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Chapter 1

Introduction

Pressure can induce structural phase transitions of materials and compounds,
leading to changes in their physical and chemical properties. Many properties such as
electronic, vibrational, elastic, and optical properties can be determined if their crystal
structures are known. Therefore, the determination of crystal structure for materials
and compounds is paramount, which obtains from X-ray diffraction measurements and
structure searching techniques. Interestingly, many previous studies on structural phase
transitions of elements and compounds under high pressure have discovered the
exotic properties. For example, the simple metal sodium was found that it becomes
insulating at ~200 GPa [1], while hydrogen was found that it becomes metallic at 495
GPa [2]. NaCls was synthesized at 55-60 GPa using a laser-heated diamond anvil cell
[3]. Moreover, the high-pressure study is also important for earth and planetary science
because it leads to an understanding of matter in the interiors of planets that has very
high pressure. Thus, investigation of structural phase transition at high pressures is of
great interest, and it plays a key role in discovering exotic physical and chemical

properties of materials.

Lithium peroxide (Li,O,) and sodium peroxide (Na,O,) are metal peroxide compounds
that have broad applications such as bleaching agents, oxidizing agents, and breathing
apparatus. They are also utilized as oxygen sources at ambient conditions by capturing
carbon dioxide (CO,) to produce oxygen (O,) and carbonates as the following reactions

(4, 5],
UQOZ + C02 —> LI2CO3 + (1/2) Oz, (11)
Na202 + COQ —> NagCO3 + (1/2) 02 . (12)

The CO, capture reaction by Li,O, slowly occurred at ambient conditions, yet the
reaction rapidly occurred at elevated temperatures above 200 °C [6, 7]. Unlike the CO;
capture reaction by Li,O,, the CO, capture reaction by NayO, rapidly occurred at

ambient conditions [8]. This implies that the activation energy for the CO, capture



reaction by Li,O, is higher than that of Na,O,. Evidently, pressure can be used to
overcome reaction energy barriers [9], and the Gibbs free energy change of reaction
can predict spontaneity of the reaction. The Gibbs free energy increases with increasing
pressure, but it decreases with increasing temperature. Thus, the CO, capture reaction
by Li,O, may occur at high pressure and at an appropriate temperature. Since pressure
can induce the structural phase transitions of compounds in both reactions, pressure
may affect the thermodynamic stabilities of both CO, capture reactions, which has not
yet been studied. Consequently, the investigation of the structural phase transitions of
Li,O, and Na,O, at high pressures provides fundamental information, which may be

useful for their CO, capture applications.

Furthermore, Li,O, and Na,O, are the main discharge products that form at the cathode
of the Li-O, and Na-O, batteries, respectively. The formation of Li,O, and Na;O, on its
cathode lead to poor reversibility and high overpotential during recharge, which results
in decreasing of the lifetime and cyclability [10]. The previous studies suggested that
the understanding of the crystal structure and thermodynamic stability for Li,O, and
Na,O, are important for investigating the origin of high overpotentials [11, 12]. Thus,
the crystal structure and thermodynamic stability obtained from the investigations of
high-pressure structural phase transitions of Li;O, and NayO, may be useful for
improving the related properties, the CO, capture, and the performance of the Li-O,

and Na-O, batteries.

Regarding the crystal structure of Li,O, at ambient conditions, Féher et al. [13] and
Foppl [8] originally proposed the hexagonal structures of Li,O, with the P-6 space
group, yet their lattice parameters and atomic positions were significantly different.
Later, Cota et al. [14] have optimized those structures to find the most stable structure
using the density functional theory calculations. They reported that the fully optimized
structure closely corresponds to the Foppl structure with a different space group of
P6:/mmc, and it has the lattice constants: a = 3.1830 A and ¢ = 7.7258 A. Furthermore,
Chan et al. [15] have also characterized those structures using a combination of the
X-ray diffraction and first-principles techniques. They proposed that the appropriate
structure of L,O, should be the P6s/mmc structure, which corresponds to the Foppl

structure. In term of previous high-pressure studies, Deng et al. [16] predicted the



crystal structures of Li,O, in the 0-100 GPa pressure range using the particle swarm
optimization algorithm (CALYPSO) and the Perdew-Burke-Ernzerhof (PBE) functional
that implemented in the Vienna Ab initio simulation package (VASP) to find the most
stable crystal structures of Li,O, at high pressures and to calculate their electronic
properties. They predicted that the P6s/mmc structure transforms to a monoclinic
structure with the P2,/c space group at a pressure around 84 GPa, and the calculated
band gap of both phases (P6s/mmc and P2,/c) increase with elevated pressure.
Furthermore, Dunuwille et al. [17] experimentally investigated the structures of Li,O,
under high pressure up to 63 GPa using Raman spectroscopy and synchrotron X-ray
diffraction. They reported that there is no structural phase transition in the pressure
range studied. However, they found that the ‘z’ atomic position of the oxygen (1/3,
2/3, z) has an unusual change at around 35 GPa, which was supposed as the
isostructural phase transition. This probably suggests the local lattice distortion in the
P6s/mmc structure. In addition, Yang et al. [12] also employed synchrotron X-ray
diffraction measurements to characterize the structure of Li,O, at high pressures. They
summarized that the P6s/mmc structure is stable up to 57 GPa. Although the high-
pressure structural phase transition of Li,O, has been determined, some interesting
issues require more investigation such as pressure-induced local lattice distortion on
the chemical bonding and electronic properties. Furthermore, the phase
transformation pathway of Li,O, at high pressures over 100 GPa is not determined.

Therefore, these should be investigated extensively.

With regard to the previous studies for Na,O,, Tallman et al. [18] and Foppl [8]
independently determined the crystal structure of Na,O, at ambient conditions using
single-crystal/powder X-ray diffraction measurements. They proposed that the Na;O;
structure is hexagonal with the P-62m space group. The lattice constants of Tallman’s
structure are of a = 6.22 A and ¢ = 4.47 A, while that of Foppl’s structure are of a =
6.208 A and c = 4.469 A However, their atomic positions of Nal and Na2 are
significantly different with atomic displacements of 0.118 A and 0.012 A although their
lattice constants are not different within the maximal error of + 0.01 A. As a result, the
favored structure at room temperature would be identified theoretically. Furthermore,

Dunst et al. [19] analyzed the X-ray powder diffraction patterns of the microcrystalline



and nanocrystalline Na,O, at ambient conditions using the Rietveld refinement
methods. They found that the structures correspond to the Foppl’s structure.
Moreover, Tallman et al. [20] observed the X-ray powder diffraction patterns of Na,O,
in the 25-550°C temperature range using a Geiger-counter diffractometer. They found
evidence for Na,O,-Il and Na,0,-Q phases, but the crystal structure of both phases
have not been indexed. The Na,O,-Il was found at 512°C, whereas the Na,0,-Q was
found at room temperature by quenching liquid Na,O, into liquid air. They also
proposed that the quenched Na,O, might be stable in the temperature ranging from
596°C to 675°C or as a metastable phase at low temperature. Thus, determinations of
the crystal structures for both phases of Na,O, are very interesting, which will be

performed with ab-initio random structure searching.

As for the previous high-pressure investigations of structural phase transition for Na,O,
at room temperature, Dunuwille [21] employed the Raman measurements in order to
observe the phase transitions of Na,O, at high pressures up to ~53 GPa. It was proposed
that the transition pressure is ~14 GPa, and the chemical decomposition occurs above
26 GPa. However, the observed Raman spectra appeared the characteristic frequencies
of some contaminants such as Na,COs, Na,O, - 2H,O, and NaO,. Furthermore, the
findings are not consistent with the theoretical prediction proposed by Deng et al. [16].
It was predicted that the P-62m structure transforms into an orthorhombic structure
with the Pbam space group at around 28 GPa, and the Pbam structure is stable up to
100 GPa. These indicate that the previous studies on high-pressure structural phase
transition of NayO, are not clarified, so more experimental and theoretical

investigations need to be conducted.

Consequently, the major objective of this thesis was to investigate structural phase
transitions and electronic properties of Li,O, and Na,O, under high pressure up to 500
GPa for Li,O, and 300 GPa for Na,O, using first-principles calculations. The Universal
Structure Predictor: Evolutionary Xtallography (USPEX) and ab initio random structure
searching (AIRSS) methods were employed to search the crystal structures at high
pressures for Li,O, and Na,O,, respectively. Raman spectroscopy was also used to
determine the structural phase transition of Na;O,. Furthermore, the elastic and

vibrational properties of Na,O, were also calculated. The dynamical and



thermodynamic stabilities for the predicted phases of Li,O, were verified at high
pressures and 0 K, while the stabilities of the Na,O, phases were verified at high
pressures and in the temperature range of 0-600 K using the quasi-harmonic
approximation (QHA). The minor purpose was to investigate the Gibbs free energy
change in the CO, capture reactions of Li,O, and Na,O, at high pressures and
temperatures using QHA. Remarkably, the findings revealed the prediction of a new
high-pressure phase of Li,O, and the candidates of low-temperature phases for the
Na,Oz-Il and the Na,O,-Q, which are useful for experimental verifications. Moreover,
they also provided an intensive understanding of peroxide group behaviors in Li,O,
and NayO, at high pressures. In addition, this study provided the thermodynamic
quantities for the CO, capture reactions of Li;O, and Na,O, at high pressures and

temperatures, which may be useful for CO, capture applications.

After this introductory chapter, the theoretical background in the dissertation will be
described in Chapter 2, and then the computational and experimental methods, the
results and discussions, and conclusions will be presented in Chapter 3, Chapter 4, and
Chapter 5, respectively. Finally, the Phonon dispersion curves and their phonon density
of states of the crystal structures used in the calculation of the Gibbs free energy
change in the CO, capture reactions by Li,O, and Na,O,, the Raman spectrum of Na,O,
at ambient conditions, and the pictures of the experimental apparatus will be shown

in the Appendix.



Chapter 2

Theoretical Background

Regarding this chapter, the first-principles calculations based on density
functional theory and the principles of Raman scattering that were employed in the

present dissertation will be described in detail.

2.1 Density functional theory

Density functional theory (DFT) is one of the most successful approaches for
calculating the ground-state total energy and electronic structure of matter. DFT
employs an astute way to solve the Schrédinger equation for a many-body system.
The formulation for the real system described by an effective one-body system is given
by Kohn, Hohenberg, and Sham. The complex many-body wavefunction of the
Schrédinger equation is reformulated in terms of the density that only depends on the
three spatial coordinates. As a result, the ground-state total energy is just a function
of density, the so-called density functional [22]. However, to achieve that goal, it needs

principles and some approximations, which will be discussed in detail as follows.

2.1.1 Schrédinger equation for a many-body system
Based on non-relativistic quantum mechanics, the time-independent Schrédinger
equation (in atomic units) for a system that consists of M nuclei and N electrons can

be written as the following equation:

HY(r, b, ..., R, Ry, oo, Ry =E¥(F, B, ..., T, R, Ry, .., Ry, (2.1)

18, 11, Z, 1 1 1 Z,Z,

H=—>Vi——>» —V{ - ——+— > ————+— ) ————— (2.2)
2%‘ 2|Z::1'V|| | %‘ﬁ—Rl‘ Zg‘ﬁ—rj‘ Z,E‘R,—RJ‘

where H is the Hamiltonian of the system. On the right-hand side of Eq. (2.2), the first
two terms represent the kinetic energies of the electrons and the nuclei. The other
three terms stand for Coulomb interactions due to nucleus-electron, electron-
electron, and nucleus-nucleus, respectively. The position vector of F and ﬁ, are of
the electron at the site i and the nucleus at the site 1. M, and Z; denote the mass

of the nucleus and the charge at the site |, respectively [23].



2.1.2 Born-Oppenheimer approximation
Because the mass of the nuclei moves much slower than the electrons, the kinetic
energy of nuclei is approximately zero, and the potential energy due to the nucleus-
nucleus interaction becomes constant. Thus, the kinetic and potential of the nuclei

can be considered separately. The Schrédinger equation for the electrons can be

written as:
He®,(F, R) = E, ¥, (', R), (2.3)
n Z 1 1
He=-Z>Vvi-y—L_4+>% _— (2.0)
2ia il |_R|‘ 2i¢1ri_rj‘

where ¥, (F,R) and E. are the electron wavefunction and its energy eigenvalue,

respectively [23].

2.1.3 Hohenburg-Kohn theorems
Hohenburg-Kohn theorems are the core principle in DFT, which states the relationship
between the ground-state energy and its electron density. There are two theorems as

follows:

The first Hohenberg-Kohn theorem states that, “the ground-state energy from
Schrédinger’s equation is a unique functional of the electron density, ny(r) ” [23, 24].
In other words, the ground-state wave function is a unique functional of the ground-
state electron density, i.e. Wy =Y[ny]. This implies that the ground-state energy, E,

is a functional of the ground-state density, which can be written as:
Elng]l=(¥Ino1|H |[¥[n,]). (2.5)

The second Hohenberg-Kohn theorem states that, “the electron density that
minimizes the energy of the overall functional is the true electron density
corresponding to the full solutions of the Schrédinger equation” [23, 24]. This can be
expressed as:

SE[n(r)]
on

n:no



The exact ground-state energy, E;, that corresponds to the ground-state density,

N (1) is given by
Elng(F)] < En(r)]. (2.7)

Therefore, if the exact energy functional is known, then the true ground-state electron
density can be obtained from the energy minimization by varying the electron density,

which can be used to calculate the related properties.

2.1.4 Self-consistent Kohn-Sham equation
Since the system has many electrons, solving the Schrodinger equation [Eqg. (2.3)] is
almost impossible. However, Kohn and Sham proposed a new form of the Schrédinger
equation for a many-electron system, namely the Kohn-Sham equation, which is

written in terms of an effective one-body system as follows [23, 25]:
1 r r r —
{—EVZ + Vet (")}PiKS (F) =E¥[°(F) =Ty + Ey + Eeq + Ex. J¥1°(F),  (28)

where the effective potential, Vg (), is given by
Vet (F) =V (F) Ve (F) + Vi (F). (2.9)

Vi (F), Ve (), and V. (F) are the potentials due to the electron-electron repulsion,

the nucleus-electron attraction, and the exchange-correlation functional, respectively.

Based on the Hohenberg-Kohn theorems, the total energy, £, in Eq. (2.8) can be
rewritten as the function of the electron density. Thus, the energy functional is given

as

E[n(r)]=ToIn(r)] + jjw(rd F'+ [Vexe (F) n(F) dF + Ex [n(F)].  (2.10)

On the right-hand side of Eq. (2.10), the first term is non-interacting kinetic energy for
all electrons in the system. The second term represents the potential energy due to
the electron-electron repulsion (Hartree energy). The third term stands for the external
potential energy due to the nuclear-electron attraction, and the last term is the

exchange-correlation energy functional.



Here, the electron density, n(F), of the system can be obtained from

n(r) = Z“I’KS(r)‘ zqf KS (F)¥KS () . (2.11)

i=1

Note that, the electron density is not the wavefunction of the system, whereas it is
the true electron density of the system. Furthermore, Vi (F)and Vg (F) in Eq. (2.9)
can be exactly evaluated, while V,.(F) is unknown, which needs the appropriate

approximation.

Concerning the exchange-correlation functional, there are three types of methods: (i)
Local Density Approximation, (ii) Generalized Gradient Approximation, and (iii) hybrid

functionals.

(i) Local Density Approximation (LDA): LDA functional is simply approximated

that the exchange-correlation enersy, E)';CDA[n(f)], is uniform at any F position. This
means that the electron density is a homogeneous electron gas, 5h°m[n(F)] [26]. This
approximation is given by

Ec INM] = [n(r) e [n(r)]dr . (2.12)

gng[n(f)] can be separated into exchange and correlation contributions as follows:

e [n(F)] = & InM)]+en(r)], (2.13)

where ¢, is the exchange energy density, which is given by
&l = —c[nf” (2.18)

where C is a free constant. In the case of the correlation energy density (&), it is
unknown. However, the correlation energy has been simulated using numerical

quantum Monte Carlo calculations to obtain essentially exact results [27].

(ii) Generalized Gradient Approximation (GGA): Unlike LDA, GGA functional
is considered that the electron density is inhomogeneous. As a result, the exchange-

correlation energy, ESCA[n(F)], depends on both the density, N(F), and the gradient

of the density, ?n(F) as follows:
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Ex”In(r)] = [n(F) &, [n(r), Vn(r)ldr . (2.15)

Usually, GGA functional is widely used to calculate various properties because it
provides better agreement with experimental data than the LDA functional. One of the
most used GGA is PBE functional proposed by Perdew, Burke, and Ernzerhof [28], which

was also used in this dissertation.

(iii) Hybrid functional: The hybrid functional originated from the improving
calculations of the properties of matter (e.g., band gaps, bond lengths), which were
poorly consistent with experimental results when described with the LDA and GGA
functionals. Generally, the hybrid functionals have been constructed from the linear
combination sets of the Hartree-Fock exchange functional, E/'F | and the exchange-

correlation functionals, that were weighted by individual parameters [29].
HF 1 £ A Pt N () 7
E,N = -5 > _Ul//i )y (rz)r—V/j (Dy;(R)drdr,. (2.16)
iJ 12

Previously, many hybrid functionals have been proposed such as B3LYP, PBEO, and
HSE functionals. One of the most popular functionals is a screened Coulomb potential
hybrid density functional, the so-called the HSE (Heyd-Scuseria-Ernzerhof) functional,

which is expressed as
E;%PBEh _ aE)I(—H:,SR(a))_i_(1_a)E)I(:’BE,SR(a))+ E)I:’BE,LR(G))_’_E;DBE’ (2.17)

where @ denotes an adjustable parameter which dominates the boundary of short-
range interactions. The @pge, is equivalent to PBEO for o = 0 and approach to PBE for
@ — 0. The abbreviation of ‘SR’ and ‘LR’ mean the various short- and long-range
terms in Eq. (2.17). When the HSE functional is fixed the values of a = 0.25 and @ =
0.2, is usually called HSEO06 [30].

The self-consistent field (SCF) method [25] is employed to solve for the Kohn-Sham
orbitals and the total energies, as shown in Figure 1. Initially, the electron density is
guessed to determine the effective potential functional, and then the Kohn-Sham
equation is solved to obtain the electron density. This process is subsequently

performed until the densities are consistent within the convergence setting. Finally,
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the converged density is used to calculate the desired properties such as the electronic

band structure and density of states.

