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Nowadays, development of battery systems with high energy density and low cost 

as well as environmental sustainability is becoming important due to fast-growing 

market of large energy storage applications such as electric vehicles and energy 

storage systems. Lithium ion batteries, which have powered portable devices during 

recent decades, are predicted to be unable to supply future battery demands because 

of their limited energy density and high production cost. Metal-air batteries, which 
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exploit direct reaction of metal (e.g. Li, Na, K, Al, é) and gas molecule (O2, CO2, 

SO2, é), are regarded as one of the most promising post-LIB system, because of their 

exceptionally high energy density. However, metal-air batteries generally suffers 

from poor cycle life and low energy efficiency, which is originated from side reaction 

and high polarization during cycling. 

Lithium-oxygen batteries and sodium-oxygen batteries are most intensively 

studied system among metal-air system, due to the abundance of elements and highest 

energy density of the system. Despite the chemical similarity of Li and Na, the two 

systems exhibit distinct characteristics, especially the typically higher charging 

overpotential observed in Liïoxygen batteries. In previous theoretical and 

experimental studies, this higher charging overpotential was attributed to factors such 

as the sluggish oxygen evolution or poor transport property of the discharge product 

of the Liïoxygen cell; however, a general understanding of the interplay between the 

discharge products and overpotential remains elusive. In chapter 2, I investigated the 

charging mechanisms with respect to the oxygen evolution reaction (OER) kinetics, 

charge-carrier conductivity, and dissolution property of various discharge products 

reported in Liïoxygen and Naïoxygen cells. The OER kinetics were generally faster 

for superoxides (i.e., LiO2 and NaO2) than for peroxides (i.e., Li 2O2 and Na2O2). The 

electronic and ionic conductivities were also predicted to be significantly higher in 

superoxide phases than in peroxide phases. Moreover, systematic calculations of the 

dissolution energy of the discharge products in the electrolyte, which mediate a 
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solution-based OER reaction, revealed that the superoxide phases, particularly NaO2, 

exhibited markedly low dissolution energy compared with the peroxide phases. These 

results imply that the formation of superoxides instead of peroxides during discharge 

may be the key to improving the energy efficiency of metalïoxygen batteries in 

general. 

The discovery of effective catalysts is an important step toward achieving Li-

O2 batteries with long-cycle life and high round-trip efficiency. Soluble-type catalysts 

or redox mediators (RMs) possess great advantages over conventional solid 

catalysts, generally exhibiting much higher efficiency. In chapter 3, I select a series 

of organic RM candidates as a model system to identify the key descriptor in 

determining the catalytic activities and stabilities in Li-O2 cells. It is revealed that the 

level of ionization energies, readily available parameters from database, of 

the molecules can serve such a role when comparing with the formation energy of 

Li 2O2 and the highest occupied molecular orbital energy of the electrolyte. It is 

demonstrated that they are critical in reducing the overpotential and improving the 

stability of Li-O2 cells, respectively. Accordingly, I propose a general principle for 

designing feasible catalyst and report a RM, dimethylphenazine, with a remarkably 

low overpotential and high stability. 

 I believe that the fundamental understandings investigated in this thesis, which 

elucidated the effect of possible origin of charge overpotential (chapter 2) and 

reaction mechanism of soluble catalyst in lithium-oxygen cell (chapter 3), can provide 
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intuition to the researchers in this field.  
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Chapter 1. General Introduction 

1.1 Introduction to metal-air battery  

 Due to growing demands of large energy storage applications such as electric 

vehicles (EVs) and energy storage systems (ESSs), development of battery systems 

with high energy density and low cost as well as environmental sustainability is 

becoming intensive.[1] Lithium ion batteries (LIBs) have powered portable devices 

during recent decades,[2] however, they are predicted to be unable to supply future 

demands because of their limited energy density and high production cost.[3, 4] 

Current LIBs usually exploit transition-metal-oxide (TMO) cathode materials (e.g., 

cobalt or nickel oxides), which is limited and concentrated in certain (sometimes 

conflict-prone) countries.[4] In addition, transition metal elements in TMO is much 

heavier than other elements, e.g. 58.93 g/mol for cobalt, 6.94 and 16.00 g/mole for 

lithium and oxygen respectively, limiting energy density of battery.  

