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With the increasing demand for green energy, environmental-friendly power 

sources, like geothermal, wind and solar start to replace the fossil fuel. Electric 

vehicle (EV) is a representative example of this trend. The proportion of the 

EVs is small at this moment, however, the growth rate of the number of the 

EVs is very rapid. In addition, because the green energy sources suffer from a 

large supply fluctuation, energy storage system (ESS) is required to buffer the 

energy production. Enormous potential market of the EVs and the ESSs will 

lead to the increased consumption of the medium- and large-scale batteries. 

Lithium-ion batteries (LIBs) is the best system to store the energy with a large 

capacity due to its high energy capacity and power density. However, two 

problematic issues still remain to be solved for the LIBs. First, accidental 

explosions and fires of the EVs and ESSs are appeared occasionally. Second, 

despite of the high performance of LIBs, the market demands batteries with the 

higher energy density. To fulfill the requirement for the consumers, new type 

of electrodes should be developed. Here, lithium titanate (Li4Ti5O12, LTO) 
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anode material with a high performance is proposed for the safe and high-power 

LIBs and lithium-oxygen battery (LOB) is studied to develop the next-

generation battery system with the high energy density.  

LTO anode is a replacement for the graphite anode of the LIBs. Spinel-

framework structure of LTO induces a zero-strain lithium insertion/deinsertion 

and fast diffusion kinetics. Therefore, LTO exhibits a long lifespan and high 

power density. In addition, a high operating potential (1.55 V vs Li) and lacks 

of carbon material make the LTO battery safe. However, a low conductivity of 

LTO inhibits the operations at a high rate. Nanographene-surounded LTO 

hybridization structure is reported here for the high rate of lithium storage. The 

hybridization structure was arranged by the interfacial interactions from 

amphipathic solvent. The amphipathic solvent acted as a bridge between the 

hydrophilic LTO and the hydrophobic NG. The LTO-NG hybridization was 

synthesized via a redox coupling between adsorbed LTO and NG. The large 

contact area between the LTO core and the NG sheet resulted in a high electron-

conducting path. It allowed the rapid kinetics for the lithium storage and also 

resulted in a cyclic performance stability. 

LOB is expected to overcome the energy density issue of the large-scale 

batteries for EVs and ESSs due to its potential high energy density. However, 

an irreversibility of charge/discharge reactions induces a low coulombic 

efficiency and lifespan. To improve the reversibility of the reactions, two type 

of methods were studied to control the parasitic reaction: thermodynamic 

approach and kinetic approach. 

 For the thermodynamic approach, a platinum catalyst supported on zirconia 

is proposed as a cathode in LOBs. Superoxide and peroxide materials occurred 

during battery operation, decompose the electrolyte and the carbon electrode, 

resulting the low reversibility of LOBs. Experimental and theoretical studies 

show that zirconia suppresses the reactivity of these superoxide and peroxide 

materials. Therefore, it is able to enhance the reversibility and lifespan in LOBs. 
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For the kinetic approach, the composition of the discharge product is 

controlled by the blockage of the reaction pathway. Stacking process of the 

discharge products on the electrode was investigated. And it is revealed that 

morphological structure of the cathode catalyst influences the composition of 

the discharge products. During discharge, LiO2-like species with a low 

overpotential is converted to Li2O2 with a high overpotential. The catalyst with 

large pore (> 100 nm) can inhibit the development of Li2O2, because the 

conversion reaction is suppressed with the large pore. Therefore, catalyst with 

large pore results in the low overpotential and reversible reaction. This 

observation provides a clue to understand the behavior and kinetics of the 

discharge product for LOBs. 

  

Keywords: Next-generation battery, Lithium-ion battery, Lithium titanate, 

Graphene, Lithium-oxygen battery, Mechanism, cathode catalyst. 

Student Number: 2013-22524 
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Chapter 1. Introduction 

 
1.1 Safe design of the lithium-ion batteries via advanced 
lithium titanate/graphene anode 

Lithium metal is the lightest metal (6.94 g/mol, 0.534 g/cm3) and it has very 

low standard reduction potential (-3.04 V vs standard hydrogen electrode). 

Therefore, a battery based on lithium and lithium ion has a high energy density 

[1,2]. However, there is severe problematic issue to the batteries with lithium 

anode. During charge/discharge cycles, dendrite lithium metal appears on the 

anode/electrolyte interface due to the repeated stripping/plating. This 

phenomenon causes fire and explosion by short-circuit and thermal runaway in 

the lithium metal batteries [3,4]. 

To avoid the dendritic growth of lithium metal, host materials, which can 

insert the lithium ion were developed as the anode for the lithium batteries [5,6]. 

This technology is known as lithium-ion batteries (LIBs). LIBs relieve the 

dendritic formation of lithium metal because lithium exists as the ionic state 

rather than metallic state. Therefore, LIBs is much safer than the lithium metal 

batteries. Various host materials for the anode, like lithium alloy [7,8] and metal 

oxide [6, 9] had been developed since 1970s. After the first commercialization 

of LIBs in 1991, carbon, especially graphite is almost the only material for the 
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anode [2]. The potential of the graphite is similar with lithium metal (0.15 V vs 

Li) and graphite exhibits a high energy density (373 mAh g–1) and high 

chemical stability.  

However, the dendrite of lithium metal still appears on the graphite anode 

with the repeated charge/discharge [10,11]. As a result, explosion and fire 

hazard are not avoidable to the LIBs. As the application of LIBs changes from 

the power source for mobile devices to the energy storage for electric vehicles 

or energy storage systems, the scale and risk of the accident becomes severe 

[12-14]. Considering this trend, manufacturers and consumers start to deal with 

the safety issue seriously. 

To guarantee the safety of the LIBs, high voltage anode materials can be an 

attractive candidate. High voltage anode materials operate over 0.8 V vs Li. 

Therefore, it is free of the the dendrite lithium growth. Lithium titanate, 

Li4Ti5O12 (LTO) is intensively studied high voltage anode material. Spinel 

structure of LTO offers a zero-strain lithium ion insertion/deinsertion and 

causes an excellent cyclic stability, flat potential plateau and high power density 

[15-17]. Due to the high voltage of LTO (1.55 V vs Li), the safety of LIBs with 

LTO anode is extremely high. Although a low theoretical capacity (175 mAh 

g–1) and low conductivity (~10-13 S cm–1) are critical drawbacks of LTO, the 

outstanding safety and good power density of LTO is the important 
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characteristics for the large-scale LIBs [18,19]. 

The specific capacity of LTO is unchangeable, however, the conductivity can 

be improved by a hybridization with the carbon. Carbon coating is a prevalent 

method to enhance the rate performance of the electrode materials due to its 

easiness of techniques and low cost [20,21]. Generally, carbon sources are 

mixed with LTO or LTO precursor, and followed heat-treatment makes 

LTO/carbon complex. Although the methodology is simple and suitable for the 

large-scale production, uniform formation of the LTO/carbon complex is still a 

problem. Graphene, which has a low-dimensional morphology is an appropriate 

carbon material to develop uniform complex with a high conductivity [22,23]. 

Various forms of LTO in 3D-structured graphene have been proposed by the 

researchers [24-26]. However, because graphene is too large compared to LTO, 

the morphology of LTO/graphene is usually LTO anchored on graphene 

structure. Due to the small contact area between LTO and graphene, the 

conductivity of LTO/graphene cannot exhibit the expected values. To get over 

this limitation, the development of the ideal graphene hybridization 

methodology is highly desirable. 
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1.2 Development of lithium-oxygen batteries for the next-
generation batteries with high energy density 

Battery is a bottleneck of the specification of the EVs. The limitation of the 

driving range of the EVs is determined by the performance of the batteries 

[27,28]. The driving range of Tesla model 3, which is the latest model of the 

EV is about 500 km. The weight of this battery is about 470 kg. It is 12 times 

larger than the weight of the equivalent gasoline assuming that the mileage of 

the gasoline is 10km L–1. Current EVs have enough specification for the 

ordinary driving. However, to develop the best design of the EVs, the increase 

of the battery energy density will be an important issue in future. Therefore, 

researchers start to focus on the next-generation battery systems rather than 

LIBs, because conventional LIB meets the theoretical limit of the specific 

energy density [29]. 

