmetric cells using initially 

plated and initially stripped Li metal electrodes, cells were 

disassembled in the Ar-filled glove box, followed by washing Li 

metal electrodes with DME solvent to remove residual electrolytes. 

The Li electrodes with 12 mm in diameter and polyethylene separator 

(PE) were used for all the experiments except for short-circuit time 

(Tsc) characterization. For Tsc characterization, Whatman GF/C 

glassfiber was used as a separator and the Li electrodes with 13 mm 

in diameter were used as counter pristine Li electrodes. 

For Li-O2 cell assembly, we used home-made Swagelok-type 

cells, consisting of Li (11 Ø), polyethylene (PE) separator, and 

Sigracet 39BB carbon cathode (9 Ø). Li-O2 cell were purged with 

O2 at a flow rate of 40 mL min-1 for 3 min before test. Li-O2 cells 

were cycle at an areal current density of 0.5 mA cm-2 for 1 hr.  

The LCO and LiNi0.6Co0.2Mn0.2O2 (NCM622) electrodes were 

comprised of LCO and NCM622 (80 wt %), Super P (10 wt %), and 

a poly(vinylidene fluoride) (PVdF) binder (10 wt %). The loading 

amounts of LCO and NCM622 were approximately 5.0 and 5.6 mg 

cm-2. The LCO and NCM622 electrodes were dried at 120 oC in a 

vacuum oven for 12 hrs. Galvanostatic experiments of LCO and 
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NCM622 were carried out between 3.0-4.2 V and 2.7-4.3 V vs. 

Li/Li+, respectively, using 1.3 M LiPF6 in EC/DEC = 3/7 (v/v). The 

Li metal foil (Honjo Metal, Japan) with 150 and 700 µm of thickness 

were used as LCO and NCM622 full cell test, respectively. For Li-

metal battery full cells with initially stripped Li, we delithiated LCO 

and NCM622 beforehand and reassembled with pristine Li metal.  

The electrochemical impedance spectroscopy (EIS) was measured 

with SP-150 potentiostat (Bio-Logic, USA). The spectra were 

scanned between 0.6 mHz and 1 MHz with an AC amplitude of 5 mV 

and analysed with EC-Lab software.  
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2.3. Results and discussion 

 

Figure 11 shows the scanning electron microscope (SEM) images of 

each Li metal electrode in a Li/Li symmetric cell with 1.0 M lithium 

bis(fluorosulfonyl)imide (LiFSI) in DME after 10 cycles with an areal 

capacity of 0.5 mA h cm-2 at an areal current density of 0.5 mA cm-

2. As shown in Figure 11a, the voltage profiles of the Li/Li symmetric 

cell were symmetric during charge and discharge except for the first 

cycle. The unstable voltages of the first cycle were attributed to large 

polarizations due to passivation layers on Li metal, such as native 

oxide layers and solid electrolyte interphase (SEI) layers.66 However, 

in contrast to the symmetric voltage profiles, we observed 

remarkably different changes in the surface and cross-sectional 

morphologies of Li metal between working and counter electrodes in 

the Li/Li symmetric cell after 10 cycles. Whereas the surface of 

initially stripped Li metal (working electrode) was substantially 

porous (Figure 11b) after cycling, initially plated Li metal (counter 

electrode) was rather smooth and dense (Figure 11c). This 

difference in morphology between the working and counter 

electrodes was clearly observed in the cross-sectional SEM images 

of the two electrodes (Figure 11d and 11e). The porous layer of 

initially stripped Li metal (7-15 µm in thickness) was much thicker  
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Figure 11. (a) Voltage profile of the Li/Li symmetric cell during 10 

cycles (current pulse: ± 0.5 mA cm-2 for each 1 h cycle). Top-view 

SEM images of (b) working and (c) counter electrodes after 10 

cycles. Cross-sectional SEM images of (d) working and (e) counter 

electrodes after 10 cycles.  
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than that of initially plated Li metal (1-3 µm in thickness). It has been 

known that the increased thickness of the porous layer leads to the 

failure of Li metal electrodes.67 This implies that two electrodes in 

the Li/Li symmetric cell showed asymmetric electrochemical 

behavior during cycling, where the failure of initially stripped Li metal 

was more catastrophic than that of initially plated Li metal. This 

asymmetric failure mode was further supported by the cross-

sectional SEM images of the two electrodes in the Li/Li symmetric 

cell after 100 cycles (Figure 12). The porous layer of initially 

stripped Li metal was approximately two times thicker than that of 

initially plated Li metal after 100 cycles.  

To explore the asymmetric electrochemical behavior of the Li/Li 

symmetric cell, we compared the electrochemical performances of 

three different Li/Li symmetric cells. Each cell is comprised of (i) 

two pristine Li metal electrodes (pristine Li/pristine Li), (ii) two 

initially plated Li metal electrodes (plated Li/plated Li), and (iii) two 

initially stripped Li metal electrodes (stripped Li/stripped Li). To 

prepare the initially plated and initially stripped Li metal electrodes, 

first, we assembled two Li/Li symmetric cells using pristine Li metal 

electrodes, and an areal current density of 0.5 mA cm-2 was applied 

to the cells for 2 hr. After disassembled, the plated and stripped Li 

metal electrodes were collected. Then, two of each working (stripped) 



 

 ３２ 

Li metal electrodes were used to reassemble one Li/Li symmetric 

cell. The other Li/Li symmetric cell was reassembled using two of 

each counter (plated) Li metal electrodes. Figure 13a and 13b show 

the voltage profiles of these three different Li/Li symmetric cells that 

were cycled with a capacity of 1 mA h cm-2 at 3 and 2 mA cm-2, 

respectively. The plated Li/plated Li symmetric cell showed much 

more stable cycle performance than the stripped Li/stripped Li 

symmetric cell did. Specifically, the stripped Li/stripped Li 

symmetric cell showed unstable voltage profiles due to a micro-

short circuit after approximately 100 cycles, but unstable voltage 

profiles in the plated Li/plated Li symmetric cell were observed after 

approximately 200 cycles. This implied that initially plated Li metal 

was more reversible during cycling than initially stripped Li metal, 

which is consistent with the cross-sectional SEM images shown in 

Figure 11 and 12. This supports the idea that the failure of Li/Li 

symmetric cells was strongly dependent on the behavior of the 

initially stripped Li metal. In addition, the cycle performance of the 

pristine Li/pristine Li symmetric cell was between those of the plated 

Li/plated Li and the stripped Li/stripped Li symmetric cells. This also 

explains the reason why the cell failures of Li/Li symmetric cells 

come earlier than that of Li metal battery full cells where Li anode is 

initially plated as the cycle starts.68, 69 
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Figure 12. Cross-sectional SEM images of (a) working electrode 