Generate new n(r)

[ Initial guess n(r) ]
-

—_— [ Calculate V4 =V +Vy[N(F)]+Vyc[n(r)]

s
Solve [—%Vz +Veg (f)}lPiKS (N=E¥ ()

!

N 2
Calculate n(r) =Z“PiKS(F)‘
i=1

!

Self-consistent?

NO (
L

Output quantities ]

Figure 1: Schematic flowchart for the self-consistent Kohn-Sham equation method

2.1.5 The secular equation

To obtain the solution of the Kohn-Sham equation, the Kohn-Sham orbitals are

expanded in terms of a linear combination of arbitrary basis function,

N
Ya(r) = Y.Cla(r), (2.18)
i=1

where ¢! is a coefficient of the basis function, ¢ (F), in the Kohn-Sham orbitals,

WY, (F). Inprinciple, N is approach to infinity; however, practically, N should be large

enough for accuracy of the Kohn-Sham orbitals.
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By substituting the Kohn-Sham orbitals, Eq. (2.18), into the Kohn-Sham equation, Eq.

(2.8), the equation becomes

2 N

ZC {——Jrvﬁ(r)}a,(r) = 2C'Ea). (2.19)

By multiplying the complex conjugate of the basis function, gpj*(F) , to Eq. (2.19) and

taking integration over all space, the equation becomes
N
zc I(DJ(I’){———kVﬁ (r)} p()dr = Y CME [o;(Ne(r)dr (2.20)
i=1

Here, Eq. (2.20) can be written in the matrix form as shown below:

HC = EQC, (2.21)

where H, Q, C, and E are the Hamiltonian matrix, the overlap matrix, the
eigenvector, and the eigenvalue, respectively. H and @ have the N xN dimensional
matrices, so there are the N eigenvalues and the N eigenvectors. This equation is

called as the secular equation [22].

2.1.6 Calculation techniques in DFT
2.1.6.1 Plane-wave basis set, cutoff energy, and k-point mesh
In the case of solids, the arrangement of atoms in crystal structure is periodically
conditioned by the symmetry, so that solving the Kohn-Sham equation can be
simplified by employing Bloch’s theorem. The theorem states that the electronic
wavefunctions at each k-point can be expanded in terms of a discrete plane-wave

basis set [31]. This can be expressed as
wIF) = ul(r)eT (2.22)

where () , IZ, and N are periodic function, wavevector and band index,
respectively. Here, the electron wavefunction, W} (F), and the energy eigenvalue, E,

must satisfy the two conditions as follows:

E() = E(+G), (2.23)
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YR(r) = WYie(r), (2.20)

where G is called as the reciprocal lattice vector. Regarding the periodic function,

up (F), can be written in terms of a summation over plane wave sets as:

iG;-F

u(F) = YCikye™ " (2.25)
J

By substituting Eq. (2.25) into Eq. (2.22), the volumetric normalized wavefunction can

be obtained from the expression:

PI(F) = %ZC?(IZ) glk+G) T (2.26)
J
Therefore, the exact solution of the Kohn-Sham equation can be solved using the
infinite number of the plane-wave basis sets in Eq. (2.26). The problem is now
transformed from the real space to the reciprocal space, k -space, which represents
the Fourier transform of the periodic lattice in the real space. Practically, it is,
nevertheless, impossible to use the infinite number of the plane-wave basis sets
because of the limited computational resources. The maximum value of the reciprocal
lattice vector, Gmax, however, is directly related to the kinetic cutoff energy, E;, via
the expression:
72

L, A~ 2
Eo < %\memax\ , (2.27)

Thus, this implies that the accuracy of the obtained ground-state energy can be
increased using the larger kinetic cutoff energy and the K -points, which needs more

computational resources.

2.1.6.2 Norm-conserving and ultrasoft pseudopotentials
In a solid system, ion cores consist of nuclei and tightly bound core electrons. The
wavefunctions of valence-electron and core-electron are orthogonal. The ion cores
are treated as frozen in the pseudopotential approach. Thus, the ion cores are not

considered in chemical bonding and consequence of structural modifications [31].
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Generally, a pseudopotential form is expressed as:

where |Im) stands for the spherical harmonics, and V, denotes the pseudopotential

for the angular momentum 1.

In order to generate pseudopotentials, all-electron calculations performed for an
isolated atom in a selected electronic configuration. Then, the valence-electron
eigenvalues and valence-electron wavefunctions for the atom are obtained, as shown
in Figure 2. Next, the parameters for the ionic pseudopotential are initialized and then
adjusted, so that a pseudo atom calculation provides pseudo wavefunctions, ¥pg,
and pseudo eigenvalues. The pseudo wavefunctions correspond to the valence-
electron wavefunctions outside some cutoff radius, R, where the pseudo eigenvalues
are equal to the valence-electron eigenvalues. If the pseudo and all-electron
wavefunctions are normalized to one, then the constraint of norm-conservation is
satisfied, resulting in the corresponding of the wavefunctions outside the R.. The

pseudopotential is called the norm-conserving pseudopotential [31].

However, since there are intrinsic limits on optimizing the convergence of norm-
conserving pseudopotentials, the other pseudopotential approach has been created.
One is the ultrasoft pseudopotentials proposed by Vanderbilt [32]. They allow
performing calculations with the lowest possible cutoff energy, resulting in decreasing
the plane-wave basis set. To reduce the basis set, the norm-conservation condition is
broken by removing the charge from the core region. Therefore, the pseudo
wavefunctions are softened as possible within the core, providing a considerable

decreasing of the cutoff energy [31].
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Figure 2: Comparison of the all-electron (AE) and pseudo (PS) wavefunctions (¥) and
their potentials (V) [33].

The ultrasoft pseudopotentials form is the same as other pseudopotentials plane-

wave methods with the nonlocal potential, V) ,

Ve = X DR{a) (Al (2.29)
m, |

where the pseudopotential is identified by the projectors, £, and coefficients, D(O),

and it differs for different atomic species. The index, |, represents an atomic site. Thus,

the electron density can be expressed as:

nr) = X0+ X Q|8 ) (Bn|4) | (2.30)

nm, |

where ¢ are the wavefunctions, while Q(F) are the augmentation functions localized
in the core regions. Consequently, the ultrasoft potentials can be obtained from the

local part, V{2 (F), and from the coefficients D@, Q, and B [31].
p oc
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2.1.7 Geometry optimization
Based on DFT, the geometry optimization is performed at given pressure and absolute
zero temperature to obtain the minimum enthalpy structure. The crystal structure is
relaxed until the atomic force acting on each atom is close to zero or the maximum

force setting. The force vector, F, is given by

F- - (2.31)
X |p
where H is the enthalpy, and X is the coordinates of atoms. The enthalpy variation

about the minimum, X, is defined by
1
oH = E(X_Xmin)'A(X_Xmin) ’ (2.32)

where A stands for the Hessian matrix. The quasi-Newton method [34] is used to
optimize lattice parameters and atomic coordinates of crystal structure at a given
pressure, P, in order to find the X, Via the force in one-step optimization. Then, the

X; is varied to obtain the X using the equation:

min
AX; = HF = (B)'F . (2.33)

Here, Hy can be estimated and refined by the BFGS algorithm [35]. At the X, the

crystal structure is exactly at the pressure, P, which has the minimum enthalpy.

2.1.8 Electronic band structure and Density of states
The electronic properties of the system are obtained from the expectation values of
the ground-state energy, corresponding to any wavevector, K, which is expressed by

IZ/
(s

A

H\PE> - Efs... (2.36)

Here, the ground-state wavefunction, ‘I’ﬁ, is the solution of the Kohn-Sham equation

of the system that has the Hamiltonian, H, and the energy eigenvalue, EE .

By plotting the set of the energy eigenvalues along with high symmetry directions in
the Brillouin zone, the electronic band structure is obtained both the valence and

conduction bands.
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The density of states (DOSs) is employed to describe the state numbers occupied by
the system at each energy level. The DOSs for a given band N, N, (E), is defined by

1 _ ,
N, (E) = mjclk 5(E-Eq(K)), (2.35)

where En(IZ) is the energy eigenvalue for the given band, which describes the
dispersion, and the integral is calculated over the Brillouin zone of the primitive cell

[31].

2.2 Ab initio \attice dynamics

2.2.1 Phonons
Lattice vibrations in crystals or phonons play a key role in the prediction of the
dynamical stability for crystal structures, and their vibrational properties such as
phonon dispersion, infrared and Raman spectra can be described using a harmonic
approximation. Based on a Taylor expansion of the total energy, E, around the

equilibrium coordinates, it is expressed as:

oE _ 1 ). no
.U aufe Z UK‘a q);:’;, .UK',a’ + ... s (236)

— K,a
auk,a 2 Ko,k

K,a

where U, , denotes the atomic displacements vector from their equilibrium positions.
All atoms are labelled by x, and the Cartesian coordinates in X, y, and z directions

are represented by a =1,2,3, respectively. @, '7, represents the force constants matrix

(or Hessian matrix), which is given by

'
(Da,a’ = — (2.37)

Here, the force acting on atoms, x, in direction, a, can be calculated using the

expression:

oE
FK,CC = _66 . (238)

K,x

At the equilibrium, the forces are all zero, and the 3" and higher-order terms of Eq.

(2.36) are approximate to zero within the harmonic approximation.
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By assuming the periodic boundary conditions and substituting the plane-wave,

u/(,a = gmx,aq expl:l(q ﬁ/{,a _a)t):la (239)
it leads to the eigenvalue equation as:
K (& 2 (=
D(I;,;' (@) Cmi,aq T a’m,q(q)gmx,aq ) (2.40)

where @p o denote the frequencies eigenvalues for each m-mode in the directions g,

while €my qq stand for the mode eigenvectors, and D(’;"(’((j) represents the

a
dynamical matrix which is the Fourier transform of the force constant matrix,

CTATRLL
;% (a)e (2.41)

' 1
IS = ——3
a,a MKMK! T
The dependence of the frequencies eigenvalues, @y g, on the wavevectors, g, is

called the phonon dispersion [36].

In the case of the phonon density of states (DOSs) is defined in the same way as the
electronic density of states. The partial phonon density of states is determined as a
contribution from the given atom to the total phonon DOS. The contribution to the

partial density of states on atom 1 from each phonon band, is evaluated using:

1 2 —~
N, (E) = mjdk\ej(l)\ S(E-E, (K)), (2.42)

where e; is the eigenvector responding to the energy mode, E;. The partial phonon

DOS is then obtained by summation of these contributions over all phonon bands [31].

2.2.2 Density functional perturbation theory
Density functional perturbation theory (DFPT) is one of the efficient methods for ab
initio lattice dynamics calculations. Here, the dynamical matrix and phonons are
obtained using the perturbing ionic positions. The force constants matrix can be
calculated using differentiating the Hellmann-Feynman forces on atoms with respect
to their ionic coordinates, depending on the ground-state electron density and its linear
response to atomic positions due to distortion. Based on DFPT formalism similar to

DFT formalism, the 2™ order energy change depends on the 1*' order electron density
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change. The problem of DFPT can be solved by minimizing the 2™ order perturbation
of the total energy, providing the 1* order changes in density, n(F), wavefunctions,

Yk.n» and potential, V. The 2" order electronic energy, E@ s given by

O 0 )+ (o VOl

,n

0 - sl

k,n

> (v
k,n

vOly)+ ()

(2.43)

1. S%E

where the superscripts of (0), (1), and (2) correspond to the ground state, 1%, and ond

order changes, respectively [31].

However, DFPT implemented in the CASTEP code (version 6.1) is based on the norm-
conserving pseudopotentials only. In this work, the DFPT was employed to calculate
the Raman spectrum of Na,O, for the Pbam structure at 30 GPa to compare with the

measured Raman spectrum.

2.3 Elastic constants

Elastic constants are crucial for describing the elastic behaviors of crystals; especially,
the elastic stability of crystal lattices. Moreover, the elastic constants are also
employed to calculate the elastic properties such as bulk modulus, Young modulus,
and Poisson ratios. The elastic behaviors are described by the elastic matrix (or the

which is defined by

2
c, - 1[ ok J (2.44)

stiffness matrix), Cy;

V_O agi 881

where E and ¢ are the crystal energy and the strain, and V, denotes the volume at

the equilibrium. Here, the stress is given by o =Cjje; - The indices, 1 and |, represent

the standard Voigt notation in which a pair of Cartesian indices is contracted into a

singleinteger 1 <i<6:xx = 1,yy = 2,72z —> 3,yz — 4, xz — 5 xy — 6 [37].

Generally, the stiffness matrix has 6 x 6 sizes. However, because it is symmetric, it
remains of 21 independent components. Moreover, there are symmetry constraints
based on the crystal classes, this leads to a reduction of the number of independent

elastic constants and difference of the independent components for each crystal class.
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Based on an infinitesimal strain within a homogeneous deformation, the energy, E, is

given by the following quadratic form:

1 6
E = EO +EV0 Z Clj &j gj +O(53), (245)

i, j=1
where Ey is the energy at the equilibrium. As a result, a symmetric strain or stress matrix
of 3 x 3 becomes a vector of length 6, while the stiffness tensor of rank four becomes

the 6 x 6 matrices.

As for the elastic stability criterion, the elastic energy in Eq. (2.45) is always positive (£
> 0, Ve # 0), which is equivalent to the following conditions: (i) The matrix C is positive,
(i) all eigenvalues of C are positive, (iii) all the leading principal minors of C are positive,
and (iv) an arbitrary set of minors of C are all positive. These are called the generic

Born elastic stability conditions for an unstressed crystal [37].

In this work, the elastic stability conditions at high pressures were considered for the
P-62m and Amm2 structures of Na,O, to verify the differences between both
structures. As the P-62m and Amm2 structures are hexagonal and orthorhombic,
respectively, the Born stability criteria for both crystal systems will be described as

follows:

The stiffness matrix for a hexagonal crystal system, Chexa, iS given by

Cn Cn Cis
Cin Cn3
. C33
Chcxa = C44 . (246)

Cuyy
Ces

There are five independent elastic constants, where Cg4 is equal to (Cyy — Ci2)/2. By
calculating the eigenvalues of the stiffness matrix, then obtains the conditions for the

elastic stability in the hexagonal case as:
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Regarding the stiffness matrix for an orthorhombic crystal system, Cqtno, it is expressed

by

Cii Cpp Cp3
Cxn Cn
. Cs3
Curlhu - C44 . (248)

Css
Ces

There are nine independent elastic constants. By solving the eigenvalues of the
stiffness matrix, and then finds the solutions that satisfy the Born criteria. Finally, the

conditions for the elastic stability in the orthorhombic case are obtained as:

C;1>0, Cpu>0, Ce>0, Cg>0, C;Cypy >Ch,

(2.49)
2 2 2
C11C22C3a3 +2C15C13C03 — C13Co3 — CpoCig —Cg3Cyp > 0.

Note that all conditions of elastic stability as described before for an unloading system,
but it can be applied arbitrary external stress, o, by introducing the elastic stiffness

tensor, B, under loading system, which is defined (in tensorial notation) as:
1
Biju = GCija +E(5iko_jl + 00l + 0T j 010 — 20405 ) (2.50)

where & is the Kronecker delta [37].

2.4 Ab initio random structure searching
Ab initio random structure searching (AIRSS) is one of the most powerful methods for
searching crystal structure at high pressures. The thermodynamic relation is employed

to estimate enthalpy of the crystal structure at a given pressure, Ps,

dH 1 2d%H
H(R)+(P-P)—| +=(P-P)—

I

H(P)

R

H(PS)+(P—PS)VS—%(P—PS)2\|§—S : (2.51)

S

where H(P,) stands for the lowest enthalpy of the structure at pressure Ps with volume

Vs, whereas H(P) denotes the enthalpy of different structures, which may become more
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stable at another pressure P. V and Bs are the volume and the bulk modulus. Using

the simple linear approximation, Eq. (2.51) is rewritten as:

I

H(P) H(Ps)+(P_Ps)Vs : (2.52)

The concept of the AIRSS method is illustrated in Figure 3. By building many initial
structures that implemented reasonable unit cell volumes and interatomic distances,
these structures (yellow dots) are locally optimized (with no constraint) to the nearly
local minimum of the potential energy surface at a considered pressure using the
random atomic displacements and the random unit cell deformations, namely shaking.
Then, these structures are relaxed again by imposing the possible symmetries to find
the lowest energy structure at a given pressure. The geometry optimization that

implemented in the AIRSS is based on the DFT calculations [38].

Figure 3: A schematic representation of the AIRSS method in a one-dimension of the

potential energy surface. The dots refer to the generated structures, and the dashed

arrows represent the local optimizations [39].

2.5 Universal Structure Predictor: Evolutionary Xtallography

Universal Structure Predictor: Evolutionary Xtallography (USPEX) is one of the most
successful algorithms in structure searching at high pressures. USPEX attempts to find
the global minimum enthalpy structure by using evolutionary principles such as
breeding, mutation, and permutation. The evolutionary principles are shown in Figure
4. The randomly generated structures (both lattice parameter and atomic positions)
are conducted after assigning the chemical composition of materials/compounds.
These structures are locally optimized to the local minimum energy at a considered

pressure [Figure 4(a)l. Moreover, to create different structures with respect to the
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parent structures, the locally optimized structures are operated by the evolutionary
operators consisting of the heredity, mutation, and permutation operators. The
heredity operator uses the breeding of two-parents to generate the child structure, as
shown in Figure 4(b). The mutation employs the mapping of two parent structures,
and the parents’ lattice vector is transformed to generate the child’s lattice by
applying a strain matrix. Conversely, the permutation operator uses the interchanging
of the atomic positions of different types, acting on a single parent, as illustrated in

Figure 4(b) [39, 40].

As for the structure optimization, USPEX is designed to perform with various ab initio
codes for calculating the thermodynamic quantities (e.g., pressure, enthalpy) based on

the DFT calculations.

(@) breeding Fietion

(b) i Breeding : Permutation

3 g Y Y YS
+

P @ =2 - H

Figure 4: (a) Same as Fig. 3, but for evolutionary algorithms. (b) Schematic illustration

of the heredity and the permutation operators [39].

