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Abstract

Electric vehicles (“EVs”) require high-energy-density batteries with reliable
cyclability and rate capability. However, the current state-of-the-art Li-ion batteries only
exhibit energy densities near ~150 Wh/kg, limiting the long-range driving of EVs with one
charge and hindering their wide-scale commercial adoption.'” Recently, non-aqueous
metal—O; batteries have drawn attention due to their high theoretical specific energy. > ¢
Specifically, the issues surrounding battery studies involve Li—O; and Na—O, batteries due to
their high theoretical specific energies of 3.5 kWh/kg (assuming Li,O; as a discharge product
in Li—O, batteries) and 1.6 and 1.1 kWh/kg (assuming NayO, and NaO; as discharge
products, respectively, in Na—O, batteries).

Since the potential of Li—O, batteries as an energy storage system was first proposed
in 1996,' various studies have criticized and verified their shortcomings, such as their low
power density, poor cyclability, and poor rate capability.” ® Substantial research attempts
have been made to identify the cause of the high overpotentials and electrolyte
decomposition and to search for better cathode/electrolyte/anode and/or catalyst material
combinations. However, Li—O; battery technology remains in its infancy primarily due to the
lack of understanding of the underlying mechanisms. Therefore, we investigate the charging
mechanism, which contributes to the considerable energy loss using first-principles
calculations and propose a new charging mechanism based on experimental observations and
knowledge concerning Li-ion and Na-ion batteries.

Most studies on metal—O; batteries have mainly focused on Li—O, batteries. However,
recently, the promising performance of Na—O, systems has been reported.” ' Although
Na—O, batteries exhibit slightly lower theoretical specific energies than those of the Li—O,
batteries as specified above, the chemical difference between the two alkali metals
substantially distinguishes the electrochemistry properties of Na—O; and Li—Oz. In the Na—O
system, both NaQ, and Na,O, are stable compounds, while in the Li—O system, LiO; is not a
stable compound under standard state conditions (300 K and 1 atm).'""'? Presumably, due to
this chemical difference, the Na—0, system has exhibited a much smaller charging
overpotential, as low as 0.2 V, when NaO; is formed as a discharge product, compared with
that in Li—O, system, >1V. Such a low charging overpotential in Na—O, batteries
demonstrates their potential as a next generation electrochemical system for commercially
viable EVs . !° In this thesis, we study the thermodynamic stability of Na—O compounds to
identify the phase selection conditions that affect the performance of Na—O; batteries.

Thesis Supervisor: Gerbrand Ceder
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List of Figures

Figure 1. The theoretical and practical gravimetric energy densities of Li-ion and metal-air
batteries. The practical energy densities of metal-air batteries are estimated by applying a
reduction factor of 4-7 to the theoretical ones, and the error bars denote the range of the

applied reduction factor.

Figure 2. The formation energies calculated in (a) GGA and (b) HSE plotted versus the
experimental formation enthalpies at the standard state (300 K and 1 atm)*® in eV/O, for
oxides (blue triangles), peroxides (red squares), and superoxides (green circles). The data
points corresponding to Li;O, and SrO; overlap on this scale. The insets show zoomed-in
formation energies for superoxides. The trend lines with slope = 1 are plotted for each group,
and the oxidation energy correction is the y-intercept of each line. Reprinted with permission
from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-
3336 and Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020.
Copyright 2014 American Chemical Society.

Figure 3. The structure for Li;O, (a) and candidate structures for LiO, (b-h). The green
spheres represent Li ions, and the red spheres represent O ions. The oxygen bonds are
marked as red bars. (a) Two distinct i sites exist in the Li,O, structure with the P6;/mmc
space group: a site that forms a Li-only layer (henceforth known as the “L” site) and a site in
the plane that contains the O,> bond centers (henceforth labeled as the “P” site). From (b) to
(h), nine candidate LiO; structures are displayed accordingly. (b) The structures derived from
Li,O, by extracting two Li ions from a Li;O, unit cell, which are labeled by their symmetry;
(c) layered P3 structure by removing Na and replacing Co with Li from P3 NaCoO,; (d)
marcasite structure; () C2/m structure, where Li and O, layers are alternately stacked; (f)
I4/mmm structure, where LiO, dimers are arranged in a bipyramid structure; (g) pyrite
structure; and (h) a structure in the Pbca space group, which has a similar arrangement of
atoms as in the pyrite structure but in an orthorhombic lattice. Reprinted with permission
from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-
3336. Copyright 2014 American Chemical Society.
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Figure 4. The calculated formation free energy (in eV/O,) of the different structures
considered for LiO,. Multiple data-points indicate the energies computed from different
initial structures, such as NaQ,, CsO,, and MgO,, or from different magnetic states. The
lowest energy structure is Pnnm (—2.68 eV/0O,). Reprinted with permission from Kang, S.;
Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright
2014 American Chemical Society.

Figure 5. Phonon dispersion and density of states for LiO; in the (a) Pnnm and (b) P6y/mmec-
layered structures. The partial phonon density of states contributed from Li and O are
represnted in red and blue, respectively. Reprinted with permission from Kang, S.; Mo, Y.;
Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014

American Chemical Society.

Figure 6. (a) A layered structure of Li;—,O; (0 <x < 1), where the Li,O; and LiO, phases are
separated by the a-b plane, and (b) a channel structure of Li,—,O, (0 <x < 1), where the Li,O;
and LiO, phases are separated by the a-c or b-c planes. Yellow shading is used to highlight
LiO; regions distinguished from Li,O,. Reprinted with permission from Kang, S.; Mo, Y.;
Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014

American Chemical Society.

Figure 7. The formation free energy (eV/O,) of the off-stoichiometry Liz-,O, structures
referenced to the equilibrium in Eq. (3-1). The red solid line connects the lowest energy off-
stoichiometry Li>— O, structures starting from Li,O, with the ground state structure of LiO;
(Pnnm), whereas the red dashed line ends with the topotactically delithiated P63/mmc-layered
LiO; structure. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G.
Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical
Society.

Figure 8. The non-equilibrium voltage profile from Li,O; (x = 0) to O (x = 2). The red solid

and dotted line indicates the predicted topotactic oxidation path. The dashed blue line denotes

11



the direct decomposition of Li;O; into 2 Li* + 2™ + O,. The lowest energy structures are
shown along the path. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder,
G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical
Society.

Figure 9. The formation energy (eV/O;) of (a) Lij7s0, (b) Lijs002 and (¢) Lijas0,
referenced to the equilibrium phases in Eq. (3-1). The “layered” structures have the lowest
energy, followed by the “channel” and other “phase-separated” structures. The “solid
solution” structures are highest in energy. Representative structures for each group are
inserted with superoxide regions highlighted by yellow boxes. The lowest-energy layered
structures are displayed in Fig. 8, and their energies are listed in Table 2. Reprinted with
permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25
(16), 3328-3336. Copyright 2014 American Chemical Society.

Figure 10. A facile off-stoichiometric mechanism of charging in Li-O; batteries. Due to the
non-monotonic voltage profile upon charging (Fig. 8), only a few Li,O, particles are
involved in the topotactic delithiation at any given time. Reprinted with permission from
Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336.
Copyright 2014 American Chemical Society.

Figure 11. The structures of (a) Im 3m Na metél; (b) Fm 3 m Na,O; (c) P62m Na,0,; NaO,
polymorphs, (d) Pnnm, (e) Pa3 (ordered form of Fm 3m), and (f) Rm 3 ; and (g) Imm2 NaOs.

The yellow spheres represent Na ions, and the red spheres represent O ions with their bonds

marked as red bars. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G.
Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.

Figure 12. Phonon dispersion and density of states for (a) Im 3 m Na metal, (b) Fm 3 m Na,O,
(c) P62 Na,0,, (d) Pnnm NaO,, (¢) R3m NaO,, and (f) Inm2 NaQs. The partial phonon
density of states contributed from Na and O are shown in blue and red, respectively. The
phonon dispersion of Pa3 NaO, calculated using the small displacement method (SDM) with
the energy cutoff set to 700 eV and the density functional perturbation theory (DFPT) is

12



displayed in (g) and (h), respectively. Reprinted with permission from Kang, S.; Mo, Y.; Ong,
S. P.; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical
Society.

Figure 13. The formation free energies of Fm3m Na,O (blue), P62m Na;O; (red), Pnnm
NaO, (dashed gray line), Fm 3 m NaO, (dash-dot gray line), and the lowest energy envelope

for NaO, (green) as a function of temperature. The calculated data are plotted in lines, and

the experimental data are marked as circles. Reprinted with permission from Kang, S.; Mo,
Y.; Ong, S. P.; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American

Chemical Society.

Figure 14. The phase diagram of bulk Na—O compounds as a function of temperature and O

partial pressure. The red, yellow, and green domains represent the regions where NayOo,
Pnnm NaO,, and Fm 3m NaQ are stable, respectively. The Pnnm NaO, structure transforms
to Fm 3 m NaO, at 230-240 K when B, = 1 atm, and Na,O; is in equilibrium with Fm3m

NaO, at 8.5 atm when 7'= 300 K. The horizontal dashed line denotes F, =1 atm, and the

vertical dashed line denotes 7' =300 K. Reprinted with permission from Kang, S.; Mo, Y.;
Ong, S. P.; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American

Chemical Society.

Figure 15. The stability map of Na—O compounds and their chemical potential boundaries at
(a) 0K and (b) 300 K. (a-1) and (b-1) are before applying the E_,; (a-2) and (b-2) are after
applying the E_; and (a-3) and (b-3) are based on experimental formation enthalpies.”® The
stability of compounds is mapped on a linear p, scale, and the corresponding w1, values at
the phase boundaries are labeled above the top axes. Note that the p, scale is not linear

according to the stoichiometry of the mapped compounds.
Figure 16. The surface unit cell of a Na,O, {0001} facet terminated at the (a) A layer and (b)

B layer. The yellow spheres represent Na ions, and the red spheres represent O ions. The

surface ions that are used to define the surface terminations are labeled in the figure.
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Figure 17. The surface unit cell of Na;O, {1 100} terminated at the (a) A layer, (b) B layer,
and (c) B’ layer. The yellow spheres represent Na ions, and the red spheres represent O ions.

The surface ions that are used to define the surface terminations are labeled in the figure.

Figure 18. The surface unit cell of Na,O, {1120} terminated at the (a) A layer, (b) B layer,
and (c) C layer. The yellow spheres represent Na ions, and the red spheres represent O ions.

The surface ions that are used to define the surface terminations are labeled in the figure.

Figure 19. (a) Surface energies of Na,O, as a function of p, for the most stable terminations

of {0001}, {1100}, and {1120} facets at 300 K and 1 atm. The range of y, where NayO; is

stable, from the O, gas limit to the Na,O limit, is marked using a yellow box, and the Wulff
shapes at these two limits are displayed in (b) and (c), respectively. The color scheme of

surface energies used for the Wulff shapes is displayed in the scale bar in meV/A2.

Figure 20. The surface unit cell of Pa3 NaQ, in the (a) {100} orientation, (b) {110}
orientation, {111} orientation terminated at the (c-1) A layer and (c-2) B layer, and {211}
orientation terminated at the (d-1) A layer and (d-2) B layer. The yellow spheres represent Na
ions, and the red spheres represent O ions, and the surface ions that are used to define the

surface terminations are labeled in the figure.

Figure 21. (a) Surface energies of Pa3 NaO, as a function of y, for the most stable

terminations of the {100}, {110}, {111}, and {211} facets at 300 K and 1 atm. NaO, exists
as metastable at the standard state; therefore, its equilibrium boundary with Na,O, and O, gas,
the most oxidizing and reducing conditions, respectively, is considered and marked using a
yellow box. The Wulff shapes at these two limits are identical and are represented by the
cube displayed in (b). The color scheme of the surface energies used for the Wulff shape is

displayed in the scale bar in meV/A?.
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Figure 22. The correction energy applied to the surface energies by Eq. (8-11) as a function
of the surface O—O bond lengths of all the surface terminations we considered for Na,O,
(blue circles) and NaQ; (red triangles). The dashed vertical lines indicate the O, bond lengths
in O, gas (1.23 A), bulk Pa3 NaO; (1.35 A), and bulk Na,O, (1.55 A averaged over three O,
bonds) and the distance between nearest O—O ions in bulk Na,O (3.96 A) from left to right.
The blue and red lines are obtained from the linear regression for each non-stoichiometric
surface group (Na-rich or O-rich) centering on the O,°” and O, bond lengths in their bulk

states, respectively.

Figure 23. Phase diagram of Na,0, (red) and NaO, (green) at 300 K as a function of particle
size and F, at the O, gas limit. The particle size is defined as (V°)'?, where 7 is the total

volume of the particle. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder,
G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.

Figure 24. (a, ¢) The critical nucleus size and (b, d) critical nucleation energy barrier of

NayO; and NaO, particles as a function of F, at ¢ =2.1V vs. Na/Na' ((a) and (b)) and as a
function of voltage at F;, = 1 atm ((c) and (d)). The applied potential 2.1 V for (a) and (b) is

0.21 and 0.18 V lower than the calculated equilibrium potentials of Na,O, and NaO,,
respectively. These equilibrium potentials of Na,O, and NaO, are marked by vertical lines in
(c) and (d). Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano
Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.
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Table 1. Theoretical gravimetric and volumetric energy densities of Li-ion and metal-air
batteries. The discharge products for metal-air batteries are noted in parentheses. The energy

density values are calculated based on the active components only.

Table 2. The calculated formation enthalpy in eV per formula unit, experimental entropy in
meV/K per formula unit, and oxidation energy correction in eV per formula unit obtained in
Chapter 2.2 for Li metal, O, gas, and Li—O compounds. The formation enthalpies of the
intermediate compounds, Li; 750,, Lij 5005, and Li; 2505, are obtained from the lowest energy
structures in Fig. 8, and their Ehentropies and oxidation energy correction are linearly
interpolated from Li,O; and LiO,. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S.
P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American

Chemical Society.

Table 3. Structure and phase transition information about the Na and Na—O compounds
considered in this study.5 8 Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.;
Ceder, G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical
Society.

Table 4. The calculated formation free energies of Na—O compounds (experimental values®®
in parentheses) at 0 K and 300 K at 1 atm. The stable phases at each temperature are marked
in bold. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano
Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.

Table 5. The average surface energy changes ((Ay) in meV/A?) between {0 K, without
E .} and {300 K, with E_,} for Na-rich or O-rich surface slabs of Na,O,. The contribution
to the Ay is divided into three terms: 1) Ay, due to AT from 0K to 300 K, ii) Au,, due to
the energy correction applied to bulk phases E_ ., , and iii) the oxidation correction energy

difference between the surface slab and the bulk, AE_,.
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Table 6. The average surface energy changes ((Ay) in meV/A%) between {0 K, without

E ..} and {300 K, with E_} for Na-rich or O-rich surface slabs of NaQ,. The contribution

to the Ay is divided into three terms, i) Aty (AT), ii) Aty (Eony i ) - and i) AE, .

Table A 1. Surface energies (in meV/Az) of different orientations and terminations of Na;O,

at 0 K without E

oxd ?

the correction energy difference between the surface slab and bulk
Nay,O, (AE,_,,), which is the net correction energy applied to the surface energies, and the
corrected surface energies at 300 K. The NaO, limit (O, gas limit) represents the most
oxidizing condition, and the Na,O limit (Na,O limit) represents the most reducing condition
for Na,O, at 0 K (300 K). The lowest energy terminations are marked in bold for each

condition.

Table A 2. Surface energies (in meV/A?) of different orientations and terminations of Pa3
NaO; at 0 K without E_,, the correction energy difference between the surface slab and bulk
NaO; (AE_,,), which is the net correction energy applied to the surface energies, and the
corrected surface energies at 300 K. The O, gas limit (NayO, limit) represents the most
oxidizing condition, and the NayO, limit (O, gas limit) represents the most reducing
condition for Na,O, at 0 K (300 K). The lowest energy terminations are marked in bold for

each condition.
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PART ONE

Chapter 1. Non-Aqueous Metal-Air Batteries as an Energy Storage
System for Vehicles

Li-ion batteries are widely used in applications including small and portable
electronics such as cellphones and laptop computers and even for bigger systems such as
electric vehicles (“EVs”). In Li-ion batteries, Li" ions navigate from an anode to a cathode
through an electrolyte and intercalate during discharging, and the vice-versa reaction occurs
during charging. The most common Li intercalation cathodes for Li-ion batteries are based

on oxides such as layered LiCoO; (in the R 3m space group) and spinel LiMn,O4 (in the Fd

3m space group) and phosphates such as LiFePO, (in the Pnma space group) due to their
useful features in terms of affordable energy density, safety, and longer cyclability. Their
theoretical specific energy (in kWh/kg) and volumetric energy density (in kWh/L) are listed
in Table 1. In addition, the practical specific energies are substantially lower than the
theoretical ones by including but not being limited to the use of binders and electrolytes,
packaging, and wiring harnesses. The practical specific energy of these Li-ion batteries is
presented in Fig. 1. The current state-of-the-art Li-ion batteries are only able to provide less
than 200 km of driving range between charging, which is significantly far behind the needs
of 500km for full EVs."” Therefore, to develop commercially feasible EVs, an
electrochemical energy storage system with a higher energy density than Li-ion batteries is
needed.