(WE) and (b) counter electrode (CE) obtained from the Li/Li 

symmetric cell after 100 cycles. Applied current density was 

±0.5mA cm-2 for each 0.5 hr cycle.  
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Figure 13. Voltage profiles of various Li/Li symmetric cells with an 

areal capacity of 1 mA h cm-2 at areal current density of (a) 3 and 

(b) 2 mA cm-2. (red: stripped Li/stripped Li, blue: pristine Li/pristine 

Li, black: plated Li/plated Li). Each stripped and plated Li metal 

electrode was obtained after applying a current density of 0.5 mA 

cm-2 for 2 hr. 
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To clarify how Li/Li symmetric cells showed asymmetric 

electrochemical performance, we compared changes in the 

morphologies of working and counter Li metal electrodes in the 

symmetric cell after applying a current density of 0.5 mA cm-2 for 2 

hr and 6 hr. As shown in Figure 14a and 14b, the stripped Li metal 

became more porous with sharp morphology, similar to a sea urchin, 

as the capacity of Li stripping increased. The porous structure of the 

stripped Li metal was the typical shape formed when pitting corrosion 

occurs in metals.70 In contrast, the plated Li metal looked like bumpy 

pebbles, which became larger with increasing amounts of Li plating 

(Figure 14c and 14d). It should be noted that the same changes in the 

morphologies of stripped and plated Li metals were also observed in 

the Li/Li symmetric cell with 1.3 M LiPF6 in EC/DEC (Figure 15). 

Therefore, the asymmetric electrochemical behavior of Li/Li 

symmetric cells is a general phenomenon, irrespective of the species 

of electrolyte.  

Moreover, we compared changes in the morphologies of initially 

stripped and initially plated Li metal electrodes after the additional Li 

plating steps with a capacity of 1 and 3 mA h cm-2 (Figure 16). The 

Li/Li symmetric cells were assembled with pristine Li metal 

electrodes. We applied a current density of 0.5 mA cm-2 to the cells 

for 2 hr. After disassembling the cells, each initially plated and 
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initially stripped Li metal electrode was reassembled with pristine Li 

metal electrodes and plated at a current density of 0.5 mA cm-2 for 

2 hr and 6 hr.  The bumpy pebble shape of initially plated Li metal 

became larger with increasing amounts of Li plating. This implied that 

Li metal grew three-dimensionally on the Li metal surface during Li 

plating. However, in the case of initially stripped Li metal, longer Li 

dendrites were observed with increasing amounts of Li plating. This 

indicated that Li metal grew one-dimensionally on the surface of 

initially stripped Li metal during Li plating. This was attributed to the 

fact that local current density is higher on a sharp edge than on a 

smooth surface.71 We also observed the same changes in the 

morphologies of initially stripped and initially plated Li metal 

electrodes after additional Li plating steps when 1.3 M LiPF6 in 

EC/DEC was used as an electrolyte (Figure 17).  
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Figure 14. SEM images of Li metal electrodes (i) after initial stripping 

with a capacity of (a) 1 mA h cm-2 and (b) 3 mA h cm-2; (ii) after 

initial plating with a capacity of (c) 1 mA h cm-2 and (d) 3 mA h cm-

2. The current density was ± 0.5 mA cm-2. 
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Figure 15. SEM images of Li metal electrodes after (a) initial 

stripping and (b) initial plating with a capacity of 1 mA h cm-2 at areal 

current density of 0.5 mA cm-2 under 1.3 M LiPF6 in EC/DEC = 3/7 

(v/v). 
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Figure 16. SEM images of (i) initially striped Li metal electrodes after 

additional Li plating with a capacity of (a) 1 and (b) 3 mA h cm-2; (ii) 

initially plated Li metal electrodes after additional Li plating with a 

capacity of (c) 1 and (d) 3 mA h cm-2. Nyquist plots of Li/Li 

symmetric cells for (e) initially stripped and (f) initially plated Li 

metals. Black circles and red squares represent the Nyquist plots 

before and after additional Li plating with a capacity of 1 mA h cm-2, 

respectively. (g) Voltage profiles of initially stripped and initially 

plated Li metal electrodes during additional Li plating step for the 

measurement of short-circuit time (Tsc).  
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Figure 17. SEM images of (i) initially striped Li metal electrodes after 

additional Li plating with a capacity of (a) 1 and (b) 3 mA h cm-2; (ii) 

initially plated Li metal electrodes after additional Li plating with a 

capacity of (c) 1 and (d) 3 mA h cm-2. The current density was ± 

0.5 mA cm-2. 1.3 M LiPF6 in EC/DEC = 3/7 (v/v) was used as an 

electrolyte. Initially stripped and initially plated Li metal electrodes 

were obtained after applying a current density of 0.5 mA cm-2 for 2 

hr. 
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The different Li growth mechanisms between initially stripped and 

initially plated Li metal electrodes during additional Li plating was 

further supported by electrochemical impedance spectroscopy (EIS). 

Figure 16e and 16f shows the Nyquist plots of Li/Li symmetric cells 

for initially stripped and initially plated Li metal electrodes before and 

after additional Li plating. The charge-transfer resistances (semi-

circle size) were mostly the same for the initially plated Li before 

and after additional Li plating. This implies that their morphologies 

were similar irrespective of additional Li plating, which is consistent 

with the SEM images in Figure 16. This is because the charge-

transfer resistance is known to be highly dependent on the 

morphology of electrodes, such as surface area.72 However, the 

charge-transfer resistance of initially stripped Li metal decreased 

substantially after additional Li plating. This is attributed to the fact 

that the surface area increased as long Li dendrites are formed. We 

also compared the short-circuit time (Tsc) of initially plated and 

initially stripped Li metal electrodes during the step of additional Li 

plating (Figure 16g). Tsc of initially stripped Li metal was much 

shorter than that of initially plated Li metal. This supports the idea 

that the dendritic growth was more favorable on the initially stripped 

Li than on the initially plated Li because the Li dendrites accelerate 

an internal short-circuit.  
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In addition, to demonstrate the role of initial Li plating and stripping 

in the failure of Li-using NGRBS, we compared the electrochemical 

performances of Li-O2 and Li metal battery full cells with initially 

plated and initially stripped Li metal electrodes. Figure 18 shows the 

cycle performances of Li-O2 full cells. To design Li-O2 cell starting 

with charge process, we pre-deposited Li2O2 on cathode and 

replaced the stripped Li with the fresh Li so that the cycling is 

initiated with the decomposition of Li2O2 and the plate of Li metal. In 

agreement with our findings, the Li-O2 cell with discharge-charge 

process showed earlier cell failure (Figure 18). Considering that both 

charge and discharge overpotentials increased (Figure 19), the cell 

failure was attributed to the increased resistance from Li metal anode. 