Metal-air batteries (MABs) are one of the most promising post-LIB system, which 

exploit direct reaction of metal (e.g. Li, Na, K, Al, é) and gas molecule (O2, CO2, 

SO2, é). Due to exclusion of transition metal, the energy density of MABs are ~10 

times higher than conventional TMO-based LIBs.[5, 6] For example, the energy 

density of lithium-oxygen batteries, which is most intensively studied MAB system, 

exhibits exceptionally high energy density up to ~3000Wh kgī1. [7] Figure 1-1 shows 

schematics for desired reaction of lithium-oxygen batteries. During discharge, lithium 
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metal in anode is oxidized to Li+ ion, and oxygen molecules is reduced in carbon 

cathode which provides reaction site, forming solid discharge product, Li2O2. The 

overall reaction can be written as: 

ςὒὭί ὕ Ὣ ᴼὒὭὕ ί 

Charge process is reverse reaction of discharge, i.e. decomposition of Li2O2 into Li 

metal and O2 gas. Reaction chemistries of different metal and gas combinations are 

also formation and decomposition of solid product, similar to the lithium-oxygen 

system.[5, 6] This seemingly simple reaction of MAB was suggested as merit, 

however, it has been reported that side reactions involving an intermediate products 

and cell components occur complicatedly during MAB operation.[8, 9] Furthermore, 

the energy efficiency of MAB is generally low due to insulating discharge products, 

hindering it from practical use.[10, 11] To improve reversibility and energy efficiency 

of MAB, fundamental understandings on discharge product and reaction chemistry 

are essential, as well as careful engineering of cell components. In chapter 2, we 

focused on fundamental property of discharge products of lithium-oxygen batteries 

and sodium-oxygen batteries, i.e. theoretical overpotential of OER, ionic/electronic 

conductivity, and dissolution energy for each product, investigating the origin of high 

charging overpotential. Chapter 3 discusses desired reaction and side reaction of 

soluble catalyst, which usually used to lower charging overpotential, suggesting 

design principles for soluble catalyst with theoretical and experimental evidences.  
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Figure 1-1. Reaction mechanism of lithium-oxygen batteries. 
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1.2 Introduction to density functional theory calculation 

 Density functional theory (DFT) calculation is one of the most widely used 

prediction tool in material science. The merit of DFT calculation is its high accuracy 

for large variety of materials, with no need of any empirical parameter, for which it 

is called as ñfirst principlesò or ñab-initioò calculation.[12] These features 

originated from time-dependent Schrödinger equation, viz., 

HɊ = EɊ 

where H is Hamiltonian operator, Ɋ is the wave function, and E is the total energy of 

the system. The Hamiltonian operator H is expressed as follows: 

H В ᶯ В ᶯ В В В В В В   

The first and second terms concern kinetic operators of electrons and nuclei, 

respectively, while the third, fourth, and fifth terms account the interaction of particles, 

i.e. nuclei-electrons, electrons-electrons, and nuclei-nuclei, respectively. With nuclear 

charges and numbers of electrons as input information in Hamiltonian, electronic 

structure, which defines material property, and total energy of the system can be 

derived by solving the equation. Basically, the Schrödinger equation cannot be solved 

in multi-electron system, because of theoretical limit on expressing the interaction 

term. However, with assumptions such as Born-Oppenheimer approximation and 

electron mean-field approximation, the equation can be solved by iterative 

methodology. (Hartree-Fock method) 
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 Hartree-Fock method considers wave function of all electrons, 3n degree of 

freedoms should be calculated, thus its computational cost become unacceptably high 

when the number of electron in the system increases. DFT remarkably decrease 

computational cost by treating electrons as ñelectron densityò, of which degree of 

freedom is only 3, instead of 3n. In DFT, the ground state energy can be expressed as 

follows: 

%ʍ 4ʍ  ὠ ʍ  ᷿ʍὶᴆὠ ὶᴆÄὶᴆ  

where ɟ is density, each term represents kinetic energy, electron-electron interaction, 

and Coulomb potential between electron and nuclei. As shown in above equation, 

whole equation can be expressed in the functional of density, for which the 

methodology is called as ñdensity functional theoryò.  