2.6 Thermodynamic quantities within the quasi-harmonic approximation

The thermodynamic quantities of solids (e.g., Helmholtz free energy, Gibbs free energy,
entropy) can be calculated using ab initio lattice dynamics based on the quasi-
harmonic approximation (QHA). Usually, phonons are estimated to be the harmonic
model by omitting the 3™ order and higher-order terms of the total energy expansion

as shown in Eq. (2.53). This implies that all interatomic forces are purely harmonic. In
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the perfect harmonic crystal, it is considered that there is no volume expansion with
temperature. However, if the temperature of the system is far from the melting point,

the Helmholtz free energy, F, can be calculated within the QHA using the expression:

FV,T) = Eq()+Fp(V.T) = Ewt(v)+kBT!g(w)ln{Zsinh(ZZ:’THdw, (2.53)

where E;(V) stands for the ground-state total energy, and Fox(V, T) denotes the phonon
free energy at a given volume V as a function of temperature T, which includes the
zero-point vibrational energy. @ = a(V) represents the volume-dependent phonon
frequencies, and g(@) is the phonon density of states. h and kg are the reduced Planck’s

and Boltzmann’s constants, respectively.

Thus, the vibrational entropy, Sps, can be obtained from [31]

hao
__[oF) _ keT \ exo| 1@
Spn(T)= [8ij_k8 fexp[mj_lg(w)dw Ig(w){l exp{ kBTﬂdw . (2.54)
kgT

Based on the phonon free energy, F(V,T), in Eq. (2.53), the Gibbs free energy of the
structure at the pressure P and the temperature T can be calculated using the

thermodynamic relations as follows:

G(P!T) = EIOI(\/)+th(\/’T)+P(\/!T)V’ (255)
Py = -FUD P(V)—anha—g’T), (2.56)
G(P,T) = Etot(\/)+th(\/,T)+P(\/)V—Va|:ma—Sm. (2.57)

Furthermore, the Gibbs free energy can be rewritten in terms of the phonon free energy

and the entropy as:
G(P,T) = HMP)-TS(M) = EnxV)+ th(\/,T)+ PV)V -T Sph(T) . (2.58)

Practically, Ex(V) and P(V)V are obtained using the DFT calculations, while Fo(V,T) and

Spn(T) are obtained using the phonon calculations.



25

As the Gibbs free energy depends on both pressure and temperature, the pressure
dependence of the Gibbs free energy and the temperature dependence of the Gibbs
free energy should be discussed. The pressure dependence of G is given by
oG i
(a_Pj =V = AG=G(R)-G(R)=[VdP. (2.59)
T R
By plotting the G versus P, as shown in Figure 5(a), V represents the gradient line, which
is positive. This implies that G increases with elevated pressure P at constant
temperature T. Moreover, the plots show that the gradient for gas is sensitive changes
with pressure, but the gradient for liquid and solid are constant approximately. In the
same way, the temperature dependence of G is given by
(%?jv 7/ = % (2.60)
Because S is positive, G decreases with increasing temperature at fixed pressure P, as
shown in Figure 5(b). The gradient of the plot of G and T is used to determine the
entropy of the system. The gradient for gas is greatest, then liquid and solid,

respectively [40].
(a) (b)

Gibbs energy
Gibbs energy

Liquid

F Solid

Pressure Temperature

Figure 5: (a) the pressure dependence of the Gibbs free energy, (b) the temperature

dependence of the Gibbs free energy [41].
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Besides, the relationship between Gibbs free energy (G), enthalpy (H), and entropy (S)

for solid can be graphically presented, as shown in Figure 6.

A

Energy

v

Temperature, T

Figure 6: The relationship between Gibbs free energy (G), enthalpy (H), and entropy
(S) for solid, is defined by G = H - TS [41].

Usually, the Gibbs free energy is used to verify the thermodynamic stability of the
system or the phase stability at the considered pressure and temperature. The most
stable structure is the lowest free energy structure. Here, the change in Gibbs free
energy of the chemical reaction is also employed to predict the spontaneity and the

direction of the reaction, which will be discussed below.

2.7 Gibbs free energy change of chemical reaction
In this work, the CO, capture reactions by Li,O, and Na,O, at the considered pressures
and temperatures will be estimated using the change in Gibbs free energies of both

reactions. Here, the Gibbs free energy of the chemical reaction will be described.

In general, the change in Gibbs free energy of the system or a chemical reaction is

given by
AG = Gﬁna[ - Ginitial = Gproducts - Greactanth (2‘61)

where the subscript of initial and final refer to the initial and final states of the system.
If reactants and products are all solid phases, their Gibbs free energies can be

calculated using Eq. (2.57) or Eq. (2.58) at the given pressure and temperature.
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For example, the CO, capture reactions by Li,O, and Na,0, is given by
LizOz + COZ —> |_|2C03 + (1/2) 02 , (262)
Nazog + COZ —> NagCO3 + (1/2) Oz . (263)

Therefore, the change in Gibbs free energy of the CO, capture reactions by Li,O, and

Na,O, can be calculated using the expressions as follows:

AG = GLi2C03 + (1/ 2)C;O2 _GLi202 _GC02 , (264)
AG == GNa2C03 + (1/ Z)Goz = GNa202 - GCOZ . (265)

Regarding the interpretation, the signs of AG (positive or negative) are employed to
predict whether the reactions will occur spontaneously. If AG is negative, then it means
that the summation of free energies for the products is lower than that of the
reactants. This implies that the formation of the products is favored, occurring the
forward reaction. In other words, the reaction will occur without added energy, but
the rate of reaction is unknown. The reaction rate depends on the activation energy,
E,, on the reaction path, as shown in Figure 7. It increases with decreasing of £,. On
the contrary, if AG is positive, then it is likely to be the reverse reaction and
unspontaneity. However, if AG is equal to zero, then it means that the reaction is in

equilibrium [42].

reactants

Gibbs free energy

products

[
>

Reaction progress
Figure 7: Gibbs free energy of the forward reaction is along the reaction path. The rate

of reaction is conditioned by the activation energy (E,) [42].
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2.8 Raman scattering

Raman scattering or Raman effect is the inelastic scattering of lisht when interacts in
the matter. The interaction of light with molecular vibrations or the vibrational optical
modes of crystalline and amorphous materials lead to frequency shifts compared to
the incident light. The decreased frequency and the increased frequency of the
scattered light are called “Stokes” and “anti-Stokes” scattering, respectively. Raman
effect is described by the quanta of vibrations, as shown in Figure 8. When photons
interact with molecular vibrations, three events occur with different possibilities. First,
the molecules are simulated to the 1° virtual excited state, and most of them release
to the ground state together with emitting photons the same frequency as the incident
photons. This process is known as Rayleigh scattering. Second, a smaller fraction of the
scattered photons loses energy in the process because of the molecule’s absorption.
Thus, the frequency of them decreases from the incident photons. This is the process
of the Stokes scattering. Finally, a very small fraction of molecules are initially in the
1% vibrational state due to the infrared absorption, and it is simulated to the 2" virtual
excited state by the incident photons. Therefore, they emit the scattered phonons

with higher frequency than the incident phonon, when they return to the ground state.

excited
electronic
state
Y S | o (0 7= | E AT~ ~"~"~~"7"~—
states_“_______“_ _______ I
>
(o))
3 hay + hay,
- fiw, ha, —ha, v=3 | excited
_ vibrational
v=2 tat
il B states
h v=1
Ground state h 4 y il

Rayleigh  Stokes anti-Stokes IR absorption
scattering scattering scattering

Figure 8: Three scattering processes of light: Rayleigh, Stoke, and anti-Stokes

scatterings [43].
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Based on the conservations of energy and momentum, the energy (fi@,) and the

momentum (hlzs) of the scattered photons are given by
hw, = hogthe, = *hw, =ho,-hae, (2.66)
- - . —~ . 4zn
ki=K+d = 0<ld<2k| = 0<|q<=—, (2.67)
where the subscript of ‘" and ‘s’ represent that of the incident photons and the
scattered photons. K is the photon’s wavevector, while J is the difference in the

wavevector between the incident and scattered photons [43].

From Eq. (2.66), Raman shift (in wavenumber) is given by

1 1

1 = 4
Al = om) 4em)

(2.68)

— —

By considering the direction of the wavevectors between K; and K as illustrated in
Figure 9, the magnitude of § corresponds to 0, 0 - 2k, and 2k, respectively. Based on
Eq. (2.67), if the photons wavelength of 5,000 A is employed, then |d| is in the ranging

from 0 to 0.002512 A™. This implies that the optical phonons can interact with light at

the I'-point (|q|:o) of the Brillouin zone. Therefore, the Raman activity can be

calculated at the I'-point.

—

k ) k g ||~ 2k
jg]~0 = =

Ef k; ks ki
(a) 6 = 0° (b) 6 = 300 (b) 6 = 180°

Fieure 9: The magnitude of ( at the different angle of 8: (a) 0°, (b) 30°, and (c) 180°
[43].
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Chapter 3
Methodology

In this chapter, the computational details for Li;O, and Na,O, based on the DFT
calculations will be described such as the structure searching, the structural phase
transitions, and the change in Gibbs free energy of both CO, capture reactions. Besides,

the high-pressure Raman measurements for Na,O, will be also presented in detail.

3.1 Computational methods

3.1.1 Calculation details for investigating the structural phase transitions

and the electronic properties of Li;O, under high pressure
With regard to the structure searching of Li,O,, the USPEX code [40, 44] was employed
to search the global structure of Li,O, at high pressures up to 500 GPa. The searches
were performed at the pressures of 0, 50, 100, 200, 300, and 500 GPa, respectively.
USPEX was interfaced with the Vienna Ab initio simulation package (VASP) code with
the projector augmented wave method [45, 46] to calculate the enthalpy structures
at the considered pressures. The searches were performed with generating the
different cells that contained Li and O atoms of 1-4 formula units (f.u.) per cell (1 f.u.
consisting of 2 Li and 2 O atoms). In the searching process, the 30 randomized
structures were conducted in the first generation. For the next generation, the two
lowest enthalpy structures were selected by 60% and 20% of the previous generation
for the heredity and the mutation processes, respectively. Then, the remaining 20% of
the subjects were obtained by randomization. If the lowest enthalpy structure
continuously maintained within 25 generations, the searches would be finished. Then,
the predicted lowest-enthalpy structures at each pressure would be optimized using

a more accurate criterion.

The structure searching results for Li;O, were optimized and then calculated the
considered properties, as shown in Figure 10(a). In order to optimize the structures in
the pressure range of 0-500 GPa, an ab initio total-energy calculations program as
implemented in the Cambridge Serial Total Energy Package (CASTEP) code [47], was
employed with the BFGS algorithm [34], the PBE functional [28], and the ultrasoft
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pseudopotentials [32] for Li: 1s?2s' and O: 25%2p®. A plane-wave basis set with a kinetic
energy cutoff of 700 eV and a k-point grid spacing of 21 x 0.04 A were used. The
ultrafine quality of calculation was employed as following the convergence tolerances:
energy change less than 1.0 x 10 eV/atom, maximum force less than 1.0 x 10 eV/A,

maximum displacement within 5.0 x 10 A, and maximum stress below 0.02 GPa.

(@)

Structure searching results for Li,O,

Optimizing structures using the CASTEP code,
the PBE functional, and the ultrasoft pseudopotentials.

Using the PBE functional within Using the PBE and Fitting the E-V curves using the third-order
the supercell and finite HSEO06 hybrid functionals. Birch-Murnaghan equations of states.
displacement methods.

The band structures

and density of states The enthalpy-pressure

The Phonon dispersions and ——

phonon density of states

(b)

Optimizing structures using the CASTEP code,
the PBE functional, and the ultrasoft pseudopotentials.

Optimized structures
Using the PBE functional within Using the PBE Using the PBE and Fitting the E-V curves using the third-
the supercell and finite functional. HSEO6 hybrid functionals. | order Birch-Murnaghan equations of
displacement methods. U || states.
The Phonon dispersions and The band structures The enthalpy-

phonon density of states and density of states pressure curves

Using the quasi-
harmonic approximation | The elastic constants and

& universal elastic anisotropy index

The Gibbs free energy

Figure 10: Flowcharts of the computational details for: (a) Li,O, and (b) NaO..

In order to obtain the pressure dependence of enthalpy for the predicted structures
of Li,O,, the third-order Birch-Murnaghan equations of states [48] were employed to
fit the relationship between the total energy (£) and the volume (V), and then the
enthalpy (H) of each structure at the considered pressure (P) was calculated using the
expression, H = E + PV. The enthalpies of the structures were compared using the
plotting the enthalpy differences. Then, the lowest enthalpy structure at high pressures

was considered as the most stable structure.
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To investigate the dynamic stability and phonon behavior of the predicted structures
at high pressures, the phonon dispersion curves and their phonon density of states
were performed using the supercell and finite displacement methods [49]. Besides, the

visualization of the crystal structures was illustrated using the VESTA program [50].

As for the electronic properties of Li,O,, the electronic band structure and partial
density of states were determined using the PBE functional [28] at high pressures up
to 500 GPa. Moreover, the predicted band gaps of structures were also calculated using
the PBE and the HSEO06 hybrid functionals [30] to compare the difference in band gaps
between the considered structures. Besides, the electron density and the electron
localization function [51] were determined to analyze the chemical bonding in Li,O,

at high pressures.

3.1.2 Calculation details for investigating the structural phase transitions

and the electronic properties of Na,O, under high pressure
Regarding the structure searching of Na,O,, the AIRSS method [38] was employed to
find the lowest enthalpy structure in the pressure ranging from 0 GPa to 300 GPa. The
searches were performed at 0, 10, 20, 30, 100, 200, and 300 GPa by constructing the
unit cells that contained Na,O, with 1, 2, 3, 4, and 6 f.u./cell, respectively. By generating
many structures with the different lattice parameters, the different number of f.u., and
reasonable volumes at each pressure, then the structures were fully relaxed to their
local minima enthalpies. Here, the enthalpies (H) were estimated using the simple
linear approximation at given pressures using Eq. (2.52). Then, the lowest enthalpy
structure at each pressure was selected to optimize again with the more accurate
convergence tolerances. Furthermore, the random unit cell deformations and random
atomic displacements (or shaking) were also performed to create the mutated

structures of the Tallman’s and the Foppl’s structures at ambient pressure.

The structure searching results for Na,O, were optimized and then calculated the
considered properties, as shown in Figure 10(b). Similar to Li,O, all geometry
optimizations of Na,O, were conducted using the CASTEP code [47] combined with
the BFGS algorithm [34], the PBE functional [28], and the ultrasoft pseudopotentials
[32] for Na: 25° 2p° 3s' and O: 2s” 2p". A plane-wave basis set energy cutoff of 760 eV
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and a k-point grid spacing of 21 x 0.04 A" were employed. The criterion of the
convergence tolerance was set as follows: energy tolerance less than 1.0 x 10°
eV/atom, maximum force less than 0.01 eV/A, maximum atomic displacement within
5.0 x 10% A, and maximum stress below 0.02 GPa. Besides, to determine the vibrational
and electronic properties, the structures were optimized again with the more accurate
convergence tolerances for the grid spacing of 21 x 0.02 A* and the maximum force

less than 0.001 eV.

To predict the most stable structure of Na,O, at high pressures up to 300 GPa, the
third-order Birch-Murnaghan equations of states [48] were employed to fit the plot of
the total energy (E) and the volume (V). Then, the enthalpies (H) for the considered
structures at the pressure (P) were obtained from the formula: H = E + PV. Thus, the
lowest enthalpy structure was found using the plotting of the enthalpies differences

for the various structures versus pressure.

To investigate the dynamical stabilities and the vibrational properties of the predicted
structures, phonon dispersions and their phonon density of states were calculated
using the finite-displacement supercell method [52]. Furthermore, the thermodynamic
stabilities of the predicted structures in the pressure range of 0-300 GPa and the
temperature range of 0-600 K were also verified using the comparison of the Gibbs free
energies differences (AG) between those structures. The Gibbs free energies, G(P,T),
based on the quasi-harmonic approximation were calculated using Eq. (2.53) and Eq.
(2.57), as shown in chapter 2. The parameters in Eq. (2.57), E(V) and P(V) were obtained
from the DFT calculations, which was fitted by the third-order Birch-Murnaghan
equations of states. Fpn(V,T) was calculated using Eq. (2.53). The volume dependence
of For(V,T) at the fixed temperature was obtained from using the third-order polynomial
fitting, and then the last term of OF(V,T)/0V was calculated at the different
temperatures T. Finally, the pressure dependence of G(P,T) at the same temperatures
for the predicted structures were also obtained using the third-order polynomial fitting.
By plotting the differences in G(P,T) between the structures at the fixed pressures and
varying temperatures, the lowest free energy structure at pressure P and temperature

T was evaluated. These data were used to construct the P-T phase diagram of Na,O,.
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To investigate the elastic properties and identify the difference between the predicted
structure and the P-62m structure of Na,O,, elastic constants and elastic anisotropy
for both structures under high pressure were calculated. The method for calculating
elastic constants was conducted using applying a given homogeneous strain and
calculating the resulting stress when the unit cell is fixed. The stress-strain relationship
for each component of the stress was obtained by the linear fitting, and then its
gradient yields the value of the elastic constant [31]. Moreover, to quantify the elastic

anisotropy, the universal elastic anisotropy index (A”) was calculated using the formula:

v v

AU = %4‘5%—6 y (31)
where the superscripts R and V denote the lower (Reuss) and upper (Voigt) bounds for
the bulk (K) and shear moduli (G) [53]. Here, the bulk (Kz, K\) and shear moduli (Gg, Gy)
were obtained from the elastic constants using the Voigt-Reuss-Hill approximations

[54].

To determine the electronic properties and the evolution of chemical bonds in the
predicted phases of Na,O, at high pressures, the band structures and their partial
density of states (PDOSs) were calculated using the PBE functional [28]. Moreover, the
HSEQ06 hybrid functional [30] was also employed to calculate the band gaps of those
structures to compare the difference in their band gaps. In addition, the electron
localization function [51] at different pressures were calculated to discuss the pressure

effect on the chemical bonding in the predicted phase (Amm2) of Na,O,.

3.1.3 Calculation details for determining the Gibbs free energy change of
the CO, capture reactions by Li»O, and Na,O,
To determine the thermodynamic stability of the CO, capture reactions by Li,O, and
Na,O, at elevated pressures and temperatures, the Gibbs free energy change (AG) of

both reactions were calculated using the expression, Eq. (2.64) and Eq. (2.65):
AG :GLi2C03 + (1/ 2)C;O2 _GLi202 _GC02 s (264)
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Here, the CO, capture reaction by Li,O, (AG) at different pressures (8, 16, and 25 GPa)
were calculated. In the same way, the CO, capture reaction by Na,O, (AG) at different
pressures (8, 15, and 30 GPa) were calculated. At these pressures, all reactants and
products in both reactions are solid phases. Thus, their Gibbs free energies (G) obtained

from Eq. (2.58):
G(P,T) = Eu(V)+Fu(V,T)+P(V)V =TS, (T). (2.58)

The predicted crystal structures of Li,O, and Na,O, at the considered pressures were
used to calculate their Gibbs free energies. However, the crystal structures of Li,COs,
Na,COs, CO,, and O, proposed by the previous works were also used to calculate their

Gibbs free energies are shown in Table 1.