Moreover, the cross-sectional images after 25th cycle show that the 

initially stripped Li showed more dramatic volume expansion (~ 3-

fold) than the initially plated Li (~ 1.7-fold) even in Li-O2 full cells 

(Figure 20a and b). The EIS analysis also explains the greater 

polarization of the initially stripped Li than that of the initially plated 

Li (Figure 20c). The similar trends were also observed in Li metal 

battery full cells (Li|LCO and Li|NCM622) as shown in Figure 21. 

Also, it should be noted that we used comparably thin Li metal (150 

μm in thickness) to make the cycle performance be limited on the 

anode side.  
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Figure 18. The cycle performances of Li-O2 full cells under 1M 

LiTFSI in 1,2-dimethoxyethane (DME) (black: usual Li-O2 starting 

with discharge, red: pre-Li2O2-deposited Li-O2 starting with charge)  
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Figure 19. Voltage profiles of Li-O2 full cells at (a) 1st, (b) 10th, and 

(c) 25th cycle under 1M LiTFSI in DME. (black: normal Li-O2 

starting with discharge, red: pre-Li2O2-deposited Li-O2 starting 

with charge)  
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Figure 20. Cross-sectional images of Li metal electrodes obtained 

from the Li-O2 cells after 25th cycle of (a) discharge-charge 

(initially stripped) and (b) charge-discharge (initially plated) 

process. (c) Corresponding Nyquist plots of Li/Li symmetric cells 

assembled with the initially stripped Li electrodes from (a) (black) 

and the initially plated Li electrodes from (b) (red). Scale bar 

represents 100 μm.  
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Figure 21. The cycle performances of (a) Li|LCO and (b) 

Li|NCM622 full cells (black: usual Li metal battery starting with 

charge, red: pre-delithiated Li metal battery starting with discharge) 
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2.4. Summary 

 

In summary, we demonstrated the asymmetric electrochemical 

behavior of Li metal electrodes depending on the initial states of Li 

metal: initially stripped and initially plated. The electrochemical 

performance of initially plated Li metal was more reversible than that 

of initially stripped Li metal. This was attributed to the formation of 

different morphologies between the plated and stripped Li metal 

electrodes during the initial cycle. Li metal became porous with sharp 

edge after stripping. On the other hand, a pebble-like Li metal was 

observed after plating. Moreover, Li metal grew three-dimensionally 

on the surface of Li metal during Li plating, and thus, the size of 

pebble-like Li metal increased as more amounts of Li were plated. 

However, on the surface of initially stripped Li metal, the one-

dimensional growth of Li metal in the form of Li dendrites was 

observed during subsequent Li plating. This implies that the 

formation of Li dendrites is strongly dependent on the initial states, 

which is a failure mode of Li metal electrodes. Moreover, this 

proposes that the performances of Li-O2 batteries are limited 

because the initial state of Li metal is strip in this system. Our 

findings on full cells demonstrated that the resistance increase on Li 

metal anode resulting from the initial strip of Li metal was the novel 
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failure mode of Li-O2 batteries.  
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Chapter 3. The role of the oxygen transport in Li-O2 

batteries 

 

 

3.1. Research background 

 

Among many different types of aprotic solvents, ionic liquid (IL) has 

been widely explored as Li-O2 electrolytes not only due to its 

thermal, chemical, electrochemical stability but also due to its 

hydrophobic, non-flammable and non-volatile properties.73-78 Many 

researchers have reported the in-depth studies on the failure of IL-

based Li-O2. First, some groups reported that the 

chemical/electrochemical stability of ILs plays an important role in 

Li-O2 cell performances.79 The chemical/electrochemical stability is 

a significant issue because they are highly correlated with the cycle 

retention of Li-O2 cells. Also, several groups have announced some 

catalytic effects of a certain IL species as used in Li-O2 cells.80-82 

For example, Wang and his coworkers reported that the addition of 

IL could change the reaction mechanism of Li-O2.
80 Meanwhile, the 

other groups reported the studies on the kinetics of IL-based Li-O2. 

They noted the sluggish kinetics of ORR reactants such as Li+ or O2, 

which is attributed to the inherently high viscosity of ILs. Some 
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researchers focused on the kinetics of Li+ ion which is correlated 

with the concentration of Li+ salt and ionic conductivity.81, 83 And the 

other groups paid attention to the kinetics of O2 which is dependent 

on O2 solubility and diffusivity84-90: Salomon and coworkers 

emphasized the importance of O2 solubility89, whereas the Archer 

group emphasized the significance of O2 diffusivity86. In short, these 

trends of studies imply that the most critical factor contributing to 

the IL-based Li-O2 cell performance still remains controversial.  

We inspected the possible factors that can affect the performances 

of IL-based Li-O2 cell: (i) chemical/electrochemical stability of 

solvent, (ii) reaction mechanism, and (iii) kinetics of ORR reactants, 

Li+ and O2. Then, we clarified the mainly contributing factor in the 

failure of IL-based Li-O2. We carried out research by investigating 

representative IL solvents, 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide (P14) and 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI), which 

have been generally used for Li-O2 electrolytes.75, 86-88, 91 We 

analyzed the electrochemical performances of each electrolyte such 

as cycle retention and discharge capacity under different current 

densities (0.1/0.25 mA cm-2). Then, first, we examined chemical 

stability of each IL with superoxide radical and Li metal through 

several analytical steps. Besides, we demonstrated that both ILs 
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operate by the surface-confined discharge by analyzing Li2O2 

formation on cathode with low surface area. To evaluate the kinetics 

of Li+ ion, Li+ ion conductivities were computed by Bruce and Vincent 

method. In addition, the transport of O2 can be characterized by 

computing the value of O2 flux using Fick’s first law (Eq (5)).  

