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Abstract

First-principles study on the reaction

chemistry of metalair batteries

Lee Byungju
Departmenbdf Material Science and Engineering
College of Engineering
The Graduate School

Seoul National University

Nowadaysdevelopment of battery systems with high energy density and low cost
as well as environmental sustainability is becoming important due tgrtasing
market of large energy storage applications such as electric vehicles and energy
storage systems. Lithiumon 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 ctalair batterieswhich
i



exploit direct reaction of mmt a | (e. g. Li, Na, Ky, COA |

7

e)

SO, é) , are regar ded as-LIBsysempbecauséoétheino s t

exceptionally high energy densitilowever, netalair batteries generally suffers
from poor cycle life and low engy efficiency, which is originated from side reaction

and high polarization during cycling.

Lithium-oxygen batteries and sodiuomygen batteries are most intensively
studied system among metil system, due to the abundance of elements and highest
energy density of the systeiespitethe chemical similarity of Li and Na, the two
systems exhilbi distinct characteristicsespeciallythe typically higher darging
overpotential observedn Liioxygen batteries.In previous theoretical and
experimental studies, this higher charging overpotential was attribuectacs such
asthe sluggish oxygenvelution or poor transport property tife discharge product
of theLii oxygen cell howevera general understandind the interplay between the
discharge products and overpotentéhainselusive.ln chapter 2, | investigated the
chargingmechanismsvith respect to the oxygen evolution reaction (OER) kinetics,
chargecarrier conductivity, and dissolution property\arious discharge products
reported in Li oxygenand Nd oxygen cek. The OER kinetics were generally faster
for superoxidesife., LiO, and NaQ) than for peroxides.g., Li-O, and NaO,). The
electronic and ionic conductivities were also predicted to be significantly higher in
superoxide phases than in peroxide phases. Moreover, systematic icaiséthe

dissolution energy of theigtharge products in the electrolyte, which mediate a

P



solutionbased OER reactiorevealedhat he superoxide phases, particularly NaO
exhibited markedly low dissolution energy compared with the peroxide phases. These
results implythat the formation fosuperoxides instead of peroxides during discharge
may be the key to improving the energy efficiency of nietalgen batteries in

general.

The discovery of effective catalysts is an important step toward achiewving Li
O batterieswith long-cycle life andhigh roundtrip efficiency. Solublaype catalysts
or redox mediators (RMs) possess great advantages over conventional solid
catalystsgenerally exhibiting much higher efficiendg. chapter 3, | select a series
of organic RM candidates as a model systemdentify the key descriptor in
determining the catalytic activities and stabilities irQuicells. It is revealed that the
level of ionization energieseadilyavailable parameters from databasfe,
themolecules can serve such a role when comparitiy twe formation energy of
LioO, 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-O; cells, respectively. Accordingly,proposea general principle for
designing feasibleatalyst and report a RM, dimethylphenazine, with a remarkably

low overpotential and high stability.

| believe that lte fundamental understandingeestigated in this thesis, which
elucidatedthe effect of postble origin of charge overpotentigkchapter 2)and

reactionrmechanism of soluble catalyst in lithisoxygen cellchapter 3)can provide



intuition to the researchers in this field

Keywords : Energy storagekirst prirciple calculation, Metahir battery, Redox
mediator

Student Number: 201430196
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required to be higher than 2.96 V. The dotted black line represents the HOMO energy
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atmosphereSee Supplementary Note 6 for detailed discussion.
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The scan rate was constantly maintained at 100 faWe investigatethe stability
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redox of DMPZ/DMPZ is reversible and stable.
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Figure 3-18.Effects of DMPZ as a catalyst for-Q-, battery. (aEx situXRD patterns

of Li-O2 cells using DMPZ catalyst: ggepared, after discharge, and aftecharge.
(b) GITT voltage profile of LHiO- cell using DMPZ catalyst during discharge (blue)
and charge (red). The dotted line is the theoretical formation voltage@f (24.96

V vs.Li/Li*) and the inset presents a voltagetime plot. FESEM images of the air
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Figure 3-19. Electrochemical oxidation of DMPZ to 4.5 V in TEGDME electrolyte.
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oxidationin the continuing charge over 4.2G0bnsidering that the capacitytbie Li-

O cellin Figure3-42cis 1 mAh, which is10times higher than the possible capacity
from RM, the chargecapacity withthe low overpotential inFigure 3-4c clearly
demonstrates a continuous and simultaneous reduction of DMPBDMPZ by
reacting with L3O, duringthecharge process.