Table 1: Details of structural data for Li;COs Na,COs CO, and O..

Pressure  Temperature

Compound (GPa) © Crystal system  Space group Reference
Li»COs 8 ~0-700 monoclinic C2/c Idemoto et al. [55]
LioCO3 16, 25 ~0-700 hexagonal P63/mcm Grzechnik et al. [56]
Na-COs 8 ~0-800 monoclinic C2/m Gavryushkin et al. [57]
Na,COs3 15 ~ 0 -800 hexagonal P63s/mcm Gavryushkin et al. [57]
NazCOs 30 ~0-800 monoclinic P2:/m Gavryushkin et al. [57]

CO, 8 ~0-700 cubic Pa-3 Han et al. [58]
15, 16 ~ 0-500 orthorhombic Cmca Han et al. [58]

co: 25, 30 ~0-550 tetragonal -42d Lu et al. [59]

o) 8 ~ 250 - 370 hexagonal R-3m Schiferl et al. [60]

O, 1o, 16 ~ 0600 monoclinic C2/m Fujihisa et al. [61]
25, 30 ~0-1250

3.2 Experimental methods
3.2.1 High-pressure technique
3.2.1.1 Diamond anvil cell
A diamond anvil cell (DAC) is a high-pressure device that has been widely used in
scientific experiments. DAC can generate ultra-high pressure above 100 GPa. It is
composed of a pair of diamond anvils, a pair of beryllium discs, a pair of stainless steel

plates, a metal gasket, and three screws, as shown in Figure 11(a). The tables of
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diamond anvils are stuck to the beryllium discs by the epoxy resin, and the faces of
both anvil culets are aligned in parallel. The metal gasket is located between the anvil
culets. A hole at the center of the pre-indented gasket was drilled using an electric
discharge machine for serving as the sample chamber. The powder sample, a tiny ruby
crystal, and the pressure-transmitting medium are loaded into the sample chamber,
as shown in Figure 11(b). The pressure in the sample chamber can be increased or
decreased by tightening or softening the screws.

(a) (b)

Screws Force Force

A "L

Pressure-transmitting medium
\
a1 Metal gasket
) (
. .

™~ Stainless steel plate * *

Force Force

Berylium disc

Sample N\ Gasket

Diamond anvil

Figure 11: (a) Basic component of a Merrill-Bassett diamond anvil cell and (b)

Schematic diagram of a diamond anvil cell [62].

Here, a Merrill-Bassett diamond anvil cell (DAC) was employed to generate pressure.
To create a sample chamber with a diameter of around 120 um, the tungsten gasket
was drilled at the center of the pre-indented gasket with a thickness of 40-50 um. In
the process of sample loading, granular Na,O, (Sigma-Aldrich, 97%) was transferred into
a glove box in the atmosphere of argon gas (99.999%, purity), which was built by the
author (see Appendix C). To avoid contact H,O and CO,, the granular Na,O, was
immersed in silicone oil (Sigma-Aldrich, 5 cSt), because silicone oil is almost chemically
inert and available for the high-pressure x-ray diffraction and Raman scattering studies
[63]. Then, it was milled to be powder using a mortar. Thus, the powdered Na,O, was
coated by silicone oil, and it was contained in a sample bottle filled with silicone oil.
Next, the Na,O, powder and a tiny ruby ship were loaded into the sample chamber in

the DAC using silicone oil as a pressure-transmitting medium.
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3.2.1.2 Ruby fluorescence technique
The ruby gauge is commonly used for pressure determination. Ruby (Al,Os: Cr**) has a
strong luminescence with a doublet of peaks R; and R, at 694.2 and 692.8 nm under
ambient conditions. With increasing pressure, the R-lines shift to higher wavelengths at
approximately constant rates. Mao et al. [64] studied the pressure dependence of the

R; line, and they proposed the calibration relation:

B
= %[[1+A—/1] —1], (3.2)
B Ao

where P is in GPa, and AL is the ruby R; line wavelength shift from its wavelength at
ambient conditions (L) in nanometers. The parameter B is equal to 5.000 and 7.665

for non-hydrostatic and quasi-hydrostatic conditions, respectively [65].
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Figure 12: (a) Absorption spectrum of ruby crystal, (b) Electron energy levels of ruby.

The cubic-field terms are split by both trigonal-field and spin-field coupling
perturbations [65].

Figure 12(a) shows the absorption spectrum of ruby crystal. It revealed that electrons
in ruby can absorb photons in a wide range of wavelengths and different absorption
coefficients. If an electron is excited by the photon wavelength in the Y-band to the

metastable state of T, then it is relaxed to the %E state with no radiation. The electron
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in the “E metastable state will return to the ground state together with emitting the

radiation of the R lines, as shown in Figure 12(b).

3.2.2 Raman spectroscopy
Raman spectroscopy is a very powerful technique for investigating the structural phase
transition in the solid phase of the material. It provides a Raman spectrum, which is a
distinct chemical fingerprint for the material. By measuring Raman shift or the
frequency differences between the scattered phonons (ms) and the laser excitation
line (), it relates to the optical phonons frequencies in the center of the Brillouin
zone. When the structural phase transition is occurred by pressure or temperature or
both, the vibrational modes of the original structure will be transformed, resulting in
the change of Raman spectrum. Therefore, if the new Raman peak appears or the old

Raman peak disappears, then it suggests the structural phase transition.

The components of the Raman spectroscopy system consists of a laser source, light
sources, spectrograph, CCD detector, camera, notch filters, bandpass filters, spatial
filters, and beam splitters, as shown in Figure 13. The incident light from the laser
(green line) hits on the sample in the DAC, and then the scattered light (yellow line)
moves to the CCD detector along with the optical arrangement. The different
wavelengths of the scattered light will be separated and measured by the spectrograph
and the CCD detector. The notch and bandpass filters are used to block the
undesirable Rayleigh scattered light, while the spatial filters are used to reduce the

spurious background.

In this work, Raman spectra of Na,O, at high pressures up to 25 GPa and at room
temperature were measured using a Raman microscope system operating with a laser
wavelength of 532 nm at an intensity less than 100 mW. All Raman measurements
were performed at the laboratory room on the 19" floor of the Department of Physics,
Faculty of Science, Chulalongkorn University. In addition, the Raman spectrum of NaO,
at ambient conditions was also measured at Thailand's National Electronics and

Computer Technology Center (NECTEC) for comparing.
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Figure 13: Schematic diagram of the Raman microscopy system for diamond anvil

cells. Double-side arrows designate moving parts. The green and yellow lines

represent the incident light and the scattered light, respectively [66].
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Chapter 4

Results and discussions

This chapter will discuss the results consisting of the structural phase transitions
of Li,O, and Na,O, and their related properties, the Gibbs free energy change of the
CO;, reactions by Li,O, and Na,O, at the considered pressures and temperatures, and

the Raman spectra of Na,O, at high pressures.

4.1 The structural phase transitions, the phonon behavior, and the electronic
properties of Li,O, under high pressure
4.1.1 The structure searching results for Li,O,

By using the structure searching for Li,O, at high pressures up to 500 GPa, the lowest
enthalpy structures at different pressures were found. The hexagonal P6s/mmc
structures with 2 and 4 f.u./cell have the same enthalpy, and the enthalpy structure
is lower than the P1 structure with 1 and 3 f.u./cell at 0 and 50 GPa. This result
corresponds to the previous experimental results, which confirmed that the P6s/mmc

structure is maintained up to 63 GPa [12, 17].

Interestingly, the monoclinic P2; structures with 2 and 4 f.u./cell at 100 GPa had a
lower enthalpy than the monoclinic P2;/c with 2 and 4 f.u./cell and the monoclinic
C2/m structure with 1 f.u./cell at the same pressure. Nonetheless, the P2; structure
was not found at 200 GPa, whereas the P2;/c structure with 2 f.u./cell was found up
to 500 GPa. This implied that the P2; structure is likely to transform into the P2,/c

structure in the pressure range of 100-200 GPa.

4.1.2 The structural phase transitions of Li,O, at high pressures
From the structural searching results, the P6s/mmc structure with 2 f.u./cell at ambient
pressure had the lowest enthalpy. Its relaxed lattice constants were of a = 3.1858 A
and c = 7.7182 A, which are consistent to the experimental values of 3.1692 and 7.7140
A [15] and the previously predicted values of 3.1830 and 7.7258 A [14].

To investigate the structural phase transitions of Li,O; in the 0-500 GPa pressure range,
the difference in enthalpy of the predicted structures compared to the P2,/c' structure

predicted by Deng et al. [16] versus pressure were plotted in Figure 14(a). The C2/m
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structure was found at 100 GPa and not found at a higher pressure. At ambient
pressure, the C2/m structure was lower in enthalpy than the P2,/c structure by ~20
meV/f.u.,, and its enthalpy became higher than that of the P2,/c structure by ~58
meV/f.u. at 100 GPa. As for the structural phase transition, Figure 14(a) suggested that
the P6s/mmc structure at 75 GPa is transformed into another structure, which is
justified by their thermodynamic stability. Here, the candidate structures consist of the
P2, and the P2,/c structures, which have a small energy difference. Moreover, the P2,
structure is not found at 200 GPa, and it is dynamical instability at 150 GPa because
the imaginary phonon frequencies appear around the I'-point [see Figure 20(b)]. Thus,
to verify the most stable structure of them, the enthalpy difference between the P2,
and the P2,/c structures versus pressure in the 50-150 GPa range was fitted again and
plotted, as shown in Figure 14(b). Here, the enthalpies at around 75 and 135 GPa are
indistinguishable, but the P2; structure at 100 GPa becomes more stable than the P2,/c
structure with a small enthalpy difference of 2 meV/f.u., which corresponds to the
structure searching result. Furthermore, the P2, structure is higher in enthalpy than the
P2,/c structure at ~136 GPa, and its enthalpy becomes 2 meV/f.u. at 150 GPa.
Therefore, these suggest that the P2; structure may be stable in the 75-135 pressure,

and it transforms into the P2;/c structure at a pressure above 136 GPa.
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Figure 14: (a) Plot of the enthalpy differences of the various structures compared to

the P2y/c structure predicted by Deng et al. [16] (denoted as P2,/ct hereafter) versus
pressure at 0-500 GPa, (b) Plot of the enthalpy difference of the P2; structure
compared to the P2,/c structure in the pressure range of 50-150 GPa [67].
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With increasing pressure, the P6s/mmc structure, the z-coordinate of the O atom (O,)
displaced, and the bond length of the peroxide group (O-O) decreased, as shown in
Figure 15(a) and 15(b), respectively. However, the O, and the O-O bond length
unusually changed at around 11 and 40 GPa. The O, displacement from 10 GPa to 11
GPa was 0.0057 A, which was twice of the displacement from 10 GPa to 11 GPa on the
trend line. Similarly, the O, displacement from 39 GPa to 40 GPa was 0.0031 A, which
was twice of the displacement from 39 GPa to 40 GPa on the trend line, leading to the
0-O bond length increasing of 0.0024 A at 11 GPa and 0.0017 A at 40 GPa compared
to the bonds at 10 and 39 GPa, respectively. This corresponds to the O, measured by
Dunuwille et al. [17] The O, unusually increased at ~11 and ~40 GPa. Besides, by
considering the ratio of lattice constants (c/a), it is unusually decreased by pressure at
around 11 and 40 GPa because the ‘c’ has a higher reduction rate than that of the ‘a’,
as shown in Figure 15(b). Likewise, the ‘c’ at 11 GPa differs from its constant on the
trend line by 0.018 A and that of 0.009 A at 40 GPa, and the decreasing of the ‘c’ from
10 GPa to 11 GPa is double that from 39 GPa to 40 GPa similar to the decreasing of
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Figure 15: (a) Plots of the z-coordinate of the O atom (O.) versus pressure in the 0-74

GPa pressure range compared to the experimental results proposed by Dunuwille et
al. [17], (b) Plots of the c¢/a ratio and the O-O bond length in the P6s/mmc structure

versus pressure in the same range [67].

According to Wu et al. [68], they also predicted that the bulk modulus at ambient

pressure along the c-axis (B.) is more than that of along the a-axis (B,); B./B. = 0.589.
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They described that because the O-O bonds along the c-axis is stronger than the Li-Li
and Li-O bonds. Nonetheless, the present work predicted that the bulk modulus along
the c-axis is less than that of along the a-axis in the 10-11 GPa and 39-40 GPa pressure
ranges. In addition, Dunuwille et al. [17] also reported a wide variation of the c/a ratio
in the same pressure ranges. Therefore, these results suggest that the O, displacement

results in the significant decreasing of the c/a ratio at 11 and 40 GPa.

To analyze the unusual decreasing of the ‘c’ and the increasing of the O-O bond length
of the P6s/mmc structure at 11 and 40 GPa, the electron localization function (ELF)
[51] which indicates the shared electron in the O-O bonds was calculated in the 0-70
GPa pressure range. The findings revealed that the ELF value of the O-O bonds increase
in the 8-11 and 39-40 GPa pressure ranges (Figure 16), leading to the softening of the
O-O bonds along the c-axis and the softening of the ‘c’. These suggest the presence

of the O, displacement in the P6s/mmc structure.
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Figure 16: Plot of the ELF value for the P6s/mmc structure versus pressure in the range

of 0-70 GPa [67].

At the transition pressure of 75 GPa, Li and O atoms in the P6s/mmc structure translate
to the new atomic positions in the P2; structure, as shown in Figure 17(b). The O-O
bond length and the volume of the P2; structure are reduced by 1.85 and 2.87%
compared to that of the P6s/mmc structure, respectively. For the P2; structure, the

average of the nearest-neighbor interatomic distances of Li-O (1.8335 A) is longer than
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the average distance (1.8080 A) in the P6s/mmc structure. This suggests that the phase
transition at 75 GPa results in decreasing of the electrostatic interaction between the
Li and O atoms. Besides, the alignment of the peroxide anions (O-O) in the P2, structure

is tilted from the c-axis about 20 degrees in the P6s/mmc structure.

(2) (b) (c)

P63/ mmc

. [1e
L. 6-0

Figure 17: The three crystal structures of Li,O.: (a) P6s’mmc at 0 GPa, (b) P2; at 75

GPa, and (c) P2,/c at 136 GPa [67].

However, the structural phase transition at 75 GPa is significantly different from the
previous work, which was proposed that the P6s/mmc structure transforms into the
monoclinic P2,/ct structure at ~84 GPa. Here, the P2; structure at 75 GPa is lower in
enthalpy than the P2,/c structure about 1 meV/f.u. [see Figure 14(a)], which may be
significant at extremely low temperatures. Therefore, it is likely that the high-pressure
phase of Li,O, at 75 GPa favors the P2; structure rather than the P2,/ct structure. The
structural data for the P6s/mmc, the P24, the P2:/c, and the P2,/c structures are shown
in Table 2.

At the transition pressure of 136 GPa, Li and O atoms in the P2; structure translate to
the new atomic positions in the P2;/c structure, as shown in Figure 17(c). The O-O
bond lengths and the volumes of the P2,/c and the P2, structures are not different.
Likewise, the average of the nearest-neighbor interatomic distances of Li-O distances
(1.7513 A) in the P2/c structure is insignificantly different from that of the distance
(1.7512 A) in the P2, structure. Nevertheless, the peroxide anions (O-O) are aligned on
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the (100) plane of the P2;/c structure, which deviated from the alignment in the P2,
structure about 22 degrees. Furthermore, the P2,/c structure was lower enthalpy than
that of the P2,/c' structure about 1 meV/f.u.. To compare the difference between both
structures, the P2,/c structure was transformed into the most similar configuration of
the P21/ct structure using the COMPSTRU program proposed by Flor et al. [69]. The
results revealed that the P2,/c and the P2,/c' structures at 150 GPa are significantly

different by the similarity measurement value (A) of 0.445.

To determine the driving force that leads to the structural phase transitions, the
normalized lattice constants, the S cell angle (angle between the a- and c-axes), and
the interatomic distances versus pressure for the P6s/mmc, the P2, and the P2,/c
structures were plotted, as shown in Figure 18. At the transition pressure of 75 GPa,
the lattice constants ‘a’ and ‘b’ are collapsed larger than the ‘c’ since the interactions
of Li-Li on the ab-plane are weaker than the interactions of the O-O bonds along the
c-axis [Figure 18(a)], resulting in change of the g angle [Figure 18(b)]. This result is in
agreement with the collapses of the Li(1)-Li(2) and Li(2)-Li(2) distances during the
P6s/mmc to P2; phase transition [Figure 18(c)], which relates to the alignment of the
Li atoms in the P2, structure with respect to the sequence stacking of the Li atoms in

the P6s/mmc structure.

Table 2: The predicted structural data of Li,O, for the P6s’mmc, the P2;, the P2,/c,
and the P2,/ct structures at different pressures [67].