 

𝐽𝑜 =
𝑖

𝑛𝐹𝐴
= 𝐷𝑜

𝑑𝐶𝑜(𝑥,𝑡)

𝑑𝑥
|

𝑥=0
= 𝐷𝑜

𝐶𝑜
∗−𝐶𝑜(0,𝑡)

𝛿
…… (5) 

 

where 𝐽, 𝑖, 𝑛, 𝐴, 𝐷, 𝐶 and 𝛿 represent flux, current, the number of 

electrons involved in the electrochemical reaction, the area of 

electrode, diffusivity, solubility and Nernst diffusion layer, 

respectively. According to Eq (5), both the values of solubility (𝐶𝑂2
) 

and diffusivity (𝐷𝑂2
) of O2 are necessary to obtain the values of O2 

flux (𝐽𝑂2
). In this regard, we conducted electrochemical studies such 

as rotating ring disk electrode (RRDE) and rotating disk electrode 

(RDE). The 𝐷𝑂2
 and 𝐶𝑂2

 values of each electrolyte were calculated 

with RRDE and RDE method. With the obtained 𝐷𝑂2
 and 𝐶𝑂2

 values, 

𝐽𝑂2
 values were computed. Finally, it was demonstrated that the facile 

transport of O2 is the most-governing factor contributing to the IL-

based Li-O2 performances.  
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3.2. Experimental details 

 

3.2.1 Materials preparations 

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased 

from Enchem Co., Ltd, South Korea. ILs such as 1-butyl-1-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (P14) and 

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

(EMI) were purchased from Tokyo Chemical Industry Co., Ltd, Japan. 

The amount of water in all ILs were controlled under 1 ppm using 

molecular sieves, which were confirmed by Karl-Fischer titrator 

(Metrohm Coulometer 831). Every IL electrolyte contained 0.5 M 

LiTFSI salt and was stirred 12 hours so that homogenous solution is 

formed. Li metal (700 µm in thickness) for Li/Li symmetric and Li-

O2 cell tests was purchased from Honjo Metal, Japan. For Li-O2 cell, 

the carbon nanotube (CNT) air cathode (200 µm in thickness, 10 mg 

cm-2) was obtained from Hyundai motor company, South Korea, 

comprised of CNT (97 wt%) and carbon fiber (3 wt%).  

 

3.2.2 Materials characterizations 

The morphologies of Li metal electrodes were examined using field 

emission scanning electron microscopes (FE-SEM), JSM-7800F 

Prime (JEOL Ltd, Japan) and Auriga (Zeiss, Germany). The cross-
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sectional images were obtained with focused ion beam (FIB)-SEM, 

Scios (Hitachi, Japan). 

 

3.1.3 Electrochemical characterizations 

The Li-O2 cell and Li/Li symmetric cell tests under O2 atmosphere 

were performed in Swagelok-type cell, while Li/Li symmetric cells 

under Ar atmosphere were examined in 2032 coin-type cells. All 

types of cells were assembled under Ar-filled glove box. Li (11 Ø), 

polyethylene (PE) separator, and CNT cathode (9 Ø) were used for 

Li-O2 cell assembly. Li-O2 cell were purged with O2 at a flow rate 

of 40 mL min-1 for 3 min before test. The Li-O2 and Li/Li symmetric 

cells were operated using WBC-3000 cycler (WonA tech, South 

Korea). Glassy carbon (GC), Pt wire, and 0.01 M Ag/Ag+ (AgTFSI in 

each IL solvent) were used as working, counter, and reference 

electrode, respectively, for RRDE and RDE methods. RRDE and RDE 

were carried out using bipotentiostat (Zive Lab). Linear sweep 

voltammetry (LSV) was carried out with the CNT (working electrode) 

and Li (counter and reference electrode).  
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3.3. Results and discussion 

 

Figure 22 shows the cycle retention and areal discharge capacities of 

Li-O2 under P14 and EMI. Under 30 ℃, EMI showed better cycling 

performance and greater discharge capacities than does P14 at 

different areal current densities of 0.1 and 0.25 mA cm-2. These 

results are also in consistent with the previous studies.86, 88 To 

understand these cycling behaviors, we first looked into the voltage 

profiles of each IL-based Li-O2 cell (Figure 23). At slow rate (0.1 

mA cm-2), P14 and EMI didn’t show noticeable differences in 

voltage profiles such as voltage hysteresis. The incomplete charges 

of P14 at first 4 cycles at high rate (0.25 mA cm-2) may be attributed 

to the resistive products (i.e. Li2CO3) formed by the reaction between 

electrolyte and carbon cathode at early cycles.92  

We investigated the chemical stability of each solvent with Li metal 

and superoxide radical (Figure 24, 25). Each solvent was stored with 

Li metal and potassium dioxide (KO2) for 7 days which has been 

usually substituted for superoxide radical.93 First, as shown in Figure 

24a, b and 25a, d, EMI turned yellow after stored with Li metal for 7 

days while P14 stayed transparent. Also, on NMR analysis, EMI 

showed parasitic peaks that result from the irreversible 

decomposition of the solvent while P14 didn't after exposed to Li  
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Figure 22. Cycle performances of Li-O2 cells with areal capacities of 

(a) 0.2 and (b) 0.25 mA h cm-2. (Empty: charge, filled: discharge) 

Discharge curves of the first cycle Li-O2 cells at (c) 0.1 and (d) 0.25 

mA cm-2. Current densities are presented at top-left of each figure. 

(black: 0.5 M LiTFSI in P14, red: 0.5 M LiTFSI in EMI) 
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Figure 23. Voltage profiles of Li-O2 cells under 0.5 M LiTFSI in (a, 

b) P14 and (c, d) EMI at current densities of (a, c) 0.1 and (b, d) 

0.25 mA cm-2 at 30 ℃. 
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Figure 24. The spectra of 1H nuclear magnetic resonance (NMR) of 

P14 solvent. (a) as-received, collected after stored with (b) Li metal 

and (c) KO2 for 7 days. The inset represents the optical image of 

each sample right before 1H NMR analysis. 
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Figure 25. The spectra of 1H nuclear magnetic resonance (NMR) of 

EMI solvent. (a-c) as-received, collected after stored with (d-f) Li 

metal and (g-i) KO2 for 7 days. The inset represents the optical 

image of each sample right before 1H NMR analysis. Red points were 

used to highlight the parasitic peaks. 
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metal and KO2 (Figure 24b and 25d-f). 