Figure 3-20. FT-IR spectra of DMPZ in the range of 18@%0 cm!. The spectra
were obtained after dissolving the RMs in TEGDME electrolyte with Ar and O
bubbling.The stability of DMPZ in the presence of oxygen was first examined with
0.01M and 1M concentration of DMPZ in TEGDMiased electrolytéVe dissolved
DMPZ in the electrolyte and bubbled with, @r 1 hourbefore carrying out FTIR

measurement&igure 320 shows thattiere is no dominant changethe peaks from
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both DMPZ and electrolyte, whidhdicatesthe stability of DMPZwith the oxygen

in the electrolyte

Figure 3-21. a) Cyclic voltammogram of oxygealone (black), DMPZwith no
oxygen present(red), and DMPZ (blue) under an, @tmosphere in TEGDME
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mV s?. See Supplementary Note 7 for detailed discussion.

Figure 3-22. Discharge profiles of the cells with and without DMPZ catalyst in an
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detailed discussion.
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each solvent. The redox potential of Li’is SHE in TEGDME can be interpolated
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to around-2.9 V, which is similar to that in wateBee Supplementary Note 9 for

detailed discussion.
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Chapter 1. General Introduction

1.1 Introduction to metal-air battery

Due to gowing cemandsof 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 intensiv§l] Lithium ion batteries (LIBs) have powered portable devices
during recent decad¢®] however, they are predicted to be unable to supply future
demands because of their limited energy density and high productiof8,cdét.
Current LIBs usually exploit tresitionrmetatoxide (TMO) cathode materiale(g,
cobalt or nickeloxides), which idimited and concentrated in certain (sometimes
conflict-prone) countrie§d] In addition, transition metal elements in TMO is much
heavier than other elementsg.58.93g/mol for cobalt 6.94and 16.00 g/mole for

lithium and oxygen respectively, limiting energy density of battery.

Metal-air batteriestMABS) areone of the most promising pelsiB system, which
exploit direct reaction gdas maeeued®dCO{ e. g.
SO, e toexclwsion oftransition metglthe energy density of MABs are ~10
times higher than conventional TMaased LIBY5, 6] For example, the energy
density of lithiumoxygen batteries, which is most intensively studied MAB system,
exhibitsexceptionally high energy density up to ~3000Wh K] Figure 1 shows

schematics for desired reaction of lithikoxygen batterieDuring discharge, lithium

1



metal in anode is oxidized to "Lion, and oxygen molecules is reduced in carbon
cathode which provides reaction site, forming solid discharge produ€t. 0ihe

overall reaction can be written as:

OR 6 QOO i

Charge process is reverse reaction of dischamalecomposition of LO; into Li

metal and @gas.Reaction chemistries of different metal and gas combinations are
also formation and decomposition of solid product, similar to the litliMygen
system5, 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 componentzccur complicatedly during MAB operati¢8, 9] Furthermore,

the energy efficiencpf MAB is generally low due to insulating discharge products,
hindering it from practical ugd.0, 11]To improve reversibility and energy efficiency

of MAB, fundamental understandings on discharge product and reaction chemistry
are essential, as well asreful engineering of cell components.chapter 2, we
focused on fundamental property of discharge products of litbixygen batteries

and sodiurroxygen batteried,e. theoretical overpotential of OER, ionic/electronic
conductivity, and dissolution ergy 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 catalysith theoretical and experimental evidences.
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Figure 1-1. Reaction mechanism of lithiioxygen batteries.