Lithium-oxygen batteries (LOBs) has the highest energy density among the 

next-generation battery system (3.5 kWh kg–1) [30,31]. LOBs are composed 

with lithium metal anode, electrolyte, porous cathode catalyst and the oxygen 

gas from the outside. The reaction mechanism of LOBs are as followed [32,33] 

Discharge 
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1) O2 + e  → O2   

2) O2  + Li+ → LiO2 

3) 2LiO2 → Li2O2 + O2 

Charge 

Li2O2 → Li2 xO2 + xLi+ +xe  → 2Li+ + 2e  + O2 

During the discharge, lithium metal is stripped on the anode. Lithium ion 

reacts with reduced oxygen ion (O2
-) and forms lithium superoxide (LiO2) on 

the cathode. LiO2 is converted to lithium peroxide (Li2O2) by a disproportion 

reaction. Because Li2O2 is not soluble to the electrolyte, solid Li2O2 is 

precipitated on the cathode surface. On charge process, lithium metal is plating 

on the anode and Li2O2 is decomposed to the oxygen gas and lithium ion on the 

cathode. 

There are two critical problems on the LOBs First, intermediates and final 

product (O2
-, LiO2, Li2O2) are not stable [34,35]. These materials react with the 

electrolyte and the carbon electrode easily. As a result, nonconductive Li2CO3 

passivates the porous cathode and the byproducts like water react with lithium 

metal causing nonconductive LiOH layer on the anode [36,37]. Therefore, 

LOBs have a low reversibility, resulting a low coulombic efficiency and 
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lifespan. Second, high overpotential is required to decompose the final product, 

Li2O2. A conventional carbon electrode needs over 4 V vs Li to decompose 

Li2O2. In this circumstance, the electrolyte is also electrochemically reduced 

and produces the byproducts, such as Li2CO3 and water [38,39]. These 

materials hinder the operation of LOBs by the same way with the first problem 

above. 

To improve the performance of LOBs, various catalysts for OER/ORR 

including noble metal [40, 41], metal oxide [42,43], nitride [44,45] and sulfide 

[46,47] have been proposed to the porous cathode catalyst. The main purpose 

of these researches are decrease of the overpotential, which causing the 

parasitic reactions. Noticeable results have been obtained by many studies, 

however, screening of the materials is not enough to develop the cathode 

catalyst. For the rational design of the cathode catalyst, the research based on 

the mechanism of LOBs is necessary. Recently, researchers start to develop the 

cathode catalyst with the consideration of the mechanism. For example, 

thermodynamic stabilization of the unstable discharge product [48,49] and 

reactive intermediate stabilizer [50] are proposed to enhance the reversibility of 

LOBs. Still, there are many unclear nature of LOBs, which affects the 
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performance. Therefore, upcoming studies about LOBs should focus on the 

understanding of the mechanism for LOBs to design the rational cathode 

catalyst. 
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1.3. Objectives 

The objectives of this thesis are the development of the electrode material for 

the safe LIBs (Chapter 2) and the design of the electrodes for advanced next-

generation batteries, LOBs (Chapter 3, 4) (Figure 1-1). 

 In following section, Chapter 2, graphene surrounded LTO with a high rate 

capability is developed. To achieve this, uniform graphene deposition 

technique were derived by the bridging of the amphipathic solvent with redox 

coupling between LTO and graphene. 

In Chapter 3, the stabilization of the intermediates and discharge products is 

proposed. A platinum catalyst with high performance is deposited on zirconia 

support to enhance both the catalytic activity and the reversibility of the 

charge/discharge reactions. 

Finally, control of the composition of the discharge product by tuning the 

reaction rate of the intermediates was discussed. Kinetic study revealed that the 

blockage of the contact between the discharge product and the electrolyte 

induces the discharge product with a low overpotential. 
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Figure 1-1. Development of the optimized battery system for safe and high-

energy-density batteries. 
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Chapter 2. High Performance Graphene-

Surrounded Lithium Titanate Anodes Using 

Amphipathic Solvent  

(Reproduced with permission from [S. Bae† and I. Nam† et al., ACS Appl. 

Mater. Interfaces, 2015, 7, 30, 16565-16572] Copyright [2019] American 

Chemical Society) 

2.1 Introduction 

Spinel LTO is a candidate for the potential alternative material to replace the 

current graphite anode. During charging, intercalation of the ltihum atoms into 

spinel LTO leads to a phase change of LTO from a spinel to a rock-salt structure 

[51,52]. Parameter change is not occurred during the insertion/deinsertion 

reactions of LTO, which is the reason that LTO is the zero-strain insertion 

material. Due to its structural advantages, LTO has excellent lithium ion 

insertion/deinsertion reversibility, structural stability, fast lithium ion 

diffusivity, and good cyclability [15-17]. In addition, the high operating voltage 

of LTO (1.55 V vs Li) prevents the formation of solid/electrolyte interface (SEI) 

and dendritic lithium metal. Despite these advantages, insulative characteristics 
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of LTO induces severe polarization at the electrode and low rate capability 

[53,54]. Before solving the conductivity issue, LTO is not suitable for the anode 

material in next-generation, high-power LIBs. 

To enhance the electronic conductivity of LTO, several methodologies, 

including nanostructuring [55,56] and doping by various atoms [57,58], have 

been studied. Among them, a composite of LTO with allotropes of carbon 

would effectively confer a high conductivity to LTO and has merits in terms of 

process convenience. In particular, carbon coating of LTO particles are capable 

of achieving a high-power with a high tap density (over 1.7 g cm–3) [59]. 

Among the allotropes of carbon, graphene has the most desirable characteristics 

for use as a substrate for hosting active materials in LIBs due to the excellent 

conductivity, chemical stability, a regular framework, and a high surface area 

[60,61]. The sheet and particle (wrapping cloth) structure of conventional 

graphene composites, however, results in a low contact area between the active 

material/graphene and a relatively low tap density because a graphene sheet, 

having an order of magnitude larger size compared to active particles, is not an 

ideal carbon-coating structure [62-64]. To the best of our knowledge, this study 

is the first attempt to provide theoretical and experimental proof of LTO-
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nanographene (NG) hybridization materials for use as a high-power LIB anode 

material. Because the size of the LTO particle is larger than that of the NG sheet, 

an adsorption phenomenon between LTO and NG allows the NG sheets to 

uniformly surround the LTO particle, and consequently, an NG-surrounded 

LTO structure is produced. Here, we report on the optimization of the 

adsorption properties between LTO and an NG interface. The property 

optimization involved the use of density functional theory (DFT) calculations 

that enabled an LTO-NG hybridization structure to be prepared. Tethering NG 

on the surface of LTO allows an intimate level of contact between the 

conductive surface and the inner active material. The graphene-decorated 

composites exhibited a high specific capacity and good rate capability. 

 

2.2 Experimental 

 

2.2.1 Preparation of LTO-NG hybridization 

To surround the surface of LTO with NG, LTO particles were first reduced. 

In this step, the Ti4+ ion of LTO surface was reduced to the unstable Ti3+ state, 

which induces a redox reaction between reduced LTO (r-LTO) and oxidized 
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NG (o-NG). A 0.2 g sample of r-LTO was dispersed in 60 mL of water, 1-

butanol, or toluene. A 5 wt % o-NG suspension (0.1 g ml–1) was added to the 

suspension under vigorous stirring. The resulting suspension was stirred for 1 

h, transferred to a Teflon-sealed autoclave, and maintained at 180 °C for 24 h. 

The resulting composite was centrifuged and washed with acetone. The r-LTO 

was fabricated by hydrogenation. The reaction was carried out in a flow-type 

quartz reactor in an electric furnace. A 1 g sample of commercial LTO ( 500 

nm) was heated at 600 °C for 3 h under an atmosphere of N2 with H2. The ratio 

of H2/N2 is 1/10. The heating rate was controlled at 5 °C min–1. o-NG was 

synthesized by the two-step oxidation of graphite. Graphite was first oxidized 

by an improved Hummer’s method [65]. A 0.1 g sample of as-synthesized 

graphite oxide was added to 100 mL of a concentrated H2SO4 solution and 0.3 

g of KMnO4 was slowly added over a 3 h period at 45 °C, with vigorous stirring. 