In addition, as shown in Figure 26a, b, P14 showed reversible Li 

plating/stripping behavior both under Ar and O2 atmosphere. In case 

of EMI-based electrolyte, Li/Li symmetric cell was degraded after 

approximately 70th cycles under Ar atmosphere, accompanied with 

dramatic polarization increase. In contrast, under O2 atmosphere, 

Li/Li symmetric cell exhibited polarization less than 200 mV even at 

150th cycle. This is mainly attributed to the lithia (Li2O)-based 

protective layers formed under O2 atmosphere. For this reason, 

considering that Li-O2 operates under O2 atmosphere, it is still 

reasonable to use EMI-based electrolyte for Li-O2. With linear 

sweep voltammetry (LSV) analysis, it is observed that P14 has wider 

electrochemical window than does EMI (Figure 26c, d), indicating 

that P14 is less vulnerable to electrochemical decomposition both at 

low and high voltage ranges. These trends of chemical and 

electrochemical stability are also in line with the previous reports.79, 

94 With these characterizations, we could confirm the fact that the 

electrochemical performances of Li-O2 using IL were not mainly 

dependent on the chemical and electrochemical stability of the 

solvent.  

Considering 2- and 5-fold greater discharge capacity of EMI 

compared to P14 (Figure 22c, d), it can be assumed that each type  
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Figure 26. Li/Li symmetric cells with an areal capacity of 0.1 mA h 

cm-2 at the current density of 0.1 mA cm-2 under (a) P14- and (b) 

EMI-based electrolytes. Linear sweep voltammogram with a scan 

rate of 1 mV s-1 under Ar atmosphere, where (c) and (d) represent 

cathodic and anodic scan, respectively.  
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of ILs might undergo the different discharge pathways, the solution-

mediated and surface-confined mechanisms. Solution-mediated 

discharge is known to occur under relatively low rates or the 

electrolytes with high donor number (DN) and acceptor number (AN) 

such as DMA or DMSO. Under solution-mediated process, toroidal 

Li2O2 is formed in bulk solution and precipitated on cathode surface. 

Meanwhile, surface-confined discharge occurs under relatively high 

rate, forming film-like Li2O2 on cathode surface, is more highly 

dependent on the cathode surface area than is solution-based 

discharge. This implies the fact that under surface-confined 

discharge is negligible discharge capacity exhibited on the low-

surface-area cathode such as carbon paper or gas-diffusion layer 

(GDL).95-98 As observed in Figure 27, P14, EMI, and TEGDME-

based electrolytes exhibited trace amount of discharge capacities 

compared to DMA-based electrolyte which has high DN. This 

indicates that surface-confined discharge occurred under both P14- 

and EMI-based electrolytes. In addition, after discharges on CNT 

cathodes, film-like discharge products, confirmed to be Li2O2 

through XRD analysis, were observed in both P14 and EMI (Figure 

28). Moreover, the reported DN of EMI isn’t indeed high enough for 

solution-mediated mechanism to occur.99 With these studies, we 

could exclude the possibility that the performance of each IL-based  
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Figure 27. Discharge curves of four different types of electrolytes 

including P14, EMI, TEGDME and DMA with GDL cathode with low 

surface area. Each electrolyte color represents each solvent type. (b) 

represents the magnified area in (a). 
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Figure 28. Scanning electron microscopy (SEM) images of (a) 

pristine air cathode, air cathodes after 0.5 hr discharged at 0.1 mA 

cm-2 of current density under (b) P14- and (c) EMI-based 

electrolyte. (d) XRD patterns of air cathodes after 0.5 hr discharged 

at 0.1 mA cm-2 of current density. The scale bar represents 1 µm. 

(gray: pristine, black: P14, red: EMI) 

 

 

 



 

 ６４ 

Li-O2 cell was affected by the different ORR pathways.  

By investigating the ORR peak currents, we aimed to confirm 

whether the ORR is limited by the mass transfer of the reactants, Li+ 

or O2. The ORR peak currents of P14 and EMI were obtained at 

different scan rates (𝑣𝑠𝑐𝑎𝑛 = 5,10,50,100 and 200 mV s-1) and 𝑙𝑜𝑔 𝑖 

vs. 𝑙𝑜𝑔 𝑣𝑠𝑐𝑎𝑛 plots were obtained (Figure 29). 

 

𝑖 = 𝑖𝑝 + 𝑖𝑐 = (2.69 × 105)𝑛2/3𝐴𝐷𝑂2

1/2𝐶𝑂2

∗𝑣𝑠𝑐𝑎𝑛
1/2 + 𝐴𝐶𝑑𝑙𝑣𝑠𝑐𝑎𝑛 …… (6) 

 

Here, 𝑖𝑝 and 𝑖𝑐 each refer to peak current and charge current, 𝑛 is 

the number of electron transferred, A is electrode surface area (cm-

2), and 𝐶𝑑𝑙 is double layer capacitance (F cm-2). In fact, 𝑖𝑝 is highly 

dependent on the diffusion-limited electrochemical reaction, while 𝑖𝑐 

is strongly dependent on the reactants adsorbed on the electrode 

surface. Referring to Eq (6), if the slope of 𝑙𝑜𝑔 𝑖 vs. 𝑙𝑜𝑔 𝑣𝑠𝑐𝑎𝑛 plot is 

closer to 0.5, the ORR is more limited by the diffusion of ORR 

reactants in electrolyte rather than the reactants adsorbed on the 

cathode surface.100, 101 As shown in Figure 29, The values of 𝑙𝑜𝑔 𝑖 vs. 

𝑙𝑜𝑔 𝑣𝑠𝑐𝑎𝑛 slope of P14 and EMI were 0.5677 and 0.7233, respectively, 

implying that the ORR under P14 is more limited by the mass transfer 

of ORR reactants than that under EMI.  

 



 

 ６５ 

 

 

 

 

Figure 29. Linear sweep voltammograms of (a) P14- and (b) EMI-

based electrolytes with different scan rates. (the inset number 

represents each scan rate (mV s-1)). The 𝑙𝑜𝑔 𝑖𝑝vs. 𝑙𝑜𝑔 𝑣𝑠𝑐𝑎𝑛 plots of 

of (c) P14- and (d) EMI-based electrolytes, obtained from (a) and 

(b), respectively. 
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We first investigated the Li+ ion kinetics. By using 0.5 M of LiTFSI 

salts, the total amounts of Li+ ions per volume were set identical in 

both electrolytes. And we measured the ionic conductivity (σ) of 

each electrolyte, as observed in Table 1 and Figure 30. The ionic 

conductivity of EMI was a little higher than that of P14 which is due 

to the higher viscosity of P14. Also, the ether-based electrolyte 

generally showing superior performance than IL-based electrolytes 

have been reported to have less ionic conductivity than P14 and EMI 

(Table 1)101, which indicates that the increase in ionic conductivity is 

less likely to improve Li-O2 performance. Moreover, as shown 

Figure 31 and Table 2, the transference numbers of Li+ (t𝐿𝑖+) were 

calculated by Bruce and Vincent method to precisely compute the 

conductivity of Li+ ions (σ𝐿𝑖+), using Eq (7) as follows: 

 

𝑡𝐿𝑖+ =
𝐼𝑠𝑠(𝛥𝑉−𝐼𝑜𝑅𝑜)

𝐼𝑜(𝛥𝑉−𝐼𝑠𝑠𝑅𝑠𝑠)
 …… (7) 

 

Here, Io, Iss, Ro, Rss and ΔV represent initial current, steady state 

current, initial resistance of passivation layer, steady state resistance 

of the passivation layer, and applied potential, respectively. The 

computed conductivity of P14 and EMI were 0.96 and 1.08 mS cm-1 

which are pretty much the same (Table 2). Finally, it was confirmed 
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that the kinetics of Li+ ion is not the governing factor that affects the 

performance of IL-based Li-O2.  