1.2 Introduction to density functional theory calculation

Density functional theory (DFT) calculation is onetlod most widely used
prediction tool in material sciencéhe merit of DFT calculation is its high accuracy
for large variety of materialsvith no need of any empirical parameter which it
is call ed as Adinitiods tc aplrdl)daespifcotne® or A

originated from timedependent Schrodinger equativiz,,
HQ = EQ

where H is Hamiltonian operator, Qq is

the systemThe Hamiltonian operator H is expressed as follows:

H B -n B —mMm B B — B B — B B —

The first and second terms concern kinetic operators of electrons and nuclei,
respectively, while the third, fourth, and fifth terms account the interactipartifles,
i.e.nucletelectrons, electronslections, and nuclenuclei, respectivelyith nuclear
charges and numbers of electrons as input information in Hamiltogliectronic
structure,which defines materigbroperty, and total energy of the system can be
derivedby solving the equatiomasically, theSchrédinger equation cannot be solved

in multi-electron system, because of theoretical limit on expressing the interaction
term However, with assumptions such Bern-Oppenheimer approximation and
electron meadfield approximation, the e@tion can be solved byterative

methodology. (HartreEock methoyl

t
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HartreeFock 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 ettronin the system increaseBFT remarkablydecrease
computational cost by treating electronsfiae | ect r on densi tyo, of
freedom is only 3, instead of 3n. DFT, the ground state energy can be expressed as

follows:

%M 4m O M _Mp® DPAP
where | is density, each t-@ectronint@agotioe sent s
and Coulomb potential between electron and nuélgishown in above equation,
whole equation can be expressed in the functional of density, for which the

methodolgy i s call ed as fidensity functional

In this paper, two types of DFT calculation tool were used. Calculations for bulk
solid materials with periodic unit cell were performed by Vieabanitio simulation
package (VASP]13] with a planewave bas set. Both DFT and Hey8cuseria
Ernzerhof (HSE) level of theory were conducted. Molecular materials floated in
vacuum or dissolved in electrolyte were calculated by Gaussian09 pHeKagith
B3LYP level of theory (hybrid functional) and triple zetderece 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 publishedClremistry of Materials
Reproduced with permission frorhde, Bet al, Chemistry of Material015 27,

(24), 84068413] Copyright (205) American Chemical Society)
2.1 Introduction

Recently Liioxygen and N&doxygen batteries have been studied extensively
because of their high theoretical energy density relative to curréonm lhiatteries in
response tancreasingdemand for largscaleenergystorage applications such as
electric vehicle$l-4] Although Li and Na exhibit similarchemical properties, an
apparent distinction ithe electrochemical properties laff oxygenand Naoxygen
batterieshas been reportedThe most important issue is the high charging
overpotential (over 1 V) required inilaxygencells to decompose the discharge
product LpO; in the carbon electrode without a catafgst.5, 6] In contrast,
significantly lower charging overpotentials of Mxygen cells (~0.2 V) have been
reported, with the discharge products consisting mainlyadI\, 8] Althoughthe
origin of this discrepancyremains poorly understood recent experimental
observations revealed that som&oxygen cel with LiO; as thedischarge product
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exhibited a charging overpotential lower than 0.5 &en without catalys{9]
Furthermore, a\ai oxygen cellwith NaO. as a discharge product unexpectedly
suffered froma high overpotential of ~1 Y10-12] These contradictingbservations
suggesta correlation betweenhe various dischargproducts and corresponding

overpotentials

Herein we investigatethe physical and chemicalifferencesamong the discharge
products of Li oxygen and Nicoxygen batteries, Li§)Li-O,, NaG, and NaO,, with
respect to threpossible origins of theverpotentiad. Amongthe several tages that
cancontributeto the overpotentialshe (i) chargetransporin each phase, (ii) oxygen
releasing step from the phasend (iii) dissolutionbnization of the phase in the
electrolyte were mainly consideré8ee Figure ). As the dischargerpducts are
known to be semiconducting to insulatijig-15] the different ionic and electronic
conductivites of the produc may be one factor causing thediscrepanies in the
charging overpotentiald.3-15] Similarly, asthe oxygen evolution reactiofOER)
kineticshavebeen widely recognizeals the rateleterminingstep of the reactioria
fuel cels and watessplitting deviceg16, 17]theOERviaMxO, Y x LD, + x€
(M = Na or Li) candiffer significantly amongdischarge productbecause of the
crystal structures and correspondingmetal oxygen or oxygeinxygen bonding
character$18-20] Moreover asrecently proposed by many research2is?5] a
solutionmediated reaction can occur through dissolved species sudh.@s

molecules or Mand GQ* ions In this case, the dissolution kineticstb& discharge

10



producs may be animportantcontributorto the charging overpotentialBased ora
comparative analysis afie discharge products with respect to these factorthis
study,we observedhat the intrinsic nature of superoxidesnuch morepreferable
for the charging kineticthan that operoxides regardless tfe use oti or Na. Our
theoretical research on the various decomposition mechanisms of the discharge

products provides insighinto designing higlefficiency metaloxygen batteries.