 In this paper, two types of DFT calculation tool were used. Calculations for bulk 

solid materials with periodic unit cell were performed by Vienna ab initio simulation 

package (VASP),[13] with a plane-wave basis set. Both DFT and Heyd-Scuseria-

Ernzerhof (HSE) level of theory were conducted. Molecular materials floated in 

vacuum or dissolved in electrolyte were calculated by Gaussian09 package[14] with 

B3LYP level of theory (hybrid functional) and triple zeta valence polarization (TZVP) 

basis set.  
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Chapter 2. Theoretical evidence for low charging 

overpotentials of superoxide discharge products in 

metal-oxygen batteries 

(The content of this chapter has been published in Chemistry of Materials. 

Reproduced with permission from [Lee, B et al., Chemistry of Materials 2015, 27, 

(24), 8406-8413.] Copyright (2015) American Chemical Society) 

2.1 Introduction  

Recently, Liïoxygen and Naïoxygen batteries have been studied extensively 

because of their high theoretical energy density relative to current Li-ion batteries in 

response to increasing demand for large-scale energy storage applications such as 

electric vehicles.[1-4] Although Li  and Na exhibit similar chemical properties, an 

apparent distinction in the electrochemical properties of Liïoxygen and Naïoxygen 

batteries has been reported. The most important issue is the high charging 

overpotential (over 1 V) required in Liïoxygen cells to decompose the discharge 

product Li2O2 in the carbon electrode without a catalyst.[2, 5, 6]. In contrast, 

significantly lower charging overpotentials of Naïoxygen cells (~0.2 V) have been 

reported, with the discharge products consisting mainly of NaO2.[7, 8] Although the 

origin of this discrepancy remains poorly understood, recent experimental 

observations revealed that some Liïoxygen cells with LiO2 as the discharge product 
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exhibited a charging overpotential lower than 0.5 V even without catalysts.[9] 

Furthermore, a Naïoxygen cell with Na2O2 as a discharge product unexpectedly 

suffered from a high overpotential of ~1 V.[10-12] These contradicting observations 

suggest a correlation between the various discharge products and corresponding 

overpotentials. 

Herein, we investigated the physical and chemical differences among the discharge 

products of Liïoxygen and Naïoxygen batteries, LiO2, Li2O2, NaO2, and Na2O2, with 

respect to three possible origins of the overpotentials. Among the several stages that 

can contribute to the overpotentials, the (i) charge transport in each phase, (ii) oxygen 

releasing step from the phase, and (iii) dissolution/ionization of the phase in the 

electrolyte were mainly considered (See Figure 2-1). As the discharge products are 

known to be semiconducting to insulating,[13-15] the different ionic and electronic 

conductivities of the products may be one factor causing the discrepancies in the 

charging overpotentials.[13-15] Similarly, as the oxygen evolution reaction (OER) 

kinetics have been widely recognized as the rate-determining step of the reactions in 

fuel cells and water-splitting devices,[16, 17] the OER via MxO2 Ÿ xĿM+ + O2 + x·e- 

(M = Na or Li) can differ significantly among discharge products because of the 

crystal structures and corresponding metalïoxygen or oxygenïoxygen bonding 

characters.[18-20] Moreover, as recently proposed by many researchers,[21-25] a 

solution-mediated reaction can occur through dissolved species such as MxO2 

molecules or M+ and O2
x- ions. In this case, the dissolution kinetics of the discharge 
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products may be an important contributor to the charging overpotentials. Based on a 

comparative analysis of the discharge products with respect to these factors, in this 

study, we observed that the intrinsic nature of superoxides is much more preferable 

for the charging kinetics than that of peroxides regardless of the use of Li or Na. Our 

theoretical research on the various decomposition mechanisms of the discharge 

products provides insights into designing high-efficiency metalïoxygen batteries. 
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Figure 2-1. Suggested mechanisms for OER in metal-oxygen batteries 

 

  



 

13 

 

2.2 Computational details  

2.2.1 Conductivity calculations 

Energy calculations of the given states of materials were conducted using spin- 

polarized HeydïScuseriaïErnzerhof (HSE)ïtype first principle calculations[26, 27] 

using density functional theory (DFT). The Vienna ab initio simulation package 

(VASP)[28] was used with projector-augmented wave pseudopotentials.[29] We used 

a plane-wave basis with an energy cutoff of 500 eV and a MonkhorstïPack 1×1×1 k-

point mesh. All the structures were fully relaxed. A mixing coefficient (Ŭ) of 0.48 was 

selected for the HSE hybrid calculation, which was calculated by matching the 

bandgap of Li2O2 to the results of G0W0 and self-consistent GW-type calculations.[13] 

It was confirmed that the value of Ŭ=0.48 compensated for the overbinding energy of 

oxygen in various oxides, which will be discussed later. The supercell size of 3×2×3, 

2×2×2, 3×3×2 and 2×2×2 was used for LiO2, NaO2, Li2O2 and Na2O2 respectively, 

which contains 108, 96, 144 and 108 atoms in the cell. The selected cutoff energy and 

k-point mesh ensure that the total energies converged within 7 meV per formula unit. 