A significant amount of research has been focused on studying metal-air batteries as a
replacement for Li-ion batteries because metal-air batteries provide much higher theoretical
specific energies than Li-ion batteries (Table 1), which is attributed to the low-weight O, gas
cathode and high-capacity metal anode. *° The practical specific energies of metal-air
batterics are generally estimated by applying a reduction factor of 4-7 to the theoretical

specific energies, as displayed in Fig. 1. The estimated practical specific energies of metal-air
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Table 1. Theoretical gravimetric and volumetric energy densities of Li-ion and metal-air
batteries. The discharge products for metal-air batteries are noted in parentheses. The energy

density values are calculated based on the active components only.

Theoretical energy density Theoretical energy density
System System
(kWh/kg) (kWh/L) (kWh/kg) (kWh/L)

LiCoO, 1.07 5.45 Na-air (Na0,) 1.60 448
LiFePO4 0.60 2.14 Ca-air (CaO) 2.64 8.82
LiMn,04 0.60 2.58 Li-air (Li,O) 3.46 7.99
Zn-air (ZnO) 0.55 3.07 Mg-air (MgO) 3.92 14.04
Na-air (NaO,) 1.10 2.43 Al-air (AL,O3) 4.31 16.81

batteries are comparable to or higher than those of Li-ion batteries, indicating that metal-air
batteries can possibly serve as an energy storage system for full EVs.

Various studies have been conducted mainly on Li-air batteries among the other types
of metal-air batteries because of their several advantages. First, Li-air batteries theoretically
have a high specific energy of 3.4 kWh/kg. Second, the use of Li ions, which is the common
feature of Li-ion and Li-air batteries, is likely to help in understanding the scientific and
engineering transition from the commercialized Li-ion batteries to Li-air batteries. Early
studies deployed carbonate-based electrolytes, which were typically used in Li-ion batteries.
More recent studies in 2010 and 2011, however, reported that the organic carbonate
electrolytes react with O, or discharge intermediates, resulting in the formation of Li,CO;
and CO, evolution.'*'¢ Therefore, it has been challenging to find electrolytes that are stable
against O, and discharge intermediates, facilitate the diffusion of O, and Li", and provide a
proper range of voltage windows. Intensive computational and experimental studies have
examined many organic solvent molecules, and ether- or sulfoxide-based electrolytes, such
as dimethoxyethane (DME), tetracthylene glycol dimethyl ether (TEGDME), and

dimethylsulfoxide (DMSO), have replaced carbonate electrolytes.'®?!
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Figure 1. The theoretical and practical gravimetric energy densities of Li-ion and metal-air
batteries. The practical energy densities of metal-air batteries are estimated by applying a
reduction factor of 4-7 to the theoretical ones, and the error bars denote the range of the

applied reduction factor.

Although the non-carbonate electrolytes slightly improved the performance of Li-air
batteries by increasing their capacity, the high charging and discharging overpotentials and
poor cyclability still remain, and these propensities suppress the power density of Li-air
batteries. Lu et al.** proposed a O, (superoxide)-involved discharge mechanism based on
rotating disk electrode (RDE) measurements, and later, Peng et al® validated this
mechanism using surface enhanced Raman spectroscopy (SERS). This LiO, or O, radical
contributes to the poor rechargeability by reacting with the electrolytes and/or carbon
electrode.'® ?* %> More details about the discharge and charge mechanisms can be found in
Chapter 3.

Based on these findings, many researchers focused on replacing Li-air battery
components such as catalysts, cathode materials, and electrolytes with ones that are more
stable against a nucleophilic attack by the superoxide radical and enhance the kinetics. For

instance, Peng et al.’® deployed gold, which is relatively resistive to the parasitic side
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reactions, as a cathode support, and Riaz et al?’ applied a Co304-doped Ni foam as a
promising cathode support material for the Li—O, batteries. In addition, recently, Ottakam
Thotiyl et al.*® reported TiC, and Li et al?® suggested Ru nanoparticles deposited on a
conductive indium tin oxide (ITO) as alternative cathode support materials, and both
substitutes benefit from the absence of carbon and resulted in greatly improved performance
of the Li—O; batteries.

In addition to the efforts to replace carbon cathode materials, recent studies have also
focused on a redox shuttle that promotes electron transfer to enhance the reaction kinetics
and thus lower the overpotentials. Chen ef al.*® achieved > 100 cycles with relatively low
overpotentials by adding tetrathiafulvalene (TTF) as a redox mediator, and Lim ef at>!
reported up to 900 cycles under ~0.25V overpotentials by employing a hierarchical
nanoporous carbon nanotube as an air electrode and Lil as a redox mediator. To the best of
our knowledge, this battery is the current state-of-the-art Li-air battery, exhibiting much
improved cyclability (~900 cycles) and power density and a discharge capacity of
1000 mAh/g under a current rate of 2000 mAh/g.

Meanwhile, unlike Li-air batteries, other metal-air batteries are relatively less
explored and remain in the early stage of development. While some metal-air batteries
exhibit higher energy density than Li-air batteries, e.g., Mg- and Al-air batteries, these
batteries are not electrochemically rechargeable and thus are not used as secondary
batteries.>* On the other hand, Zn- and Na-air batteries not only exhibit lower theoretical
specific energies than Li-air batteries but also suffer from dendrite formation of the metal
anode in addition to the problems in Li-air batteries including but not limited to the stability
of electrolytes, high overpotentials, and poor rate capability.” 3235

Most recently, promising battery performance has been reported in Na-air batteries,
with charging and discharging overpotentials as low as < 0.2 V. ' This result triggered a
new research direction in the field of metal-air batteries, especially for Na-air batteries. As
can be seen from Table 1, Na-air batteries can hold more than one discharge product, NaO,
and Na,O,, and the low charging and discharging overpotentials were observed only when
NaO, is formed as a discharge product. As the performance of Na-air batteries highly
depends on the type of the discharge product, understanding and controlling the formation

mechanism of the discharge products are crucial. Therefore, we address this question in Part
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Three. We would like to note that in addition to the discharge product issue, the typical
problems in Li-air batteries also exist in Na-air batteries, such as the selection of electrolytes
and electrode materials, understanding the discharging and charging mechanisms, and these

need further follow-up studies and experiments.

22



Chapter 2. DFT Functionals and Fitting Energy Correction Method

Density functional theory (“DFT™) is a computational modeling approach in quantum
mechanics that is used to predict the charge density, and in turn, material properties in many-
body systems. DFT is based on the idea that many-body interactions can be described by a
unique charge density » and that the functionals of the charge density can determine the
energy of the entire system. The functionals in DFT consist of the kinetic energy (7)),
potential energy (V), and electronic interaction energy (U). The kinetic energy functional of
interacting electrons is decomposed into two sub-parts: the part representing the kinetic
energy of non-interacting particles of density n (75, where s represents “single-particle”) and
the remainder. Similarly, the electronic interaction energy is divided into an electrostatic
Hartree term (Uy) and the remainder. The remainders (77, and U—Upy) are combined and
approximated in an exchange-correlation functional, E,.. Therefore, the accuracy of DFT
calculations depends on the design of FE,. Here, we used the generalized gradient
approximation (“GGA”)*® and the Heyd-Scuseria-Ernzerhof (“HSE”) screened hybrid

functional’®”** to model various oxidation states of Li-O and Na—O compounds, respectively.

2.1. GGA and HSE functionals

There are numerous exchange-correlation functional approximations. One can select a
specific E,. based on the purposes and systems to model, for instance, band structures in
solids, binding energies of molecules, and compromises between the computational cost and
accuracy. Among these bases of variations, the GGA functional approximates the charge
density » as a combination of a uniform electron density and its local gradient. Together with
the local density approximation (“LDA”), which assumes a uniform electron density, GGA is
also so-called “(semi-) local.” Despite their simplicity, the LDA and GGA functionals can
achieve good agreement with experimental data in a wide range of materials. However, these
(semi-)local functionals still have shortcomings, such as the under- and over-estimation of
bonding energies in LDA and GGA, respectively, lack of van-der-Waals interactions, and

self-interaction errors.
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To overcome the weaknesses of LDA and GGA, theorists have attempted to add
higher derivatives of the electron density to the exchange-correlation functionals to improve
the accuracy of calculations, for example, meta-GGA where the Laplacian of the electron
density is added.’ Because it is not guaranteed that the order of derivatives of the electron
density is necessarily related to the accuracy of the exchange-correlation functionals, another
approach has been conceived: adding a fraction of exact exchange, Hartree-Fock (“HF”), into
the GGA exchange-correlation. This theory is called a hybrid functional and has been
intensively tested on many aspects of systems from energetics to electronic properties.®” ***?
The hybrid functionals require much more computational resources, such as memory and
time, than the (semi-)local LDA and GGA functionals. However, the hybrid functionals are
regarded as having superior performance compared v;/ith the conventional DFT functionals
due to the cancellation of self-interaction errors by adding the non-local exact HF
exchange.”” *1"*

The most popular hybrid functional for solids is HSE, for which the exchange terms
are divided into short-range and long-range parts and described by HF and GGA exchanges:

E)l;SE — lEFF,SR(w)+§_EfGA,SR(w)+ ESGA,LR(w)_’_ E?GA
4 4 , Eq. (2-1)
where @ is the screening parameter set to 0.207 A™" (0.11 bohr™") for HSE06,* to reduce the
computational cost. The HSE functional is reported to perform better at predicting lattice
constants, bulk moduli, formation energies, and band gaps.***!
Throughout this thesis, the Vienna ab-initio simulation package (“VASP”)* and the
projector augmented-wave (“PAW") approach™® were used to calculate the total energy of

Li—O and Na—O compounds with the GGA and HSE functionals, respectively.

. . . . *
2.2. Correction energy for oxides, peroxides, and superoxides

It is well known that DFT predicts the formation energies of oxides (0”) less
accurately than other properties. The overbinding of O, molecules in DFT calculations

(6.04 eV in GGA and 5.17 €V in HSE) compared with the experimental value (5.12 eV) as

" This section has been accepted to Chemistry of Materials and Nano Letters for publication.
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well as the electron transfer to form O from O, are the main factors in the inaccuracy.
Wang ef al*’ observed a constant energy shift of the formation energies from calculated
values in GGA+U to experimental values for transition metal oxides, where the oxygen ions
are in the O°” state. In this method, the energy shift was observed to be —1.36 eV/O,, and this
correction energy was broadly applied to, for instance, the prediction of materials stability,
oxidation/reduction energies, and particle morphology.**°

Triggered by Wang ef al.’s study,”’ several methods have been proposed to correct
the formation energies of metal-oxygen systems, particularly those simultaneously involving

oxides, peroxides and superoxides. Mo et al.”’

used the O, chemical potential that reproduces
the experimental reaction energy between LiO, and Li,O, and, Lee et al > applied this
approach to a Na—O system. On the other hand, Radin ef al.> adopted the O, chemical
potential from the experimental binding energy of the O, gas molecule. In addition,
Hummelshgj ef al. linked the O, chemical potential to the experimental formation energy of

4
water,’

and these authors later proposed a correction energy for oxides, peroxides, and
superoxides, which is obtained by the linear regression of the calculated formation energies
of compounds to their experimental formation enthalpics, as Wang er al.*’ performed.
However, these researchers lumped oxides, peroxides, and superoxides together and ignored
the different charge transfer natures depending on the oxygen valence states.*

Unfortunately, none of the above-proposed methods systematically corrects the
energies in the different chemical environments, 0%, 0,5, and O, originating from the
O—-0 binding and electron transfer. Hence, we developed a correction method treating oxides,
peroxides, and superoxides separately.’® >’ We fitted the calculated formation energies of
each oxygen valence state to its standard state experimental values, extended from the
suggested method mentioned in Wang ef al."’

The oxidation energy correction is obtained by calculating the formation energies of

various non-transition metal oxides as

AL, = EMXO_‘, —xEy - %Eol

: Eq. (2-2)
where E; is the total energy calculated in DFT for a compound i/ at its reference state under
the standard state (300 K and 1 atm). For example, E;; and Ey, represent the total energy of

Li and Na metal in the body-centered cubic structures, respectively, and E_ is the total
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energy of O, gas. These calculated formation energies are plotted versus the experimental
formation enthalpies at the standard state obtained from NIST-JANAF?® in Fig. 2. We used
Li,O, Na,O, MgO, CaO, ALOs, and K,0O for oxides; Li,O,, Na,0,, K20,, and SrO, for
peroxides; and NaO,, KO,, and RbO; for superoxides. From this plot in Fig. 2, the oxidation
correction energies, Eqxd, Were obtained as 1.33, 0.85, and 0.23 eV/O; in GGA and 1.05, 0.76,

and 0.33 eV/0O; in HSE for oxides, peroxides, and superoxides, respectively.
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Figure 2. The formation energies calculated in (a) GGA and (b) HSE plotted versus the
experimental formation enthalpies at the standard state (300 K and 1 atm)5¢ in eV /O for oxides
(blue triangles), peroxides (red squares), and superoxides (green circles). The data points
corresponding to Li;0; and SrO; overlap on this scale. The insets show zoomed-in formation
energies for superoxides. The trend lines with slope = 1 are plotted for each group, and the
oxidation energy correction is the y-intercept of each line. Reprinted with permission from
Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336 and Kang,
S.; Mo, Y.; Ong, S. P; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American

Chemical Society.
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The correction energy differences between oxides and superoxides are 1.10 and
0.72 eV/O, in GGA and HSE, respectively, which indicates that the HSE functional performs
slightly better than GGA in terms of the relative stability of oxides, peroxides, and
superoxides. However, both the HSE and GGA functionals are unable to successfully predict
accurate energies of metal-oxygen compounds. The origin of such errors is beyond the scope
of this thesis. Thus, both functionals were used to evaluate the electrochemistry in Li—O and
Na—O systems in this thesis, and the corresponding oxidation correction energy for each

functional was applied.
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PART TWO*

Chapter 3. Literature Review: Charging and Discharging

Mechanisms in Li-Air Batteries

. . . . . PE Y - . .
Li-air batteries, in which Li" ions react with oxygen, represent an enticing novel

rechargeable battery technology,’® **¢'

offering the potential for a high theoretical specific
energy due to their low weight and the high reaction energy of Li metal. However, the
technology 1is still in its infancy, and the scientific and technical challenges remain to be
overcome. These challenges are described in several good review papers.” '* > It has been
well established that the overall reaction in a Li—O; cell is the oxidation of Li to Li,O, upon

. . . 13. 61-64. 66-
discharge and its subsequent reduction upon charge:” '*- 6164 66-68

discharge
2LiT+ 0+ 2¢” e Li0,. Eq. (3-1)

However, the details of the microscopic mechanisms in these reactions still remain mostly
unknown, although such understanding is needed to optimize the rate and cycle life and
decrease the large voltage polarization that is currently needed to operate the cell. In
particular, the large voltage hysteresis leads to large energy losses and would exclude Li-air
as a viable technology for EVs.” 124 26, 39-65
While early work was often plagued by the reactivity of the discharge products with

the electrolyte solvent,'*'% 20 ¢

recent experiments have slightly shifted their focus to
appropriately stable electrolytes, which have demonstrated the overall reaction as the
formation of Li,O, with few byproducts in discharge.'® '6: 26 60 66 6 The reduction of
dissolved O, to O, reacting with Li" to make LiO, (“lithium superoxide”) was demonstrated
by in-situ surface enhanced Raman spectroscopy (SERS), and the LiO, species are not stable

in the cell and disproportionate to Li;O, and O, in the discharging process.zl’ 2. 70 The

* This part has been accepted to Chemistry of Materials for publication.
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discharge curve is usually characterized by a relatively flat potential, which suggests a multi-
phase reaction process. 2 %61 66.71. 72

On the other hand, less is understood about the process by which the cell recharges,
only that it requires a substantial overpotential. Direct evidence has been provided by
differential electrochemical mass spectrometry (DEMS) and various characterization
techniques and has explained that the charging reaction involves the decomposition of Li,0;
to Li and O,.'626-60-67.69.73.74 However, in contrast to the relatively flat potential in discharge,
oxidization phenomena between 3.2V and higher than 4 V have been observed in the
charging process, 126 3% 60.63. 64, 66-68.71.72.75. 76
More recent experiments have demonstrated that O, evolution begins at a relatively

16, 2 4 .
6.26.7%™ and a clear plateau is observed at a voltage

low charging voltage (as low as 3.1 V),
of 3.2-3.3 V in the charging curve® °>7* 7> 77 I addition, a significant fraction of
capacity (~30—50% of total discharged capacity) has been observed to be charged at this low-

26, 60.74. 7. 7. 8 which is significantly lower than the previously reported

voltage plateau,
charging voltage of 3.6 V to higher than 4 V. In addition, an improved rate capability is
reported in these studies with low charging overpotential. For example, Refs. 26, 60, and 77
showed a ~10 fold improvement in the charging rate, and Ref. 16 demonstrated that the
current associated with the peak at 3.2 V is 50—100% higher compared with current peaks at
higher voltages.