Lattice parameters

Pressure  Space

Atomic coordinates

. . . B Atom  Site
(GPa) group a(A)  b@A @ X y z
(degree)

Li(1)  2a 0.00000 0.00000 0.00000

0 P6s/mmc 3.1858 3.1858 7.7182 90.0000  Li(2) 2c 0.33333 0.66667 0.25000
O(1) af 0.33333 0.66667 0.64950
Li(1)  2a 0.00000 0.00000 0.00000

10 P6s/mmc 3.0767 3.0767 7.4208 90.0000 Li(2) 2c 0.33333 0.66667 0.25000
O(1)  af 0.33333 0.66667 0.64645
Li(1)  2a 0.00000 0.00000 0.00000

11 P6s/mmc 3.0694 3.0694 7.3780 90.0000 Li(2) 2c 0.33333 0.66667 0.25000
O(1) af 0.33333 0.66667 0.64568
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Lattice parameters

Atomic coordinates

Pressure  Space )
‘ . . B Atom  Site
(GPa) group a(A) b (A) c(A) X y z
(degree)
Li(1)  2a 0.00000 0.00000 0.00000
39 P6s/mmc 2.9020 29020 6.9536 90.0000 Li(2) 2c 0.33333 0.66667 0.25000
O(1)  4f 033333 0.66667 0.64135
Li(1)  2a 0.00000 0.00000 0.00000
40 P6s/mmc 2.8987 2.8987 6.9332 90.0000 Li(2) 2c 0.33333 0.66667 0.25000
O(1)  4f 033333 0.66667 0.64091
Li(1)  2a 084403 0.72368 0.11400
Li(2)  2a 0.65603 0.51017 0.38600
75 P2, 25695 25942 6.4767 91.8505
O(1) 2a 0.34300 0.21666 0.15252
0(2) 2a 0.15705 0.01719 0.34747
Li de  0.45790 0.89333 -0.13599
75 P2i/c 25695 25941 7.0454 113.2454
0 de -0.00463 0.40036 -0.09748
Li(1)  2a 085698 0.72372 0.11396
Li(2)  2a 0.64303 051011 0.38604
136 P2, 24424 24876 6.1569 89.7118
O(1) 2a 0.35399 0.22011 0.14973
0(2) 2a 0.14603 0.01376 0.35026
Li de  0.47094 0.89325 -0.13607
136 P2/c 24423 24877 6.6119 111.3833
0 de 0.00379 0.39687 -0.10025
Li de 047361 0.89276 -0.13616
150 P2i/c 24194 24703 65333 110.9788
0 de 0.00547 0.39595 -0.10074
P2:/c Li de 052639 0.60724 0.89023
150 ¢ 6.1008 24703 6.5333 1582667
(similar) @) de 099453 0.10405 0.39379
. Li de
150 P2i/c?  6.1009 2.4703 6.5926 158.4716 0.74587 060726 0.10975
0 de 0.20690 1.10404 -0.39386
Li de 049472 0.88747 -0.13824
300 P2i/c 22464 23473 59562 107.5213 049 088 0.138
0 de 0.01976 0.38790 -0.10386
Li de
500 P2i/c 21174 22416 55723 105.4396 049349 0.61747 1.14122
0 de  0.96991 0.11908 1.10491
T Reference [16]
T Structural data obtained using the COMPSTRU program proposed by Flor et al. [69].
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By considering the arrangement of atoms in the P6s/mmc structure, it was described
as AcBcAbCbA, where the capital and small letters stand for the Li and O atoms [14].
The driving force at the phase transition of 75 GPa is assigned by the aligsnment of the
Li atoms in the P6s/mmc structure, leading to the changes of the lattice parameters.
As for the structural phase transition at 136 GPa, the ‘a’ and ‘b’ usually decrease
[Figure 18(a)], but the ‘c’ and the ‘B’ increase [Figure 18(b)]. In addition, the unusual
changes in the Li(1)-Li(2) and Li(2)-Li(2) distances also appear at 136 GPa [Figure 18(c)].
These imply that the driving force for the P2, to the P2;/c phase transition is also

assigned by the alignment of the Li atoms in the P2; structure.

Moreover, the atomic displacements in the coordinates of Li and O atoms (see Table
2) result in the local distortion of peroxide anions in the pressure range of 75-500 GPa
and the peroxide anions tilting from the c-axis by angles of ~20, ~22, ~23, and ~25
degrees at around 75, 150, 300, and 500 GPa, respectively. In terms of the Li-O
coordination at ambient pressure, the Li atom is coordinated to the six neighboring of
O atoms with the same distance of 1.9962 A, while the O atoms in the peroxide anion
are coordinated to the six neighboring of Li atoms with the distances of 2.1713 A for
O-Li(1) and 1.9962 A for O-Li(2) and are changed to 1.8503 A and 1.7695 A at 74 GPa.
This exhibits that the distances are decreased by 14.78% for O-Li(1) and 11.36% for O-
Li(2). Furthermore, the coordination numbers of the six Li and O atoms in the pressure
range of 75-500 GPa are the same, but there are differences in the Li-O distances. That
is 1.7769, 1.8481, 1.8224, 1.8629, 1.8374, 1.8533 A at 75 GPa, they become 1.5609,
1.5487, 1.5539, 1.5541, 1.5593, 1.5735 A at 500 GPa, respectively. These distances are
decreased by 12.16, 16.20, 14.73, 16.58, 15.13, and 15.10%, respectively. It suggests
that the Li-O distances are largely distorted within the same polyhedron, and it is likely

to have anisotropic distortions in the P2; and the P2,/c structures of Li,O».

4.1.3 The phonon behavior of Li,O, at high pressures
To determine the consequence of the unusual increase of the O-O bond lengths in
the P6s/mmc structure at 11 and 40 GPa as discussed before, the partial phonon
density of states (PDOSs) of O at 10, 11, 12, 39, 40, and 41 GPa were calculated, as
shown in Figure 19. The highest phonon frequency corresponding to the O-O stretching
mode is 24.13, 24.00, 24.10, 26.63, 26.56, and 26.65 Hz at 10, 11, 12, 39, 40, and 41
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GPa, respectively. Interestingly, the frequency at 11 and 40 GPa significantly decrease
and then increase with elevated pressure. This result is in agreement with the unusual
increase of the O-O bond lengths in the P6s/mmc structure. Consequently, it is possible

to note that the O-O bonds are softened by pressures at 11 and 40 GPa.

(a) (b)
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Figure 19: The phonon density of states (PDOSs) of O corresponding to the O-O
stretching mode in the P6s/mmc structure at: (a) 10-12 GPa and (b) 39-41 GPa [67].

To verify the dynamic stability of the P2; and the P2i/c structures, their phonon
dispersions and PDOSs were calculated. The results showed that there is no imaginary
phonon frequency in the phonon dispersion curve of the P2; structure at 75 GPa [Figure
20(a)], but there are a few negative frequencies around the I'-point at 150 GPa [Figure
20(b)]. This implied that the P2, structure is dynamically stable at 75 GPa but unstable
at 150 GPa, while the P2,/c structure is dynamically stable at 75, 150, 300, and 500
GPa [Figure 21(a)-(d)]. The highest phonon frequency of the O-O stretching mode
increases from ~32 THz at 75 GPa to ~49 THz at 500 GPa. Furthermore, a gap that
divided the low- and high-frequency regimes which represent the decoupling of the
peroxide anions from the rest of lattice [70] in the P2; and P2/c structures was
decreased by increasing pressure. This suggested that the Li-O electrostatic interaction
increases with elevated pressure leading to the Li-O phonon coupling, which

contributes to a broader frequency band.
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Figure 20: Phonon dispersion curves and PDOSs for the P2; structure at: (a) 75 GPa

and (b) 150 GPa [67].
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Figure 21: Phonon dispersion curves and PDOSs for the P2,/c structure at different

pressures: 75, 150, 300, and 500 GPa for (a)-(d), respectively [67].

To identify the difference between the P2,/c and the P2,/ct structures, the P2,/c

structure was transformed into the most similar configuration of the P2,/c’ structure

using the COMPSTRU program proposed by Flor et al. [69] Then, the phonon

dispersions of both structures at 150 GPa were calculated using the same Brillouin

zone paths. The result revealed that the differences in both phonon dispersion

curves

appear in the Y-A and E-C paths, as marked by the yellow and black rectangular dashed

lines in Figure 22. Furthermore, the PDOS of the O-O stretching mode in the P2,/c

structure is slightly higher than that of the P2,/c' structure. Thus, it is possible to note

that the P2,/c and the P2,/c' structures are slightly different.
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Figure 22: Phonon dispersion curves and PDOSs for the P2,/c and the P2,/ct structures

at 150 GPa. The yellow and black rectangular dashed lines mark the differences
regimes between the P2,/c and the P2,/ct structures along the Y-A and E-C paths.

The vertical dashed lines mark the PDOS of the O-O stretching mode for the P2,/c
structure [67].

4.1.4 The electronic properties of Li,O, at high pressures
To determine the electronic properties of Li,O, under high pressure, the band
structures and partial density of states (PDOSs) for the predicted structures were
calculated using the PBE functional [28]. Moreover, the HSE06 hybrid functional [30],
which provides a more reliable band gap than the PBE and LDA functionals were also

employed to calculate their band gaps for comparing to the PBE band gaps.

The PBE and HSE06 band gaps of the predicted structures in the 0-500 GPa pressure
range are shown in Figure 23(a). The PBE band gap of 2.05 eV at ambient pressure is
lower than the HSE06 band gap of 4.18 eV. According to Radin et al. [71], they also
reported that the PBE and the HSEOQ6 band gaps are of 1.99 and 4.19 eV, respectively.
With elevated pressure, the PBE and the HSEO6 band gaps of the P6s/mmc, the P2,

and the P2;/c structures increase with the same trends.

At the transition pressure of 75 GPa, the PBE band gap of the P2; structure (3.43 eV) is
higher than that of the P6s/mmc structure (2.60 eV) by ~0.8 eV. Likewise, the HSE06
band gap of the P2 structure (5.70 eV) is higher than that of the P6s/mmc structure
(4.98 eV) by ~0.7 eV. Moreover, the maximum difference of the PBE band gap between
the P2; and the P2,/c structures in the 75-125 GPa pressure range is approximate to 5
meV. Even though it is slightly different, the trend line of the HSE06 band gap [dashed

line in Figure 23(a)] suggests the significant difference between the band gaps of the
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P2, and the P2,/c structures. Because the trends of the PBE and the HSE06 band gaps
are consistent, the PBE band gaps are acceptable. Consequently, the electronic band
structures calculated using the PBE functional were mainly employed to discuss the

structural evolution of Li,O, under high pressure.
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Figure 23: (a) Plots of the PBE and HSEO6 band gaps of the P6s/mmc, the P2;, and
the P2,/c structures versus pressure (b) Plots of the PBE band ¢ap of the P6s;/mmc

structure and the O-O bond length versus pressure [67].

In addition, by comparing the HSE06 band gap between the P2i/c and the P2,/c’
structures at 150 GPa, the HSEO6 band gap of the P2,/c structure is less than that of
the P2,/c" structure by 0.18 eV. Interestingly, the PBE band gap of the P6s/mmc
structure decreases at around 11 and 40 GPa, as shown in Figure 23(b). The band gaps
decrease ~0.01 eV at 11 GPa and ~0.02 eV at 40 GPa with respect to the band gaps at
10 and 39 GPa, respectively. Moreover, the trend of the band gap in the pressure range
of 0-75 GPa increases, when the O-O bond length decreases. The band gap depends
on the energy difference between the bottom conduction band and the top valence
band. Here, the O-O bond relates to the p-state of O, which mainly contributes to the
valence and conduction bands. When the O-O bond length is decreased by increasing
pressure, the electrons are more tightly bound to the atom, thus it requires more
energy to remove. That is, the shorter O-O bond length yields the wider band gap. This
suggests that the band gap of the P6s/mmc structure closely relates to the O-O bond
length. However, the band gap immediately decreases, while the O-O bond length

increases at 11 GPa and 40 GPa, which occur at the same pressures with the unusual
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decrease in the c/a ratio as discussed before. Consequently, these imply that the
unusual decrease in the band gap of the P6s/mmc structure at 11 and 40 GPa results

in the atomic displacement of O in the z-coordinate (O,).

Regarding the electronic band structures and partial density of states (PDOSs) for the
P6s/mmc, the P2;, and the P2,/c structures at different pressures (Figure 24), their
valence and conduction bands are mainly contributed from the p-states of O and
partially contributed from the s-state of Li. The band structure of the P6s/mmc
structure at ambient pressure revealed that the valence band maximum (VBM) is not
exactly at the I'-point, but it is at a point within the I'-M path beyond the I'-point
[inset Figure 24(a)l. Thus, the P6s/mmc structure is the indirect bandgap of 2.05 eV.
With increasing pressure, the valence band shifts to lower energy, while the conduction
band shifts to higher energy, resulting in the increasing of band gaps. The VBM of the
P2, structure is exactly at the I'-point of the Brillouin zone, whereas the VBM of the
P2,/c structure is at the B-point in the 150-280 GPa pressure range and moves to the
C-point in the 280-500 GPa.
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Figure 24: Electronic band structures and partial density of states (PDOSs) for three

crystal structures of Li,O,: (a) the P6s/mmc structure at 0 GPa, (b) the P2; structure at
75 GPa, and (c and d) the P2,/c structure at 150 and 500 GPa, respectively. The dashed

lines denote the Fermi level, which is set to zero [67].
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To investigate the consequence of the unusual increases in the O-O bond length and
the ELF value of the P6s/mmc structure at 11 and 40 GPa, the PDOSs at 5, 8, 11, 14,
38, 39, 40, and 41 GPa were calculated. The results revealed that the valence band
energies of Li and O decrease with elevated pressure, while their conduction band
energies increase (see Figure 25). However, there are unusual changes in some energies
of Li and O as follows. The valence band energies in the s-states of Li at around -4.88
eV shift up by ~0.02 eV from 39 GPa to 40 GPa [Figure 25(d)], and the valence band
energies at around -5.89 eV shift up by ~0.01 eV from 39 GPa to 40 GPa [Figure 25(e)].
Similarly, the valence band energies in the s-states of O at around -4.88 eV shift up by
~0.03 eV from 39 GPa to 40 GPa [Figure 25())]. Conversely, the conduction band
energies in the p-states of O at around 3.16 eV shift down by ~0.002 eV from 8 GPa to
11 GPa, and the energies at around 3.66 eV shift down by ~0.01 eV from 8 GPa to 11
GPa [Figure 25(1)]. Likewise, the energies at around 3.38 eV shift down by ~0.01 eV from
39 GPa to 40 GPa, and the energies at around 3.94 eV shift down by ~0.026 eV from
39 GPa to 40 GPa [Figure 25(r)]. These result in a decrease in the band gap at 11 and
40 GPa.

By considering the change of DOSs in the valence bands of Liand O at 5, 8, 11, 14, 38,
39, 40, and 41 GPa, the results showed the unusual changes in their DOSs as follows.
The DOSs in the energies from -3 eV to 0 eV decrease for the s-states of Li and the p-
states of O but increase for the s-states of O [Figure 25(a),(c),f),(h),(k),(m)]. As for the
DOSs in the energies from -8 eV to -3 eV, in general, their DOSs for the s-states of Li
increase [Figure 25(a),(c)], but their DOSs for the s- and p-states of O decrease [Figure
25(),(h),(k),(m)]. However, the DOSs for the s-states of Li in the energies at around -5.9
eV decrease in the pressure range of 38-41 GPa [Figure 25(e)], and the DOSs for the s-
states of O in the energies at around -4.2 eV increase in the pressure range of 5-14 GPa
[Figure 25(g)]. Unusually, the DOSs for the s-states of Li in the energies at around -4.2
eV slightly increase between 8 and 11 GPa [Figure 25(b)]. Regarding the change of DOSs
in the conduction bands of Li and O at 5, 8, 11, 14, 38, 39, 40, and 41 GPa, the DOSs
for the s-states of Li decrease at around 3 eV but increase at around 4 eV [Figure
25(a),(0)], which are opposite with the changes in their DOSs for the p-states of O [Figure
25(k),(m)]. These suggest that the electrons transfer between the states of Li and O in
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the 8-11 GPa and 39-40 GPa pressure range because the increases and decreases in

the DOSs between Li and O at the same energy levels are consistent.
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Figure 25: Partial density of states (PDOSs) of Li and O for the P6s/mmc structure at 5,

8, 11, 14, 38, 39, 40, and 41 GPa: (a)-(e) the s-states of Li, (f)-(j) the s-states of O, and
(k)-(r) the p-states of O. The arrows denote the trends of changes with elevated

pressure. The vertical dashed lines mark the Fermi level [67].
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The o, antibonding and the m, antibonding states of the 0-O bonds in Li,O, are
represented by the conduction band and the valence band states with almost no
contribution from the Li states [72, 73]. Garcia-Lastra et al. [72] found that if an
electronic hole is created near the top valence band (np*), then an excess electron is
formed in the conduction band (c,), which leads to large local distortions of the
lattice. Furthermore, Kang et al. [73] proposed that the presence of an excess electron
in the conduction band (c,,) leads to extension and/or breakage of one of the 0-O
bonds. Based on the present results, the DOSs in the conduction band (Gp*) increase

at 8-11 and 39-40 GPa. This suggests the softening of the O-O bonds at 11 and 40 GPa.

To analyze the atomic charge in Li;O, under high pressure, the Mulliken population
analysis [74, 75] in the 0-500 GPa pressure range was calculated. At ambient pressure,
the Mulliken charges of Li(1)-Li(2) were 0.99]e|, 0.77|e| for Li(3)-Li(4) and -0.88|e| for O(1)-
O(4), as shown in Table 3. These values are consistent to that reported by Deng et al.
[16]. Owing to anisotropic structure, the O atom in the O-O bonds is coordinated to six
neighboring Li atoms with the distances of 2.1713 A for O-Li(1)/Li(2) and 1.9962 A for
O-Li(3)/Li(4). Thus, the electrostatic interactions between the O and Li for the O-
Li(1)/Li(2) are different from that of the O-Li(3)/Li(4). These imply that the atomic
charges on the Li(1) and Li(2) are equivalent, which differs from that of Li(3) and Li(4).
Since the oxidation states of Li and O in Li,O, are +1 and -1, the formation of Li,O,
likely has anisotropic charge transfers from O to Li as follows: -0.48|e| to Li(1)-Li(4); -
0.02|e| to Li(1)-Li(2) and -0.46|e| for Li(3)-Li(4).

With elevated pressure from 0 GPa to 70 GPa, the Mulliken charges of the O(1)-O(4)
and Li(1)-Li(2) increase from -0.88|e| to -0.93|e| and from 0.99|e| to 1.10Je|, respectively.
On the contrary, the Mulliken charges of the Li(3) and Li(4) decrease from 0.77|e| to
0.75|e|. Furthermore, the O-Li(1)/Li(2) and O-Li(3)/Li(4) distances vary from 2.1713 A and
1.9962 A at ambient pressure to 1.8587 A and 1.7763 A at 70 GPa, respectively. This
exhibits that the electrostatic interactions of O-Li(1)/Li(2) increase rather than the
interactions of O-Li(3)/Li(4) with elevated pressure. Therefore, These suggest that
pressure causes the change in the electrostatic interactions of the O-Li(1)/Li(2) and O-
Li(3)/Li(4), leading to the variation of the Mulliken charges with increasing pressure.

However, the charges transfer in the P2, and P2,/c structures were not found because
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the Mulliken charges of the O and Li atoms are equal, but they vary from 0.90Je| at 75
GPa to 0.95|e| at 500 GPa. This implies that the oxidation state of the O atoms in the
high-pressure phases approaches +1, which also confirms the stability of the O-O
bonds in Li,O, under pressure up to 500 GPa.