The formation energy of defect X of charge state q was calculated using the 

following formulation:[30] 

 Ὁ ὢ Ὁ ὢ Ὁ ὦόὰὯВὲ‘ ή‐ Ὁ    (1) 

where ni is the number of i defects; ɛi is the chemical potential of species i in an 

equilibrium state, ŮF is the Fermi energy; and EMP1 is the MakovïPayne monopole 
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size correction,[30, 31] which was calculated to be 0.014, 0.014, 0.170, and 0.306 for 

LiO2, NaO2, Li2O2, and Na2O2, respectively. The chemical potential of Li (ɛLi) or Na 

(ɛNa) ions was set to the energy level of metallic Li or Na, which is at dynamic 

equilibrium with the applied potential:[32]  

‘ ‘ άὩὸὥὰὩὟ     (2) 

Here, eU is the applied potential, which was set to the calculated equilibrium potential, 

Ueq (3.07, 2.78, 3.11, and 2.46 V for LiO2, NaO2, Li2O2, and Na2O2, respectively). 

When addressing the oxygen chemical potential, however, note that DFT fails in 

calculating the exact energy of oxygen bonding, known as the oxygen overbinding 

error. Figure 2-2 shows the relationship between the experimental and calculated 

formation enthalpy. Ideally, the two formation enthalpies should be identical, as 

represented by the dashed line in the figure; however, all the points are located above 

the dashed line, which indicates that the calculation overestimated the chemical 

potential of oxygen in the gas phase. A slope of 1.003 and y-intercept of 0.468 were 

obtained by fitting the enthalpy data of various oxides, and, accordingly, we obtained 

a corrected oxygen chemical potential by compensating Ὁ πȢτφψ Ὡὠ per 

oxygen atom. A previous work performed using the generalized gradient 

approximation (GGA) approach reported a slope lower than 1,[19] most likely due to 

the self-interaction error of GGA calculations. To obtain a slope of 1, Kang et al.[33] 

separately plotted the data of oxides, peroxides, and superoxides, resulting in different 

correction energies for each group. Obtaining a slope of 1 in this study implies that 
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the calculation condition (HSE, Ŭ=0.48) properly predicts the oxygen binding energy 

of whole oxides; hence, various oxides can be compared in the same level of theory. 

Finally, the chemical potential of oxygen in the gas phase at standard state was 

obtained using the following equation: 

‘ ςωψὑȟρ ὥὸά Ὁ ςὉ ὝὛ    (3) 

where Ὓ  is the entropy of oxygen gas at standard state, which was obtained from 

experiments.[34]  The method used to correct the oxygen chemical potential with 

respect to the standard state can affect the resulting formation energy of defects. Yang 

et al.[14] reported VNa
- and VO2

+ as the main charge carriers in the NaO2 phase. In 

their work, the correction was performed based on the experimental formation 

enthalpy of NaO2. 

 For ion migration, the nudged elastic band (NEB) method[35] was adopted using 

GGA-type calculations because of the high computational cost of the NEB method 

using HSE. However, it has been reported that the selection of the functional does not 

significantly affect the hopping barrier derived using the NEB method.[13] For defect 

concentration analysis, the Fermi energy that satisfies charge neutrality was used, i.e., 

Ὁ ὠ Ὁ ὴ .[13, 14, 36] For the defect mobility calculations, a hopping 

attempt rate of 1013 s-1 was used.[13, 37]  

 

  2.2.2 Dissolution properties of discharge products 
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 Spin-polarized GGA-based first-principles calculations were conducted to 

determine the dissolution energies of the discharge products using continuum 

solvation modeling, VASPsol code.[38, 39] Solvated ions or molecules were located 

in a 12 Å  × 12 Å  × 12 Å  cell to model isolated species. A plane-wave basis with an 

energy cutoff of 550 eV and MonkhorstïPack 2×2×2 k-point mesh was used. The 

total energies are ensured to be converged within 1 meV per formula unit, when the 

selected cutoff energy and k-point mesh is used. The solubility of the discharge 

products in the electrolyte was investigated in terms of the dissolution energy relative 

to the bulk phase, which can be expressed as: 