This recent progress has shed light on one of the significant challenges of Li-air
batteries, its high charging overpotential. A few charging mechanisms have been proposed to
explain the low charging overpotential and improved kinetics. Representatively, Hummelshoj
et al.> suggested the decomposition of Li,O; particles at kink and step sites on surfaces to
account for the low overpotential at the initial stage of charging. However, Hummelshgj et al.
disregard the density of kink and step sites, which is expected to be small on Li,O; particles,
which are approximately hundreds of nanometers in diameter.®””” More importantly, even if
Li,0; is preferentially removed at kink and step sites, this process will end as soon as the
terrace that forms the kinks and steps is consumed in the charge.” ' %% 7% A charging
mechanism that involves the formation of LiO, as an intermediate has been proposed by Lu

and Shao-Horn,®' and recent studies by Yang er al.” have reported the existence of LiO,-like

species in the discharged product. These LiO,-like species were attributed to the superoxide-

29



like Os-rich surfaces of LiO; and/or the small clusters of Li,O,. The superoxides were
observed to be the origin of the initial ~40% of charging capacity at a voltage plateau
~3.2-3.5V and disappeared as soon as the sample was charged back to higher than 3.7 V.
However, neither the decomposition path from Li,O, through LiO; nor how this path can
serve as a fast rate pathway at low overpotential has been clarified. Thus, numerous issues
remain unsolved regarding what controls the overpotential and kinetics in oxidation.

To clarify this issue, we propose that a more facile path for Li,O, charging exists that
requires only approximately 370 mV of overpotential, which is in good agreement with
experiments. At this relatively small overpotential, the discharge product Li,O; is delithiated
topotactically to form off-stoichiometric Li,—,O, compounds. We find that the formation of
these off-stoichiometric states is energetically favorable and is likely to be kinetically easy.

51, 53, 54, 82-85

The previously predicted good electronic and ionic conductivity in these off-

stoichiometric states would further enhance delithiation until these products eventually break
up into Li* and O, or O, species, with possible dissolution in the electrolyte.” ** 78

To prove this mechanism, we predict the crystal structures of LiO; and the
intermediate compounds in the topotactic delithiation path for Li,O; in Chapter 4.1 and
calculate the energetics to pass through the off-stoichiometric Li>—,O» compounds in Chapter

5.1.
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Chapter 4. Structure Prediction for Metastable LiO, Phase

4.1. Methods

4.1.1. Computational setting and formation energy formula
The total energies of compounds were calculated using the HSE functional®”** with
the PAW method*® in VASP.*® In this method, the plane wave energy cutoff was set at
500 eV, and a k-point mesh was sampled with < 0.05 A™' k-points spacing. All the structures
were relaxed until the total energies were converged to within 10 > eV/atom.

The formation free energy of LiO; was calculated as

AGf,Lio2 = Euo2 - TSLio2 - (ELi - TSH ) - (E()2 - TS()Z) Eq. (4_1)

where E , , E,;,and E, are the total energies of the LiO, compound, bulk metallic Li, and

an O, molecule as computed in HSE, respectively, T is the temperature (298.15 K in this

work), and S;;, , S;,and S, are the entropies of the LiO; compound, bulk metallic Li, and

O, gas, respectively. The entropies of Li metal and O, gas were obtained from the
experimental values under standard conditions (298.15 K, 1 atm)®®, which are 0.30 meV/K
and 2.13 meV/K per formula unit of Li and O,, respectively. Because there is no measured
entropy for bulk LiO,, we approximated the entropy of solid state LiO, based on the entropy
of other alkali metal superoxides (NaO; and KO,) obtained from the CRC thermodynamics
da’[abalse,87 which are 1.20 meV/K and 1.21 meV/K per formula unit of NaO, and KO,,
respectively, at the standard state. Even though the structures of NaO, and KO, are different
(disordered Pa 3 cubic for NaO; and I4/mmm for KO,) at the standard state, their formation
enthalpies and entropies are very similar. In addition, our calculation indicates that the
formation enthalpy of LiO, is also very close to that of NaO; and KO,. Therefore, as an

approximation, we adopted a value 1.21 meV/K per formula unit for the entropy of LiO5.

4.1.2.  Structure motifs for crystalline LiO,
The structure of Li,O, (Fig. 3(a)) consists of close-packed layers of Li ions stacked in

an ABAC arrangement along the c-axis®® ¥ and O, dimers aligned along the c-axis
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straddling one of the Li layers. There are two symmetrically distinct Li sites in LiO,, where
we have labeled P (Li site in the O,” layer) and L (Li site in the Li-only layer) in Fig. 3(a),
and this notation will be used throughout this thesis. It has been previously established that

the P sites are higher in energy in the Li,O; structure, and therefore, the P sites tend to be the

s : 5 4
favorable sites to form Li vacancies.>* %%
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Figure 3. The structure for Li202 (a) and candidate structures for LiOz (b-h). The green spheres
represent Li ions, and the red spheres represent O ions. The oxygen bonds are marked as red
bars. (a) Two distinct Li sites exist in the Li2O: structure with the P63/mmc space group: a site
that forms a Li-only layer (henceforth known as the “L” site) and a site in the plane that contains
the 022- bond centers (henceforth labeled as the “P” site). From (b) to (h), nine candidate LiO>
structures are displayed accordingly. (b) The structures derived from Liz02 by extracting two Li
ions from a Li20: unit cell, which are labeled by their symmetry; (c) layered P3 structure by
removing Na and replacing Co with Li from P3 NaCoOz; (d) marcasite structure; (e) C2/m
structure, where Li and 02~ layers are alternately stacked; (f) [4/mmm structure, where LiO:
dimers are arranged in a bipyramid structure; (g) pyrite structure; and (h) a structure in the
Pbca space group, which has a similar arrangement of atoms as in the pyrite structure but in an
orthorhombic lattice. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G.
Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical Society.
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While it 1s usually assumed that Li;O, is stoichiometric, topotactic removal of Li with
oxidation of O,” to O, is conceivable as both oxidation states of O, exist. As this oxidation
removes an anti-bonding electron, it results in a decrease in the bond length of O,, similar to
the size change of a transition metal ion in a Li-ion intercalation cathode when it is oxidized.
We also observe that the structure of Li,O, is similar to that of P2 NaCo0,.’' The Li,O,
structure can be obtained by substituting Na and Co cations in P2 NaCoO; for Li ions and
decreasing the O—O bond distance to form peroxide bonds. P2 NaCoO, is a well-known
intercalation electrode material in Na-ion batteries, indicating that 1.0, could undergo
topotactic delithiation as well. More specifically, the oxidation of 2 0> to O, has recently
been demonstrated computationally in Li;MnOs3, lending further credence to the idea that
topotactic Li removal with peroxide ion formation is possible in host structures.”

First, we investigated the relative stability of various LiO; structures, and then, we
proceeded to determine the overpotential needed to form intermediates between LiO, and
Li,0;. Nine possible structure types were evaluated as the possible ground state for LiO;:

1) Three symmetrically distinct structures are obtained by extracting two Li atoms
from a single Li;O; unit cell (from Figs. 3(b-1) to 3(b-3)). The Li,O, derivatives in Fig. 3(b)
arc labeled by the symmetry of the relaxed structure and a descriptor of the main structure
feature. For example, the structure labeled P63y/mmc-layered in Fig. 3(b-1) has alternating Li
and O, layers stacked along the c-axis. The P6y/mmc-monomer structure in Fig. 3(b-2) is
comprised of LiO, monomers. The P 3 m-disproportionated structure in Fig. 3(b-3) is named
after the fact that its relaxed final structure is a “disproportionated state” that resembles
%2 L1207 + %2 O3 (see Chapter 5.1 for details).

2) A R 3m (P3 layered) structure is obtained by removing Na and replacing Co with
Li from the layered P3 NaCoO, structure (Fig. 3(c)).91 Given the structural similarity
between Li,O, and P2 NaCoO,, we investigated this analogue of the P3 structure as a
candidate structure for the ground state LiO,.

3) The additional structures in Figs. 3(d) to 3(h) are obtained by substituting metal
ions with Li in known superoxides and peroxides with AO; stoichiometry, such as NaO,,
KQO;, RbO,, and CsO, as known superoxides and BaO,, Ca0O,, CdO,, HgO,, MgO,, SrO,, and
Zn0;, as known AQ; stoichiometry peroxides.
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4.2. Results
4.2.1. Calculated energies of LiO; bulk structures

The computed HSE formation free energies for the candidate structures of LiO, are
plotted in Fig. 4 based on Eq. (4-1). We find that the marcasite structure in the Pnnm space
group (Fig. 3(d)) is the ground state structure for LiO, with a formation free energy of
—2.68 eV/0,. The ground state structure is consistent with an experimental diffraction study
of LiO, at 4.2 K** and with previous computational studies on a small number of possible
structures.” *°

Furthermore, we find that LiO; is not thermodynamically stable when the oxygen
energy is set to represent O, gas at 1 atm and 298.15 K, as the lowest free energy at that
composition is a combination of % Li,O, + ¥ O,. This result indicates that Eq. (3-1) is truly

94, 95

the thermodynamically favored reaction at this condition, which is consistent with LiO»

being observed to disproportionate into Li;O; and O during discharge.”” ** Nevertheless,
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Figure 4. The calculated formation free energy (in eV/02) of the different structures considered
for LiOz. Multiple data-points indicate the energies computed from different initial structures,
such as NaO;, CsOz, and MgO;, or from different magnetic states. The lowest energy structure is
Pnnm (-2.68 eV/0;). Reprinted with permission from Kang, S; Mo, Y.; Ong, S. P; Ceder, G.
Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical Society.
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note that this result will depend on the applied O, chemical potential. At high enough O,
chemical potentials, which can be a high O, partial pressure and/or low temperature, it is
possible for LiO; to be thermodynamically stable.

The three LiO; structures derived from P6;/mmc Li,O; are of special interest in this
study as these structures could be easily created by topotactic delithiation of Li,O, during
charging. Among these structures, we select to neglect the P 3 m-disproportionated structure
because it is a “disproportionated state,” which resembles Y2 Li,O, + %O, The
disproportionation is confirmed by the fact that the lengths of two O, bonds in the unit cell
are split into 1.21 A and 1.51 A, which are the typical bond lengths of O, and 0,
respectively. When neglecting this structure, the P6sy/mmc-layered structure has the lowest
energy among the structures derived from topotactically delithiating Li,O,. The formation
free energy of the P63y/mmc-layered structure, —2.61 eV/O,, indicates that topotactic removal

of Li from Li,0O; is not much higher in energy than the formation of the 1.iO; ground state.

4.2.2.  Phonon spectra for LiO; bulk structures

To investigate the dynamic stability of LiO, structures, we computed the phonon
spectra of 11O, in its ground state Pnnm structure and topotactically delithiated P6sy/mmc-
layered structure. The phonon calculations for LiO, were performed based on the small
displacement method within the harmonic approximation using the PHON code.”®
Symmetrically distinct displacements of atoms by 0.04 A were introduced in a 3 x3 x3
supercell for Pnnm LiO; and a 3 x 3 x 2 supercell for P6s/mme-layered LiO,. The lattice
parameters and atomic positions of these supercells were optimized in GGA. The unit cells of
both structures were relaxed until the total energies and forces were converged to within
1077 eV and 107 eV/A per formula unit, respectively, and the phonon density of states
(“DOS”) was computed using a 25 x 20 x 30 and 30 x 30 x 18 g-points grid for Pnnm and
P6ymmc-layered 1.10,, respectively. To maintain reasonable computational costs, the
phonon calculations were performed using the GGA functional instead of the HSE functional.

No imaginary vibrational frequency appears in the computed phonon dispersion in
either Pnnm or P63y/mmc-layered LiO, (Fig. 5), which suggests that both LiO, structures are
dynamically stable. The phonon spectra of Pnnm and P6ymmc-layered LiO, exhibit some
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common features, such as i) a broad phonon band at low frequencies, which is relatively flat
in the wave vector space and has contributions from both cations and anions; ii) a wide
phonon band gap in the range of 380 to 970 ¢cm ' for Pnnm and of 410 to 1085 cm™' for
P63ymmc-layered; and iii) a localized phonon band at high frequencies arising from the O,
anions. The O, vibration modes have higher frequencies for P6y/mmc-layered 110, (ranging
from 1085 to 1290 cm ') than for Pnnm (ranging from 970 to 1173 cm™"), indicating that the
O, bonds in P6ymmc-layered 1.10, are stronger than those in Pnnm LiO,.

The peak frequency of the O, vibrational mode in the phonon DOS (Fig. 5) is
located at 1089 cm ! for P6y/mmc-layered 1i0,, which is comparable to the experimentally

detected O—O stretching frequencies of Li0O, monomer gas (1094 em 7%

and an isolated
0, radical (1090 cm ').*” More importantly, the O, vibrational mode in P6 ymmc-layered
LiO; agrees with the Raman peak for LiO,-like species at 1125 cm ! observed at the end of
discharge of Li-air batteries.”® On the other hand, the peak frequency of the O, vibrational
mode in Pnnm is located at 996 cm ™. This frequency is significantly lower than the value of
1103 cm™ reported in previous computational works, which analyzed the I'-X-S-Y-T
segment for Pnnm Li0,.”*° Our lower frequencies, however, occurred along the Z-U-R-T-Z
high symmetry g-lines for the O, phonon branch, which was not reported in the previous
work.” Therefore, the LiO, in the P63/mmc-layered structure rather than Pnnm structure

could be a possible structure that accounts for the peak at 1125 cm™' observed in the Raman

spectrum during the operation of the Li—O, battery.”
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Figure 5. Phonon dispersion and density of states for LiOz in the (a) Pnnm and (b) P63/mmc-
layered structures. The partial phonon density of states contributed from Li and O are
represented in red and blue, respectively. Reprinted with permission from Kang, S.; Mo, Y.; Ong,
S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American

Chemical Society.
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Chapter 5. Understanding the Charging Mechanism in Li-Air

Batteries

To understand the energetics of our proposed charging mechanism, “topotactic
delithiation of Li,0,,” we predicted the lowest energy compounds between Li;O, and LiO,

and calculated the voltage steps starting from Li,O5.

5.1. Methods

5.1.1. Formation free energy and voltage formalism
The formation free energies of Li;—,O, intermediate compounds (0 <x < 1) during
charging as well as Li,0, Li,0O,, and LiO; stoichiometric compounds were computed with

respect to elemental chemical potentials as follows:

AG, 10, = Euio, ~ TS0, —a(ELI _TSu)_%(Eoz ‘TS02>

Eq. (5-1)
where E, , is the total energy of the Li,O» compound computed in HSE, T'is 298.15 K, and

Sii0, 18 the entropy of the Li,05 compound. The entropies of Li;O, Li,O,, Li metal, and O

gas were obtained from the experimental values under the standard conditions (298.15 K,
1 atm),58 which are 0.39 meV/K, 0.59 meV/K, 0.30 meV/K, and 2.13 meV/K per formula
unit of Li,0, Li;O4, Li, and O, respectively. The entropies of the intermediate states Li ,O,
(0 <x <1) were obtained by linearly interpolating the entropies of Li,O, and LiO,. The
linear interpolation of entropy values is a crude approximation; however, given that the low
energy structures we are primarily interested in are “phase-separated” forms (see Chapter
5.1.2), the approximation should be relatively valid. The equilibrium voltage between

intermediate compounds during charging, Li, O, and Li, , O,, is given by the following
expression:'®

AG Fli 0, AG f Ly 1,0,
()C2 - X )F

p=- , Eq. (5-2)

where F'is the Faraday constant.
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5.1.2. Prediction of off-stoichiometric compounds Li,-.O;

To determine whether topotactic removal of Li ions from Li;O; is possible at the
early stage of charging, we evaluated the energies of the off-stoichiometry compositions,
Li; 7502, Liis002, and Lij250,. For each of the intermediate compositions, a reasonable
number of candidate structures was considered by taking into account different arrangements
of Li atoms and vacancies, which were generated as follows:

1) Two symmetrically distinct structures for Lij 500, are generated by removing one
Li atom from P or L site in a single unit cell of Li,O, (see Fig. 3(a)).