 

 

 

 

 

Table 1. Summary of ionic conductivity (σ) of P14- and EMI-based 

electrolytes measured with conductivity probe in this work and that 

of TEGDME-based electrolyte reported in the literature. 

 

T 

(℃) 

P14 

(mS cm-1) 

EMI 

(mS cm-1) 

TEGDME 

(mS cm-1) 

25 1.80 4.56 ~1.8101  

35 2.20 5.86  

45 2.39 6.49  

60 2.48 7.49  
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Figure 30. ln σ vs. 1000⁄T plots of P14 and EMI electrolytes 

containing 0.5 M LiTFSI obtained from the values in Table 1. (black: 

P14, red: EMI) 
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Figure 31. The chronoamperometry profiles of Li/Li symmetric cells 

of (a) P14- and (b) EMI-based under a polarization voltage of 20 

mV. Corresponding Nyquist plots of Li/Li symmetric cells of (c) 

P14- and (d) EMI-based Li/Li symmetric cells before and after 20 

mV polarization.  
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Table 2. Values of Io, Iss, Ro, Rss, t𝐿𝑖+ and σ𝐿𝑖+. Io, Iss, Ro and Rss values 

were obtained from the works in Figure 31 and t𝐿𝑖+  values were 

computed using Eq (7). σ𝐿𝑖+ values were calculated as the products 

of σ from Table 1 and t𝐿𝑖+.  

 

Io 

(μA) 

Iss 

(μA) 

Ro 

(Ohm) 

Rss 

(Ohm) 
t𝐿𝑖+ 

σ𝐿𝑖+ 

(mS cm-1) 

P14 23.9 18.8 530 490 0.535 0.96 

EMI 20.9 13.5 699 396 0.235 1.08 
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Subsequently, the kinetics of O2 species were examined through 

electrochemical methods, rotating ring disk electrode (RRDE) and 

rotating disk electrode (RDE) analysis. To evaluate the diffusivity of 

oxygen species (𝐷𝑂2
), the transient time (𝑇𝑆) was evaluated through 

following steps: 1) ring electrode was held at 1.0 V (vs. Li/Li+) which 

is low enough so that the O2 reduction is diffusion-limited, 2) disk 

electrode was stepped to 1.0 V (vs. Li/Li+), and 3) ring current was 

recorded to evaluate 𝑇𝑆 which is attributed to the depletion of O2 on 

disk electrode. In Figure 32a, b, it was observed that 𝑇𝑆 of P14 at 

100 rpm was about 3 times higher than that of EMI, denoting that O2 

depletion effect was delivered to ring electrode faster under EMI-

based electrolyte as compared to the P14-based one. Note that, in 

Eq (8) and (9), the parameter 𝑣 denotes the kinematic viscosity of 

the electrolyte and constant 𝐾 is determined by the geometry of 

RRDE, in which 𝑟1 and 𝑟2 represent the radius of the disk and the 

internal ring radius, respectively. By characterizing the slope from 𝑇𝑆 

vs. 𝜔−1 (rpm-1) plot, 𝐷𝑂2
 values of P14 and EMI were obtained as 

shown in Table 3.  

 

𝑇𝑆 = 𝐾(𝑣/𝐷𝑂2
)1/3𝜔−1 …… (8) 

𝐾 = 43.1 × (𝑙𝑜𝑔 [𝑟2/𝑟1])2/3 …… (9) 
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Moreover, with the obtained 𝐷𝑂2
 values, the solubility of oxygen 

𝐶𝑂2
 in each electrolyte can be computed by using Levich equation (Eq 

(10)).  

 

i𝐿 = 0.621𝑛𝐹𝐷𝑂2

2/3𝑣−1/6 𝜔1/2𝐶𝑂2
 …… (10) 

 

where i𝐿, 𝐹 and 𝑛 each represent limiting current density (mA cm-

2), Faraday constant and the number of electrons involved in the 

electrochemical reaction, respectively. With the slope 

characterization of the modified Koutecky-Levich plot (i𝐿  vs. 𝜔1/2), 

𝐶𝑂2
 values were determined. In contrast to the trend of 𝐷𝑂2

, where 

𝐷𝑂2
 of EMI was more than 11-fold greater than that of P14, it was 

found that the 𝐶𝑂2
 of P14 was about 3-fold greater than that of EMI 

(Table 3). And these are also in agreement with the results from 

previous researches where P14 showed low 𝐷𝑂2
 values than 

imidazolium-based ILs even though P14 exhibited excellent 𝐶𝑂2
.101-

103 Finally, using the computed 𝐷𝑂2
, 𝐶𝑂2

 and Fick’s first law (Eq (5)), 

𝐽𝑂2
 (under 400 rpm of RDE) values were obtained as shown in Table 

3. 𝐽𝑂2
 under EMI-based electrolyte was about 1.8-fold greater than 

that under P14-based electrolyte, which demonstrates that the mass 

transfer of O2 under EMI is more facile than under P14.  
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Figure 32. O2 transient times (𝑇𝑆) measured under (a) P14- and (b) 

EMI-based electrolytes at ω=100 rpm. 𝑇𝑆 vs. 𝜔−1 (rpm-1) plots of 

(c) P14- and (d) EMI-based electrolytes obtained from RRDE 

studies. 
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Figure 33. Modified Koutecky-Levich plots (i𝐿   vs.  𝜔1/2) of (a) 

P14- and (b) EMI-based electrolytes obtained from RDE studies.  
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Table 3. Summary of O2 flux characterizations using RRDE and RDE 

for each IL-based electrolyte at 25 ℃. The Nernst diffusion layer 

(δ) and flux (𝐽𝑂2
) are the values under ω = 400 rpm.  