ЎὉ ȟ Ὁ ὓὕ Ὁ ὓὕ    

 (4) 

where Ὁ ὓὕ  is the total energy of the solvated MxO2 molecule and 

Ὁ ὓὕ  is the energy of the bulk MxO2 per formula unit. Molecular MxO2 can 

also be solvated into an ionized form via the reaction MxO2 Ÿ xĿM+ + O2
x-, where the 

dissolution energy formulation becomes 

ЎὉ ȟ ὼϽὉ ὓ Ὁ ὕ Ὁ ὓὕ   (5) 

Ὁ ὓ  and Ὁ ὕ  are the total energies of the solvated M+ ion 

and O2
x- ion, respectively. We considered both the molecular and ionized cases in 

calculating the dissolution energy. The entropy effect was neglected in the calculation 

because the solvation entropy term (TS) of polar molecules (HF, HCl, and metal 
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halides) and ions was reported to be less than 5% of the enthalpy term in the standard 

state.[40, 41]  
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Figure 2-2. Formation energy per oxygen atom calculated in HSE (Ŭ=0.48) at 0 K 

versus the formation enthalpy measured at standard state, 298 K and 1 atm. Black 

squares, red circles, blue triangles indicate oxides, peroxides, superoxides 

respectively. Black dash line shows exact correspondence between experiment and 

calculation, while red solid line is linear regression fitted to all data points which 

yields slope of 1.003 and y-intercept of 0.468. Note that separate fittings for oxides, 

peroxides, superoxides in the same data set result in overbinding correction of 0.590, 

0.335, and 0.317 eV/O respectively. However, relative conductivity differences 

among the discharge products in this study were not largely changed (Table 2-1). 
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Table 2-1. Calculated conductivity of discharge products using single overbinding 

correction energy and separately applied overbinding correction energy. 
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2.3 Result and Discussion  

2.3.1 OER from crystalline surfaces 

Figure 2-3 displays the schematic crystal structures of the discharge products 

reported in Liïoxygen and Naïoxygen batteries.[2, 7, 9, 10] All of the reported 

discharge products consist of 6-coordinated metal ions with oxygen dumbbell ions 

(O2
x-) in their structures. Na ions occupy the octahedral sites in NaO2 (pyrite, Pa-3) 

and the prismatic sites in Na2O2. In Li2O2, Li ions are present in both octahedral and 

prismatic sites, which exist as alternating layers in the structure. For the LiO2 phase, 

the crystal structure has not yet been clearly verified. Nevertheless, various evidences 

for LiO2-like phases have been reported using Raman spectroscopy, EXAFS, and 

SQUID analysis.[42, 43] Especially, Zhai et al.[9] recently reported observation of 

the marcasite form of LiO2 as a discharge product for a LiïO2 cell. In addition, a 

theoretical study by Kang et al.[44] reported that marcasite LiO2 is the most stable 

among various possible polymorphs. We also confirmed that marcasite LiO2 phase 

becomes stable at oxygen partial pressure of > 25 atm (Figure 2-4), implying that this 

phase can formed in certain chemical condition. Note that all the discharge products 

contain oxygen dumbbell ions in their structure, which are known to be capable of 

accommodating electrons or holes in the OïO bond by altering the OïO bond length 

for the charge transfer.[13, 45, 46]  

The decomposition kinetics to yield oxygen evolution from crystalline NaO2, Na2O2 
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and Li2O2 were theoretically studied previously.[20] We performed a similar 

calculation for the hypothetical marcasite LiO2 phase to evaluate its OER capability. 

Based on the equilibrium particle shape constructed from calculated surface energies, 

the energy barrier of the OER was investigated at each stable surface (see Figures 2-

5, 2-6, Table 2-2 and ref. 20 for detailed calculation methods). Table 2-3 lists the 

stable surfaces of the discharge products and compares their ratios in each phase and 

the corresponding OER energy barriers in the oxidizing condition. The OER barriers 

at major surfaces of the superoxides were revealed to be substantially lower than 

those for the peroxides (Na2O2 and Li2O2). In particular, the lowest OER barrier of 

~160 meV was observed for one of the major surfaces in the marcasite LiO2. 