The mixture was cooled in an ice bath, and 100 mL of a H2O2 solution (90 mL 

of water + 10 mL of 30 wt % H2O2) was then slowly added. The solution was 

then stirred for over 1 h. The resulting solution was sonicated for 30 min and 

washed with water and HCl. The washed precipitate was suspended and 

exfoliated in 10 mL of water. 
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2.2.2 Characterizations 

The surface morphology of LTO-NG hybridization was characterized by high-

resolution transmission electron microscopy (HR-TEM, JEOL, JEM-3010). 

Field-emission scanning electronic microscopy (FE-SEM, Carl Zeiss, 

AURIGA) and energy-dispersive X-ray spectroscopy (EDS) were used to prove 

the uniformity of the graphene surrounding. An X-ray diffractometer (XRD, 

Rigaku, D/max-2500/PC) was utilized to confirm the crystalline and elemental 

structure of the composite. The mass ratio of NG was calculated on the basis of 

data obtained from a thermogravimetric analyzer (TGA, Versa Therm, Thermo 

Scientific) with a heating rate of 10 °C min–1 in air. Electron spin resonance 

(ESR, JEOL, JES-TE200) spectroscopy and X-ray photoelectron spectroscopy 

for C 1s (XPS, CE Elantech, Flash2000) were carried out to investigate the 

valency of the ion and bonding. 

 

2.2.3 Electrochemical characterizations 

Electrochemical measurements were carried out using CR2032-type coin 

cells at room temperature. The working electrode was prepared by mixing 80 
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wt % of the NG-LTO hybridization or pure LTO as the active material, 10 wt % 

Super P as a conductive additive, and 10 wt % poly(vinylidene difluoride) 

(PVDF) as a binder of the total electrode mass. These three components were 

mixed using N-methyl-2-pyrrolidone (NMP) as a solvent to produce a slurry. 

The slurry was uniformly loaded on a Cu foil using doctor-blade technique and 

was compressed to prepare a film-type electrode. The electrode loading of the 

active materials was 1 mg cm–2. After drying for 12 h under vacuum at 120 °C, 

the cells were assembled in an Ar-filled glovebox with lithium foil as an anode 

and a 1.15 M LiPF6 solution of dissolved in 13:5:2 (v/v/v) ethylene 

carbonate/ethyl-methyl carbonate/diethyl carbonate was adopted as electrolyte. 

A galvanostatic charge/discharge analysis was carried out with an automatic 

battery cycler (WBCS3000, Wonatech) in the potential range of 0.8–3.0 V vs 

Li. Electrochemical impedance spectroscopy measurements were performed at 

E = 1.55 V. The frequency range was 0.001–100 kHz under ac stimulus with 

10 mV amplitude using a ZIVE SP2 potentiostat (Wonatech). 
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2.2.4 Computational Details 

First-principles calculations were carried out on the basis of periodic DFT 

using a generalized gradient approximation (GGA) within the Perdew–Burke–

Ernzerhof (PBE) exchange-correction functional [66,67]. We used the 

projector-augmented wave (PAW) method for describing ionic cores as 

implemented in the Vienna ab initio simulation package (VASP) [68]. To 

incorporate van der Waals interactions, the DFT-D2 empirical correction of 

Grimme was included [69]. DFT+U within Dudarev’s approach was also used 

with Ueff = 3.5 to account for on-site coulomb interactions in the localized d 

orbital of Ti [70]. The wave functions were constructed from the expansion of 

plane waves with an energy cutoff of 400 eV. A 1×1×1 k-point mesh described 

in Monkhorst–Pack method was used to sample the Brillioun zone. The 

electronic optimization steps were converged self-consistently over 10–4 eV per 

formula unit. 
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2.3 Results and Discussion 

 

2.3.1 Mechanism of the graphene hybridization 

To fabricate a graphene surrounded structure, controlling the homogeneity of 

the reaction and the uniformity of the precursor concentrations are very 

important. To satisfy these prerequisites, the NG was synthesized by a double-

oxidizing method from graphite. A subsequent synthesis approach is similar to 

the heat-up method used in the fabrication of highly uniform nanocrystals 

intended for commercial use [71,72]. Based on this method, we substituted the 

reactive precursor for LTO particles with a size of 200 nm and NG sheets 

with 30 nm size. As a consequence, the choice of solvent is critical because 

the solvent determines the uniformity of the reactants (LTO and NG) and the 

interfacial chemistry between LTO and NG. The solvent candidates considered 

for the reaction were water, toluene, and butanol, which represent a polar, 

nonpolar, and amphipathic solvent, respectively. 

The mechanism responsible for the adsorption of the reactants at the atomic 

surface level is investigated using DFT calculations. The (111) plane of LTO 

has a minimum surface energy of 0.63 J m–2, and it can be regarded as a 



 

 

 

 

 
18 

representative LTO surface (Figure 2-1) [73-75]. The results of Bader charge 

analyses are presented in Table 2-1. The exposed atoms on the (111) plane are 

Ti that have effective average charge of +1.19 e. The average values for bulk 

Ti in the same location are +1.98 e, which means that the average excessive 

charge on the surface atoms is Δ( 0.79 e). In the charge density distribution, 

the surface charge is larger than that of the bulk structure because of the various 

dangling bond states. 

LTO is a polarizable material, and the absorption of a solvent on LTO is 

attributed to hydrogen bonding. Polar (water) and the amphipathic solvent 

(butanol) both have hydroxyl functional groups that are bonded to the LTO 

surface with the adsorption energies of 0.53 and 1.16 eV, respectively. In 

the plots for the charge density difference, both of them show a hybridized 

region between Ti on the surface of LTO and O in the solvent, indicating the 

occurrence of hydrogen bonding (red dashed circles, Figure 2-2). In contrast, 

NG has nonpolar properties and is surrounded by solvent molecules by van der 

Waals interactions. In water, the adsorption energy of the solvent molecule onto 

NG is positive (5.71 eV), indicating that NG and polar molecules repulse one 

another (Figure 2-3a). The amphipathic solvent, however, has a carbon 
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backbone and a relatively larger area, which permits NG to readily bond to the 

backbone of the molecule. The charge density difference plot of the NG/butanol 

interface is shown in Figure 2-3b. In this case, electronic hybridization was 

found in NG and the backbone of the molecule interface. The charge 

accumulations and reductions are vertically superposed between NG and the 

molecule, suggesting the existence of van der Waals interactions between the 

C atoms. The calculated total energies are summarized in Table 2-2. Because 

the absorption direction of the amphipathic molecule on LTO and NG is 

opposite, the overall effect is a uniform adsorption of LTO and NG with 

repulsions between LTO/LTO and NG/NG interfaces. The optimized absorbed 

states of LTO and NG in the various solvents are summarized in Figure 3. 

Consequently, the amphipathic solvent is adsorbed on LTO and NG, and the 

composite is well-dispersed in an amphipathic solvent that functions as a glue 

between the two reactants. 

2.3.2 Characterizations 

Figure 2-4 illustrates the experimental process used to prepare LTO-NG 

hybridization. The graphite oxide contained small amounts of O-containing 

functional groups on the basal plane. To fabricate NG, the graphite oxide was 
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exfoliated to graphene oxide and then reoxidized for cracking [76, 77]. The 

reoxidizing method first generates a partially oxidized NG (o-NG). The 

thickness and size of o-NG varied in the ranges of 0.8–2.0 nm and 30–40 nm, 

respectively [77]. In the next step, the surface of LTO was partially reduced by 

H2 gas at 600 °C (r-LTO). Because the Ti4+ state on the surface of LTO is 

unstable after the H2 treatment, reoxidization with oxidants such as o-NG 

proceeds readily [58]. As verified through the DFT calculations reported above, 

the formation of an NG-surrounded LTO results in the minimization of energy 

in an amphipathic solvent. In the same way, r-LTO/o-NG in amphipathic 

solvent easily forms a surrounded structure. The subsequent heating of the 

solution permits a coupled redox reaction between r-LTO and o-NG. During 

the reoxidizing of the LTO surface, o-NG is simultaneously reduced, and NG 

is bonded to the surface of LTO. EPR spectroscopy was used to verify the 

reoxidizing reaction of LTO (Figure 2-5a). O vacancies in r-LTO were 

observed, which is caused by the paramagnetic characteristics of Ti3+ ions of 

the surface related to a g value of 1.96 [78]. In contrast, no EPR signals were 

detected for pure LTO or LTO-NG hybridization, which means that r-LTO is 

oxidized via the formation of a graphene-surrounded structure. The reduction 
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of o-NG was proven by XPS analyses for the C 1s region, before and after the 

LTO reoxidizing process (Figure 2-5b). Before the reaction, a peak 

corresponding to C–O bonds was observed for o-NG. After the reaction, 

however, the peak was largely decreased. The mechanism responsible for the 

coupled redox reaction was verified in recent research regarding the synthesis 

of Mn3O4/graphene hybrids [79]. The synthesis procedure for producing LTO-

NG hybridization does not involve an additional reduction of graphene after the 

heat treatment, which is another distinct advantage of this method because a 

graphene reduction step can consume a considerable amount of energy and 

produce toxic byproducts [65]. 