2) All symmetrically distinct arrangements of Li ions and vacancies in the 1 x 1 x 2
and 2 x 1 x 1 supercells of Li,O, were considered. These arrangements yield six, twelve, and
thirty structures for the Li; 750, Li; 5002, and Li; 250, compositions, respectively.

3) The “phase-separated structures” are further investigated in the 1 x1 x4 and
4 x 1 x 1 supercells. The phase-separated structures are comprised of distinct domains of

pure Li,O, and LiO; compositions. Among the phase-separated structures, some specific
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Figure 6. (a) A layered structure of Lizx0z (0 <x< 1), where the Li;0; and LiO; phases are
separated by the a-b plane, and (b) a channel structure of Liz-x02 (0 <x < 1), where the Li;02 and
LiO, phases are separated by the a-c or b-c planes. Yellow shading is used to highlight LiO:
regions distinguished from Li20z. Reprinted with permission from Kang, S,; Mo, Y.; Ong, S. P;
Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical
Society.
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structures are labeled as layered (Fig. 6(a)) and channel (Fig. 6(b)) structures. In the layered
structure, the domain boundaries are parallel to the a-b plane, whereas the domain boundaries
are in the a-c or b-c planes in the channel structure. We calculated eight Lij 750, nine
Li; 5002, and eight Li; 250, phase-separated structures.

In total, we considered 14, 23, and 38 symmetrically distinct structures for Li; 7502,

Li; 5002, and Lij 250, compositions, respectively.

5.2. Results

Fig. 7 shows the energy of a large number of structures between compositions Li;O,
and LiO, relative to the equilibrium Li,0,—O; tie line. Surprisingly, there are multiple off-
stoichiometric Li»—O, configurations that have relatively low energy above the equilibrium
state. We find that all the lowest energy off-stoichiometric structures are /ayered structures of

the type depicted in Fig. 6(a), where LiO; and Li,O, domains are separated by a boundary in
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Figure 7. The formation free energy (eV/O2) of the off-stoichiometry Liz-x02 structures
referenced to the equilibrium in Eq. (3-1). The red solid line connects the lowest energy off-
stoichiometry Liz-yO2 structures starting from Li;Oz with the ground state structure of LiO:z
(Pnnm), whereas the red dashed line ends with the topotactically delithiated P63/mmc-layered
Li0; structure. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of
Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical Society.
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the a-b plane. The lowest energy structures are shown in Fig. 8, and their calculated
formation enthalpies and lattice parameters are summarized in Table 2. In all these structures,
Li atoms are extracted from the layers that contain the peroxide centers, i.e., P sites. Such
layer-by-layer Li extraction allows the nearby O, groups to relax without interfering with
the O,>~ groups in other layers. As more Li atoms are extracted, more so-called “superoxide”
layers are formed. Our results indicate that the lowest energy structures tend to group

peroxides and superoxides in layers, most likely to minimize strain. However, the energy of
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Figure 8. The non-equilibrium voltage profile from Liz02 (x = 0) to Oz (x = 2). The red solid and
dotted line indicates the predicted topotactic oxidation path. The dashed blue line denotes the
direct decomposition of Liz0; into 2 Li* + 2 e~ + 02. The lowest energy structures are shown
along the path. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of
Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical Society.
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structures when they are grouped but not layered, such as channel structures, is only
marginally higher than that of the layered ones (see Fig. 9).

Fig. 8 compares the calculated voltage profile for the thermodynamically stable path
(blue) and for the metastable path formed from delithiating Li,O, (red). The calculated
equilibrium voltage of 2.97 V for the decomposition of Li;0, to 2 Li' +2 e + O, agrees with
the experimental value of 2.96 V.® As to the metastable topotactic delithiation path, the
predicted voltage plateau at 3.34 V is consistent with the experimentally observed charging
voltage plateau at 3.1-3.3 V,'626.60.73-75 designating that these off-stoichiometric structures
are certainly accessible in the charge process. Because the topotactic delithiation is a non-

equilibrium path, its initial charging voltage is above the equilibrium voltage and behaves

Table 2. The calculated formation enthalpy in eV per formula unit, experimental entropy in
meV/K per formula unit, and oxidation energy correction in eV per formula unit obtained in
Chapter 2.2 for Li metal, 02 gas, and Li-O compounds. The formation enthalpies of the
intermediate compounds, Li1750z, Liis002 and Lii2502, are obtained from the lowest energy
structures in Fig.8, and their entropies and oxidation energy correction are linearly
interpolated from Liz0z and LiO2. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.;
Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American Chemical
Society.

Calculated AHorm Experimental S Oxidation energy

Compounds
without correction (eV) (meV/K) correction (eV)

L0 0.00 0.30 -
Li;O =572 0.39 0.53
Li,O, =5.82 0.59 0.76
Li; 750, -5.03 0.74 0.65
Li; 500, —4.23 0.90 0.55
Li; 250, —-3.45 1.05 0.44
Pnnm LiO; i 1.21 0.33
P63/mmc-layered LiO; —2.64 1.21 0.33

0O, 0.00 213 -
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non-monotonically as the charging proceeds. This result is unlike an equilibrium oxidation
profile, which must have a non-decreasing voltage to satisfy thermodynamic stability
conditions. The initially higher voltage of the topotactic path must be compensated by a
lower voltage at the end of charge because the average voltage for two paths between the
same compounds is a conserved quantity. However, any decrease in voltage along a charging
path will lead to instabilities and current localization in the electrode and, hence, will not be

directly observed, as described in Chapter 5.3.

Figure 9 (next page). The formation energy (eV/02) of (a) Lii17502 (b) Li1s002 and (c) Li12502
referenced to the equilibrium phases in Eq. (3-1). The “layered” structures have the lowest
energy, followed by the “channel” and other “phase-separated” structures. The “solid solution”
structures are highest in energy. Representative structures for each group are inserted with
superoxide regions highlighted by yellow boxes. The lowest-energy layered structures are
displayed in Fig. 8, and their energies are listed in Table 2. Reprinted with permission from
Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright
2014 American Chemical Society.
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5.3. Implication to the charging mechanism in Li-air batteries

People tend to think of polarization in electrochemical experiments as the extra force
required to drive the equilibrium reaction forward (e.g., to overcome nucleation barriers, Li"
or electron transport problems, or catalytic barriers). Unlikely, our results demand a different
viewpoint: when the equilibrium voltage is applied, the chemical potential of L1 in the system
allows only the equilibrium reaction to proceed. However, once an overpotential is applied,
the number of accessible paths becomes much larger: any path along which the required
voltage remains below the applied voltage can be used by the system. Out of all these
possible reaction paths, the one that proceeds the fastest is the one the system will pick. One
should, therefore, think of the overpotential as “enabling more reactions paths,” rather than
making the thermodynamic path faster. Similar arguments have been made to understand
conversion reactions'’' and the rapid kinetics of the first-order phase transition in LiFePO,
upon charging and discharging.'®

An off-stoichiometric path is likely to be a facile path for transformation. Multiple
theoretical studies indicate that once vacancies are created, the mobility of a Li vacancy in
Li,O; is high with a migration energy barrier of ~0.3-0.4 eV.> 3% In addition, the energy
to create Li vacancies has been predicted to be as low as ~0.1 to 0.3 eV on the top layer of
Li,0, surfaces.”” > Removal of Li" also creates electronic holes that have a reasonably low
activation barrier for motion.* Therefore, reliable electronic conductivity can be expected in
off-stoichiometric peroxide particles.

We first discuss the mechanism by which a single particle of LiO, can decompose,
and then, the consequences for the multi-particle electrode behavior are evaluated. To charge
Li,0,, both Li and O must be removed. Because it has typically been assumed that Li,O; is
stoichiometric, both Li and O must be removed at the same rate from the particle, apart from
stoichiometry variations in the surface layer.”! Our results indicate that simultaneous O and
Li removal is not the only option. We find that off-stoichiometric delithiation with local
superoxide ion formation in the material can proceed at a low overpotential without leading
to mechanical instability in the structure. The off-stoichiometric phase is easy to form during
charging, given the low formation energy of bulk Li,O, phases, which is
thermodynamically accessible under a small overpotential. More importantly, the attraction

among Li vacancies and the energetic preference of Li vacancies to P sites facilitates the
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clustering of Li vacancies and the nucleation of LiO; layers in the Li,O, framework (Figs. 6
and 8). Because the mobility of Li" is expected to be good in the off-stoichiometric material
as well as in the electrolyte, while the O, evolution from the surface appears to be hindered
by a substantial energy barrier,” it is likely that O, removal lags behind Li removal, creating
off-stoichiometric Li,-,O, states in a particle. The nature of degree of off-stoichiometry “x”
depends on the relative O, versus Li removal rates and hence on the particle size, electronic
wiring, and electrolyte. In the limit where O, removal is very slow, a particle will be
homogenously delithiated until it reaches a critical value of x, where it starts to release O, gas
or dissolve in the electrolyte. However, we argue below that even under this scenario, such
metastable off-stoichiometric states may be difficult to observe as they lead to particle-by-
particle inhomogeneous reactions. Nonetheless, these states are critical to understand the
kinetics and atomistic-level mechanism of Li;O; charging.

Our findings apply to the reaction path that a single Li,O, particle takes. How such
single particle behavior manifests itself at the macroscopic electrode scale, which consists of
a large number of interacting particles, depends on the shape of the voltage profile and on the
electrode construction. An important consequence is that the non-monotonic topotactic
voltage profile in Fig. 8 will lead to an inhomogeneous reaction of the electrode (see Fig. 10).
Apart from the small voltage increase as x reaches 0.75 in Fig. 8, the voltage is either
constant or decreasing as the charge proceeds, indicating that once delithiation of the
peroxide starts, it will continue rapidly and locally (under constant applied voltage) because
the driving force for Li removal increases with increasing state of charge (a condition
opposite to a thermodynamic equilibrium path). Once this reaction starts in a particle, it will
continue at the maximum rate consistent with the Li* and hole mobility in the solid. At some
level of delithiation, this particle will become unstable and either dissolve in the electrolyte
or release O, gas. Fig. 7 shows that the excess energy (above the equilibrium) of the
delithiated peroxide increases with x, indicating that the structures become increasingly
unstable as x increases in Liy yO,. The lower plateau at 2.61 V at x > 1 in Fig. 8 corresponds
to the decomposition potential of LiO, in the P63/mmc-layered structure (Fig.4). This
potential is well below the typical charging voltage, and hence, no long-lived LiO; is

expected in the charge process, which is confirmed by in-situ SERS characterization.®
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Figure 10. A facile off-stoichiometric mechanism of charging in Li-O; batteries. Due to the non-
monotonic voltage profile upon charging (Fig. 8), only a few Li>0; particles are involved in the
topotactic delithiation at any given time. Reprinted with permission from Kang, S.; Mo, Y; Ong, S.
P.; Ceder, G. Chemistry of Materials 2013, 25 (16), 3328-3336. Copyright 2014 American

Chemical Society.

Notably, our predicted potential for LiO; is very close to the typical discharge potentials

26-90 \which is consistent with the first step in discharge being the

observed in Li-air cells,
formation of the metastable superoxide. However, in charge, either decomposition before
x=1 or topotactic delithiation of Li;O, to LiO, occurs, with the LiO, immediately
decomposing. In either case, the superoxide will not be observed.

When the charging mechanism occurs along the topotactic delithiation pathway to
Liy—0,, near x = 1, LiO, may simply dissolve into the electrolyte,*® and the last oxidation
step of O2" to O, may occur on the surfaces of the electrode pores or at catalytic additives

63,67, 71,72, 103 1f the material disintegrates at before reaching LiO, (x < 1), then, some

present.
amount of disproportionation will occur from Li, 05 into (1—x) Li,O; + x LiO,, which, with
dissolution of the superoxide, would lead to (1—x) Li;O; + x [Li'] + x [027].

It is important to stress that our results provide a mechanism by which Li,O, particles
can lose Li" upon charging; however, our results do not argue that the electrode as a whole
passes homogenously through these off-stoichiometric states. Two factors will promote
inhomogeneous charging. The shape of the predicted voltage profile along the non-
equilibrium path drives localization of current in the electrode as it leads to accelerated

charging of the particles that — due to their size or connectivity and position in the electrode —

proceed first in delithiation. A secondary effect is that the particles that charge first will
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locally inject Li* and O, species in the electrolyte at a high rate when they decompose and
decrease the local potential, preventing nearby Li,O, particles from reacting until the excess
Li" and O, are removed by diffusion through the electrode porosity. This local particle-by-
particle charging illustrated in Fig. 10 has been observed in experiments.’” Scanning electron
microscopy (SEM) characterization by Harding er al.®’ demonstrated that the electrode
charged by 50% contains a reduced number of Li,O, particles, while the size of the left Li,O,

particles remains the same as before charging. Neither the direct surface decomposition®" >

nor the stepped surface-facilitated mechanism™>>™

can explain this inhomogeneous
decomposition mechanism at the beginning of charge in Li-O, batteries. Our proposed
mechanism also agrees with the experimental and computational observation of the existence
of LiO,-like species.78’ 104, Yang et al”® attributed the observed Raman spectrum peak at
~1125 cm ! to the Li0O,-like species on the surface of small (Li,O,), clusters (n=3-4, 16).
However, it is unlikely for surfaces or small clusters to account for ~30—50% of the charging
capacity, given that Li,O, particle sizes are only tens to hundreds of nanometers. However,
the topotactic delithiation may contribute to a significant amount of charging capacity, and
the topotactically delithiated P6s/mmc-layered 110, phase yields an O, vibrational
frequency that is consistent with the experimental Raman spectra. This vibrational peak of
superoxides in the Raman spectra has been attributed to the initial 40% of charging capacity
at the low charging voltage plateau ~3.2—-3.5 V.

The localization of the instantaneous reaction may make it difficult to observe the off-
stoichiometric states during charge as these states immediately proceed to charge completely
under constant applied voltage according to Fig. 8. Nonetheless, as these states constitute the
path by which particles charge, they are important in understanding the overpotential and
kinetics of Li-air batteries. This inhomogeneous reaction is also important in understanding
why O, evolution starts at the same time as the onset of the charging current, as documented
in Refs. 16 and 26. We predict that at any given time, only a small fraction of the particles
are participating in the charging process. Some of these particles may be in the initial
delithiation process, while others, which reached the delithiation step earlier due to their size
or position in the electrode, are in the process of fully decomposing and releasing O,. Hence,

while for a single particle, the Li" extraction and O, evolution do not coincide according to
gle p g
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Eq. (3-1), on average, at the electrode level, they will evolve in a ratio of two to one, as is
observed in experiments.'® 26

Our proposed reaction path successfully reveals the origin of the low charging voltage
plateau at 3.2-3.3 V at the initial stage of charging. This reaction path is also consistent with
the relatively higher rate and other observed phenomena in the corresponding experiments.
Our proposed reaction path only accounts for a part of the charging process at the low
overpotential. Further studies are required to understand whether the increase in charging
voltage after the initial 30—50% charge is due to intrinsic features of Li,O, decomposition or
due to electrode design issues. In that context, it is important to understand that according to
our proposed mechanism, the smaller and better connected particles (electronically and
ionically) will fully charge first, leaving the larger and poorly connected particles uncharged
until the later part of the charge is reached, as depicted in Fig. 10. Hence, a strong
degradation of the kinetics toward the later part of charge is expected from our mechanistic
model.

The consequences of our findings are significant. At the single particle level, we
predict a facile path to recharge a Li-air battery once some overpotential is applied. If this is
the only path with reasonable reaction kinetics, then, this overpotential sets a minimum
bound on the charge potential of a Li-air system. However, given the low formation energy
of Li,_,O, phases and good electronic and ionic conductivity in Li; O;, one can reasonably
infer that at this overpotential, the local rate of Li removal from a Li,O particle is fast,
suggesting the exciting possibility to create fast charging Li-air systems once the transport
issues at the electrode and electrolyte level, rather than at the particle level, are resolved. We
believe that resolving the current density limitations in Li-air systems is one of the significant
obstacles toward technological application and that our findings indicate that there are no

obstacles to this achievement at the Li,O, particle level.