Furthermore, more than 95% of the crystalline surfaces of the LiO2 exhibited OER 

barriers of less than ~320 meV. This value is significantly smaller than those of most 

of the surfaces in the other discharge products, indicative of the facile oxygen 

evolution from the LiO2 phase. The generally lower barriers in superoxides are 

attributed to the weaker metalïoxygen bonds in the structure; the weaker electrostatic 

attraction between M and O due to the lower oxidation states of O2
x- in superoxides 

would require a lower energy penalty to lose the oxygen from the structure.[20]  

Moreover, the number of charge transfer steps can also affect the kinetics of OER. 

For the evolution of one O2 molecule, superoxide phases require one electron charge 

transfer step, while peroxides require two steps. The typically sluggish nature of 

multi-electron reaction with respect to the one-electron reaction of superoxides can 
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slow down the charging kinetics of peroxides. This general observation indicates that 

the intrinsic OER of superoxide phases would be more facile than those of peroxide 

phases assuming the absence of the charge transport limitation (electronic/ionic 

conductivity). 
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Figure 2-3. Crystal structure of (a) pyrite NaO2, (b) Na2O2, (c) Li2O2 and (d) LiO2. 

Yellow, green and red atoms represent sodium, lithium, oxygen respectively. Black 

box with dash line indicates oxygen dumbbell ion (O2
n-) in the structure. 
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Figure 2-4. Relationship between cell voltage and oxygen partial pressure, in the 

Li/O2 cell. Higher cell voltage is related with more negative Gibbs free energy, 

according to Nernst equation; ‘ ‘ ὲὊὉ , where ‘  is chemical 

potential of metal Li in structure, ‘  is chemical potential of pure metal, n is the 

number of charge of metal ion, F is faraday constant, Ὁ  is the voltage of the cell. 

HSE functional was used for energy calculation. LiO2 becomes more stable than 

Li 2O2 in about 25 atm of oxygen partial pressure. 
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Figure 2-5. (a-g) The low index surface structures of LiO2 and their terminations. (h) 

Wulff shape of LiO2 was constructed from calculated surface energies. For surface 

energy calculations, a slab/vacuum geometry composed of repeating slabs and 

vacuum layers was adopted.  
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Table 2-2. Calculated surface energies of low index surfaces. All possible 

terminations were considered. The spin-polarized generalized gradient 

approximation (GGA) type calculation was conducted using density functional theory 

(DFT). Perdew-Burke-Ernzerhof exchange-correlation parameterization was used. 

The overbinding energy of oxygen corrected from reaction Li2O + 1/2O2 Ÿ Li 2O2. 

The surface free energy was calculated from energy difference between bulk phase 

and surface structure, ɾ Ὃ Ὃ Ὃ ὔ‘

ὔ ‘  where Gslab/Gbulk, NM/NO and ɛM
bulk/ɛO

bulk indicate Gibbs free energy of 

surface structure/bulk phase, the number of metal/oxygen atom and chemical 

potential of metal and oxygen in bulk phase. Both maximum and minimum value of 
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chemical potential, which were derived from M-O phase diagram, were considered 

for surface calculation of each phase. All possible terminations of low index surfaces 

were investigated to construct Wulff shape. A convergence test of the vacuum and 

slab thicknesses indicated that a vacuum thickness of 10 Å  and slab thickness > 20 Å  

were sufficient for convergence within 1 meV/Å2 for the surface energies. More 

detailed computational condition and formulation can be found in ref. 20 of 

manuscript.  
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Figure 2-6. OER energy profile of LiO2 under the calculated equilibrium potential U 

= 2.76 V, in (a) ρπρ surface, (b) ρρπ surface and (c) ρρρ surface. During 

the OER, oxygen or metal atoms leave the surface upon charging. In the situation, 

two sequences are possible; the metal ion extraction which is the electrochemical 

reaction (black) or the oxygen molecule evolution, the chemical reaction (red). The 

energies of the intermediate steps of the OER were calculated by removing metal ions 

or oxygen molecules from the surface. One OER cycle can be modeled by considering 

the atoms in the surface of the unit cell.  
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Table 2-3. Major surfaces of discharge products, ratio of each surface in most 

oxidizing condition, and minimum OER barrier at each surface in LiO2, NaO2, Li2O2 

and Na2O2.  

 

  


































































































































































































