The morphology of LTO-NG hybridization was investigated by HR-TEM 

(Figure 2-6). LTO core and NG sheet are clearly observable, which is quite 

different from conventional graphene/particle composites that are based on the 

use of a micrometer-sized graphene sheet [62-64, 79]. The lattice with a 0.48 

nm is well-matched with (111) surface of LTO and lattice with a 0.34 nm is d-

spacing of the graphite. In the Raman spectroscopy, D band and G band of 

graphene is observed due to NG sheet. In the XRD patterns of LTO-NG 

hybridization, the major spectral peaks are consistent with the peaks for the 
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spinel structure of LTO (JCPDS, Card no. 26-1198, Figure 2-6c). No diffraction 

peaks corresponding to a stacked graphene were observed in the structure 

because its content in NG sheet is very small, and the peak for an NG sheet with 

a thickness of a few nanometers is very broad, according to the Scherrer 

equation. The NG-surrounded LTO structures were also proved by SEM-EDS 

elemental mapping analyses at a low magnitude. As shown in Figure 2-7, C 

atoms are present on all surfaces of the materials, analogous to O and Ti species, 

which means that the materials uniformly included C atoms. In conclusion, this 

result proves that NG sheets are uniformly deposited on LTO particles and that 

the structures were synthesized with a high degree of reproducibility. On the 

basis of the weight loss of the material around 700 °C (TGA, Figure 2-6d), we 

concluded that NG sheet functioning as an electron path represents only 1.3 wt% 

of LTO-NG hybridization. Therefore, the gravimetric performance fading and 

ionic resistance because of an NG sheet are negligible. For the control analyses, 

we also conducted heat treatments of r-LTO and o-NG in water and toluene. As 

shown in the optical images in Figure 2-8, r-LTO and o-NG also acted similar 

to LTO and NG, respectively, in these solvents. Because LTO and NG are 

repulsive with respect to each other in water, LTO/NG synthesized in water 



 

 

 

 

 
23 

revealed that LTO and NG are located separately. In toluene, the material forms 

large aggregates that prevent ionic motion from the electrolyte to the inner 

material causing a substantial decrease in electrochemical performance. The 

presence of an aggregate state was verified by TEM images of LTO/NG based 

on toluene (Figure 2-9). 

In these solvents. Because LTO and NG are repulsive with respect to each 

other in water, LTO/NG synthesized in water revealed that LTO and NG are 

located separately (Figure 2-8). The XRD pattern of the water-based LTO/NG 

had a (002) peak for graphite, which is indicative of a graphene ABAB stack 

(Figure 2-10). The result shows that the laminating graphene structure is 

separate from the other components. 

2.3.3 Electrochemical measurement 

We evaluated the electrochemical performance of LTO-NG hybridization as an 

anode for LIBs (Figure 2-11). The values for specific capacity were calculated 

on the basis of the total mass of the active materials. The capacity from NG 

sheet was negligible considering the low weight ratio. As demonstrated in the 

charge and discharge profiles, the electrochemical performances of LTO are 

markedly improved through its surrounding by NG. The lithium storage 
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capability of LTO increased from 130 mAh g–1 at a current rate of 0.5 C for 

pure LTO electrodes to 147 mAh g–1 even at a tenfold higher current rate of 5 

C for LTO-NG hybridization electrodes. At 0.5 C, LTO-NG hybridization 

showed 165 mAh g–1 (94% of the theoretical values), and over 135 mAh g–1 of 

the capacity could be still retained for LTO-NG electrodes at high current rates 

of 10 C. Figure 2-11c shows a comparison of the rate capability of LTO-NG 

hybridization and that of pure LTO at various rates during 10 cycles. Capacity 

fading is generally negligible in the case of LTO, which is one of the strengths 

of the material considering its zero-strain structure. LTO-NG hybridization 

maintained not only a high rate capability, but also capacity fading was 

negligible because the surrounded structure contains tightly bonded interfaces 

as the result of the redox coupling effect and large interfacial area of the 

material. Aided by the conductive NG network throughout the entire material, 

numerous electron transport pathways are produced. As a consequence, 

electron transport is more effective, and the electrical conductivity of the 

electrode is improved. 

To compare LTO-NG hybridization and pure LTO, we also conducted 

electrochemical impedance spectroscopy analyses (Figure 2-11d). In the 
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Nyquist plot, the semicircle represents the charge transfer resistance of the 

synthesized materials (Rct). Rct of LTO-NG hybridization is 186 Ω, which is 

359 Ω for the value of pure LTO. The results indicate that NG reduces the 

resistance of the material in LTO-NG hybridization. 

 The Coulombic efficiency of LTO-NG hybridization was over 95% for the 

first cycle, indicating that irreversible capacity loss is also negligible (Figure 2-

12). In addition, the material maintained a capacity of over 97% of the original 

value at the initial cycle even after 100 charge–discharges (Figure 2-13). These 

results indicate that LTO-NG hybridization can be used practically in high-rate 

energy-storage devices, such as electric vehicles. For a control experiment, we 

fabricated a LTO/microsized graphene (LTO/μG) composite. As shown in 

Figure 2-14, LTO/μG electrode shows a lower capacity and lower rate 

capability than those of LTO-NG hybridization electrode. The result also 

proves that LTO-NG hybridization is the one of optimized structures of LTO 

with carbon allotropes to increase the electrical performances of electrodes. 
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Table 2-1. Bader atomic charge analyses for the effective charge of Ti ions in 

bulk LTO and on the LTO (111) surface. 

Ion 

Bulk Surface 

Surface residual charge / ∆(-e) 

Charge / -e Charge / -e 

Ti 

1.99 1.18 -0.81 

1.99 1.19 -0.80 

1.97 1.18 -0.79 

1.98 1.12 -0.86 

1.99 1.13 -0.86 

1.97 1.15 -0.82 

1.98 1.29 -0.69 

1.96 1.28 -0.68 
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Table 2-2. Summary of the DFT calculated adsorption energies of molecules 

on the LTO slab and NG at various positions. 

Molecule  

Surface slab 

LTO NG 

Water 

Adsorption energy / eV 

-0.53 5.71 (not binding) 

Batanol -1.16 -0.25 
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Figure 2-1. LTO (111) surface optimized by density functional theory 

calculations. 
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Figure 2-2. . (a) The minimum energy position of a water molecule near the 

LTO (111) surface and charge density difference map on the interface between 

the water and LTO. (b) Minimum energy position of a butanol molecule on the 

LTO surface and charge density difference map on the interface between the 

butanol and LTO. The red circles show hydrogen bonds on the interfaces. The 

isosurfaces are plotted at positive (yellow) and negative (blue) values. 
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Figure 2-3. (a) The minimum energy position of a water molecule near the NG 

surface and charge density difference map on the interface between the water 

and NG. (b) Minimum energy position of a butanol molecule on the NG surface 

and charge density difference map on the interface between the butanol and NG. 

The isosurfaces are plotted at positive (yellow) and negative (blue) values. 