5.4. Remaining questions
We have investigated the first half of the charging that involves attackable

superoxide ions. In the study of the second phase of charging mechanism, the energetics of
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solvation of LiO, and/or solid-state delithiation of Li-xO;, where x> 1, should be
investigated. As we discussed in Chapter 5.3, the solvation mechanism is more likely because
LiO; is soluble in aprotic solvents. The complexity arises from the concurrent reactions of
dissolution and nucleophilic attack of LiO, (or O,"). Furthermore, the lack of experimental
data that are not contaminated by electrolyte or air electrode decomposition makes the
problem more complicated.

In addition, in terms of engineering aspects, previous studies on catalysts, air
electrodes, and redox mediators did not consider the reactions involving LiO; or O, ", such as
the formation of LiO,-like surface units and their dissolution. Similar to studies on new
electrolytes to replace carbonates while accounting for attackable O, ions, a new research
direction to design catalysts, air electrodes, and redox mediators must be considered to

improve the reversibility and power density of Li-air batteries.
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PART THREE"™

Chapter 6. Literature Review: Puzzles in Discharge Products of Na-

Air Batteries

Notwithstanding the promising performance of Na—O, batteries as described in
Chapter 1, there are remaining questions in Na—O, electrochemistry — some studies” '
reported NaQ; as the main discharge product, while others®*>> 19197 reported Na,O,. When
Na,O, is formed as a discharge product, the cells exhibit poor reversibility (< 10 cycles) and
high overpotentials (from 0.3 V to higher than 1.0 V), 3335 105107 Hywever, the charge and

10 offering

discharge overpotentials are reduced to less than 200 mV when NaO; forms,”
prospects for highly reversible Na—Q, batteries. Currently, there is no understanding of how
reaction conditions control the formation of either peroxide or superoxide.

In addition, it appears that the thermodynamic stability and formation of the
superoxide are significant in controlling the performance of different metal-air battery
systems. In Li—O, batteries, the dominant discharge product is Li,O,, which is difficult to
recharge. The overpotential needed to decompose this phase is as high as 1 V, which causes
electrolyte decomposition and the formation of byproducts.™’ In addition, it is possible that
unstable LiO; is an intermediate state,’® which creates free superoxide species that attack the
electrolyte and carbon support. NaO, and KO, are significantly more stable as superoxides.
As like in a Na—O; battery, which forms NaO, as a discharge product with less than 200 mV
of overpotentials, in the K0, system, KO, is even more stable relative to K,O; and K>0,
and the overpotentials needed td charge it are correspondingly lower at 50 mV.% The fact that
the formation of the superoxide is a one-electron reduction/oxidation process, as opposed to

the two-electron process associated with peroxide, may lead to more facile kinetics, less

susceptible to side reactions, and may account for the better kinetics of superoxide charging.

" This part has been accepted to Nano Letters for publication.
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These observations indicate that the stability of the superoxide is possibly a key parameter to
design viable metal-air batteries. Hence, unraveling the puzzle in Na—O, batteries, i.e.,
determining the conditions that govern the nature of the Na—O discharge compound, is
essential to understand and improve the performance of Na—O; batteries.

In Part Three, we investigate the thermodynamic stability of Na—O compounds as a
function of temperature, O, partial pressure, and particle size using first-principles
calculations. The energy of bulk Na—O compounds is calculated and combined with
environmentally equilibrated surface energies, and phase diagrams as a function of particle
size and O, partial pressure are constructed. Using this thermodynamic information in a

nucleation model, we find that the superoxide NaO, is the preferred nanoparticle product at

high P, or at small discharge overpotential, indicating that it is the most likely phase to

nucleate first, even when Na,O; is the thermodynamically preferred bulk state. Hence, our
results demonstrate that understanding the particle-size dependence of phase stability is

crucial for understanding nucleation.
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Chapter 7. Phase Diagram of Bulk Sodium Oxides from First-

Principles Calculations

7.1. Methods

We considered all Na—O compounds and polymorphs reported by Wriedt:'' NayO,
Na,0,, NaO,, and Na0;.'"® '’ The structures of these compounds are displayed in Fig. 11.
The stable structure of NaO, below 196 K has the Pnnm space group, which is shown in
Fig. 11(d). Between 196 K and 223 K, the Pa3 structure is the stable form of NaO,. This
structure is derived from the NaCl rocksalt structure with O, dimers centered on the “CI”

lattice positions and aligned along the <111> directions, as illustrated in Fig. 11(e). Above
223 K, O, bonds freely rotate, leading to the Fm 3 m space group, a disordered form of the Pa

3 structure.'® ' More information reported in experiments on these compounds can be

found in Table 3. Because the P63/mmc structure of Na metal is only stable below 36 K and

the Im3m structure is stable between 36 K and 370.98 K, we only considered the Im3m

o

Cc
(d) Pnnm NaO,

structure for Na metal.

(e) Pa3 NaO, (f) R3m NaO, (g) Imm2 NaOj,

Figure 11. The structures of (a) Im 3m Na metal; (b) Fm 3m Naz0; (c) P 62m Naz0z; NaO:
polymorphs, (d) Pnnm, (e) Pa3 (ordered form of Fm 3 m), and (f) Rm 3; and (g) Imm2 NaOs.

The yellow spheres represent Na ions, and the red spheres represent 0 ions with their bonds
marked as red bars. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano

Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.
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Table 3. Structure and phase transition information about the Na and Na-O compounds
considered in this study.5® Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G.
Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.

Compound Structure ~ Note

P6;/mmc  Phase transition from P63/mmc to Im3m at ~ 36 K

Na _
Im3m Melting at 370.98 K
Na,O Fm3m Stable up to 1407 K
NaO» P62m Phase transition to a different structure at ~785 K
Magnetic transition at ~ 43 K, phase transition from
Pnnm -
Pnnm to ordered Pa 3 at 196 K
NaO, DT 0, bonds aligned to <111> directions, order-disorder
a3
transition at 223 K
Fm3m Disordered arrangements of O, bonds
i Wriedt"’ reported on I4/mmm structure, but all
NaO; compounds reported in ICSD (ICSD # 85587, 180566,
(I4/mmm)

411168) are in the Im2m structure.

We performed total energy calculations using the VASP code package®® within GGA.
We calculated the ground state energies of O, gas and the Na—O compounds in Fig. 11. For
Na, the 2p and 3s states were treated as valence states using a Na pv 2p° 3sh
pseudopotential. The O (2s® 2p*) pseudopotential was used for O. The energy cutoff for
plane-waves was set to 520 €V, and the energies and forces were converged within 107 eV
and 107 eV/A per formula unit, respectively. The spacing of the I"-centered k-point meshes
was set to less than 0.05 A™'. To correct the DFT errors for different oxygen environments,

the oxidation energy correction reported in Chapter 2.2 was applied.
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7.1.1.  Computational details for phonon calculations

To assess the vibrational entropy in the solid states, phonon calculations were
performed using the small displacement method within the harmonic approximation. The
force constant matrix was constructed using the PHON software’® based on the Hellman-
Feynman forces calculated in GGA when symmetrically distinct atomic displacements were
imposed in the structures. The supercell dimensions used for phonon computation were as
follows: S x 5x 5 for In3m Na, 4 x4 x 4 for Fm3m Na,O, 2 x 2 x 3 for P62m NayO»,
3 x3x3 for Pnnm NaQO,, 3 x3x3 for R3m NaO, (to represent Fm3m NaO,), and
3 x 3 x 3 for Imm2 NaOs. For each compound, 0.04 A of symmetrically distinct atomic
displacements were introduced, and the Hellman-Feynman forces were obtained in GGA-
DFT.

The Gibbs free energy of solids is approximated by the Helmholtz free energy as

pressure effects on solids can be neglected:
G(T,P)=F(T,V°

= E W)+ AF™™ (T,V°)

= B (V) + AE"™ (T V) =TS (T.V"°) Eq. (7-1)
where 17 is the optimized volume of the solid within DFT, E'is the total energy calculated
in DFT, and AF™™ is the Helmholtz free energy change due to vibrations in the harmonic
approximation, which is decomposed into contributions from the internal energy change
AE™™ and entropy S™™.

The calculated phonon spectrum of Pa 3 NaO, exhibited imaginary phonon
frequencies, indicating that the structure is dynamically unstable (Figs. 12(g) and 12(h)).
Instead we calculated the phonons for the R 3m NaO, structure, where all the O, bonds are
aligned in one [111] direction (Fig. 11(f)). To represent the rotation of O, molecules in Fm3
m NaQ, (disordered form of the Pa3 structure), we started from the phonon energy and

entropy of R 3 m NaO, and added a fraction of the energy and entropy contributions of a rigid
110

rotor:
T 1(r.Y
ErotorszT 1—;01—— _rot
37 45\ T
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2
Srotor - kB 1 _ ln( 27:ot )_ _1_(5‘_)

and T 9\ T Eq. (7-2)

per Oz, when T>S5T . Here, k; is the Boltzmann constant, and T =2.08K, the

characteristic rotational temperature of O, gas. The fraction was set to 80% to reproduce the

phase transition temperature between the NaO, polymorphs, and the equilibrium temperature

between Na;O, and NaO, at P, =1 atm (see Chapter 7.2.2). We also observed imaginary

frequencies in the phonon spectrum of NaQ; and will not consider this phase further in this

thesis.

7.1.2.  Formation free energy formalism as a function of 7'and P,

The formation free energies AG,  of sodium oxides were calculated as a function of
T and F, by combining the phonon energy of solids, the (7, P, )-dependent chemical

potential of oxygen, and the oxidation energy correction. The formation enthalpy of Na—O
compounds at 300 K can be expressed by combining Eq. (2-1) and the oxidation energy

correction term as

_ 4
A[{form (300 K) - Alz'form (0 K) 2 E‘”‘d EQ- (7-3)

where Enq is the oxidation correction energy obtained in Chapter 2.2. Referencing the

formation enthalpy at 300 K, AH,__ at a given temperature 7 can be calculated as

AH,__(T)=AH, (300 K)+ {E{fﬂ“ (1) -xEG™(T)-%AH,, (T)}

axOy a

—{E"‘”’“ (300 K) - xE}2™ (300 K) - £ AH,, (300 K)}

Na,O,
=AH, (300 K)+AAH, (T)-AAH, (300 K) . Eq. (7-4)
where E,.ha”“ is the internal energy of solid i contributed from the phonon vibration as in

Eq. (7-1), AH, o, (T)=1k,T using the diatomic ideal gas approximation for the enthalpy of O,

gas, and AAH,  is defined as
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BAH, ., (1) = BT (T)= 3BT (1) =3 AH,, (T) Eq. (7-5)

In the same manner, the formation free energy of Na—O compounds at 300 K and
1 atm can be expressed as

AG,._ (300K, 1 atm)
= AH__(300 K)-300-AS, (300K, 1 atm)

={AF,, (OK}*3E, | Eq. (7-6)

~300- {S‘m" (300 K., )= w50m (300 K.V, )= £S5, (300 K, 1 atm)}
and can be generalized to any given temperature and O3 partial pressure as

fonn

(T,P,)=AH, (T)-TAS, (T,PO )
= A, (300K)+ AAHM(T) —AAH,_(300 K)

-T{S (T3, o )= 5Sum (T3 -3, (T, )} Eq. (7-7)

Note that the entropy of O, gas in Egs. (7-6) and (7-7) is approximated as the

combination of experimental entropy and pressure-dependent ideal gas behavior for O; gas:

So. (T, Py )= SSM(T)—k 1og( /P°) b, 0-8)

where Sg""‘ is the temperature-dependent entropy of O, gas at 1 atm as obtained from

experiments,’® and the last term is the partial pressure dependence of the entropy of the ideal

gas, where F) is set to 1 atm. In total, the chemical potential of O, gas as a function of
2

temperature and O, partial pressure is obtained as follows:
Ho (TR, )= ES® +AH, (T)-T5, (TP, )

= Egztal +§kBT - TSQ:P*(T)+ kBT(P02 / Pc;)z ) . Eq. (7-9)
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7.2. Results
7.2.1.  Calculated phonon spectra of Na—O compounds

The phonon spectra calculated for Na metal and Na—O compounds are displayed in
Fig. 12. Due to the presence of imaginary frequencies in Pa3 NaO, (ordered form of Fm3m
NaO,) in Figs. 12(g) and 12(h), we have tested different sets of energy and force
convergence criteria, kinetic energy cutoff, charge density mixing parameters, and algorithms
that can affect the final structure and Hellman-Feynman forces within the small displacement
method used. In addition, we have calculated the phonon spectra using the density functional
perturbation theory.'"""""> However, none of these attempts were successful in removing the
imaginary frequencies. In Figs. 12(g) and 12(h), we display the phonon dispersion and
density of states (DOS) of Pa3 NaO, calculated using the small displacement method with
an energy cutoff of 700 eV and the density functional perturbation theory using VASP,

respectively. In both methods, the phonon spectra of Pa3 NaO; show imaginary frequencies,

indicating that the Pa3 NaO, structure is not dynamically stable.
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Figure 12. Phonon dispersion and density of states for (a) Im 3 m Na metal, (b) Fm 3 m Naz0, (c)
P62 Nay0,, (d) Pnnm NaO3, (e) R 3 m NaO,, and (f) Imm2 NaOs. The partial phonon density of
states contributed from Na and O are shown in blue and red, respectively. The phonon
dispersion of Pa3 NaO; calculated using the small displacement method (SDM) with the energy
cutoff set to 700 eV and the density functional perturbation theory (DFPT) is displayed in (g)

and (h), respectively. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano
Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.
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7.2.2. Temperature dependent stability of bulk Na—O compounds

The formation free energies of NayO, NayO,, and NaO, in eV/Na versus temperature

are plotted in Fig. 12. In Fig. 12, the solid blue, red, and green lines (circles) represent the

calculated (experimental) AG,  of Nay,O, NayO,, and NaO,, respectively. The green line is

obtained as the lowest energy envelope of the two NaO, polymorphs, represented as the
dashed gray line for Pnnm NaO, and the dash-dot gray line for Fm 3 m NaQ,. The energy is
given per Na in the formula unit to represent the system open to oxygen. Given that the
experimental AG,  values at 1 atm are available,”® the temperature dependency of AG...

can be used to validate our computations. The formation free energies of Na—O compounds

at 0 and 300 K are compared with experimental values in Table 4.

o EXpt. Na20
¢ Expt. Na202
o Expt. NaO2

100 200 300 400
Temperature (K)

Figure 13. The formation free energies of Fm 3 m NazO (blue), P 6 2m Na;0; (red), Pnnm NaO;

(dashed gray line), Fm 3 m NaO; (dash-dot gray line), and the lowest energy envelope for NaO;
(green) as a function of temperature. The calculated data are plotted in lines, and the

experimental data are marked as circles. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S.
P.; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.
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Table 4. The calculated formation free energies of Na-O compounds (experimental values58 in
parentheses) at 0 K and 300 K at 1 atm. The stable phases at each temperature are marked in
bold. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano Letters 2014,
14 (2), 1016-1020. Copyright 2014 American Chemical Society.

Compounds
0K 300K
NaO -2.17 (-2.14) —2.00 (—1.96)
NayO, -2.60 (—2.63) —2.31(—2.33)
Pnnm NaQO, -2.75(=2.74) -2.26( - )
Fm 3m NaO, -2.69( - ) -2.28(-2.26)

As observed in Fig. 13, the temperature-dependent AG, — values of the Na—-O

compounds are in good agreement with the experimental values. The absolute errors at any
given temperature are less than 40 meV/Na. Furthermore, the absolute errors for Na,O, and
NaQ,, which are of interest as discharge products in Na—O, batteries, are less than

30 meV/Na. As these errors are almost constant with respect to temperature (Fig. 13), the

primary source of errors is possibly AH and we can presumably conclude that the source

form ?
of errors is the oxidation energy correction that is obtained from the fitting of various metal
oxides, peroxides, and superoxides as described in Chapter 2.2. Although NayO is slightly

under-stabilized compared with NaO,, our computational results successfully predict the

trends in AG,  with respect to temperature and the relative stability of Na—O compounds.

Thus, we continue our study to investigate the phase stability of Na—O compounds as a
function of O, partial pressure, as the O, partial pressure is a more important parameter that
varies during the charge and discharge of Na—O, batteries.