 
𝑇𝑠 

(𝑠) 

𝑣 

(𝑐𝑚2 𝑠−1) 

𝐷𝑂2
 

(× 10−5  

𝑐𝑚2 𝑠−1) 

𝐶𝑂2
 

(𝑚𝑚𝑜𝑙 𝐿−1) 

𝛿 

(𝜇𝑚) 

𝐽𝑂2
 

(× 10−6 𝑚𝑚𝑜𝑙 

 𝑐𝑚2 s−1) 

P14 5.67 0.54080 0.171 1.47 26.8 0.936 

EMI 2.01 0.356104 1.89 0.488 55.8 1.65 
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Nevertheless, it is still noteworthy that O2 solubility under P14 is 

higher that under EMI while the opposite trend was shown in 

diffusivity. The reason of higher O2 solubility under P14 relative to 

EMI can be explained in two different perspectives. First, the greater 

O2 solubility in P14 might be originated from the longer alkyl-chain 

in P14 than in EMI. Considering that O2 is a non-polar gas, the 

elevated non-polarity resulting from the longer alkyl side-chain in 

the P14 than in the EMI leads to the higher interaction between O2 

and IL.105 Also, the longer alkyl-chain in P14 can provide more free 

volume than EMI does. The increased free volume in IL has been 

reported to deliver more free space for non-polar gas,106, 107 so it is 

believed that the higher O2 solubility in P14 is derived from the larger 

free volume in P14 than that in EMI. Second, the inherent properties 

of different cation groups, pyrrolidinium and imidazolium, can be the 

origin of superior O2 solubility under P14. Especially, it has been 

reported that the pyrrolidinium cation is more flexible than the 

imidazolium cation,108 which implies that pyrrolidinium can maintain 

its local molecular structure while providing free space as gas is 

dissolved into IL. Thus, the higher O2 solubility is probably due to the 

flexible property of the pyrrolidinium cation as compared to the 

imidazolium cation.  
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3.4. Summary 

To investigate the predominant factor affecting the performance of 

Li-O2 using IL as an electrolyte, we conducted the case study with 

P14- and EMI-based electrolytes. In consistent with the previous 

reports, P14 showed poorer Li-O2 cell performances than EMI did. 

Then, we inspected the chemical and electrochemical stability of each 

IL with storage experiment, Li/Li symmetric cell test and LSV 

analysis. It was revealed that P14 were more chemically and 

electrochemically stable than EMI. Also, we examined the ORR 

pathway of each IL electrolyte through analyzing the discharge on 

the cathode with low surface area and confirmed that surface-

confined pathway was favorable under both P14 and EMI. With these 

results, we could exclude the possibility that 

chemical/electrochemical stability or different ORR pathway have a 

crucial impact on IL-based Li-O2 performances.  

With the LSV peak current characterization, it was found that the 

ORR under P14 was more diffusion-limited than that under EMI. In 

this regard, we investigated the kinetics of ORR reactants, Li+ and O2. 

First, Li+ ionic conductivities (σ
𝐿𝑖+) of both IL-based electrolytes 

were computed by multiplying the measured ionic conductivity (σ) 

and t𝐿𝑖+. The ionic conductivities of both ILs were similar to that of 
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ether-based electrolyte from other literature. Moreover, the 

calculated Li+ ion conductivities of P14 and EMI were 0.96 and 1.08 

mS cm-1, respectively, which were quite identical. To estimate 𝐷𝑂2
 

and 𝐶𝑂2
 of each electrolyte, we performed RRDE and RDE 

characterizations. Using Fick’s first law, 𝐽𝑂2
 was calculated with the 

𝐷𝑂2
 and 𝐶𝑂2

 and it was found that 𝐽𝑂2
 under EMI-based was about 

1.8-fold higher than that under P14-based electrolyte. 

Consequently, our results illustrated that the facile O2 transport, 

denoted as O2 flux, mainly contributes to the performances and the 

failure of IL-based Li-O2 batteries.  
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Chapter 4. Conclusion 

 

Li-O2 battery has been considered as a promising alternative to LIBs 

because of its extremely high theoretical energy density. However, 

despite many years of effort to improve Li-O2 batteries, the practical 

energy densities of Li-O2 batteries are much smaller than the 

theoretical one. For this reason, it is important to explore the 

operating principles of Li-O2 as much as to suggest strategies such 

as introducing novel materials.  

Different from many researchers’ expectations, the cycling of Li/Li 

symmetric cell was found to be ironically asymmetric. This was 

because of the differences in initial states of counter and working 

electrode: one is initially stripped and the other is initially plated. As 

Li electrode is initially stripped, the porous and sharp morphologies 

were shown, inducing dendritic 1-dimensional growth after 

subsequent Li plate. On the other hand, 3-dimensional growth with 

pebble-like structure was observed after subsequent Li growth on 

the initially plated Li electrode. For this reason, initially stripped Li 

electrodes showed earlier cell failure with increase of overpotentials 

than initially plated Li in Li/Li symmetric cells. Finally, we found that 

the performances of NGRBs such as Li metal and Li-O2 battery are 

strongly impacted by the initial states of Li metal. Namely, the 
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initially stripped Li gave rise to the earlier cell failure also in full cells. 

This study also implies that the efforts to achieve uniform stripping 

can be a key to enhance Li-O2 battery cell performances.  

We conducted multidisciplinary researches on IL-based Li-O2 

batteries to find the most critical factor governing cell performances 

by the case study with pyrrolidinium and imidazolium-based 

electrolytes. Pyrrolidinium was more stable both with Li metal and 

superoxide radical than imidazolium, even if the cycle performances 

of imidazolium were better than those of pyrrolidinium. Subsequently, 

it was found that the discharge pathways under those two 

electrolytes were both surface-confined discharge. By series of 

electrochemical studies on the kinetics of discharge reactants, Li+ 

and O2, it was proved that the transport of O2 which is represented 

as the factor of flux was the predominant factor influencing the 

performance of IL-based Li-O2 batteries. In other word, it is 

expected that IL-based Li-O2 batteries with improved performances 

are achievable under the enhanced O2 transport.  