In addition, to visualize the chemical bonds in three phases of Li,O,, the electron
density maps and the ELF plots of the P6s/mmc, the P2;, and the P2,/c structures at
0, 75, 150, and 500 GPa were plotted (Figure 26-27). The electron density maps show
the O-O and Li-O bonds at different pressures. Likewise, the ELF plots exhibit that
electrons are highly localized in the O-O bonds, which confirm that electrons mainly
contribute in the p-states of O. Consequently, these confirm the existence of the O-O

bonds under pressure up to 500 GPa.

Table 3: Mulliken charges of the Li and O atoms for the P6s/mmc, the P2;, and the
P2,/c structures of Li,O, at different pressures [67].

Mulliken charge (e)
L) L@ LG L@ o1 0@ 003 o)
0 P6s/mmc 099 099 077 077 -0.88 -0.88 -0.88 -0.88
08 P6/mmcd 099 099 077 077 -088 -0.88 -0.88 -0.88
P6y/mmc 100 100 077 077 -088 -088 -088 -0.88
P6y/mmc 100 100 077 077 -088 -088 -088 -0.88
P6y/mmc 101 101 077 077 -089 -089 -0.89 -0.89

Pressure (GPa)  Structure

10 P6s/mmc 1.01 1.01 0.77 077 -089 -089 -0.89 -0.89
11 P6s/mmc 1.01 1.01 0.77 0.r7r -089 -089 -0.89 -0.89
12 P6s/mmc 1.02 1.02 0.77 0.r7r -089 -089 -0.89 -0.89
15 P6s/mmc 1.02 1.02 0.77 077 -089 089 -0.89 -0.89
20 P6s/mmc 1.03 1.03 0.77 077 -090 -090 -090 -0.90
25 P6s/mmc 1.04 1.04 0.76 0.76 -090 -090 -090 -0.90
30 P63s/mmc 1.05 1.05 0.76 076 -091 -091 -091 -091
35 P63s/mmc 1.06 1.06 0.76 076 -091 -091 -091 -091
39 P63s/mmc 1.06 1.06 0.76 076 -091 -091 -091 -091
40 P6s/mmc 1.06 1.06 0.76 076 -091 -091 -091 -091
41 P6s/mmc 1.07 1.07 0.76 076 -091 -091 -091 -091
45 P6s/mmc 1.07 1.07 0.76 076 -092 -092 -092 -092
50 P6s/mmc 1.08 1.08 0.76 076 -092 -092 -092 -092
55 P6s/mmc 1.08 1.08 0.76 076 -092 -092 -092 -092

60 P6s/mmc 1.09 1.09 0.76 076 -092 -092 -092 -0.92
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Mulliken charge (e)
Li(1) Li(2) Li(3) Li(4) o(1) 0O(2) O(3) O(4)

Pressure (GPa)  Structure

65 P6s/mmc  1.10 1.10 076 076 -093 -093 -093 -0.93
70 P6s/mmc  1.10 110 075 075 -093 -093 -093 -0.93
75 P6s/mmc  1.11 1.11 075 075 -093 -093 -093 -0.93
75 P2, 090 09 09 09 -09 -0.90 -090 -0.90
135 P2, 092 092 092 092 -092 -092 -092 -092
136 P2i/c 092 092 092 092 -092 -092 -092 -092
150 P2i/c 092 092 092 092 -092 -092 -092 -092
300 P2i/c 094 094 094 094 -094 -094 -094 -094
500 P2i/c 0.95 0.95 095 09 -095 -095 -095 -0.95

8 Reference [16]

Figure 26: Electron density maps for three structures of Li,O, projected onto (020)

plane of: (a) the P6s/mmc structure at 0 GPa, (b) the P2, structure at 75 GPa, (c)-(d)
the P2,/c structure at 150 and 500 GPa, respectively. The electron density isosurface
values of 0.200 for (a, b, ¢) and 1.412 for (d) [67].
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Figure 27: ELFs Plots for three structures of Li,O, projected onto (020) plane of: (a) the
P6s/mmc structure at 0 GPa, (b) the P2, structure at 75 GPa, (c)-(d) the P2,/c structure
at 150 and 500 GPaq, respectively. The ELF isosurface values of 0.001 for (a) and 0.002
for (b, ¢, d) [67].
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4.2 The structural phase transitions, the elastic, the vibrational, and the

electronic properties of Na,O, under high pressure
4.2.1 The structural phase transitions and phase stabilities of Na,O.,
4.2.1.1 The high-pressure structural phase transitions of Na,O, at 0 K.

The AIRSS structure search results for Na,O, revealed that the two stable structures at
0, 10, and 20 GPa are the hexagonal P-62m structure (3 f.u./cell) and the orthorhombic
Amm?2 structure (6 f.u./cell) with a small enthalpy difference of 2 meV/f.u. [Figure
28(a),(b)]. Since the P-62m structure can be fully relaxed to be the Amm2 structure,
the Amm2 structure is a slightly distorted structure of the P-62m structure, which is
consistent with the slight difference between both simulated X-ray diffraction (XRD)
patterns [Figure 29(a)]. Furthermore, the monoclinic P2,/c structure (2 f.u./cell) and the
orthorhombic Pbam structure (2 f.u./cell) were also found at 30 GPa [Figure 28(c),(d)],
which has a slight enthalpy difference. However, their XRD patterns are significantly
different [Figure 29(b)]. Furthermore, the P2;/c structure is dynamically stable at 30
GPa but unstable at 40 GPa, whereas the Pbam structure is dynamically stable in the
30-300 GPa pressure range (Figure 30). The Pbam structure is similar to the structure

proposed by Deng et al. [16], when the cell is shifted to (0, 0, 1/2).

(a) Hexagonal (P62m) (¢) Monoclinic (P24/c)
_ (0.3652,1.0000,1.0000)
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Figure 28: Four crystal structures: (a and b) the P-62m and the primitive Amm2

structures at ambient pressure viewed along two directions. The mapping of atomic
positions for the Na atoms marked by the same color. (c) the P2,/c structure at 22
GPa, and (d) the Pbam structure at 28 GPa [76].
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Figure 30: Phonon dispersion curves and their phonon density of states for: (a) the

P2./c structure at 22 GPa, (b) the P2,/c structure at 30 GPa, (c) the Pbam structure at
30 GPa, and (d) the Pbam structure at 300 GPa [76].

In addition, the AIRSS results at ambient pressure also revealed that the crystal

structures that provide the simulated XRD patterns resemble the XRD patterns

calculated from the experimental results of Tallman et al. [20]. That is, the /4/mmm

structure is compared to the Na,O,-Il at 550°C (Figure 31), and the other structures

consisting of the C2/m, the Pmmm, and the Immm structures are similar to the Na,O,-

Q at room temperature (Figure 32). Here, the enthalpy of the /4&/mmm structure is
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higher than the P-62m structure by 0.560 eV/f.u., whereas the enthalpy of the C2/m,
the Pmmm, and the Immm structures are higher than the P-62m structure by 0.018,
0.019, and 0.021 eV/f.u., respectively. With elevated pressure at 0-22 GPa, the
enthalpies of these structures increase with respect to the P-62m structure, and their
trends of enthalpy in the 22-100 GPa pressure range also increase with respect to the
P2:/c and the Pbam structures (Figure 33). This implies that these structures become
more energetically unstable with increasing pressure. Thus, below the melting point of
948 K, the /4/mmm structure may be a candidate for the Na,O,-Il phase, while the
C2/m, the Pmmm, and the Immm structures may be candidates for the Na,0,-Q phase.
Usually, the symmetry of the crystal structure is increased by increasing temperature.
Therefore, the Immm structure likely becomes stable at high temperature because its

symmetry is higher than the other structures.

(c)
P4/mbm o
b i
E\ = 1 l ll 3 " l.‘
= |4
3' ( ) !I" ..};l
£ i/immm |+ I
L - o !
> | j ot
3 b &
9 gw'. ,|7 _ R . - 7_|7| l
£
(a)
Na,O,-ll (550 °C)
|
T T
20 30 40 50 60

20 (degree)
Figure 31: Simulated XRD patterns of the crystal structures: (a) Na;OIl at 550 € and

ambient pressure calculated from the Tallman’s experimental data [20], and (b)-(c)
are the 14/mmm and the P4/mbm structures at 0 K and ambient pressure obtained
from the AIRSS searches [76].
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Figure 32: Simulated XRD patterns of the crystal structures: (a) Na,0,Q at room

temperature and ambient pressure calculated from the Tallman’s experimental data
[20], and (b)-(d) are the Pmmm, the Immm, and the C2/m structures at 0 K and
ambient pressure obtained from the AIRSS searches, respectively [76].
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Figure 33: Relative enthalpies of the various structures that obtained from the AIRSS
searches with respect to the Pbam structure in the 0-100 GPa pressure range were
obtained from the E-V curves fitting using the third-order Birch-Murnaghan equations
of states [76].



65

After geometry optimization, the results showed that the energy of the Amm2 structure
at 0 GPa is lower than the P-62m structure by 2.1 and 0.4 meV/f.u., which is calculated
by the GGA-PBE and LDA functionals, respectively. Even though these energies are very
small differences, they are significant within the energy tolerance of the calculations.
Here, the PBE functional was selected to identify the difference between the Amm2
and the P-62m structures. Moreover, the optimized lattice parameters of the P-62m
structure correspond to the previous studies [8, 18]: a = b = 6.282 A c=4511A and
vy = 120.000°. The optimized lattice parameters of the primitive Amm?2 structure were
ofa=b=6284A c=4510A and vy = 120.023°, which exhibits a small difference of
the lattice parameters from the P-62m structure (Figure 28). These lattice parameters
suggest that the Amm2 structure is distorted from the P-62m structure. Furthermore,
by comparing the 2 x 2 x 2 supercell of the primitive Amm?2 and the P-62m structures,
there are angle differences in the same hexagonal Na layer. For the P-62m structure,
the angles in the hexagonal Na layer of are 60.000°, 55.031°, 60.000°, 55.031°, 60.000°,
and 69.938° marked by 01, 0,5, 05, 04, 05, and 0, respectively [Figure 34(a)l. These
suggest that the P-62m structure has a distorted close-packed Na layer. Nevertheless,
the angles are slightly different from that of the Amm2 structure. The angles (0, - 05)
of the Amm?2 structure are 59.995°, 55.060°, 60.003°, 55.059°, 60.003°, and 69.881°,
respectively [Figure 34(b)]. With increasing pressure, these angles have three trends of
change consisting of an increase of 04, a decrease of 0, and 0,4, and an approximate
constant of 0y, 05, and 0s. This implies that the primitive Amm2 structure is a more
distorted close-packed Na layer than the P-62m structure, which is in agreement with
a small difference between the Amm2 and the P-62m structures. Nevertheless, this
difference leads to a significant difference in their phonon dispersions and their
electronic band structures, which will be further discussed. Therefore, it is likely that
the crystal structure of Na,O, at very low temperature favors the lower symmetry

(Amm2, No. 38) rather than the higher symmetry (P-62m, No. 189).

To verify the difference between the primitive Amm2 and the P-62m structures, the
phonon dispersion and the partial phonon density of states were calculated at ambient
pressure (Figure 35). At the T point, the phonon frequencies for the Amm2 structure

are ~23.3 and ~23.5 THz, which are higher than that of the P-62m structure about 5
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and 4 cm™, respectively, whereas the highest frequency for both structures is
indifferent. Since these phonon frequencies relate to the O-O stretching modes, they
imply that the O-O bonds in the Amm2 structure at ambient pressure are stronger than

that of the P-62m structure.
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Figure 34: Plot of the angles in the same hexagonal Na layer of the 2x2x2 supercell

versus pressure from 0 to 20 GPa for: (a) the P-62m structure and (b) the primitive
Amm?2 structure [76].
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Figure 35: The overlay plot of the phonon dispersion curves for the primitive Amm2

and the P-62m structures and their overlay plot of the partial phonon density of
states. The blue and magenta lines denote the primitive AmmZ2 and the P-62m

structures, respectively [76].
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In addition, the phonon frequencies of the Amm?2 structure below 5 THz at the T, Y,
and S points are lower than that of the P-62m structure at the I', K, and M points,
respectively. However, both structures are dynamically stable because there is no
imaginary phonon frequency. Since there are several different phonon frequencies
between both structures, this may lead to the difference in Helmholtz free energies at
elevated temperatures. Therefore, the thermodynamic stability of the Amm2 and the
P-62m structures would be further verified to find the most stable structure under

pressure and temperature.

To verify the phase stability of Na,O, at high pressures, the formation enthalpies of
Na,O,, Na,O, and NaO; at 0, 10, 20, 30, and 50 GPa were calculated using the formula:

AH ¢ =[ H(Na,0,) = xH (Na) - y(H(O)]/ (x+y) ], (4.1)
where H(Na,O,) stands for the enthalpy of the selected compound, whereas H(Na) and
H(O) denote the enthalpy of Na and solid O, respectively. The results revealed that
Na,O, is more stable than decomposition into Na and O, with increasing pressure
[Figure 36(a)]. Likewise, the Na,O + O, NaO, + Na, and (2/3)Na,O + (2/3)NaO, are higher
in enthalpies than Na,O, at the same pressures, and they are more different with
increasing pressure [Figure 36(b)]. These imply that Na,O, is stable against

decompositions.
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Figure 36: (a) Predicted formation enthalpies of Na,O,, Na,O, and NaO, at different

pressures compared with decomposition into Na and O, The data points are
connected by the dashed and solid lines denote the convex hull. The opened square

represents the results predicted by Wang et al. [T7]. The structural data of Na,O,
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NaO;, Na, and solid O; for the calculations were retrieved from the previous studies
[78-82]. (b) Relative enthalpies of the decompositions compared with Na;O, in the 0-
50 GPa pressure range [76].

To determine the structural phase transitions in Na;O, at high pressures, the relative
enthalpy between the Amm2, the P2,/c, the P-62m, and the Pbam structures versus
pressure were plotted, as shown in Figure 37. The results exhibited that the Amm?2
structure is lower in enthalpy than the P-62m structure by 2 meV/f.u. at 0 GPa and 1.6
meV/f.u. at 20 GPa. The Amm2 structure is higher in enthalpy than the P2,/c structure
at 22-28 GPa, whereas the Pbam structure has a lower enthalpy at 28 GPa (Figure 37).
Furthermore, the P2,/c structure at 22 GPa and the Pbam structure at 28 GPa are
dynamically stable [Figure 30(a)-(c)]. Thus, the Amm2 structure likely transforms into
the P2,/c structure at 22 GPa, and the P2,/c structure transforms to the Pbam structure
at 28 GPa. Here, the structural phase transition at 28 GPa is the same as proposed by
Deng et al. [16]. By considering the energy (AE), the enthalpy (AH), and the work done
(APV) of the Amm2 structure compared with the P-62m structure versus pressure
(Figure 38), all AE and AH of the Amm2 structure are lower than that of the P-62m
structure, while their APV values are higher. This implies that the APV is a driving force

for the structural phase transition of the Amm2 structure.
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Figure 37: (a) Enthalpy differences (AH) for the AmmZ2 and the P2,/c structures

compared to the P-62m structure versus pressure at 0-22 GPa and (b) Enthalpy
differences (4H) for the AmmZ2 and the P2,/c structures compared to the Pbam
structure versus pressure at 22-70 GPa. Large and small spheres in crystal structures

denote the Na and O atoms, respectively [76].
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Figure 38: Plots of the differences in total energy (AE), enthalpy (4H), and work done

(APV) of the Amm2 structure compared to that of the P-62m structure versus pressure
at 0-20 GPa [76].

To identify the driving force for the structural phase transitions, the changing of lattice
constants and volume in the Ammz2, the P2,/c, and the Pbam structures at high
pressures were analyzed (Figure 39). At the transition pressure of 22 GPa, the ‘b’ and
‘c’ lattice constants, and volume (V) of the P2;/c structure were collapsed at y =
141.583° by ~31.4, ~37.1, and ~10.0% compared to the Amm2 structure, respectively.
However, the ‘a’ lattice constant was extended by ~11.8%, which suggests that the
driving force at 22 GPa significantly affects the bc-plane. At the transition pressure of
28 GPa, the ‘@’, ‘b’, ‘c’ lattice constants in the Pbam structure were collapsed by
~21.8, ~0.0, and ~20.4% compared to the P2;/c structure at y = 141.483°, respectively.
Since there was no collapse in the b-axis and volume, the a-axis was collapsed rather
than the c-axis, resulting in the new alignment of the O-O bonds on the (001) plane of

the Pbam structure [Figure 40(d)].



70

(a) (b)

1.1 55
| L -Amm2 Amm2
‘2 1.0+ 50 4 —P2ilc
[v] \ P Pbam
B osd 44 ~ 45
c .
3 p
o "% o~ a0 N
.% 07 y ol [ -AV/IV =10 %
@ ] a8, o 354 A\
D 06 S :
N N bib, S 30
T 05 >
g 25 -
o clc
= 0.4 0
Pbam 20 1
0.3 T T T T T T T T T T T T T T T T T T T T T T
0 / \ 50 100 150 200 250 300 0 / f 50 100 150 200 250 300
22 28 22 28

Pressure (GPa) Pressure (GPa)
Figure 39: (a) Plots of the normalized lattice constants versus pressure at 0-300 GPa.

The ay, b, and ¢, stand for the lattice constants of the Amm2 structure at 0 GPa. (b)
The volume change of three structures of Na,O, at 0-300 GPa: the Amm2, the P2,/c,
and the Pbam structures [76].

By observing the alignment of the O-O bonds in four phases of Na,O, at high pressures
(Figure 40), the O-O bonds in the Amm?2 structure were aligned in parallel with the
[100] direction, while they were aligned in parallel with the [001] direction of the P-
62m structure. For the P2;/c structure at 22 GPa, the O-O bonds were tilted with an
angle of ~24° compared to the ab-plane and deviated from the [100] direction by
~39°. For the Pbam structure at 28 GPa, the O-O bonds were aligned on the (001)
plane but deviated from the [100] direction by ~52. Furthermore, the alignment of the
O-O bonds at 300 GPa was indifferent from those at 28 GPa. Consequently, these
suggest that the alignment of the O-O bonds in four phases of Na,O, under high

pressure are different, which may relate to their thermodynamic stability.