  



 

 

 
 

 
31 

 

Figure 2-4. Schematic diagram of the procedure used in the synthesis of the 

LTO-NG hybridization. 
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Figure 2-5. (a) EPR signals of LTO, r-LTO and LTO-NG hybridization. (b) 

XPS spectra of the C1s regions of LTO-NG hybridization and o-NG. 
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Figure 2-6. (a) High-resolution TEM image of LTO-NG hybridization 

synthesized in an amphipathic solvent. (b) XRD pattern and (c) Raman 

spectroscopy for the LTO-NG hybridization material. (d) TGA analysis results 

of LTO-NG hybridization and LTO. 
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Figure 2-7. (a) SEM image of LTO-NG hybridization in low magnification and 

EDS element mapping results for (b) C, (c) Ti and (d) O species. 
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Figure 2-8. (a,b) TEM image of LTO with NG synthesized in water as the 

solvent. 
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Figure 2-9. (a,b) TEM image of LTO with NG synthesized in toluene as the 

solvent. 
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Figure 2-10. XRD patterns for LTO with NG synthesized in (a) water, (b) 

butanol and (c) toluene as the solvent. 
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Figure 2-11. Charge-discharge profiles of (a) LTO-NG hybridization and (b) 

LTO electrodes at various current densities (0.5, 1, 5 and 10 C). (c) Rate 

capability test of LTO-NG hybridization and LTO at various current densities 

during each 10 cycles. (d) Nyquist plots of LTO-NG hybridization and LTO. 
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Figure 2-12. Charge/discharge profile of LTO-NG hybridization electrode at 

first cycle. C-rate is 0.5 C. 
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Figure 2-13. Cyclability test of LTO/NG hybridization electrode during 100 

cycles. C-rate is 0.5 C. 
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Figure 2-14. Rate capability test of LTO-NG hybridization and LTO/ G 

composite at various current densities during each 10 cycles. 
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Chapter 3. Stabilizing Discharge Products Using 

Electron-withdrawing Zirconia Support in 

Lithium-Oxygen Batteries 

 

3.1 Introduction 

Current energy density of LIBs is not satisfying the demand for the EVs [80-

82]. Therefore, various next-generation battery systems have been proposed 

and investigated to replace the LIBs [83-85]. Lithium-sulfur, silicon and redox 

flow batteries are suggested as the alternative. 

Among them, LOBs have extremely high energy density (3,500 Wh kg–1) even 

compared to the LIBs. Therefore LOBs attract attensions as the highly 

promising candidate to substitute the conventional LIB [86]. However, high 

overpotential and low cycle life have impeded the practical use of LOBs. One 

of the cause of the impediment is that the Li2O2 decomposition reaction during 

charging process is highly resistive due to the low electric conductivity of Li2O2. 

Also, side reactions can occur on the cathode where lithium ion reacts with 

external oxygen resulting Li2O2. Because superoxide and peroxide species (SPS, 
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O2
-, LiO2 and Li2O2) are not stable, it can easily react with electrolyte and 

carbon electrode, which result passivation of cathode and higher decomposing 

potential than of Li2O2 [39,87,88]. 

Various catalysts have been proposed for LOBs to solve the issues regarding 

high overpotential and low cycle life [89-92]. Among them, noble metal 

catalysts (NMCs) have shown remarkable performance due to high catalytic 

activity which could reduce overpotential [93-95]. However, NMCs not only 

catalyze the Li2O2 decomposition, but also promote side-reactions, because the 

catalytic behavior of NMCs is not selective [40,41]. Byproducts from the side-

reactions increase interfacial resistance which has a negative influence on the 

cycling ability and causes a gradual increase in the overpotential [96-98]. 

Therefore, the stabilization of SPS is the key strategy for stable and reversible 

reactions of NMCs in LOBs. 

Designing the cathode material of LOBs could be a solution to relieve the side 

reactions. Several types of metal oxides are known to stabilize the SPS via 

oxygen defects on the surface [99,100]. Because SPS are nucleophilic, they 

easily bind with oxygen defect sites, which could relieve their reactivity. 

Adaptation of the surface properties of these metal oxides is necessary to 
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suppress the byproduct formation. Therefore, the concept of hybridization 

between highly active NMCs and the SPS-stabilizing metal oxides should be 

pursued.  

In this research, a platinum catalyst deposited onto zirconia is proposed for 

our proof-of-concept model to establish the synergetic effect of NMCs and 

oxygen-defective support. We chose zirconia as a support because it offers 

oxygen defect on the surface without providing additional oxygen 

reduction/evolution reaction site during charge/discharge. Therefore, reactions 

occur mainly on the platinum surface. We observed the effect of support with 

oxygen defect by experimental and theoretical approaches relative to the 

performance of LOBs. As a result, Pt/ZrO2 exhibited longer cyclability 

compared to a sole platinum catalyst. The electrochemical and physicochemical 

properties of both catalysts and the discharged products were characterized via 

experimental and theoretical methods to investigate the origins of the longer 

cyclability. The oxygen defect site of the zirconia support improved the 

reversibility by interacting with discharge products. 
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3.2 Experimental 

 

3.2.1 Fabrication of platinum deposited onto a zirconia support 

(Pt/ZrO2) 

 10 wt% of platinum precursor (H2PtCl6·6H2O) was added to 0.05 g ZrO2 in 

100 ml water. The solution was stirred for 1 h and sonicated for 1 h. A NaBH4 

solution (0.15g, 50ml) was slowly added drop-wise to the sample solution to 

reduce the platinum. The solution was aged for 12 h and washed with distilled 

water. The sample was dried in a 60 C oven for 12 h. Commercial platinum 

black was used for the platinum catalyst for comparison. 

 

3.2.2 Characterization 

The morphology and surface properties were measured by transmitted 

electron microscopy (TEM, JEOL, JEM-2100), X-ray diffraction (XRD, 

Rigaku, D/max-2200), BET analysis (Micrometrics, ASAP2010) and X-ray 

spectroscopy (XPS, Thermo Scientific, Sigma Probe)  
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3.2.3 Electrochemical characterization 

The Swagelok-type LOB cells were assembled using lithium metal as an 

anode, 1 M Bis(trifluoromethane) sulfonamide lithium dissolved in 

tetraethylene glycol dimethyl ether (TEGDME) was used as an electrolyte and 

gas-diffusion layer with the catalyst as a cathode. All cells were fabricated in 

an argon-filled glove box. Catalysts were applied via a spray gun using catalyst 

ink. 10 mg of catalyst was added into 5 ml 2-propanol for catalyst ink. The 

amount of loaded Pt/ZrO2 was 0.5 mg cm–2. To equalize the amount of active 

material without support, the mass density of Pt particle electrode was adjusted 

to 0.05 mg cm–2. Before the electrochemical characterization, cells were 

transferred to an oxygen-filled chamber. Charge/discharge tests were 

conducted with a multichannel automatic battery cycler (WonATech, 

WBCS3000). Cyclic voltammetry and galvanostatic tests were carried out 

using a potentiostat (WonATech, ZIVE 2). In galvanostatic reduction/oxidation 

test, a three-electrode configuration was used with a glassy carbon electrode 

with a diameter of 5 mm as the working electrode and platinum meshes as 

counter and pseudo-reference electrodes. 7 μl of catalyst ink was fabricated by 

mixing 10 mg catalyst, 5 mg Nafion and 0.8 ml 2-propanol, which was dropped 
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onto a glassy carbon and dried. 0.5 M tetrabutylammonium (TBA) perchlorate 

dissolved in dimethyl sulfoxide (SAMCHUN chemicals) was used for the 

electrolyte and O2 purge for 1h before the test. 

 

3.2.4 Computational details 

Periodic DFT calculations were conducted using a VASP. PBE exchange-

correlation functional was applied to a GGA [66,67]. Ionic cores were 

calculated under the PAW method [68]. The energy cutoff for the plane wave 

basis was 520 eV. A brillioun zone was described by 1×1×1 Monkhorst-Pack 

k-point mesh. DFT+U calculation was introduced with Ueff = 4 eV for 

zirconium. This U value was obtained from the construction of electronic and 

geometric structures of bulk zirconia [101]. This Ueff is also used to calculate 

the stability of zirconia nanoparticle with various shapes [102]. The van der 

waals interactions are described using a DFT+D2 method established by 

Grimme. The source of the parameters for grimme’s potential was studies by F. 

Picaud [103] and G. Kresse [104]. 
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3.3 Results and discussion 

 

3.3.1 Charcterization 

To compare the morphology of Pt/ZrO2 and Pt particle, TEM were conducted 

(Figure 3-1). TEM images revealed that platinum particles in similar size (less 

than 10 nm) and shape were dispersed uniformly onto larger (approximately 50 

nm) zirconia particles for Pt/ZrO2. Pure Pt particle are similar in size and shape 

to those that were deposited onto the zirconia. This suggests that the 

morphological differences in the active sites between Pt/ZrO2 and Pt particles 

are negligible. X-ray diffraction (XRD) patterns detailed the crystallinity of 

Pt/ZrO2 and Pt particles (Figure 3-2). Both samples had the same face-centered 

cubic crystalline platinum peaks (JCPDS, Card no. 04-0802), which can be 

attributed to the (111) and (200) planes. The crystal structure of zirconia was 

characterized as purely monoclinic (JCPDS, Card no. 37-1484). BET surface 

area analysis also verified that surface area effect could be ignored. The BET 

specific surface areas of the Pt/ZrO2 and Pt particles were 22.6 cm2 g–1 and 15.1 

cm2 g–1, respectively. Pore structures were not developed on the surfaces of 

either Pt/ZrO2 or Pt particles, which indicates that prepared materials are 
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conventional metal oxide and metal particles (Figure 3-3). 