Adding the full rotor energy and entropy contribution to the energy of Fm3m
overestimates the stability of this phase, as some of this excitation is also counted in the

phonon spectrum of the structure. We find that reducing the rotor contribution to 80% best
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reproduces the transition temperatures between Na,O, and NaO, and between Pnnm NaO,
and Fm3m NaO, polymorphs. With this approximation, the transition temperature from

Pnnm NaO, to Fm 3 m NaQ, is between 230 and 240 K in our calculations, which is in fair
agreement with the experimental transition temperatures of 196 K from Pnnm to ordered Pa
3 and 223 K from ordered Pa3 to Fm3m.'® '% In addition, the equilibrium temperature
between NaO, and Na,0O, is calculated to be 210-220 K, while being between 100 K and
200 K in experiments.'’ To the best of our knowledge, the exact temperature has not been

reported.

7.2.3.  Phase diagram of bulk Na—O compounds as a function of T
and P,
Fig. 14 presents the equilibrium 7— P, phase diagram of Na—O compounds based on

Eq. (7-7). The phase diagram reveals that Na,O, is the thermodynamically favored phase

under standard conditions (P, =1 atm and 7= 300 K) and under high temperature or low

oxygen pressure. At 300 K, the superoxide NaO; in the Fm 3 m structure becomes stabilized

at a P02 higher than 8.5 atm, which is much higher than the typical operating conditions of

Na—Q, batteries. Therefore, Na,O, has been observed to be the dominant discharge product

in most experiments.33’35’ 105107 Note that Na,O is not stable in the 7 and P, range

considered, which is consistent with its high experimentally measured formation energy

when expressed per Na atom, representing “open O,” conditions.
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Figure 14. The phase diagram of bulk Na-O compounds as a function of temperature and 0;

partial pressure. The red, yellow, and green domains represent the regions where Na;0;, Pnnm

NaO:, and Fm 3 m NaO; are stable, respectively. The Pnnm NaO; structure transforms to Fm 3 m

NaO: at 230-240 K when F, =1 atm, and Naz0: is in equilibrium with Fm 3 m NaO; at 8.5 atm
2

when T =300 K. The horizontal dashed line denotes PO =1 atm, and the vertical dashed line

denotes T = 300 K. Reprinted with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano
Letters 2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.

64



Chapter 8. Calculations of Surface Structure and Energies of Na,O,

and NaO,

To understand the relative stability of Na,O, and NaQ; at the nanoscale, where these

oxides nucleate, we expanded our study to include their surface energies. We considered the
low-index surfaces of Na,O, and Fm3 m (disordered Pa§) NaOQ; as they are the competing
compounds near room temperature. As Fm 3m NaQ, has the O, dimer orientations

disordered, we approximated its surface energies using those of ordered Pa3 NaO,.

8.1. Methods

We used the surface slab method'™* ''® to calculate the surface energies with vacuum
layers thicker than 10 A and the Na,O, compound layers being ~20 A thick. The structure
optimization and total energy computation were simulated within GGA to DFT using the
VASP code package.* The computational parameters, such as the pseudopotential, energy

and force cutoff, and k-points sampling, were identical to those used in Chapter 7.1.

8.1.1.  Surface energy formalism

The surface energy at a given temperature and O, partial pressure can be calculated as

1
7/(T’Po2 ) = Z{Gslab (T’Po2 ’NNa’NO)_ N ke (T’Po2 ) = Noko (T’Po2 )} _Eq. (8-1)
where G, is the Gibbs free energy of the surface slab, N, is the number of elements i (Na
or O) in the surface slab, u, is the chemical potential of 7, and 4 is the surface area. Note that

the chemical potentials of Na and O are dependent parameters by the formation free energy

of bulk Na,O,:

e (T, Py, )+ 255 (T, Py, ) = Gy o, (T P, )’ Eq. (8-2)

where u* is the chemical potential of element i in Na,O, (x =1 for NaO, or x =2 for

Na;02), and Gy, o, 1s the Gibbs free energy of Na,O, per formula unit. The Gibbs free
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energy of solid phases can be approximated by their Helmholtz free energy, and combination

with Eq. (8-2) transforms Eq. (8-1) into

1 N,
'}’(T’Po2): Z&{F;lab(T’NNa ’NO)_TOFNaXOZ (T)
_(NNa - _;—NO) Il\\II:XO2 (T7PO2 )} ’ Eq (8-3)

where F.. and FNaXOZ are the Helmholtz free energies of the surface slab and bulk Na,O,,

respectively.

F,, and F, , can be calculated by combining the 0 K DFT total energy E®™ | the

temperature-dependent phonon vibrational energy F"™™ that is approximated in harmonic

oscillation, and the oxidation energy correction E_ as

1 .
(TP, ) = 5[ B! (NuwoNo )+ EI™ (T N No )~ E

oxd, slab

No

_T{E;?:]O’ + Farg, (T)—ond,Naxoz}—(NNa ; ) e (T, Poz)] Eq. (8-4)

We assume that the entropy arising from surface cleavage is negligible and
approximate the entropy of non-stoichiometric surface slabs to that of the stoichiometric bulk.

15 observed the

This approximation is reasonable given that Reuter and Scheffler
contribution of surface entropy to the surface energy being less than 10 meV/A% This

approximation cancels out /7 h“"“ and F ha"“ resulting in

( ) = ——I:Estlc:;l Ny, ’N ond.slab - %Q(EI:);?IOZ - ond,Na_sz )
_( Ny - ; ) Koo (T R, )} . Eq.(8-5)

We further assume that the charge density in surface O, bonds is localized such that
the oxidation correction energy of the surface slab can be approximated by the number of
oxides, peroxides, and superoxides multiplied by their corresponding oxidation correction

energy:

E N,E

oxd, slab = v~oxd, v

vin {0* 08 07} , Eq. (8-6)
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where N, is the number of O, bonds in the oxidation state v (2 0%, 0>, or Oy7), and E,

oxd, v

is the oxidation correction energies of the state v that are 1.33, 0.85, and 0.23 eV/O, for 2 0%,
0,%", and O, ", respectively. For instance, a non-stoichiometric {0001} Na,O, surface slab
that is composed of 23 Na ions and 26 O ions can be thought of as 10 Na,O, + 3 NaO..
Therefore, E_, ,, for this surface slab is calculated as 10 x 0.85 + 3 x 0.23 =9.19 eV.

This presumption that non-stoichiometric surface slabs are viewed as a combination
of aliovalent Na—O compounds based on the charge localization is a crude approximation;
however, we verified this approximation by investigating the O, bond lengths in the surface
slabs. We observed that indeed the surface O, bonds change their bond lengths to the
appropriate bond length of one of the peroxides (1.55 A), superoxides (1.35 A), or O, gas
(1.23 A) as the slab stoichiometry changes. In addition, for Na-rich Na,O; surface slabs, the
surface O, bonds break, and the distance between nearest oxygen ions becomes >2 A.
Therefore, we believe that our approximation of the oxidation energy correction for the slab

(Eq. (8-6)) is relatively valid. Details can be found in Chapter 8.4.

8.1.2.  Calculated materials stability as a function of u,, and yu,

The Na and O chemical potentials where bulk Na,O, is stable are limited by adjacent
competing Na—O phases and/or Na metal and O, gas. For example, the chemical potential of
Na in NayO has a higher bound at the Na metal limit and a lower bound in equilibrium with

Naz 02 .

Na,O Na metal
Na < AuNa

Eq. (8-7)

and

Na202 < uNaZO

2 N Eq. (8-8)

Using the calculated formation free energies of Na—O compounds, we evaluated their

GNazo -

stability as a function of p,, and p,. The results with and without the oxidation correction

cnergy E_ . arc displayed in Figs. 15(a-1) and 15(a-2) and in Figs. 15(b-1) and 15(b-2) for

oxd
0 K and 300 K, respectively. To assess our calculations, we performed the same construction

of chemical potential ranges using experimental formation free energies from NIST-
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Figure 15. The stability map of Na-0 compounds and their chemical potential boundaries at (a)
0K and (b) 300K. (a-1) and (b-1) are before applying the E_,; (a-2) and (b-2) are after
applying the E£_; and (a-3) and (b-3) are based on experimental formation enthalpies.>® The
stability of compounds is mapped on a linear i, scale, and the corresponding u, values at the

phase boundaries are labeled above the top axes. Note that the = scale is not linear according

to the stoichiometry of the mapped compounds.

JANAF,® which are displayed in Figs. 15(a-3) and 15(b-3) for 0 K and 300 K, respectively.
Due to the over-stabilization of superoxides and under-stabilization of oxides before

correcting with E_ the NaO, and Na)O domains were over- and under-estimated,

xd ?

respectively. At both 0 K and 300 K, our E

oxd

fitting method successfully predicts the

stability domains of Na,0, Na,0,, and NaO, simultaneously.
The most evident effect of the E

oxd

correction occurs in the stability prediction for
NaO, at 300 K, which stays stable before applying E_, (Fig. 15(b-1)) while becoming
metastable after E_, (Fig. 15(b-2)), which is consistent with experiments (Fig. 15(b-3)). The
metastable nature of NaO; is denoted by the dashed boxes in Figs. 15(b-2) and 15(b-3), in
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contact with Na,O, at higher y, and with O, gas at lower u,. The equilibrium between

Na,O; and metastable NaO, (dashed vertical lines in Figs. 15(b-2) and 15(b-3)) indicates that
when oxygen is over-saturated, Na,O, transforms to NaO, before passing through the
equilibrium decomposition path to 2 Na + O,. Note that the stable NaO, polymorph at 0 K is
in the Pnnm space group, while the metastable NaO; at 300 K is in the Fm3m space group.
In Lee ef al.’s recent computational work,” which used U, referring to the reaction energy
between Li,O and Li,O,, although they predicted stable domains for NaO,, NaO,, and Na,O,
which are consistent with the experimental data at 0 K, their chemical potential boundary
cannot be directly carried to the surface structure computation because particles exist at room
temperature in reality, where the stability of NaQ, shifts from stable to metastable.

Therefore, using the properly designed chemical potential boundaries displayed in

Fig. 15(b-2), we evaluated the surface structures of two competing Na—O compounds at
room temperature, Na,O, and Fm3 m NaQ,. For computational purpose, we calculated the
surface energies of Pa3 NaO, instead (Fig. 11(e)), which can be obtained when all of the O,

bonds in Fm3m NaO; are aligned in the <111> direction. In addition to the correction to the
stability of bulk Na—O compounds, we applied the oxidation energy correction to the surface

slabs according to their degree of non-stoichiometry based on Eq. (8-6).

8.2. Surface orientations considered for Na,O, and their energies

We considered three low-index surface orientations, {0001}, {1 TOO}, and {11 50},
for NayO,. A unit cell of NayO, consists of two symmetrically distinct Na sites (z =0 and
z=10.5), each with multiplicity of three in the unit cell, and two distinct sites for O (see
Fig. 11(c). Two identical O atoms form an O, bond that straddles the z =0 plane, and the
other four O atoms form dimers in the same direction centering at z=0.5. Due to this
complexity, Na,O, surfaces have many options for surface cleavage. We did not consider
terminations that require the breaking of peroxide bonds as they have been observed to have

. .5l
high surface energies.
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Figure 16. The surface unit cell of a Na;0; {0001} facet terminated at the (a) A layer and (b) B
layer. The yellow spheres represent Na ions, and the red spheres represent O ions. The surface

ions that are used to define the surface terminations are labeled in the figure.

8.2.1. Na,0, {0001} surfaces

Along the {0001} orientation, Na;O, is composed of alternate stacking of two
different layers, labeled as A and B in Figs. 16(a) and 16(b). We considered 5 terminations
for the A layer, and 11 terminations for the B layer. These terminations are denoted by the
layer index (A or B) followed by the atoms remaining on the surface, for example, “(A) Nal-
Na2-Na3-0,1.” The calculated surface energies are listed in Table A 1 in Chapter 8.4.
APPENDIX. From the Na,O limit to the O, gas limit, the most reducing and oxidizing
boundaries for Na,O, at room temperature, respectively, the (B) Na4-Na5-Na6-0,2-0,3

termination shown in Fig. 16(b) is the most stable termination.

8.2.2. Na,0, {1100} surfaces

Along the {1100} orientation, Na,O, consists of alternate stacking of three different
layers, labeled as A, B, and B in Figs. 17(a—c), respectively. The B and B' layers are
identical except that underneath the layer, either B or A is present, respectively. We
considered 5 terminations for the A layer, 6 terminations for the B layer, and 6 terminations
for the B’ layer. The labeling of terminations follows the notation used for the {0001}
surfaces. The calculated surface energies are listed in Table A 1 in Chapter 8.4. APPENDIX.

At 300K after E_, correction, the lowest surface energy termination for the {1 100}
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Figure 17. The surface unit cell of Naz0; {1 100} terminated at the (a) A layer, (b) B layer, and

(c) B’ layer. The yellow spheres represent Na ions, and the red spheres represent O ions. The

surface ions that are used to define the surface terminations are labeled in the figure.

orientation evolves from O-rich (B) Na4-0,2 to stoichiometric (A) Nal-Na2-O,1 as the
chemical potential moves from oxidizing to reducing limits (from the O, gas limit to the

Na,O limit).

8.2.3. Na,0, {1120} surfaces

In the {1120} Na,O, orientation, the crystal consists of alternating stacking of three
different layers, labeled as A, B, and C in Figs. 18(a—c). The A layer consists only of Oz

bonds, while the B and C layers contain only Na ions. We considered 5 terminations for the

[1120]

aOw>0n

[1T00] [000

Figure 18. The surface unit cell of Naz;02 {11 2 0} terminated at the (a) A layer, (b) B layer, and
(c) C layer. The yellow spheres represent Na ions, and the red spheres represent O ions. The

surface ions that are used to define the surface terminations are labeled in the figure.
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A layer, 3 terminations for the B layer, and 3 terminations for the C layer. The terminations
and their energies are listed in Table A 1 in Chapter 8.4. APPENDIX. The lowest energy
terminations at room temperature are O-rich (A) 0,1-0,2-0,3 and stoichiometric (C) Na4-

Na5-Nab6 at the most oxidizing and reducing limits, respectively.

8.2.4. The lowest surface energies and Wulff shapes of Na;0, as a
function of y,

The surface energies of the most stable terminations of Na;O; as a function of 4, are
plotted in Fig. 19(a). The surface energies were calculated at the standard state condition
(T'=300K and POz =1 atm) using Eq. (8-5), and the range of p, where NayO, is stable
(from —5.82 to —5.20 eV) is marked using a yellow box. The energies of O-rich surface slabs
decrease with increasing 1, , and thus, at the most oxidizing limit of NayO,, where

U, =—5.20 eV in equilibrium with O, gas, the lowest energy terminations of all of the

surface orientations, {0001}, {1 100}, and {11 20}, are O-rich. However, as U, decreases,

(a) %
60 " — . . 2
i Na,0, |NaO Y (meW;X )
E / /\
L 40[7 = A :
= / 0
g 5
E 20 —{0001} "
— {1100 15
- _i 1 170% At O, gas limit At Na,O limit
0 A i
55 & 45 F 75
Ho (eV)

Figure 19. (a) Surface energies of Na;0; as a function of y for the most stable terminations of

{0001}, {1 T 00}, and {112 0} facets at 300 K and 1 atm. The range of (1, where Na:0; is stable,

from the O; gas limit to the NazO limit, is marked using a yellow box, and the Wulff shapes at
these two limits are displayed in (b) and (c), respectively. The color scheme of surface energies

used for the Wulff shapes is displayed in the scale bar in meV /A2,
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i.e., higher temperature and/or lower E, , stoichiometric terminations for the {I 100} and

{1120} orientations become more stable than O-rich terminations. In addition, the energies
of all of the {0001}, {1100}, and {1120} orientations become comparable at the most
reducing limit, where p, =—5.82 eV in equilibrium with Na,O. The lowest surface energies
of Na,O; are in the range of 30—45 meV/A? within the stability window of Na,O,.

The Wulff shapes were constructed from the calculated surface energies at the most
oxidizing and reducing phase boundaries of Na;O,. At the most oxidizing limit, the Wulff
shape of Na,0; is a dodecagonal prism, as illustrated in Fig. 19(b). The Wulff shape consists
of 37%, 36%, and 26% of the {0001}, {1100}, and {1120} facets, respectively. At the most
reducing limit, the facet composition of the dodecagonal prism Na,O, particle changes to
34%, 19%, and 47% for the {0001}, {1100}, and {1120} facets, respectively, as shown in
Fig. 19(c). As there is no experimental observation of Na,O, particle shapes, comparison of

the predicted Wulff shapes with experiments was not feasible.