71

amm2 @ 0cpa (@) () peom@ocra

(c) Piic@22GPa

.,
Lo,

Figure 40: The alienment of the O-O bonds in 4 phases of Na,O,: (a) the Amm2

structure at 0 GPa, (b) the P-62m structure at 0 GPa, (c) the P2,/c structure at 22 GPaq,
(d) the Pbam structure at 28 GPa, (e) the Pbam structure at 100 GPa, and (f) the Pbam
structure at 300 GPa [76].

4.2.1.2 The phase stabilities of Na,O, at high pressures and temperatures.
To verify the thermodynamic stability for the Amm?2, the P-62m, the P2,/c, and the
Pbam phases of Na,O,, their Gibbs free energies at elevated pressure up to 300 GPa

and temperature up to 600 K were calculated based on the quasi-harmonic
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approximation. The results revealed that the Gibbs free energies decrease with

elevated temperature but increase with increasing pressure (Figure 41).
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Figure 41: Plots of Gibbs free energy (G) versus temperature at 0-600 K for the predicted
phases of Na;O. at different pressures: (a) 0, 10 GPa, (b) 22 GPa, and (c) 28 GPa [76].

Furthermore, the Gibbs free energies of the Amm?2 structure compared to the P-62m
structure at 0, 5, 10, 15, and 20 GPa are higher than the P-62m structure at the transition
temperatures around 120, 125, 185, 200, and 75 K, respectively [Figure 42(a)l. These
suggest that the P-62m structure is more stable than the Amm2 structure above the
transition temperatures. That is, the P-62m structure is thermodynamically stable at
ambient conditions, but the Amm2 structure is not. In the same way, the free energy
of the P2,/c structure at 22 GPa and below 105 K is lower than the other structures,
whereas the Pbam structure becomes the lowest free energy in the 105-600 K

temperature range [Figure 41(b)]. Besides, the Pbam structure at 28 GPa is stable in the
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0-600 K temperature range [Figure 41(c)]l. Based on these results, the predicted P-T

phase diagram of Na,O, was generated, as shown in Figure 42(b).
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Figure 42: Gibbs free energy of the Amm?Z2 structure compared with the P-62m structure

at 0, 5, 10, 15, and 20 GPa and 0-600 K. (b) The predicted P-T phase diagram of Na,O,
at 0-300 GPa and with elevated temperatures up to 600 K [76]. The red circle
represents the P-62m structure at ambient conditions established by Féppl [8] and
Tallman et al. [18]. The red diamond denotes the Pbam structure predicted by Deng
etal [16].

Regarding the P-62m structure, Even though the P-62m structures that were obtained
from the AIRSS searches and the relaxed Tallman’s/Féppl’s structures are consistent,
there was a small sign about the atomic displacement of the Nal and Na2 between
Tallman’s and Foppl’s structures at room temperature (Figure 43). However, the
difference in the atomic displacement was small, while it was revealed by comparing
their XRD patterns. Especially, the intensity of the (100) peak for the Tallman’s
structure is higher than that of the Foppl’s structure by ~2% (Figure 44). This implies
that the Tallman’s and the F&ppl’s structures that were observed at room temperature

are slightly different, which may be significant at high temperatures.
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Figure 43: Comparison of the atomic displacement between the Tallman's and the

Féppl's structures [76] using the COMPSTRU program [69].
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Figure 44: (a) The simulated XRD pattern for the Tallman's and the Féppl's structures,

(b)-(c) the (100) plane of the Tallman's and Féppl's structures [76].

To identify the most stable P-62m structure at elevated temperatures, the Gibbs free

energy for the relaxed Tallman’s and Foppl’s structures at ambient pressure were

calculated as a function of temperature up to 600 K. The results revealed that the free

energy of the Tallman’s structure and the Foppl’s structure is not different in the 0-

45 K temperature range, while the Tallman’s structure becomes lower in free energy

than the Foppl’s structure by ~1.7 meV/f.u. at 300 K and ~4 meV/f.u. at 550 K (Figure

45). This point of view suggests that the Tallman’s structure favors temperature rather

than the Foppl’s structure. Nevertheless, the free energy differences are slight and are

beyond experimental resolution. Thus, Tallman’s and Foppl’s structures could be

considered to be similar.
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Figure 45: Gibbs free energy difference (AG) of the Tallman'’s structure with respect to

the Féppl’s structure as a function of temperature at ambient pressure [76].

4.2.2 The elastic behavior at high pressures
To verify the mechanical stability of the Amm2 and the P-62m structure and to analyze
the difference in elastic properties of them at high pressures, the elastic constants,
elastic moduli, and the elastic anisotropy of the Amm?2 and the P-62m structures were
calculated using the PBE functional [28]. The results showed that the elastic stiffness
of the Amm2 and the P-62m structures satisfy their elastic stability conditions in Eq.
(2.47) and Eg. (2.49). This suggests that the Amm2 and the P-62m structures are
mechanically stable. Furthermore, their elastic stiffnesses revealed that there are slight
differences between the P-62m and the Amm?2 structures at 0-15 GPa (Figure 46). In
general, the elastic stiffnesses increase with increasing pressure. However, By of the
Amm?2 structure and the (B11-B12)/2 term of the P-62m structure have decreasing trends
with increasing pressure. This results in the elastic instability in the P-62m structure
when By, surpasses Bii, the so-called tetragonal shear instability [83]. Similarly, the
Amm?2 structure has shear instability if Bgs is equal to zero. Based on a linear
approximation, the elastic instability of both structures was found at around 35 GPa,
which is higher than the predicted transition pressure at 22 GPa. Nonetheless, the
occurring of elastic instability at a higher pressure than the predicted transition pressure
was also found in other ionic compounds such as MgO and CaO [83]. It was interpreted
that the presence of the activation barrier along the phase transformation path results

in the inconsistent transition pressure. Dramatically, By of the Amm2 structure and Bss
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of the P-62m structure unusually stiffen at 2 GPa and then soften at 3 GPa, which are
consistent with the discontinuous decrease of the interatomic distances of O1-O1 and
02-02 at 3 GPa [Figure 47(a)]. In addition, By, B,s, and Bgg of the Amm2 structure at 9
GPa slightly soften like B, and Bss of the P-62m structure. This implies that the Amm?2
structure is more elastic deformation than the P-62m structure, which results in

thermodynamic instability at elevated temperatures.
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Figure 46: The elastic stiffnesses (By) of two crystal structures at 0-15 GPa: (a) the P-
62m structure and (b) the Amm2 structure [76].

To quantify the elastic anisotropy of the Amm2 and the P-62m structures under high
pressure, the universal elastic anisotropy index (A") of both structures was calculated
using Eq. (3.1). The results revealed that A” of the Amm2 and the P-62m structures at
ambient pressure are 0.28 and 0.24 (Figure 47), which are slightly different. Here, AY of
0.22 of the P-62m structure is the same as the previous work proposed by Jong et al.
[84]. With elevated pressure, AY of both structures decreases until 8 GPa and then
increases at ~9 GPa. Furthermore, A" significantly increases at 2 GPa yet strongly
decreases at 3 GPa, which corresponds to the change in the elastic stiffnesses at 2 and
3 GPa. Usually, a higher value of AY indicates the increase in the elastic anisotropy, so
the structure is a locally isotropic crystal when A" is equal to zero [53]. Therefore, the
results suggest that pressure induces the change of elastic anisotropy in the Amm2

and the P-62m structures of Na,O,, and their AY values are likely a locally isotropic
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crystal with AY of 0.03 at 9 GPa. This is similar to other hexagonal crystals (e.g., Ru, a-

Hf, and a-Gd) [53].
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Figure 47: (a) Plots of the normalized interatomic distances of O-O in the Amm2

structure versus pressure. (b) Plot of the cell angle () in the primitive AmmZ2 structure

versus pressure at 0-21 GPa [76].

The calculated bulk and shear moduli for the Amm2 and the P-62m structures at
ambient pressure are shown in Table 4. Their bulk and shear moduli at ambient
pressure are slightly different. Usually, the elastic moduli calculated by the LDA
functional overestimate, while they calculated by the GGA functional underestimate
[85]. For this reason, the results suggest that the measured bulk (K) and shear moduli
(G) at ambient pressure should be: K = 49.15-64.55 GPa and G = 30.49-39.29 GPa for
the Amm2 structure, and K = 48.95-64.73 GPa and G = 29.01-37.88 GPa for the P-62m
structure. By Comparing the bulk moduli (By) obtained from the third-order Birch-
Murnaghan equations of states, By of the Amm2 and the P-62m structures are 49.25
and 49.26 GPa, respectively. Besides, the By of 49 GPa is in agreement with the previous
studies [84] obtained from the elastic constants calculations and 56.40 GPa [86]

obtained from the third-order Birch-Murnaghan equations of states.



78

0.30

—s— Amm?2
—e— P-62m
0.25 4

0.20

<T 0.15-

0.10

0.05 4

0.00 +——+——+————r——r——r—T——
Pressure (GPa)

Figure 48: Plot of the universal elastic anisotropy index (AY) for the P-62m and the

AmmZ structures versus pressure at 0-15 GPa [76].

Using the PBE functional with a single-point energy calculation, the results revealed
that the calculated bulk and shear moduli are 55.82 GPa and 31.14 GPa for the P-62m
structure proposed by Tallman et al. [18], and 57.16 GPa and 32.11 GPa for the P-62m
structure proposed by Foppl [8] respectively. This suggests the small difference within
the upper and lower bounds on the bulk and shear moduli for the P-62m structure.
Consequently, the elastic properties of the Tallman’s and Féppl’s structures at room

temperature are slightly different.

Table 4: The calculated bulk and shear moduli of the AmmZ2 and the P-62m structures

at ambient pressure [76].

. Bulk modulus (GPa) Shear modulus (GPa)
Structure Condition
GGA-PBE LDA GGA-PBE LDA
Amm?2 49.16 64.53 31.33 38.98
P-62m 48.95 64.72 29.88 37.59
5 0 GPa, 0 K
P-62m 56.40 - - -
p-62m ¥ 49 - 29 -
p-62m " , 55.82 40.19 31.14 27.92
s ambient
P-62m 57.16 41.37 32.11 29.08

Y using the structural data proposed by Tallman et al. [18]

S using the structural data proposed by Féppl [8]
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4.2.3 The vibrational properties of Na,O, at high pressures
Even though the Amm2 and P-62m structures were slightly different, there was a small
difference in their vibrational properties as introduced before. Using the group theory
analysis of eigenvectors, the results showed that the vibrational modes of the Amm?2
structure at the I" point are By, By, A;, and A, modes with 36 frequencies. The phonon
acoustic modes are I'yt = By + B, + Ay, whereas the phonon optical modes are I'gp: =
9B; + 8B, + 10A; + 6A,. As for the P-62m structure, the vibrational modes are AZ", E'
, A", A, A, and E" modes with 36 frequencies as well. The phonon acoustic
modes are [, = A"+ 2E’, while the phonon optical modes are T'oo = 3A," + 12 E’
+A"+4 A"+ 3 A+ 10E". Moreover, there were the differences in phonon frequencies
in each mode and activity in the IR and Raman spectra between the Amm2 and the
P-62m structures at ambient pressure, as are shown in Table 5. The results revealed
that all phonon frequencies in the optical modes of the Amm2 structure at the I' point
are Raman active, whereas some of the phonon frequencies in the optical modes of
the P-62m structure are Raman active, consisting of E’, AL', and E" modes. Likewise,
the optical modes of A" and E’ for the P-62m structure are IR active, while all
phonon frequencies in the optical modes for the Amm2 structure are almost IR active,
except the A, mode. Thus, these suggest that it is possible to observe the Amm?2
structure using IR and Raman spectroscopies at temperatures below 120 K. Moreover,
Table 5 also provides the phonon frequencies in each vibrational mode, IR and Raman
active modes for the P2/c structure at 22 GPa and the Pbam structure at 30 GPa,
which may be useful for experimental identifying the structural phase transitions in

Na,O, at those pressures.

To analyze the consequence of the elastic stiffness stiffening at 2 GPa and softening
at 3 and 9 GPa on phonon frequencies of the Amm2 structure, the phonon dispersion
curves and their phonon DOSs at 1, 2, 3, and 4 GPa and at 8, 9, 10, and 11 GPa were
calculated (Figure 49). Furthermore, the phonon frequencies shifts from those of 0 GPa
versus pressure at the I and Y points in the 0-15 GPa pressure range, were also plotted

(Figure 50).
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Table 5: The vibrational modes, activities in the IR and Raman spectra for the P-62m

and the AmmZ2 structures at 0 GPa, the P2,/c structure at 22 GPa, and the Pbam
structure at 30 GPa [76].

Vibrational  Frequency o Vibrational  Frequency o
Structure 4 Activity  Structure 4 Activity
mode (ecm™) mode (cm™)
129.3, 195.0,
A", IR 223.4, 2327,
292.3
260.4, 263.6,
169.6, 203.4, IR/
IR/ B1 271.8, 305.1,
E' 224.9, 286.4, Raman
Raman 314.5, 340.8,
316.3, 338.0
779.1
A"y 1255 -
124.4, 183.2,
Ay 169.6, 278.8, 216.3,219.7, IR/
Raman B,
P-62m 780.8, 821.0 Amm?2 283.8, 294.0, Raman
at 0 GPa at 0 GPa 331.3,337.2
225.0, 227.9,
254.8, 261.4,
A 180.8, 275.5, IR/
- Ay 295.3, 310.9,
773.5 Raman
317.7, 331.4,
784.9, 821.5
221.8, 226.5, Raman As 108.2, 196.7, Raman
E" 2425, 293.2, 210.9, 262.2,
318.4 307.5, 358.0
Biu 405.9 IR
262.5, 318.7,
BZU |R
194.9, 237.2, 449.9
Ay 295.1,341.9, IR 5 305.9, 332.1, R
4185 > 4326
Ay 199.3, 359.7 -
Bag 236.2,361.1 Raman
P2,/c Pbam
262.3, 305.3, Bsg
at 22 GPa By IR at 30 GPa 255.8,336.8 Raman
380.5, 415.3
237.2, 268.2,
Ag 274.1, 378.0,
Ag 345.8,372.8, Raman Raman
461.3, 815.3
4333, 780.8
244.4, 3374,
357.6, 431.6,
B; 348.7,412.6, Raman Big Raman
461.9, 797.2

440.0, 766.6
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Usually, the phonon frequencies in a crystal structure increase with elevated pressure
because of the stiffening of chemical bonds. Nevertheless, the results revealed that
three phonon frequencies (®;, ®,, and ®;) of the acoustic modes below 4 THz clearly
decrease at 3 GPa around the Y and S points [Figure 49(a),(b)]. The softening of these
frequencies also appears in their phonon DOSs below 4 THz. In the same way, the two
lowest of the optical phonon frequencies (ws and ®s) around 4 THz at the T' point
obviously decrease at 3 GPa [Figure 49(a), 50(a)l. Nonetheless, Even though there was
no unusual change in the three highest phonon frequencies (s, 35, and msg) of the
optical modes at those pressures, the increase of frequency from 2 to 3 GPa was more
than that from 1 to 2 GPa and 3 to 4 GPa, and similar to the increasing of frequency
from 9 to 10 GPa. In addition, there was an unusual decreasing in the interatomic
distances of the 01-O1 and the 02-02 at 3 GPa [Figure 47(a)]. The phonon DOSs of the

34 and/or the wss significantly decrease at 2 GPa [Figure 49(a)l.
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Figure 49: Phonon dispersion curves and their phonon DOSs of the AmmZ2 structure at

different pressures: (a) at 1, 2, 3, and 4 GPa and (b) at 8, 9, 10, and 11 GPa. The
phonon frequency modes in the phonon dispersion curves were distinguished by
different colors [76].
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This relates to the increase of the elastic stiffness By at 2 GPa. Similarly, the ®; and

3 below 5 THz at 10 GPa decrease around the Y point [Figure 49(b), 50(b)]. Moreover,

the phonons softening at 3 and 10 GPa significantly result in the decreasing of the

phonon free energies as well (Figure 51). The results revealed that this effect decreases

with increasing temperature. Thus, it is now possible to note that pressure induces the

decreasing of the elastic stiffnesses and the phonons softening, leading to the

decreasing of phonon free energies at 3 and 10 GPa.
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Figure 50: The selected phonon frequencies shifts versus pressure at 0-15 GPa for three

frequencies of the acoustic modes and five frequencies of the optical modes at
different k-points of the Amm2 structure: (a) at the I point and (b) at the Y points
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4.2.4 The electronic properties and the chemical bonds of Na,O, at high

pressures
To determine the electronic properties of Na,O; at high pressures, the electronic band
structures and the partial density of states (PDOSs) for the Amm?2, the P-62m, the P2,/c,
and the Pbam structures were calculated using the PBE and HSE06 functionals (Figure
52). The results showed that the difference in the band structures between the Amm?2
and the P-62m structures appears at the T/H points around -0.5 and -3.5 eV, at the Y/K
points around -0.7 and -4.5 eV, and at the Z/H point around -0.4, -1.0, -3.3, and -4.0 eV
(Amm2/P-62m). Moreover, the results revealed that the Amm2 and the P-62m
structures are indirect bandgaps with the same value of 1.79 eV, whereas the P2,/c
and the Pbam structures are direct bandgaps. Nevertheless, the HSEO06 functional,
which yields a more reliable bandgap than the PBE functional predicted, that the
bandgap of the Amm2 structure is slightly higsher than that of the P-62m structure by
2 meV. Furthermore, the PBE band gap of the P-62m structure corresponds to the
previous work with a value of 1.76 eV [87]. With increasing pressure, the PBE and HSE06
band gaps of all structures increase with the same trends (Figure 53). Nevertheless, the
HSEQ6 band gap of the P2,/c structure at 22 GPa is higher than the Pbam structure by

~13 meV, which identifies a difference between both structures.

Regarding the PDOSs of Na and O in the Amm2, the P-62m, the P2,/c, and the Pbam
structures (Figure 52), they exhibited that all valence and conduction bands mainly
contribute form the p-states of O and slightly contribute from the p-states of Na, the
s-states of Na, and the s-states of O. In addition, the overlap of orbitals support the

presence of the o-bonds in these phases of Na,Os.
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(a) Amm2 at 0 GPa

(b) P-62m at 0 GPa
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Figure 52: The electronic band structures and their PDOSs at different pressures for:

(a) the Amm2 structure at 0 GPa, (b) the P-62m structure at 0 GPa, (c) the P2,/c
structure at 22 GPa, and (d) the Pbam structure at 28 GPa [76].
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Figure 53: The PBE and HSEO6 band gaps versus pressure at 0-300 GPa for the Amm2,
the P2,/c, and the Pbam structures [76].