The oxidation states of the surface atoms of Pt/ZrO2 were characterized via XPS. 

O1s, Zr3d and Pt4f orbital of Pt/ZrO2 are described in Figure 3-4. The peak of 

O1s orbital was deconvoluted into two parts, 529.8 eV and 531.7 eV. Binding 

energy at 529.8 eV is associated with the oxygen ion in the lattice of zirconia. 

531.7 eV is interpreted as oxygen defect or adsorbed species on the surface of 

zirconia [105-107]. Physisorbed species can be easily removed by the vacuum 

conditions of XPS analysis. Therefore, any observed oxygen are chemisorbed 

species such as hydroxyl group or water, which bind mostly with oxygen 

defects on zirconia. Therefore, the peak at 531.7 eV is directly related to oxygen 

defect. The evolved peaks at 181.9/184.4 eV and 181.4/183.8 eV were assigned 

as Zr4+ and Zr3+, respectively. Peaks of 70.3/73.7 eV (red line), 71.5/74.9 eV 

(blue line) and 72.6/75.9 eV (green line) are assigned for Pt0, Pt2+ and Pt4+, 

respectively. 

 

3.3.2 Electrochemical measurement 

The electrochemical performance of the Pt/ZrO2 used as catalytic cathode for 

LOB was evaluated via galvanostatic charge/discharge test at a current density 
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of 0.2 mA cm–2, in a voltage window of 2.0–5.0 V and with a limited time of 

2.5 h (cut-off capacity of 1,000 mAh g–1) (Figure 3-5a). Electrochemical test of 

Pt particle was also conducted using the same condition (Figure 3-5b). At first 

cycle, the discharging/charging potentials of Pt/ZrO2 and Pt were observed at 

2.7/4.2 V and 2.7/3.5 V, respectively. Even the charging overpotential of Pt was 

relatively lower than that of Pt/ZrO2 at initial few cycles, however, it 

dramatically increased from 5th cycle and the fast degradation of performance 

was observed near 40th cycle. In contrast, Pt/ZrO2 maintained a flat charge 

profiles and a capacity even after the 40th cycle.  

Since the charging potential is closely related to the oxidation of a discharge 

product, the low initial overpotential of the Pt particle indicates that it definitely 

catalyzes the oxidation reaction. However, as the cycle proceeded, both the 

charging potential and the variation in the potential profile were drastically 

worsen. As stated at the beginning, this phenomenon is due to the formation of 

byproducts from undesired reactions by platinum catalyst [40,41]. The Pt/ZrO2, 

on the other hand, maintained its performance for longer cycles. The consistent 

charging profiles of Pt/ZrO2 suggest that less byproducts were formed with 

Pt/ZrO2. Based on these results, the better cyclability of the platinum with a 
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zirconia support can be explained by highly reversible lithium-oxygen redox 

chemistry without side-reactions. 

 

3.3.3 Stability measurement of the discharge products 

To investigate the effect of the zirconia as a support material for platinum 

catalyst, the reactivity of the intermediates and final discharge products of 

LOBs were investigated. Because SPS undergo nucleophilic attack with 

electrolytes and carbon-based electrode during charge/discharge reaction, 

measuring the stability of SPS could be the criterion for the reversibility of the 

charge/discharge reactions. Figure 3-6a shows the results of the galvanostatic 

reduction/oxidation test of Pt/ZrO2 and Pt particle under 0.5 M TBA salt. 

Pt/ZrO2 group exhibits higher overpotential than Pt particle due to the low 

conductivity of zirconia support. Because LiO2 and Li2O2 cannot be formed in 

this condition, only O2
- is observed. Even with TBA, O2

- still maintains its 

reactivity toward electrolyte. Therefore, the amount of re-oxidized O2
- is always 

smaller than the reduced O2
-, and oxygen collection efficiency indicates the 

side-reaction rate of O2
-. The ratio of a re-oxidation and reduction current (Io/Ir) 

increased from 28.4% (Pt particle) to 38.5% (10 wt% Pt/ZrO2), which implies 
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that O2
- consumption is suppressed by zirconia support. Oxygen defects on the 

exposed surface of zirconia function as binding sites for O2
-, which mitigates 

the reactivity of O2
-. Therefore, the reaction between O2

- and an electrolyte is 

diminished in Pt/ZrO2. However, as in the Pt content in Pt/ZrO2 is increased 

from 10 to 20 wt%, oxygen collection efficiency was decreased to 24.7%. This 

is because the oxygen defects on the exposed zirconia surface and the binding 

sites for O2
- were decreased as shown in Figure 3.7. As expected, the oxygen 

collection efficiency and cyclability of samples have the same tendency (Figure 

3-6b). It is clear that the stabilization of O2
- is a critical factor for the 

reversibility of a charge/discharge reaction, which defines the cyclability of 

LOBs. 

Side-reactions also occur on the surface of the final discharge product, Li2O2. 

To investigate the reactivity of Li2O2 in the presence of the prepared catalysts, 

the LOBs with Pt/ZrO2 and Pt particle were rested for 2 days after discharging 

(Figure 3-8). Without rest, the flat charging potential plateau of the Pt particle 

was observed at 3.5 V. After 2 days of rest, however, it was increased up to 4 

V with sloped profile. 20 wt% Pt/ZrO2, which has less exposed zirconia defect 

site than that of 10 wt% Pt/ZrO2, showed the charging potential plateau at 4 V. 
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In contrast, after 2 days of rest, the charging potential was increased and showed 

sloped profile above 4 V. In contrast, the charging potentials of 10% Pt/ZrO2 

with and without a rest of 2 days were similar and flat-shaped near 4.2 V. 

According to the previous studies, larger amount of CO2 gas was observed 

during the sloped charge region that was originated from the decomposition of 

Li2CO3, which is a byproduct [108-110]. Therefore, the appearance of a sloped 

charge potential curve indicates that a portion of Li2O2 has converted to Li2CO3 

during the rest time. These results provide evidence that Li2O2 is unstable and 

converted into another chemical on the platinum surface, but is stable on a 

zirconia surface that suppresses side-reactions. As shown by the galvanostatic 

reduction/oxidation test results under TBA salt, zirconia support enables 

reversible reactions by stabilizing the intermediate and final-discharge products 

in LOBs. 

 

3.3.4 Calculation of Li2O2 stability on the catalyst 

DFT calculations were carried out to exhibit the detailed interactions of Li2O2 

adsorbed onto platinum (111) and zirconia (-111) planes, respectively, which 

are the most stable and abundant facets of each compound (Figure 3-9a,b) [111, 
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112]. The adsorption energy of a Li2O2 monomer on platinum and zirconia were 

calculated as - 3.15 eV and -7.97 eV, respectively. The calculated values of 

binding energies of a dimer and a trimer also show that Li2O2 was adsorbed 

more strongly on the surface of zirconia. Since the adsorption energy of Li2O2 

is related to its stability, the reactivity of Li2O2 is suppressed on the zirconia 

surface. The charging density difference between Li2O2 trimer in vacuum and 

Li2O2 trimer adsorbed onto platinum and zirconia surfaces shows the 

interaction of Li2O2 with these surfaces. The polarization of Li2O2 increases on 

the surface of platinum, which means a stronger nucleophilic attack could occur. 

By contrast, Li2O2 interacts strongly with zirconia and is stabilized by losing 

the electron density.  As the nucleophilicity of Li2O2 is reduced, its reactivity 

toward electrolyte or electrode could be relieved. The results on the platinum 

(200) and zirconia (111) planes, which are the second most stable and abundant 

planes also showed analogous tendency (Figure 3-9c,d). Therefore, these 

phenomena would be general on the surfaces of platinum and zirconia. 