11



02 M+

Oxygen releasing in Dissolution / lonization
surface-bound OER : Solution-mediated OER
M+
+ lon
M 0,
O,
Charge transport through M.O
discharge products xX>2 M on

Discharge Product

Molecule
e M*
Electrode e

Figure 2-1. Suggested mechanisms for OER in metglgen batteries
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2.2 Computational details

2.2.1 Conductivity calculations

Energy calculations of the given states of materials were conducted using spin
polarized HeydScuseriaErnzerhof (HSE)type first principle calculatiofig6, 27]
using density functional theory (DFT). The Vienah initio simulation package
(VASP)28] wasused with projecteaugmented wave pseudopotent[a8] We used
a planewave basis with an energy cutoff of 500 eV and a MonkhBeatk X 1x 1k-
point mesh. All the structures were fully relaxed. A mixing coefficiehof 0.48 was
selected for the HSE hyid calculation, which was calculated by matching the
bandgap of LiO- to the results 0BoWs and selfconsistenGW type calculation$l3]

It was confirmed that the valueof= 0 . 4 8 ¢ ofon{heovesiadingedergy of
oxygen in various oxides, which will be discussed Idtke supercell size 0fx2x 3,
2x2x2, 3x3x2 anklx2x2 was used for LIDNaQ, Li»O, and NaO, respectively,
which contains 108, 96, 144 and 108 atoms in the dedl sElected cutoff energyd

k-point mestensure 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]
O ©O&® Onoéa®eE: A O (1)

wheren; is the number ofi defecs; €; is the chemical potential of speciesn an

equilibrium state[} is the Fermi energy; anfBive: is the MakovPayne monopole
13



size correctiori30, 31]which was calculated to be 0.014, 0.014, 0.170, and 0.306 for
LiO2 NaQ,, Li2O,, and NaO,, respectively. The chemical potential of Ei;§ or Na
(ena) iOnswas set to the energy level of metallic Li or Na, which is at dynamic

equilibrium with the applied potenti{32]
‘ L aQo oMY (2

Here,eUistheapplied potential, which was settte calculated equilibrium potential,

Ueq (3.07, 2.78, 3.11, and 2.46 V for LiONaQ, Li20,, and NaO,, respectively)
When addressinthe oxygen chemical potential, however, note that DFT fails
calculatingthe exact energy of oxygen bonding, known as the oxygen overbinding
error. Figure 2 showsthe relationship betweethe experimental and calculated
formation enthalpy. Ideally, the two formation enthalpies should be identical, as
represented by the dashectlin the figure; however, all the points are located above
the dashed line, whicindicates that the calculation overestimated the chemical
potential of oxygen in the gas phase. A slope of 1.003 antkscept of 0.468 were
obtained by fittinghe enthalfy data of various oxideand, accordinglyve obtained

a correced oxygen chemical potentiddy compensatingO @ ¢ 'Q wper
oxygen atom. A previous work performed using the generalized gradient
approximation (GGA) approach repori@diope lower than 119] most likely due to
theselfinteraction error of GGA calculations. To obtaislope of 1, Kang et §B3]
separately plotted the data of oxides, peroxides, and superoxides, resulting in different

correction energies for each group. &bing a slope of 1 in this study implies that
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thecalculation condition (HSE}0.48) properly predicte oxygen binding energy
of whole oxides; hence, various oxides can be comparne same level of theory.
Finally, the chemical potential of oxygean the gas phase at standard state was

obtained using the following equation:
o CcwpdOoa -0 cO "YY (3)

where Y is theentropy of oxygen gas at standard state, which was obtained from
experiment$34] The method used to correthe oxygen chemical potential with
respect to the standard state can atfeztesulting formation energy of defectang

et al[14] reported s and \b2" as the main charge carriers in the NMaBase In

their work, the corretion was performedbased onthe experimental formation

enthalpy of Na@

For ion migration, the nudged elastic band (NEB) mdBjdvas adopted using
GGA-type calculations because thie 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 usingNEB method13] For defect
concentration analysis, tit@rmi energy that satisfiebarge neutrality was used, i.e.,