8.3. Surface orientations considered for Pa3 NaQ, and their energies

We considered four surface orientations, {100}, {110}, {111}, and {211}. A unit cell
of Pa3 NaQ, (Fig. 11(e)) is rather simple compared with the unit cell of NayO, as all eight
Na ions and four O ions are in the same Wyckoff position groups, respectively. We did not
consider the terminations requiring breaking superoxide bonds as they result in high surface

: 1
energics. >

8.3.1. Pa3 NaQO, {100} surfaces

Along the {100} orientation, the Pa3 NaO, crystal is composed of stacking of a
single layer, as illustrated in Fig.20(a). We calculated a stoichiometric (A) Nal-Osl
termination, Na-rich (A) Nal termination, and O-rich (A) O;1 termination. Their surface
energies are listed in Table A 2 in Chapter 8.4. APPENDIX at the most oxidizing and

reducing conditions. The lowest surface energy termination for the {100} orientation is the
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Figure 20. The surface unit cell of Pa3 NaO: in the (a) {100} orientation, (b) {110} orientation,

(b) (d-1) (d-2)

{111} orientation terminated at the (c-1) A layer and (c-2) B layer, and {211} orientation
terminated at the (d-1) A layer and (d-2) B layer. The yellow spheres represent Na ions, and the
red spheres represent O ions, and the surface ions that are used to define the surface

terminations are labeled in the figure.

stoichiometric (A) Nal-O,1 termination shown in Fig.20(a), and its surface energy is

11.7 meV/AZ.

8.3.2. Pa3 NaO, {110} surfaces

Along the {110} orientation, the Pa3 NaO; crystal consists of stacking of a single
layer, as shown in Fig. 20 (b). We considered three terminations for the {110} orientation,

and the O-rich (A) O,1 termination is the lowest energy one within the g, window, where

metastable NaQ; exists at 300 K.

8.3.3. Pa3 NaO, {111} surfaces

Along the {111} orientation, the Pa3 NaO, crystal consists of alternate stacking of
two different layers, labeled as A and B in Figs. 20(c-1) and 20(c-2), respectively. The A and
B layers are Na-rich and O-rich terminations, respectively, and the latter one is the most

stable termination at both the most oxidizing and reducing conditions.
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8.3.4. Pa3 NaO, {211} surfaces

Along the {211} orientation, the Pa3 NaO, crystal consists of alternate stacking of
two different layers, labeled as A and B in Figs. 20(d-1) and 19(d-2), respectively. We
considered stoichiometric terminations only for both layers. Their energies are listed in Table
A 2 in Chapter 8.4. APPENDIX, and the lowest surface energy termination for the {211}
orientation is (A) Nal-O,1 in Fig. 20(d-1).

8.3.5. The lowest surface energies and Wulff shapes of Pa3 NaO; as
a function of y,

Fig. 21(a) shows the surface energies of the most stable terminations of NaO, as a

function of p, . The g, window from where NaO, is in equilibrium with Na0;
(U, =—5.17 V) to where NaO; is in equilibrium with O, gas (t, =—5.20 eV) is marked

using a yellow box. At g, lower than —5.40 eV, the energies of Na-rich {110} and {111}

(NaO,)
=) 30H—Nz0;
"’?: """"""""""""""" 5
~ ’:r'\‘ \\\ ¥ (meV/A?)
%20,‘ A =={100} ~--{111} 1 (b) 5
> 1% =110y =211} At both Na,0, ;
g 10l G I e v and O, gas limits §,
N’ LY AY 1
o= N R . 15
\‘ \\ \‘ 10
0 A L S i Ay i 1 A s
52 -54 56 -58 -6 -6.2
Ho (eV)

Figure 21. (a) Surface energies of Pa3 NaO; as a function of U, for the most stable

terminations of the {100}, {110}, {111}, and {211} facets at 300K and 1 atm. NaO; exists as
metastable at the standard state; therefore, its equilibrium boundary with Na;0: and O: gas, the
most oxidizing and reducing conditions, respectively, is considered and marked using a yellow
box. The Wulff shapes at these two limits are identical and are represented by the cube
displayed in (b). The color scheme of the surface energies used for the Wulff shape is displayed

in the scale bar in meV/A2,
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terminations are lower than the stoichiometric {100} surface; however, at such a low 138

NaO; becomes more unstable such that it will be hard to nucleate. In most of the U, range

where NaO, can possibly be formed (near to the yellow box region), the stoichiometric
{100} termination is the lowest energy surface with y=11.7 meV/AZ Accordingly, the
Wulff shape of Pa3 NaO, is a cube, comprised of stoichiometric {100} facets, and it is
displayed in Fig. 21(b). This cubic shape is in good agreement with the NaO, particles
nucleated in Na—O, batteries and observed by scanning electron microscopy (SEM).” '° In
addition, such a low surface energy of NaO, may facilitate its nucleation from nano-size as
investigated in our previous study.’’ Note that the conventional surface calculation predicts
the Wulff shape of NaO, as a cube whose edges and vertices are truncated by {110} and

{111} facets at the most oxidizing limit.**

8.4. Effect of the oxidation correction energy on the surface energies of
NﬂzOz and Pa3 NaOz

In this chapter, we applied our energy correction method that addresses different
oxygen valence states (0°”, O,>, and O, ) individually to the surface energy calculations. To
compare our results with the conventional surface calculation method that is performed at
0 K without any correction, we listed the calculated surface energies of Na,O, and NaO, at

{0 K, without E_, } and {300 K, with E_,} in Chapter 8.5. APPENDIX. We can see from
Tables A 1 and A 2 that the surface energies change significantly from {0 K, without E_, }
to {300 K, with E_, } for certain terminations, e.g., the energies shift up for Na-rich Na,O,

surfaces and shift down for Na-rich NaO, surfaces. However, in general, the energies of
surfaces comprising Wulff shapes that are either stoichiometric or slightly O-rich

terminations only marginally change by less than 5 meV/A? from {0 K, without E, } to

oxd

{300 K, with E_ }. To assess the effect of our energy correction method, which varies from

surface to surface, we break down the change in the surface energies Ay into three terms:
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i) Ay due to the temperature increase from 0 K to 300 K. Referring to Eq. (8-5), the

only term affected by temperature is u,, . Therefore, the Ay due to AT can be calculated as

AybyAu(AT) = 7(300 K)_ }’(0 K)

E_i( N — )[,uNaOz (300 K)— ppe: (0K)],  Eq.(8-9)

and the difference in u,, between Figs. 15(a-1) and 15(b-1) is plugged into Eq. (8-9);
ii) Ay due to Ap,, originated from the corrected bulk phase energies. Our correction
method differentiates the valence states of oxygen, 1.33, 0.85, and 0.23 eV/O; for 02*, 0,7,

and O, respectively, which affects on the size of stable domains of bulk Na,O, compounds.

This in turn alters the absolute values of w,, at the domain boundaries (see the difference in
uy, between Figs. 15(b-1) and 15(b-2)). The effect of Ap,, originated from E_, , on the

surface energies can be calculated as

1
_~_ Na,O, after E, 4 Na,O, before E,
A,)/b)’ AUCE g k) — 2A Na I:u )

]; Eq. (8-10)
and
iii) Ay due to the oxidation energy difference between the surface slab and bulk

Na,O,. In Eq. (8-6), we define E_, ,, as the summation of Eo.q at different oxidation states
v, while the oxidation correction energy applied to the bulk is E,, y, o, multiplied by the
number of formula unit in the surface slab. The difference between these values AE_,

contributes to the surface energies as

|
A1 AE oxd
2A

1 N . Eq. (8-11
:a(_ond,slsz+70ond,Na,02j 4 ( )

AYby ALy =

We calculated Egs. (8-9), (8-10), and (8-11) and averaged over Na-rich and O-rich
surface slabs, respectively. The averaged surface energy change (Ay) is not an optimal
parameter to analyze the effect of contributing parameters because it ignores the degree of
non-stoichiometry by which the size of the correction energies is weighted accordingly.
However, this parameter can serve as a descriptor that shows the tendency of Ay attributed to

the different terms. The results are listed in Table 5 for Na,O, and in Table 6 for NaOs.
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Table 5. The average surface energy changes ((A‘y) in meV/A2) between {0 K, without E_, }
and {300 K, with E_, } for Na-rich or O-rich surface slabs of Na;0.. The contribution to the Ay is
divided into three terms: i) Auy, due to AT from 0K to 300K, ii) Au,, due to the energy
correction applied to bulk phases E_, , ., and iii) the oxidation correction energy difference

between the surface slab and the bulk, AE_,.

Na-rich O-rich
Oxidizing limit Reducing limit Oxidizing limit Reducing limit

Ny —No >0 <0
Alhna 1y AT 0.04 —0.05 0.04 —0.05
Attya 1y Eoxd, bu —0.60 0.24 —0.60 —0.24
Net Ana -0.56 -0.29 —-0.56 -0.29
(A7) by net Athne ~19 e - =l

(A7) by Ao ~10 =27
Net (A7) ~29 ~19 ~10 ~17

From Tables 5 and 6, we can clearly see that the materials stability transformed by AT

and E . and the AE_, originated from the non-stoichiometry of surface slabs both play

an important role in the surface energies. First, for both Na,O, and NaQ,, the materials
stability transformed by net Au, shifts the surface energies of the Na-rich and O-rich
terminations in opposite directions, stabilizing O-rich terminations and destabilizing Na-rich
terminations. This finding is important because the Ap, effect has been ignored in the
conventional surface calculations. Hence, the suitably designed stability of bulk phases and
its temperature dependence (e.g., Fig. 15) should not be overlooked, particularly for systems

where the phase transformation occurs from 0 K to the given temperature, such as the Na—O

system.

78



Table 6. The average surface energy changes ((A‘y) in meV/A2) between {0 K, without E_,}
and {300 K, with E_, } for Na-rich or O-rich surface slabs of NaOz. The contribution to the Ay is

divided into three terms, i) Ay, (AT'),ii) Ay, (E g pu ), and iii) AE ;.

Na-rich O-rich
Oxidizing limit Reducing limit Oxidizing limit Reducing limit

Nyo—No /2 >0 <0
Ata by AT 0.36 0.04 0.36 0.04
Altna tyy Eora. bu —0.48 —0.57 —0.48 —0.57
Net Mna -0.12 -0.53 —0.12 -0.53
(A7) by net A ~26 . ~i3 -

(A7) by AEusd 3] T

Net (A7) ~=5 w2 ~~15 -

On the other hand, the oxidation correction energy difference between the surface

slab and bulk works in reverse for non-stoichiometric surfaces. The AE_, raises the energies

of O-rich surfaces, while a relatively small increase (Na;O;) or even decrease (NaO2) is
imposed on the surface energies of Na-rich terminations. This finding can be understood
from the energetics of the surface unit Na,O, (NaOz*) that is transformed to either NaO," or
Na,O' (02* or Na,0,") by surface cleavage. Suppose we start from a stoichiometric NayO;
surface slab. When we create a Na-rich surface slab by removing one 2 O, molecule, one
surface unit of Na,O," is transformed into Na,O'. Accordingly, the correction energy applied
to Na-rich Na,O, surfaces slab is 1.33/2 = 0.67 eV, while the correction energy applied for
the bulk Na,O, is 0.85 eV. Therefore, by the correction energy difference between the bulk
and surface slab, 0.85 — 0.67 = 0.18 eV per number of surface Na,O," units transformed into
Na,O", the Na-rich Na,O, surfaces are destabilized. In the same manner, the energies of Na-

rich Na,O, surfaces are increased by 0.62 eV/Na,O, and those of O-rich NaO, surfaces are
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increased by 0.23 eV/NaO, . Even though the degree of non-stoichiometry, i.e., the number
of formula units of Na,0, or NaO," transformed, is neglected, the magnitude of the increase

in Ay contributed from the AE_, (10, 12, and 27 meV/A? for Na-rich Nay0,, O-rich NaQ,,

and O-rich Na,O, surfaces, respectively, as listed in Tables 5 and 6) agrees well with this
“per formula unit correction energies” in order (0.18, 0.23, and 0.62 ¢V per Na,O," or NaO,’
for Na-rich Na,O,, O-rich NaO,, and O-rich Na,O, surfaces, respectively). Note that Na-rich

NaQ; surfaces are the only terminations for which the energies are lowered by AE,,, by

~0.20 €V/NaO;".
In total, Ay by Au,, and AE_, partially cancel each other for all the non-

stoichiometric surfaces of Na,O, and NaO; except Na-rich Na,O, terminations. For the Na-

rich Na,O, surfaces, in addition to the synergic increase in Ay by Au,, and AE_,, they

require payment of the energy cost to break surface 0.~ bonds to transform Na,O," into
Na,O'. The high surface energies of Na-rich Na,O, terminations demonstrate such an energy
cost (Table A 1 in Chapter 8.5. APPENDIX), and this is why only stoichiometric or O-rich
terminations contribute to the Wulff shapes of Na,0, within the stability window.

Now we are in the step to prove that our assumption that the non-stoichiometric
surface slabs are regarded as combinations of aliovalent oxides (i.e., NaO,™ or Na,O" on top
of Na,O, and O, or Na,0," on top of NaQ,) is fair by investigating the O—O bond lengths on
the surfaces of the slabs. The O—O bond length is a good descriptor to estimate the charge

state of oxygen ions because different oxygen valence states have their own distinguishable

O-O bond lengths. For example, in GGA-optimized structures, O, gas, O, in bulk Pa3
NaO,, and O,” in bulk Na,O, have bond lengths of 1.23, 1.35, and 1.55 A (averaged over
three O,>~ bonds for Na,0,), respectively, and the distance between nearest O—O ions in bulk
NaO is 3.96 A. Thus, we chose the surface O; ions for which the coordination number has
changed by surface cleavage and measured their bond lengths. In Fig. 9, we plot the
correction energy applied to the surfaces due to their non-stoichiometry according to Eq. (8-
11) versus the measured surface O, bond lengths. We added trend-lines obtained by the
linear regression for each of the Na-rich and O-rich surface terminations. We can see from
Fig. 22 that the Na,O, surfaces can be categorized into two groups: Na,O, surfaces on which

022_* bonds undergo bond breaking and Na,O, surfaces on which 022‘* bonds shortened
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Figure 22. The correction energy applied to the surface energies by Eq. (8-11) as a function of

the surface 0-0 bond lengths of all the surface terminations we considered for Naz0; (blue

circles) and NaO: (red triangles). The dashed vertical lines indicate the 02 bond lengths in 02

gas (1.23 A), bulk Pa3 NaO; (1.35A), and bulk Naz0: (1.55 A averaged over three O bonds)
and the distance between nearest 0-0 ions in bulk Naz0 (3.96 A) from left to right. The blue
and red lines are obtained from the linear regression for each non-stoichiometric surface group

(Na-rich or O-rich) centering on the 022~ and Oz~ bond lengths in their bulk states, respectively.

close to O . In the same manner, the NaO; surfaces can be categorized into one with 0,
bonds shrunk near to the bond length of O, gas and the other one with O, " bonds elongated
toward the O, bond length. The oxidation correction energy applied to each group has a

distinct tendency as demonstrated by the trend-lines, indicating that our underlying

assumption in Eq. (8-6) can be justified by the correlation between AE_ . and the optimized

surface O, bond lengths.
Finally, we want to assess the effect of the oxidation correction energy we applied.

Due to the partial cancellation between the parameters, Ay by Au,, and AE_ ,, and

intrinsically high surface energies for certain terminations, e.g., Na-rich Na,O; surfaces, there

is no large difference between the lowest surface energies evaluated at {0 K without AE_ }

and {300 K with AE_} for both Na,0, and NaO, (Tables A 1 and A 2). Because the lowest

oxd
energy surfaces are the most important ones to determine the particle polymorphs, surface
reactivity, etc., the oxidation correction energy appears to have only a minor effect for this

case we studied.

81



However, when the chemical potential window of the materials stability shifts further
due to, for instance, oxygen partial pressure, it is possible that the Wulff shape and/or its
composing surface structures are altered before and after the correction energy is applied
because the oxidation correction energy may stabilize one of the metal-rich and oxygen-rich
surfaces while destabilizing the other, as observed in Tables 5 and 6. To determine if the
surface structures evolve under different conditions, we tested the surface structures of Na,O,
at 900 K, a typical temperature where NaO; is used as an oxidant.''* "7 At 900 K, we
observed that although the surface energies of Na,O; are still in the range of 35-45 meV/A?,

the O-rich terminations that were once the lowest energy terminations at 300 K are

destabilized by E_,. Instead, only stoichiometric terminations, (B) Na4-Na5-Na6-0,2-0,3
for the {0001} orientation, (A) Nal-Na2-O,1 for the {1 1 00} orientation, and (C) Na4-Na5-
Na6 for the {1120} orientation, remain stable in all range of u,, within the stability

window. This finding is in good agreement with the experimental finding by Otsuka er al.

that the rate of the hydrogen abstraction reaction, which is activated by surface 0,>" jons on

Na,O,, is insensitive to the oxygen partial pressure.''® In contrast, when E_, is not applied,

even Na,O, is not a stable phase, and moreover, its lowest energy surfaces are still O-rich

dominant and dependent on u,_ .
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8.5. APPENDIX: Surface energies of Na,O, and Pa3 NaO,

Table A 1. Surface energies (in meV /A?) of different orientations and terminations of Na;0; at

0 K without E_,, the correction energy difference between the surface slab and bulk Naz0:

(AE__,), which is the net correction energy applied to the surface energies, and the corrected

surface energies at 300 K. The NaO; limit (O gas limit) represents the most oxidizing condition,

and the NazO0 limit (NazO limit) represents the most reducing condition for Na;0; at 0 K (300 K).