We also calculated the solvation energy of Li2O2 in TEGDME electrolyte, 

which is calculated as 1.73 eV. Adsorption energies of both platinum and 

zirconia surface to lithium superoxide are stronger than solvation energy of 
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TEGDME to lithium superoxide. Therefore, lithium superoxide is adsorbed on 

the surface rather than dissolved to the electrolyte, which agrees with previous 

studies. In case of electrolyte with low donor number, Li2O2 grows on the 

surface of electrode without solvation of electrolyte [113,114]. 
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Figure 3-1. TEM image of (a) Pt particle, (b) 10 wt% Pt/ZrO2 
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Figure 3-2. XRD patterns of Pt particle and Pt/ZrO2. 
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Figure 3-3. N2 adsorption-desorption isotherms of Pt particle and Pt/ZrO2. 
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Figure 3-4. XPS spectra of (a) O1s, (b) Zr3d and (c) Pt4f orbital of Pt/ZrO2. 

Olive lines of Figure 3-4c are background. 
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Figure 3-5. Charge/discharge profiles at 0.2 mA cm–2 of (a) Pt/ZrO2 and (b) Pt 

particle. (c) cyclability test of Pt/ZrO2 and Pt particle at 0.2 mA cm–2. 
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Figure 3-6. (a) Galvanostatic charge/discharge test of 10, 20 wt% Pt/ZrO2 and 

Pt particle under TBA salt at 5 μA, (b) Cyclability test of 10, 20 wt% Pt/ZrO2 

and Pt particle. 
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Figure 3-7. SEM image of 20 wt% Pt/ZrO2. 
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Figure 3-8. Charge/discharge profiles without rest and with 2 days rest between 

charge and discharge process of (a) Pt particle, (b) 10 wt% Pt/ZrO2 and (c) 20 

wt% Pt/ZrO2. 
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Figure 3-9. (a) Calculated binding energy of (Li2O2)n (n = 1,2,3) adsorbed on 

Pt (111) and ZrO2 (-111). (b) Charge density difference of Li2O2 adsorbed on 

Pt (111) and ZrO2 (-111). (c) Calculated binding energy of (Li2O2)n (n = 1,2,3) 

adsorbed on Pt (200) and ZrO2 (111). (d) Charge density difference of Li2O2 

adsorbed on Pt (200) and ZrO2 (111). The isosurfaces are plotted at positive 

(yellow) and negative (blue) values. 
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Chapter 4. Dependence of the Physicochemical 

Properties of Discharge Products in Lithium-

Oxygen Batteries on the reaction kinetics 

 

4.1 Introduction 

The increasing demand for high energy density energy storage systems has 

promoted the research of LOBs, particularly targeting electrified green vehicles 

that require increased mileage per charge [80-82]. The use of gas-phase active 

material on the cathode side is centered in boosting the energy density in 

comparison with conventional LIBs that rely on solid-state active phases on 

both sides of a cell. Whereas the motivation of developing LOBs is clear in this 

line, the technology generally suffers from insufficient sustainability over long-

term cycling [34,5]. While the main reaction involving the following three steps 

is well-accepted, a variety of parasitic reactions are not completely under 

control [32,33]. 

Discharge 

1) O2 + e‒ → O2
‒ 
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2) O2
‒ + Li+ → LiO2,  

3) 2LiO2 → Li2O2 + O2 

Charge 

4) Li2O2 → Li2‒xO2 + xLi+ +xe‒ → 2Li+ + 2e‒ + O2 

A representative strategy to enhance the reversibility in each discharge-

charge cycle is to adopt OER catalysts since charging process consists of 

oxygen evolution [40-45]. In practice, the efficiency and sustainability of a 

catalyst are influenced by various reaction conditions, such as mass transfer, 

beside the intrinsic material properties of the catalyst. In this vein, the geometry 

and dimensions of a catalyst’s substrate could play a role [115,116]. According 

to the overall reaction scheme above, Li2O2 is the final product reached at the 

end of the discharge. However, the progression of reaction (3) might be varied 

depending on the reaction condition so that the efficiency of the overall reaction 

(or charge/discharge overpotential) could be different because LiO2, the 

intermediate product, holds higher electronic conductivity than that of Li2O2 

[35,117]. It was recently found that discharge product can contain remaining 

LiO2-like species and iridium catalyst can stabilize LiO2 to improve the reaction 

reversibility, although the progression of reaction (3) is still difficult to control 
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in most cases [48,118]. Similarly, the current investigation reports that the pore 

size of a carbon substrate has a clear effect on the preference between LiO2 and 

Li2O2 during the course of the reaction. This rationale is related to the fact that 

the pore size of a substrate determines the diffusivity of the reactants, which 

subsequently affects the reaction kinetics. Direct comparison between small 

and large pore catalysts (SPC and LPC) reveal that the large one slows down 

the formation of insulative Li2O2 and promotes the preservation of LiO2-like 

species, improving the reversibility.  
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4.2 Experimental 

 

4.2.1 Preparation of porous carbon catalyst 

 A silica template was fabricated via modification of a procedure established 

in a study by Polshettiwar et al [119]. 2.5 g tetraethyl orthosilicate in 30 ml 

cyclohexane with 1 ml (for SPC) or 2.5 ml (for LPC) 1-pentanol solution was 

mixed with 1 g cetylpyridinium bromide hydrate, 0.6 g urea in 30 ml D. I. water 

solution. The method used to prepare the porous carbons with this template was 

described in previous work [120]. Etching step of silica was not proceeded in 

order to effectively maintain its structure. 

 

4.2.2 Characterization 

The morphologies of materials were observed via SEM (Carl Zeiss, SUPRA 

55VP), XRD (Rigaku, D/max-2200) and BET analysis (Micrometrics, 

ASAP2010).  

 

4.2.3 Electrochemical characterization 

Cathode electrode was prepared by spraying the fabricated sample onto 
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carbon paper with a loading density of 0.5 mg cm‒2. A Swagelok-type LOB cell 

was assembled with a cathode, glass fiber separator, lithium foil anode, and 1M 

LiNO3/dimethyl sulfoxide (DMSO) electrolyte. Charge/discharge test was 

conducted with a multichannel automatic battery cycler (WonATech, 

WBCS3000), and EIS was conducted using a potentiostat (WonATech, ZIVE 

2). 
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4.3 Results and discussion 

 

4.3.1 Characterization 

Figure 4-1 shows the SEM images and BET surface area analyses of SPC and 

LPC. In SEM images, SPC and LPC show a wrinkled sphere shape with similar 

particle sizes of approximately 200 to 300 nm, but SPC has denser and smaller 

pores. Although characteristic peaks of graphite occurred on XRD patterns, 

crystallinity of SPC and LPC is amorphous because the peak width of graphite 

is too broad (Figure 4-2). The N2 adsorption/desorption isotherms of both 

catalysts demonstrate the same type-2 behavior, which indicates that SPC and 

LPC are both macroporous. The surface areas of SPC and LPC are measured 

as 131.4 m2 g‒1 and 155.5 m2 g‒1, respectively. No remarkable difference is 

detected in the surface of the two catalysts, however, pore size analysis 

indicates that LPC (135 nm) has four-fold larger pore than that of SPC (35 nm).  

 

4.3.2 Morphology and kinetics analysis of the discharge product 

To investigate the phenomena of each electrode during charge/discharge, SEM 

images are obtained for SPC and LPC at indicated point during cycle (Figure 
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4-3 and 4-4). After the discharge, both electrodes exhibit film-type and particle-

type discharge product. It is reported that there are two plateau on the charge 

process and two discharge product exists: LiO2-like species and Li2O2 [118]. 

After charge process to the point between first and second plateau, film-type 

discharge product is disappeared. According to Raman spectra, film-type 

discharge product is LiO2-like species (Figure 4-5). Raman spectrum of SPC 

electrode exhibits peak for LiO2 and Li2O2 after discharge. After charge process 

to the point between first and second plateau, only Li2O2 peak is observed and 

LiO2 peak disappears. At this point, smooth surface of Li2O2 is changed to 

overlapped disk because a few amount of amorphous Li2O2 exists on the surface 

[32]. Because amorphous Li2O2 is decomposed at the lower voltage, the surface 

decomposes with LiO2-like species. Interestingly, at the first stage of discharge 

(100mAh g‒1) only LiO2-like species are observed (Figure 4-3a,4-4a). It is 

plausible that LiO2-like species are converted to Li2O2 during discharge. 