O w O n .[18, 14, 36]For the defect mobility calculationsa hopping

attempt rate of 16s* was used13, 37]

2.2.2 Dissolutionproperties of discharge products
15



Spin-polarized GGAbased firsfprinciples calculations were conducted to
determinethe dissolution energies of the discharge produasing continuum
solvation modeling, VASPsol coda8, 39] Solvated ions or molecules were located
ina12A x12A x12 A @Il to model isolated species.pfanewave basis with an
energy cutoff of 550 eV and MonkhdrBtack 2x2k-point mesh was usedhe
total energies are ensured to be converged within 1 meV per formula unit, when the
selected cutoff energy arldpoint meshis used. The solubility of the discharge
products irtheelectrolyte was investigated in termgloédissolution energy relative

to thebulk phase, which can be expressed as:

(4)

where O 0 0 is the total energy of the solvatelO. molecule and
O 0 U istheenergy of theulk MO, per formula unit. Molecular MD, can
also be solvated in@nionized formvia the reaction MD, Y  x t+H\D,*, where the

dissolution energy formulation becomes
YO w30 0 0 0 0 00 (5)

(0] 0 and©O 0 are thetotal energes of the solvatedM™* ion
and Q% ion, respectivelyWe 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, HCI, and metal

16



halides) and ions waegported to be less than 5% of #r@halpy term ithestandard

state]40, 41]
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Figure 2-2. Formation energy per oxygen atom calculated in HSEQ . 48) a't
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 andigtercept of 0.88. Note that separate fittings for oxides,
peroxides, superoxides in the same data set result in overbinding correctiorOpf 0.59
0.335, and 0.317 eV/O respectively. However, relative conductivity differences

among the discharge products in this study were not largely changed (igble 2

18



Electronic conductivity (S/cm) Tonic conductivity (S/cm)

Single overbinding  Separate overbinding  Single overbinding  Separate overbmnding

correction correction correction correction
LiO, 2x10°17 1x10-1° 6x10-17 3x10-1°
NaO, 4x10°17 2x10-1Y 3x107° 2x10-1
Li,0, 3x10-2 3x10-22 1x10-1° 1x10-20
Na,O, 2x10-17 2x10-20 3x10-20 3x10-2

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 OERfrom crystalline surfaces

Figure 2-3 displays the schematic crystal structures of the discharge products
reported in Lioxygen and Néoxygen batterieR2, 7, 9, 10]All of the reported
discharge products consist ofc6ordinated metal ions with oxygen dumbbell ions
(Ox9) in their structures. Na ions occupy the octahedral sites in;Njgyite, Pa3)
and the prismatic sites in b@. In Li-O;, Li ions are present ihoth octahedral and
prismatic sites, which exist as alternating layers in the structure. For thphaSe,
the crysal structure has ngfetbeen clearly verified\Neverthelessiarious evidences
for LiO2-like phases have been reported using Raman spectroscopy, EXAFS, and
SQUID analysig42, 43] Especially, Zhai et gdB] recently reported observation of
the marcasitedrm of LiO, as a discharge product for ai O, cell. In addition a
theoretical study by Kang et [@4] reported that marcasite Lid@s the most stable
among various possible polymorphs. We also confirmed that marcasiteh#Se
becomes stable at oxygpartial pressure of > 25 atm (Figutd), 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 looles in the ©®O bond by altering the i@ bond length

for the charge transf§t3, 45, 46]

The decomposition kinetigs yield oxygen evolutiofrom crystalline Na@ N&O.
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and LbO, were theoretically studied previou$B0] We performed a similar
calculation for the hypothetical marcasite Lighase 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 eaclestatihce (see Figur@s