The lowest energy terminations are marked in bold for each condition.

0K, 300 K,
Orien- wio E W/ Eq
) Termination Note AE
tation NaO, NaO 0, gas  NaO
limit limit limit limit
{0001} (A)Nal-Na2-Na3-O, Na-rich 5742  52.30 2.70 68.24  59.17
(A) Nal-Na2-0,1 O-rich 3722 4234 9.07 38.17 47.25
(A) Nal-O,1 O-rich 3093 4628 2722 33.77 60.99
(A) 021 O-rich 3234 5794 4537 37.09 8245
(A) Nal-Na2-Na3 Na-rich 111.22 85.62 13.50 16534 119.98
(B) Na4-Na5-Na6-0,2-0,3 O-rich  29.73  34.85 9.07  30.68 39.75
(B) Na4-Na5- 0,2-0,3 O-rich  34.69 5004 2722 3754 64.75
(B) Na4- 0,2-0,3 O-rich 3557 61.16 4537 4032 85.68
(B) 0,2-0,3 O-rich 45.62 8145 63.52 5226 115.77
(B) Na4-Na5-Na6- 0,2 Na-rich  96.95  81.59 8.10 129.42 102.20
(B) Na4-Na5- 0,2 Na-rich 84.82  79.70 2.70 95.64  86.57
(B) Na4- 052 O-rich 46.28 51.40 9.07 4723  56.31
(B) 052 O-rich 41.52 56.88 2722 4437 71.59
(B) Na4-Na5-Na6 Na-rich 182.97 147.14 1890 258.75 195.24
(B) Na4-Na5 Na-rich 173.15 147.55 13.50 22727 18191
(B) Na4 Na-rich 120.42 105.07 8.10 15290 125.68
{1100} (A) Nal-Na2-0O,1 Stoi.  43.15 43.15 0.00 43.15 43.15
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(A) Nal- 0,1 O-rich 3521 4752 2181 3750 5930
(A) Na2- 0,1 O-rich 4124 53.52 21.78 43.51  65.29
(A) 0,1 O-rich 3325 5767 4330 37.78 81.07

(A) Nal-Na2 Narich 15026 12555 13.04 202.52 158.72
(B) Na3-Nad- 0,2 Stoi.  47.76 4776  0.00  47.76  47.76
(B) Na3- 0,2 O-rich 3726 4947 21.65 3952 61.17
(B) Nad- 0,2 O-rich 3398 4649 2218 3630 58.47
(B) 0,2 O-rich 3253 5715 43.64 3710 80.73

(B) Na3-Nad Narich 150.66 125.95 13.04 202.92 159.12
(B) Nad Narich 10348 91.12 652 129.61 107.71
(B’) Na5-Na6- 0,3 Stoi. 5576 5576  0.00  55.76  55.76
(B’)Nas- 0,3 O-rich 41.10 5345 2190 4339  65.29
(B’) Na6- 0,3 O-rich 3996 5232 2190 4226 64.16
(B’) 0,3 O-rich  40.56 6528 43.81 4515 88.95
(B’)Nas-Na6 Na-rich 154.46 129.75 13.04 206.72 162.92
(B’)Nas Na-rich 110.18 97.83 652 13631 114.41
(1120}  (A) 0;1-0,2-0,3 O-rich 3313 5461 3808 3712 75.19
(A) 0,2-0,3 O-rich 57.09 6427 1274 5842  71.16
(A) 0,;1-022 O-rich 57.09 6428 1274 5842 71.16
(A) 022 Na-rich 10478 97.65 1734 133.45 120.80
(A) 0,1 Na-rich 10499 97.81 1747 133.87 121.13
(B)Nal-Na2-Na3  Na-rich 14051 119.60 11.03 184.74 147.67
(B) Nal-Na2 Narich 113.60 9933  7.53  143.77 118.48
(B) Nal Na-rich 7278 6564 3.76  87.86 7522

(C) Nad-Nas5-Na6 Stoi.  40.54 4054  0.00  40.54  40.54
(C) Na4-Na5 O-rich 37.13 4426 12.65 3845 51.10
(C) Nad O-rich  38.09 5236 2529 4074  66.02
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Table A 2. Surface energies (in meV/ A2) of different orientations and terminations of Pa3 NaO:

at 0 K without E_,, the correction energy difference between the surface slab and bulk NaO;

(AE_,,), which is the net correction energy applied to the surface energies, and the corrected

surface energies at 300 K. The O gas limit (Na,0; limit) represents the most oxidizing condition,
and the Na;0: limit (O gas limit) represents the most reducing condition for Na;0; at 0 K

(300 K). The lowest energy terminations are marked in bold for each condition.

0K, 300 K,
Orien- w/o E,q W/ E g
) Termination Note AR .,
tation 0, gas NayO, Na,0, 0O, gas
limit limit limit limit
{100} (A) Nal-0O,1 Stoi. 11.73  11.73 0.00 11.73 11.73
(A) Nal Na-rich 128.43 103.43 -41.58 96.57 92.85
(A) 011 O-rich 38.83  63.83 1542 4453  48.25
{110} (A) Nal-0O,1 Stoi. 2243 2243 0.00 2243 2243
(A) Nal Na-rich 5294 3526 -2940 3041 27.78
(A) 021 O-rich 1399 31.67 1091 18.02  20.65
{111} (A) Nal Na-rich 51.07 37.47 -22.63 33.74 31.71
(B) 021 O-rich 17.16  31.59 8.91 20.45  22.60
{211} (A) Nal-0,1 Stoi. 27.09 27.09 0.00 27.09 27.09
(B) Na2-0,2 Stoi. 2935 29.35 0.00 27.09 27.09
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Chapter 9. Nano-Particle Stabilization in Sodium Oxides and
Understanding of the Discharging Thermodynamics in Na-Air

Batteries

9.1. Particle-size-dependent phase diagram of Na,O,

The relative stability of Na,O, and Fm 3 m NaO, nanoparticles is investigated by
combining the formation free energy of the bulk obtained from Chapter 7.1 and the surface
energies obtained from Chapter 8.1. The phase diagram of nanoparticles is constructed as a

function of temperature, O, partial pressure and particle size.

9.1.1.  Formalism for particle-size-dependent formation free energy

The formation free energy of a particle with unit volume (¥; = 1 A?) is calculated as
AGyy (T Py, )= AGEX(T R, )+ Zy (T.R,,)- A,

= AGyx (T P, )+y(T,PO2)-ZAU . Eq.(D

form

where AGE) l:: is the formation energy of bulk Na,O; in eV/A® unit obtained from Eq. (7-7)

and v; is the surface energy of the i facet in the predicted Wulff shape in eV/A? unit obtained
from Eq. (8-5). We defined A4,; as the surface area of the i facet in A%/A® unit for a unit

volume particle. The normalized total surface energy ¥ is defined as

z'}/i(T’Poz)'Al,i

(T h )=~ YA, . Eq. (9-2)

representing the net free energy contributed from surface energies. The normalized total

surface energy ¥ is integrated over the different surface facets comprised of the Wulff

shapes and normalized by the surface area in eV/A? unit. Using the surface energies obtained

in Chapter 8.1, we obtained ¥ for Na,O, as 0.178 and 0.196 eV/A? at 300 K at the most

oxidizing and reducing conditions, respectively, and 0.070 eV/A® for Pa3 NaO; at both the

most oxidizing and reducing conditions.
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For a particle with an arbitrary particle size d (A), where the particle volume
Vo=d x V,=d, the surface area of the i facet can be calculated as 45, =d" x 4;,. The

formation energy of a particle with an arbitrary particle size d can be calculated as
AGiy (d’T’Poz ) =AGem (Tspo2 )'Vz : 3 273 (TaPoz)'Au

EAGbmk(T,Poz)'ds‘f'z’)’,-(T,Poz)'dz'Ali

form

Eq. (9-3)
= AG (T P, ) &>+ (T B, )-d°

form

9.1.2. Phase diagram as a function of particle size

Fig. 23 presents the calculated phase diagram as a function of particle size and O,
partial pressure. The phase diagram is calculated at the O, gas limit; however, the phase
diagrams under other conditions share the same features. Similar to the bulk phases, Na,0; is

stable at lower 7, , while NaO, becomes stabilized at higher F, . When the particle size

decreases, the formation of NaQ; is preferred due to the lower surface energies of NaO,. The

particle size at which Na,O, becomes more stable than NaO, at . = 1 atm is ~6 nm at the

4
10
0 5 10 s 20

Size (nm)

Figure 23. Phase diagram of Na;0; (red) and NaO: (green) at 300 K as a function of particle size

and F, atthe O gas limit. The particle size is defined as (V?)1/3, where WV is the total volume of

the particle. Reprinted with permission from Kang, S.; Mo, Y; Ong, S. P,; Ceder, G. Nano Letters
2014, 14 (2), 1016-1020. Copyright 2014 American Chemical Society.
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O gas limit. In addition, higher POz promotes the stability of larger NaO, particles. For

example, at B, = 4 atm, the size of the stable NaO, particle is greater than 20 nm.

9.2. Kinetics in nucleation of Na,0, and Fm 3 m NaQ, nanoparticles

To further evaluate the initial stage of nucleation during discharge of a Na—O; battery,
we calculated the critical nucleus size d and the critical nucleation energy barrier AG" of

Na,O, and NaQO, particles.

9.2.1. Formalism for critical nucleus size of Na,O, and Fm 3 m NaO,
nanoparticles and their nucleation energy barrier
We calculated the critical nucleus size using the F, and/or the electrochemical
potential ¢ as a driving force for nucleation:
AGH (T, 1 atm, ¢ )+ xF¢~k,TIn P,
xp N0 ) Eq. (9-4)

AG, (TP, ,¢)=

where AGY:%: is the formation free energy of bulk Na,O, at a given temperature 7,

form
P, =1 atm and its equilibrium potential ¢;a'02 , F is the Faraday constant, and V"*: is the
volume of Na,O, in A? per formula unit. The nucleation driving force AG, is the normalized
formation free energy of Na,O, at arbitrary P, and electrochemical potential ¢ in eV/A? per

Na. We plugged AG | into AG;‘:: in Eq. (9-3):

MG, (d.T.F, .9)=AG,(T P, .¢)-d’+¥(T.F, )-d’ Eq. (9-5)

and calculated the size of the critical nucleus when dAG, (d,T,P02 ,q)) /9d=0.

The critical nucleus size, (d')’, represents the particle volume beyond which the
particle growth is energetically favorable; AG" is the free energy required to form this critical

nucleus size. These parameters can be calculated as
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p 27(7.5, |

306G, (7.7, .¢) Eq. (9-6)
AG* - 4{7(T’P02)}3
and 27 {AGV (.p, ,¢)}2 ' Eq. O-7)

Note that we plugged in the normalized total surface energy 7 at all F,, conditions
that are calculated at the O, gas limitat 7= 300 K and £, = 1 atm because the standard state

(300 K and 1 atm) is the typical initial setting for Na—O, batteries. In addition, in terms of

computational convenience, because F,, alters the stability window of compounds (Fig. 15),

¥ as a function of F, makes the calculation much more complicated. However, considering
F,, change by O(10%, e.g., from 1atm to either 100 atm or 1072 atm, only shifts u, by

<0.06 ¢V, ¥ asa function of F, is expected to have only a minor effect.

9.2.2. Results

We calculated " and AG” as a function of F,, when the applied potential is 2.1 V

versus Na/Na®, corresponding to 0.21 and 0.18 V below the calculated equilibrium potentials
for the formation of both Na,O, and NaO,, respectively (Table 4). Under this condition, the

critical nucleus size for NaO, is smaller than that for Na;O, at P, higher than ~0.005 atm

(Fig. 24(a)). In addition, the nucleation energy barrier for Na,O; is consistently much higher
than that of NaO, (Fig. 24(b)). Therefore, NaO; particles are more likely to nucleate because
of their smaller critical nucleus size and lower nucleation energy barrier than Na,O,. The fact
that NaO, nucleates with a much lower energy barrier and smaller critical nucleus size than
Na,O, holds for all discharge potentials, as shown in Figs. 24(c) and 24(d). Furthermore, a

higher F, significantly reduces the critical nucleus size and critical energy barrier for NaO;

particles; the critical nucleus size is less than 1 nm at F, =1 atm (Fig. 24).
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Figure 24. (a, ¢) The critical nucleus size and (b, d) critical nucleation energy barrier of Naz0.

and NaO; particles as a function of F, at¢=2.1Vvs. Na/Na* ((a) and (b)) and as a function of
voltage at £, =1atm ((c) and (d)). The applied potential 2.1V for (a) and (b) is 0.21 and

0.18 V lower than the calculated equilibrium potentials of Na;02 and NaO;, respectively. These
equilibrium potentials of Na;0; and NaO: are marked by vertical lines in (c) and (d). Reprinted
with permission from Kang, S.; Mo, Y.; Ong, S. P.; Ceder, G. Nano Letters 2014, 14 (2), 1016-1020.
Copyright 2014 American Chemical Society.

9.3. Conclusion: Implication to the thermodynamics in discharge

products in Na—QO, batteries
We are now in a position to shed light on what controls the formation of either NaO»
or Na,O, during the discharge of Na—0, batteries. Considering the formation energy of bulk

phases, one may expect that Na,O, will be the dominant product at the standard condition
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(300 K and 1 atm), and NaO, will form only at extremely high F,, (> 8.5atm) (Fig. 14).

However, when the effect of surface energy is considered, our computational results reveal
that the lower surface energy of NaO, stabilizes small NaQ, particles over Na,O, particles,
resulting in the preferred nucleation of NaQ, nanoparticles at any given temperature, O,
pressure and chemical potential (Fig. 23). Given the distinct structure of NaO, and Na,O, and
the fact that the energy difference between NaO, and Na,O; is small (20 meV/Na at
d=20nm, and 30 meV/Na in bulk), these particles may never transform into NayO,, thus
remaining metastable. We believe that this phenomenon may explain the observation of pum-
sized NaQ; particles by Hartmann et al.”'° The formation of Na,O, may be favored by poor
oxygen transport in the electrode caused by, for example, pore clogging. Pore clogging
interrupts the O, supply to nucleation sites and lowers the formation free energy of bulk

NayO,. For example, when the local P, decreases to 1073 atm, Na,O, particles larger than
0, p

1.5 nm become energetically stable (Fig. 23), and when they reach their critical nucleus size,
2.1 nm, there is no obstacle to the nucleation of Na,O,. Thus, to promote NaO, formation, it
is critical to ensure an O, supply by deploying cathode microstructures with high pore-
density and/or suitable electrolytes rendering appropriate O; solubility and diffusion.''*'%%

As the stability of the superoxide is possibly a key parameter in designing viable
metal-air batteries, as described in Chapter 6, our finding that the formation of the superoxide
is controlled by its substantially lower nucleation energy at the nanoscale over peroxide may
be particularly important for designing reversible Na—O, systems as well as other air
batteries.

In summary, we investigated the relative phase stability of Na;O, and NaO, as a
function of temperature, O, partial pressure, and particle size. Our results confirm that in
bulk, Na,O; is stable, and NaO; is metastable at standard conditions. As the superoxide NaO,
has a much lower surface energy than the peroxide, it is stabilized when the particle size is in
the nanometer regime where nucleation occurs. Our results further reveal that the O, partial
pressure is a significant parameter in determining the formation and growth of a particular
sodium oxide phase. For higher O, pressure, the energy barrier to nucleate NaQ, is reduced,

and the superoxide remains thermodynamically stable up to larger particle sizes, thereby

reducing the possibility that it transforms to the peroxide upon growth.
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We expect that our findings will direct efforts toward understanding and controlling the
formation of desired Na—O compounds in battery operation and further invigorate interest in

the potential of Na—O, batteries.
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