Considering that solvent with high donicity like DMSO can dissolve the LiO2 

and the location of LiO2-like species and Li2O2 is different, LiO2-like species 

were dissolved in the electrolyte and recrystallized to the Li2O2. 

Figure 4-6 shows the rate capability test of SPC and LPC. The portion of first 
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plateau for SPC decreases with the current density decreases because longer 

reaction time indicates larger amount of Li2O2. In contrast, the portion of first 

plateau for LPC at low current rate is almost same. To investigate this 

phenomena, the graphs of rate capability test are redraw to degradation of LiO2-

like species with respect to time (Figure 4-6c). The conversion reaction from 

LiO2-like species to Li2O2 is the first order reaction [118]. Although the profile 

of SPC is well fitted with the first order reaction, the degradation rate of LPC 

is slower than expectation. Due to the morphological difference between SPC 

and LPC, growing process of LiO2-like species is different to each other. LiO2-

like species on LPC exists inside the pore, however, LiO2-like species on SPC 

exists on the surface, because the pore size of SPC is not large enough to grow 

LiO2-like species. As LiO2-like species in the pore cannot contact with 

electrolyte with discharge progressing, dissolution is inhibited and the 

formation of Li2O2 becomes slow. Therefore, the portion of the first plateau of 

LPC is larger than that of SPC. 

 

4.3.2 Electrochemical measurement 

The galvanostatic charge/discharge profiles within a current density of 400 
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mA g‒1 are displayed in Figure 4-7. During charge process, not all of the 

electrons are used to oxidize the lithium compound [33,38]. Decomposition of 

electrolyte can also occur during charge process and some solid are remained 

on the surface. XRD patterns of SPC and LPC electrodes after 40 cycles shows 

that residues are Li2CO3, because Li2CO3 is decomposed at higher voltage than 

Li2O2 (Figure 4-8). Although both SPC and LPC are covered by Li2CO3, the 

pore structure of LPC is still maintained, while the many of pores of SPC are 

blocked (Figure 4-9). Therefore, LiO2-like species of SPC are exposed on the 

electrolyte more easily. As a result, the capacity partition of the second plateau 

for SPC increases as the charge/discharge proceeds faster and LPC has less 

parasitic reactions due to the low overpotential of LiO2-like species. LPC 

exhibits a longer cycling ability of 64 cycles compared to SPC (45 cycles).  

To observe the change of resistive factor on the surface of the catalysts during 

cycle, EIS was conducted to the electrodes after 40 cycles. Figure 4-10 displays 

Nyquist plot of SPC and LPC electrodes. The equivalent circuit for the pristine 

SPC and LPC is described in Fig. 6c, where Rs is the ohmic resistance, R1 and 

C1 are the resistance and CPE for the cathode, and R2 and C2 are the resistance 

and CPE for the diffusion. After 40 cycles, one more parallel resistance and 
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CPE (R3 and C3) are added on the equivalent circuit. During cycles, lithium 

anode reacts with electrolyte, oxygen and by-products. As a result, conductive 

lithium anode is covered by lithium compound like LiOH, which causes high 

resistance. Therefore, R3 and C3 values are the elements for the anode. The R1 

value increases with the cycles as the Li2CO3 passivates the surface of the 

catalyst. The R1 of SPC electrode after 40 cycles represents a 36-times increase 

(1714 Ω) compared to the R1 of pristine electrode (47 Ω). By contrast, the R1 

of LPC after 40 cycles represents an increase from 99 Ω to 130 Ω. Due to the 

high reversibility of LPC, less parasitic reaction occurs during cycles. In 

addition, severe pore clogging of SPC decreases the surface area, which leads 

to high current density, promoting the parasitic reactions. By the same reason, 

R3 of SPC is 9-times larger than R3 of LPC. Rapid increase of ohmic resistance 

of SPC is also arisen by high resistance of anode and cathode. These 

phenomena indicate that a small pore structure is vulnerable to the occurrence 

of irreversible parasitic reaction. 
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Figure 4-1. SEM images of (a) SPC and (b) LPC. (c) Pore size distributions 

and (d) N2 adsorption/desorption isotherms of SPC and LPC. 
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Figure 4-2. XRD patterns of SPC and LPC. 
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Figure 4-3. SEM images of discharged SPC electrodes at the indicated 

capacities (a) 100 mAh g–1 and (b,c) 1000 mAh g–1 and (d) charged to 4 V 

electrode. 
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Figure 4-4. SEM images of discharged LPC electrodes at the indicated 

capacities (a) 100 mAh g–1 and (b,c) 1000 mAh g–1 and (d) charged to 4 V 

electrode. 



 

 

  

 
79 

 

Figure 4-5. Raman spectra of discharged and charged to 4V SPC electrodes. 
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Figure 4-6. Rate capability test of (a) SPC and (b) LPC. (c) The degradation of 

LiO2 with respect to time. 
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Figure 4-7. Charge/discharge profiles of (a) SPC and (b) LPC with a limited 

capacity of 1000 mAh g–1. The current density is 400 mA g–1
.  
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Figure 4-8. XRD patterns of SPC and LPC electrodes after 40 cycles. 
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Figure 4-9. SEM images of (a) SPC and (b) LPC after 40 cycles. 
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Figure 4-10. Nyquist plots of (a) SPC and (b) LPC electrodes before and after 

40 cycles. (c)  Equivalent circuits for pristine electrode and cycled electrode. 
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Chapter 5. Summary and Conclusions 

As one of the strategies for the safe LIBs, graphene surrounded LTO for the 

anode is proposed in chapter 2. Preparation of LTO-NG hybridization by 

interfacial adsorption using an amphipathic solvent and a redox coupling 

reaction is reported. The LTO-NG hybridization exhibited a higher reversible 

capacity and improved rate performance compared to conventional LTO anode 

because of good electrical properties of the graphene-surrounding structure.  

Versatility of the methodology could also be applied to the preparation of other 

materials that require uniform graphene deposition. 

 For the batteries with high energy density, LOBs are studied as the next-

generation battery system to overcome the conventional LIB system. To 

understand the mechanism of LOBs and develop the cathode catalyst with an 

excellent performance, two proof-of-concept researches were studied. 

� Zirconia support establishes the effect of oxygen-defective and electron-

withdrawing sites for a reversible charge/discharge reaction in LOBs 

(Chapter 3). Because nucleophilic species are stabilized on zirconia, the 

parasitic reactions are suppressed. As a result, platinum deposited on 
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zirconia demonstrated an enhanced cyclability compared to those of 

pure platinum catalyst. This study may offer the clues for the cathode 

catalyst with the reversible charge/discharge in LOBs. 

� Investigation of the morphology and the growth mechanism of the 

discharge products in LOBs are conducted in Chapter 4. Based on the 

result, we revealed that the structure of cathode affects the kinetics of 

LOBs without metal or metal oxide catalyst. Controlling the contact 

between the electrolyte and the discharge product is possible by the 

morphological factor of the cathode catalyst, results in the modulation 

of the discharge product composition. Porous carbon which blocks the 

contact between the electrolyte and the discharge products, exhibits a 

low overpotential and good cyclability because the discharge product 

with a low overpotential is not converted to the discharge product with 

a high overpotential. This result could provide guideline to designing the 

structure of the catalytic cathode materials in LOBs. 
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Chapter 6. Recommendations for Further 

Research 

The recommendations for further research are summarized as follow; 

1) The condition for LTO-NG hybridization is intensively studied in this 

dissertation. Although the improved conductivity of LTO-NG 

hybridization increases the rate capability of LTO in Chapter 2, 

optimized LTO-NG core-shell structure is required for the practical 

application of LTO. Therefore, it is necessary to evaluate the 

amphipathic solvent and graphene precursor for the solvothermal 

process. The methodology to obtain monolayer graphene shell should 

be investigated. 

2) Cathode support material and cathode with optimized morphology are 

discussed in Chapter 3, 4. However, the effect of catalyst is not 

considered in this dissertation. The performance of LOB cathode can 

be increased by further upgrades with the studies on catalyst material. 

Catalyst which decrease the activation energy and stabilize the 

discharge products should be studied through the mechanistic study 
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and theoretical approaches. Furthermore, hybridization of the 

researches about support, cathode morphology and catalyst would 

provide optimized electrode structure for LOB catalyst.   
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