5, 26, Table2-2 and ref. 20 for detailed calculation methodrable 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 tiondiThe OER barriers

at major surfaces of the superoxides were revealed to be substantially lower than
those for the peroxides (M2 and LiOs). In particular, the lowest OER barrier of
~160 meV was observed for one of the major surfacethénmarcasé LiO..
Furthermore, more than 95% of tbeystallinesurfaces othe LiO, exhibited OER
barries of less than ~320 meVhis valueis significantlysmaller than those of most

of the surfaces inthe other discharge productsdicative of the facile oxygen
evolution from the LiQ phase. The generally lower barriers in superoxides are
attributedto the weaker metabxygen bonds in the structutbe weaker electrostatic
attraction between M and O due to the lower oxidatiorestatO,* in superoxides

would requirea lowerenergy penalty to lose the oxygen from the strud0g.

Moreover, the number of charge transfer steps can also affect the kinetics of OER.
For the evolution of one £nolecule, superoxide phases require electron charge
transfer step, while peroxides require two steps. The typically sluggish nature of

multi-electron reaction with respect to the arectron reaction of superoxides can
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slow down the charging kinetics of peroxid€his general observationdicates that
theintrinsic OER of superoxide phases would be more facile than those of peroxide
phasesassuming theabsenceof the charge transport limitatiofelectronic/ionic

conductivity)
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Figure 2-3. Crystal structure of (a) pyrite NaQ(b) NaO,, (c) Li-O., and (d) LiQ.
Yellow, green and red atoms represent sodium, lithium, oxygen respectively. Black

box with dash line indicates oxygen dumbbell ion™)dn the structure.
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Figure 2-4. Relationship between cell voltage and oxygen partisdsune, in the
Li/O2 cell. Higher cell voltagds related withmore negativeGibbs free energy,
according to Nernst equatipri ‘ ¢ 0 , where' is chemical
potential of metal Li in structuré€, is chemical potential of pure metal, n is the
number of charge of metal ion, F is faraday constant, is the votage ofthe cell.

HSE functional was used for energy calculation. JLE@comes more stable than

Li.O. in about 25 atm of oxygen partialgssure.
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Figure 2-5. (a-g) The low index surface structures of Lighd their terminations. (h)
Wulff shape ofLiO» was constructed from calculated surface energies. For surface
energy calculations, a slab/vacuum geometry composed of repeating slabs and

vacuum layers was adopted.

25



Orientation Termination Li, 0, limit 0O, limit

0,(1)-Li(1)* 31 31

(001) 04(1) 47 53
Li(1) 71 64

0,(1)-Li(1)* 22 22

(010) 0,(1) 24 35
Li(1) 221 210

0,(1)-Li(1) 57 51

(011) 0,(1) 45 51
0,(1)-Li(1)* 36 36

(100) 05(1) 29 37
Li(1) 58 50

0,(1)-Li(1)* 18 18

(101) 04(1) 17 28
Li(1) 152 142

Li(1)-05(1)-04(2) 39 32

0,(1)-04(2) 38 45

(110) O,(1)* 34 34
0,(2)* 29 29

0,(1)-Li(1)* 25 25

(111) 0,(1) 27 32
Li(1) 63 58

Table 2-2. Calculated surface energies of low index surfaces. All possible
terminations were considered. The sppolarized generalized gradient
approximation (GGA) type calculation was conducted using density functional theory
(DFT). PerdewBurke-Ernzerhof exchangeorrelation parameterization was used.
The overbinding energy of oxygen cected from reaction D + 1/2Q Y LiO..

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

and surface structure, r — O O — 0 o

0 where GayfGouk, Nm/No anden® e 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®phase diagm, were considered

for surface calculation of each phase. All possible terminations of low index surfaces
were investigated to construct Wulff shapeconvergence test of the vacuum and
slab thicknesses indicated that a vacuum thickness of 10 A alickakess 20 A

were sufficient for convergence within 1 meV/for the surface energiedore
detailed computational condition and formulation can be found in ref. 20 of

manuscript.
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Figure 2-6. OER energy profile of Li@under the calculated equilibrium potential U
=2.76 V, in (a) p m psurface, (b) p p msurfaceand (c) p p psurface.During

the OER, oxygen or metal atoms leave the surface upon charging. In the situation,
two sequences are possible; the metal ion eidraethich 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 cycléeanodeled 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,INQQ, Li>O»

and NaO..
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