In conclusion, the investigations on the failure of Li-O2 batteries in 

this dissertation are believed to suggest novel insights into the 

fundamentals on Li-O2 battery. Furthermore, this work is expected 

to contribute to the earlier practical use of Li-O2 battery by providing 

new avenues for breakthroughs.  
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국문 초록 

 

리튬 금속 음극 및 산소 운반 측면에서의 리튬 공기 

전지의 퇴화 현상 

구 동 호 

2016-21003 

서울대학교 대학원 

화학생물공학부 

 

리튬 이온 전지는 과거부터 현재까지 촉망받아온 에너지 저장 장치 

였지만, 전기자동차 분야 등 급증하는 사회적 수요를 충족시키기 위해서 

는 에너지 밀도에 대한 개선이 필수적이다. 그런 점에서 리튬 이온 

전지보다 높은 에너지 밀도를 제공하는 차세대 이차전지 개발이 활발히 

이루어져 왔다. 리튬 금속 전지, 리튬 황 전지, 리튬 공기 전지, 아연 

기반 전지 등과 같은 수많은 유형의 차세대 이차전지들이 수십 년 간 

연구되었다. 그 중에서 리튬 공기 전지는 3400Wh kg-1의 가장 큰 

이론적 에너지 밀도로 인해 많은 주목을 받아왔다. 리튬 공기 전지의 

성능을 향상시키기 위한 많은 노력들이 있었지만, 리튬 공기 전지 

시스템의 다양한 문제점들로 인하여 성능개선에 큰 제한이 있어왔다. 

이를 극복하기 위해서는 리튬 공기 전지의 성능 개선만큼 그에 내재한 

메커니즘 및 원리에 대한 이해도 필수적으로 이루어져야 한다.  
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본 연구의 첫번째 순서로서, 리튬 금속 음극 초기 상태와 관련된 리튬 

공기 전지의 퇴화 거동을 제시하였다. 기존 연구자들의 예상과는 달리, 

초기에 전착된 리튬은 초기에 탈리된 리튬보다 더 안정적인 리튬 대칭셀 

성능을 보여주었다. 이는 초기에 탈리된 리튬에서 일차원적 성장인 

수지상 성장이 가속화되고, 초기에 전착된 리튬의 경우에서는 3차원 

성장이 일어나기 때문임을 확인하였다. 일반적으로 방전, 즉 리튬의 

탈리부터 사이클링이 진행되는 리튬 공기 전지의 경우 이러한 이유로 

퇴화가 가속화 되었을 가능성을 제시하였다. 이를 증명하기위해 

방전생성물인 Li2O2를 미리 형성한 탄소 양극을 포함한 새로운 셀을 

디자인하였다. 이와 같은 충전, 즉 리튬의 전착부터 일어나는 리튬 공기 

전지 셀을 통하여 기존의 셀 보다 사이클 성능이 개선됨을 확인하였고, 

이는 초기 탈리된 리튬 금속에 기반한 음극 과전압의 증가가 또 하나의 

리튬 공기 전지의 퇴화 원인일 수 있음을 시사한다.  

다음으로, 이온성 액체를 전해질로 사용하는 리튬 공기 전지의 퇴화 

원인을 규명하였다. 이온성 액체는 화학적, 전기화학적 안정성, 소수성, 

불연성 및 비휘발적 특성으로 인해 리튬 공기 전지의 용매의 선택지로서 

유망하다. 화학적, 전기화학적 안정성, 방전 경로 및 반응물의 

kinetics와 같이 리튬 공기 전지의 성능에 영향을 미치는 다양한 

요소들이 있다. 이러한 이유로 특정 음극-전해질-양극 시스템에서 리튬 

공기 전지의 퇴화에 가장 크게 기여하는 요소를 구별해내는 것은 

중요하지만 난해하다. 이 파트에서는 다방면의 분석을 통해 산소의 

유량으로 나타나는 산소의 물질 전달 속도가 이온성 액체를 이용하는 
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리튬 공기 전지의 성능에 가장 지배적인 요소임을 증명하였다.  

본 논문에서는 리튬 금속 음극과 산소의 물질 전달 중심의 리튬 공기 

전지의 퇴화 현상을 이해하는데 중점을 두었다. 이 논문에서 이루어진 

연구는 리튬 공기 전지의 퇴화 거동에 대한 새로운 관점을 제시하여, 

나아가 리튬 이온 전지를 비약적으로 뛰어넘는 에너지 저장 시스템의 

개발에 기여할 것으로 생각된다.  

 

키워드 : 리튬-공기 전지, 퇴화 현상, 리튬 금속, 이온성 액체, 산소 

확산성, 산소 용해도 

학번 : 2016-21003 

 

 

 

 


	Abstract
	List of
	List of
	Chapter 1. Introduction
	1.1. Next-generation rechargeable batteries
	1.1.1 Post-Li-ion batteries 
	1.1.2 Li metal anode
	1.1.3 Li-O2 battery

	1.2. Key issues in Li-O2 battery
	1.2.1 Electrolytes and discharge pathways
	1.2.2 Charge overpotential
	1.2.3 Chemical and electrochemical stabilities

	1.3. Research objectives

	Chapter 2. The influence of the initial state of Li metal anode in Li-O2 batteries
	2.1. Research background
	2.2. Experimental details
	2.2.1 Materials preparations 
	2.2.2 Materials characterizations
	2.2.3 Electrochemical characterizations

	2.3. Results and discussion
	2.4. Summary

	Chapter 3. The role of the oxygen transport in Li-O2 batteries
	3.1. Research background
	3.2. Experimental details
	3.2.1 Materials preparations 
	3.2.2 Materials characterizations 
	3.2.3 Electrochemical characterizations

	3.3. Results and discussion
	3.4. Summary

	Chapter 4. Conclusion
	Bibliography
	국문 초록


<startpage>17
Abstract
List of Figures
List of Tables
Chapter 1. Introduction 1
 1.1. Next-generation rechargeable batteries 1
  1.1.1 Post-Li-ion batteries  1
  1.1.2 Li metal anode 6
  1.1.3 Li-O2 battery 10
 1.2. Key issues in Li-O2 battery 12
  1.2.1 Electrolytes and discharge pathways 12
  1.2.2 Charge overpotential 17
  1.2.3 Chemical and electrochemical stabilities 20
 1.3. Research objectives 23
Chapter 2. The influence of the initial state of Li metal anode in Li-O2 batteries 24
 2.1. Research background 24
 2.2. Experimental details 26
  2.2.1 Materials preparations  26
  2.2.2 Materials characterizations 26
  2.2.3 Electrochemical characterizations 26
 2.3. Results and discussion 29
 2.4. Summary 47
Chapter 3. The role of the oxygen transport in Li-O2 batteries 49
 3.1. Research background 49
 3.2. Experimental details 52
  3.2.1 Materials preparations  52
  3.2.2 Materials characterizations  52
  3.2.3 Electrochemical characterizations 53
 3.3. Results and discussion 54
 3.4. Summary 77
Chapter 4. Conclusion 79
Bibliography 81
국문 초록 90
</body>