To analyze the behavior of the O-O bonds in the Amm2 structure of Na,O, under high
pressure, their ELF values in the 0-21 GPa pressure range were calculated (Figure 54).
The results revealed that the ELF value decreases with increasing pressure, which

represents the decreasing of shared electrons in the O-O bonds. Unusually,
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nonetheless, the ELF value turns to an increase in the 2-3 GPa and 9-10 GPa pressure
ranges. The increasing of ELF value at 2-3 GPa is consistent with the softening of elastic
stiffness By; and the softening of phonon frequencies of the acoustic modes at the Y
point and the two-lowest frequencies of the optical modes at the I" point at the same
pressures as discussed before. In the same way, the increasing of ELF value at 9-10
GPa significantly corresponds to the softening of phonon frequencies of the two
acoustic modes at the Y point. Unfortunately, the stiffening of elastic stiffness B,, at 9-
10 GPa is inconsistent with the unusual increasing of the ELF value at 9-10 GPa.
However, these provide that the significant increasing of ELF value at 3 and 10 GPa
correspond to the softening of the phonon frequencies of the acoustic modes and/or
the optical modes at 3 and 10 GPa. Furthermore, this also results in the stiffening of
the O1-O1 and the 02-O2 bonds at 3 GPa. Even though the unusual change in the O-
O bond length at 10 GPa was not found, but there was significant decreasing of the y
angle in the primitive Amm2 structure at 10 GPa [Figure 47(b)]. Moreover, the unusual
change of ELF value in the P6s/mmc structure of Li,O, was also predicted at 11 and
40 GPa [67], which related to a few of charge transfer between the O and Li atoms at
those pressures. Probably, the charge transfer may also occur in the Amm2 structure

of Na,Op,, but the significant change of the partial DOSs of the Na and O was not found

in this work.
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Figure 54: Electron localization function (ELF) value of the Amm?2 structure in the 0-

21 GPa pressure range [76].
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To visualize the O-O bonds in the predicted phases of Na,O, at high pressures, the
two-dimensional ELF for the Amm2 structure at 0 GPa projected onto the (110) plane,
the P2,/c structure at 22 GPa projected onto the (200) plane, and the Pbam structure
at 28 and 300 GPa projected onto the (001) plane were plotted, as shown in Figure 55.
The results exhibited the shared electrons in the O-O bonds and the p-orbital shape
of the O-O, which implies that the O-O single bonds in these structures are maintained

up to 300 GPa.

(@) Amm?2 at 0 GPa (b) P24/c at 22 GPa

(c) Pbam at 28 GPa  (d) Pbam at 300 GPa

©

® O

@o

-2.00x 107
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-0.50x 107
-0.00

L

Figure 55: Two-dimensional ELF value of the predicted structures of Na;O, at different

pressures for: (a) the Amm2 structure at 0 GPa projected onto the (110) plane, (b) the
P2,/c structure at 22 GPa projected onto the (200) plane, and (c and d) the Pbam
structure at 28 and 300 GPa projected onto the (001) plane [76].

4.3 The Gibbs free energy changes of the CO, capture reactions by Li,O, and
Na,O,

To investigate the pressure effect on the CO, capture reactions by Li,O, and NayOp,
the phonon dispersion and phonon density of states (PDOS) for the Li,O,, Li,COs, CO,,
and O, at 8, 16, and 25 GPa and for the Na,O,, Na,COs, CO,, and O, at 8, 15, and 30
GPa were calculated using the supercell and finite displacement methods [49]. Their

phonon dispersion curves and PDOSs are shown in appendix A. The Gibbs free energies
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of them were calculated using Eq. (2.58) within the quasi-harmonic approximation, and
then the Gibbs free energy changes of the reactions (AG) were obtained from using Eq.
(2.64) and Eq. (2.65) for the CO, capture reactions by Li,O, and NayO,. The findings
showed that the Gibbs free energies of the products [Li,CO; + (1/2)O,] and the
reactants [Li,O, + CO,] significantly increase with increasing pressure, but they slightly
decrease with the elevated temperature at 250-350 K (Figure 56). Importantly, the
products at 8, 26, and 25 GPa are lower in Gibbs free energy than the reactants, which
imply that the states of the products are more stable than the reactants. In other
words, the CO, capture reaction by Li,O, can spontaneously occur in the forward
direction at the conditions of pressure (8, 16, 25 GPa) and temperature (250-350 K).
However, the reaction rate is unknown but usually depends on the activation energy

of reaction, which is not determined in this work.

-324.8 4
€ Li,0, + CO, at 25 GPa
G -3250-
2
g Li,CO, + (1/2)0, at 25 GPa
I I
g Li,O, + CO, at 16 GPa
D 3254
)
S Li.CO, + (1/2)0, at 16 GPa
2 -325.6
= Li.0,+CO_ at8 GPa
oy -325.8- e
Q
._E ----------------------------------------
M -3260- Li,CO, + (112)0, at 8 GPa
-326.2 : : : : : : :
250 275 300 325 350

Temperature (K)

Figure 56: Plot of the Gibbs free energies for the reactants and products of the CO,

capture reaction by LiO,.

Moreover, plots of AG versus temperature revealed that with elevated temperature,
the |AG| decreases at 8 and 16 GPa but increases at 25 GPa (Figure 57). However, |AG]
at 16 GPa is larger than that of 25 and 8 GPa, respectively. This implies that the reaction

at 16 GPa releases more energy than the reactions at 8 and 25 GPa.

As for the CO, capture reaction by Na,O, at 8, 15, and 30 GPa, the findings exhibited
that the Gibbs free energies of the products [Na,COs + (1/2)O,] and the reactants
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[Na,0,+CO,] significantly also increase with increasing pressure but slightly decrease

with elevated temperature at 250-350 K (Figure 58).

-0.24
-0.25 - -
8 GPa
i
€
S 0261 -
E /
3 | |AG =G0, +(1/2)Gg, ~ G0, ~ Geo, B
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N
U]
< 0334 25 GPa
-0.34 16 GPa
-0.35 . , . , . , .
250 275 300 325 350

Temperature (K)

Figure 57: The Gibbs free energy changes of the CO, capture reaction by Li,O, at 8,
16, and 25 GPa versus temperature at 250-350 K.

Moreover, the Gibbs free energies of the products at 8, 15, and 30 GPa are lower than
that of the reactants, which suggests that the states of the products are more stable
than the reactants. That is, the CO, capture reaction by Na,O, can spontaneously occur
in the forward direction at the conditions of pressure (8, 15, 30 GPa) and temperature
(250-350 K). Nonetheless, the activation energy of the reaction that assigns the reaction

rate is also unknown.

Besides, plots of AG versus temperature in Figure 59 showed that with increasing
temperature, |AG| increases at 8 GPa but decreases at 15 GPa and holds at 30 GPa.
Nevertheless, |AG| at 15 GPa is larger than that of 30 and 8 GPa, respectively. This also

implies that the reaction at 16 GPa releases more energy than the reactions at 8 and

25 GPa.



89

-642.25
— -842.50
E | Na O_+CO_at 30 GPa
5 ©: .
w5 642751
o N [ g Y
% -643.00 - Na_ CO_+ (1/2)0_at 30 GPa
o . 2¢O, 2
@ -643.25 -
2 1 Na O, + CO_ at 15 GPa
o -643.50
) 1 Na CO, +(1/2)0, at 15 GPa
O 643.754=c=-=--~=---=---o-------o2otonaod g
P 1 Na_ O, +CO, at 8 GPa
O -644.00
L
O 64425 Na,CO, +(1/2)0, at 8 GPa
-644.50 . T . . : . .
250 275 300 325 350

Temperature (K)

Figure 58: Plot of the Gibbs free energy of reactants and products of the CO, capture

reaction by Na;O..
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Figure 59: The Gibbs free energy change of the COZ2 capture reaction by Na,O, at 8,
15, and 30 GPa versus temperature at 250-350 K.
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4.4 The Raman spectra of Na,O, at high pressures: evidence for structural phase
transitions

To identify the high-pressure structural phase transition in Na,O,, the Raman spectra
of Na,O, were measured at high pressures up to 25 GPa using the Raman spectroscopy,

as discussed before.

At ambient conditions, the Raman spectrum of Na,O, showed the Raman frequencies
for the ambient phase of Na,O, or the hexagonal P-62m structure. They consist of the
frequencies of the lattice modes: 185 (1), 192 (wy), 225 (ws), and 286 (mq) cmt and
two frequencies of the O-O stretching modes: 737 (ws) and 792 (ws) cm™. These
frequencies are in excellent agreement with the previous measurement proposed by
Eysel et al. [88]. They reported the frequencies at 57, 79, 100, 121, 184, 193, 225, 286,
736, and 791 cm™. However, the frequencies at 57, 79, 100, and 121 cm™ were not
observed in the present work because their intensities were very weak. The intensity
of two O-O stretching frequencies dominate in the spectrum, as shown in Figure 60,
which result in the O-O stretching vibrations (out-of-plane) of the 01-O1 at 792 cm’
and the 02-02 at 737 cm™. The 01-O1 has only one bond per cell, but the 02-02
have two bonds per cell. This suggests that the intensity peak at 737 cm™ is about
twice the intensity peak 792 cm™’. Thus, these represent characteristics of the ambient

phase of Na,Oy.

Na,0, at ambient conditions |P—62m structure at 0 GPa

737

Intensity (arb. units)

225 ,‘ e
192 1
185 / / e S

T »: T o T . T ® T * T *
200 400 600 800 1000 1200 1400

Raman shift (cm™)

Figure 60: The Raman spectrum of Na,O, measured at ambient conditions

corresponding to the hexagonal P-62m structure.
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By considering the Raman spectrum at 0.4 GPa, there were two unknown peaks at
~107 and 3,623 cm™, as shown in Figure 61 and Figure 62. However, by comparing with
the Raman spectra of NaOH under high pressure proposed by Krobok et al. [89], the
peaks were identified to be NaOH contamination. This contamination was obtained
from the reaction between Na,O, and H,0O, generating NaOH and H,O,. When H,0, was
degraded by light or heat, it produces H,O and O, which were observed in a bottle
containing Na,O, powder in silicone oil. However, the Raman frequencies of H,O and
O, were not found in the Raman spectra of Na,O,. Therefore, it is likely to have only

small contamination of NaOH in the sample chamber of the DAC.

With increasing pressure, Figure 61 showed that these frequencies (m; - @) increase
along trend lines, suggesting the decreasing of the bond lengths. Interestingly, at 8.6
GPa, three new Raman peaks appear at ~820 (o), ~847 (wg), and ~1,018 (wy) cm™.
Furthermore, the frequencies of 7 and wg increase with elevated pressure, yet the
frequency of my decreases. Usually, the blueshift and redshift in Raman spectra
represent the decreasing and increasing of chemical bond lengths of molecules. Thus,
the bonds corresponding to the frequencies of ®; and ws become stiffen with elevated

pressure, but that of @y becomes soften resulting in the bond dissociation.

As for the intensity peaks, overall, they have increasing trends with elevated pressure.
However, the intensity of my decreases at 21.5 GPa, and it disappears at 24.8 GPa.
Likewise, the intensities of ®; - ms gradually decrease with elevated pressure and fade
out beyond 15.8 GPa. With decreasing pressure, the Raman peaks of m; - ®y appear at
9.1 GPa same at 8.6 GPa, but the Raman peaks of ®7- wy disappear at 0.04 GPa. This
implies that the ambient phase and the unknown phase at 8.6-21.5 GPa are reversible

with decreasing pressure.

In addition, by comparing between the measured and calculated Raman spectra at
24.8 and 30 GPa, as shown in Figure 63, it revealed that their Raman intensities of the
internal modes are consistent, but the frequencies and the intensities of the lattice
modes are different because of the difference in temperature and the limitation of the

ab-initio \attice dynamics calculations.
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Figure 61: The Raman spectra of Na,O, at different pressures. Raman peak positions

are labelled by @y to ax. The symbols, ( Dand (¥) represent increasing and decreasing

pressures, respectively.
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Figure 62: The Raman spectrum of the O-H stretching mode in NaOH at 0.4 GPa.
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These suggest that the first structural phase transition in Na,O, may occur at 8.6 GPa
because the new Raman peaks appear, indicating the new chemical bonding or
structural change. Similarly, the second structural phase transition may occur at 24.8
GPa, since the Raman peaks of ms, ®s, and mg are terminated. However, the structural
phase transition has been predicted at 22 and 28 GPa by Jimlim et al. [76] and by Deng
et al. [16]. That is, the hexagonal P-62m structure transforms to the orthorhombic
Pbam structure. Therefore, it is possible to note that the structural phase transition in
Na,O, occurs at around 24.8 GPa, and the intermediate phase occurs in the 8.6-24.8
GPa pressure range. However, these require the XRD measurements for identifying

those crystal structures.

The other point of view, using the structural data proposed by Struzhkin et al. [90] to
calculate the Raman active modes of NaHs at 10 GPa, the results showed that there is
the Raman active mode at around ~1,000 cm™, which is close to the Raman frequency
of mg. Thus, the Raman frequency of g may represent a novel compound of Na,O,

(e.g., NayH,O,). However, this requires further investigations for verification.

Measurement
Calculation 830(A))
786 (8B, )

(B,)

242(A)
- 332(8,)
890

-—396

30.0 GPa

Intensity (arb. units)
354 (A) +g

24.8 GPa

——TT—T—T—T—— T
200 300 400 500 600 700 800 900 1000

Raman shift (cm™)

Figure 63: Comparison of the measured and the calculated Raman spectra of Na;O,

at 24.8 and 30.0 GPa.
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Chapter 5

Conclusions

In summary, the structural phase transition and the electronic properties of
Li,O, at pressures up to 500 GPa were investigated using first-principles calculations.
Two new structural phase transitions of Li,O, were predicted at pressures around 75
and 136 GPa. That is, the hexagonal P6s/mmc structure was transformed to the
monoclinic P2; structure at ~75 GPa, and the P2; structure was transformed to the
monoclinic P2;/c structure at ~136 GPa. It was suggested that the driving force for the
phase transformations is also assigned by the alignment of the Li atoms in their
structures. The new phases were dynamically stable, and the presence of the O-O
bonds in Li,O, at high pressures up to 500 GPa were verified by the ELF values.
Furthermore, the pressure evolution of the O-O bond length, the O-O stretching
frequency, band gap, and charge transfer in Li,O, were also calculated. It was predicted
that the O-O bond length decreases with elevated pressure, while the O-O stretching
frequency and the band gap increase. Remarkably, the band gap of the P6s/mmc
structure was significantly decreased by pressure at 11 and 40 GPa, whereas the O-O
bond length was increased. Moreover, the ELF value immediately was also increased
at 8-11 GPa and 39-40 GPa. This implied that pressure induces increasing of the
electron localization, resulting in the softening of the O-O bonds and the decreasing
of the band gaps in the 10-11 and 39-40 GPa pressure ranges. Furthermore, the ELF
plots revealed that electrons are highly localized in the O-O bonds, which confirm the
presence of the O-O bonds under pressure up to 500 GPa. In addition, the charges
transfer between the O and Li in the P6s/mmc structure were also analyzed using the
PDOSs of the O and Li. Since the increasing and decreasing of the DOSs in the valence
bands of Li and O at the same energy level in the 8-11 GPa and 39-40 GPa pressure
ranges were consistent, this suggested the electrons transfer between the states of Li
and O. Furthermore, the DOS of O for some energies of the conduction band (Gp*)
increases at 8-11 and 39-40 GPa. This implied that the 6, antibonding state of the O-
O bonds is strengthened, resulting in the softening of the O-O bonds at 11 and 40 GPa.

In addition, the study revealed that the structural distortions in Li,O, arise from the
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atomic displacements, which is a mechanism for maintaining the O-O bonds under

high pressure up to 500 GPa.

The structural phase stability of Na,O, under high pressure and temperature were
investigated using first-principles calculations and the QHA to predict the phase
stabilities of Na,O, at high pressure up to 300 GPa and temperatures up to 600 K. The
AIRSS searches were employed to search the lowest enthalpy structure at 0 K, and the
dynamical and thermodynamic stabilities of the predicted structures were identified
using the phonon dispersion and Gibbs free energy calculations, respectively. It was
predicted that the Amm2 (distorted P-62m) structure is dynamically and
thermodynamically stable in the 0-22 GPa pressure range at low temperature.
Nevertheless, the P-62m structure becomes more thermodynamically stable than the
Amm2 structure at elevated temperature. Moreover, it was analyzed that Tallman’s
structure is likely to favor at a higher temperature more than Foppl’s structure.
Furthermore, the P2,/c structure was predicted that it is dynamically and
thermodynamically stable in the 22-28 GPa pressure range at extremely low
temperatures. However, the Pbam structure becomes a more favored structure than
the P2,/c structure at elevated temperatures. The AIRSS searches also discovered the
candidates of high-temperature phases, Na,O,-Il and Na,0,-Q, that is the /4/mmm and
the Immm structures, respectively. Remarkably, the elastic stiffness was predicted that
the elastic stiffnesses of By; at 3 GPa and B,,, Bas, and Bys at 9 GPa soften, and the
universal elastic anisotropy index at 3 GPa decreases. At the Y point, three phonon
acoustic modes soften at 3 GPa and two of them soften at 10 GPa. Likewise, at the T’
point, the two-lowest frequencies of the optical modes at 3 GPa also soften. This
results in the phonon free energies decreasing and the ELF increasing at 3 and 10 GPa.
Even though the O-O bond length abnormally decreases at 3 GPa, the abnormal
change of the O-O bond length is not found at 10 GPa, whereas an obvious decrease
of the cell angle (y) in the primitive Amm?2 structure also appears. These revealed the
mechanism for controlling the stability of Na,O, at high pressures. Furthermore, it was
predicted that the PBE and HSE06 band gaps for the three predicted phases of Na,O,
increase with increasing pressure, while the change in the band gaps is normal. This

suggested that the elastic stiffnesses softening and the phonon frequencies softening
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in the Amm2 structure are not significant effect on the band gap. In addition, the ELF
values revealed the presence of the O-O bonds in Na,O, under high pressure up to

300 GPa.

Furthermore, the high-pressure Raman study on structural phase transition in Na,O,
provided the evidence and the discussion for the structural phase transitions in Na,O,
under high pressure up to 25 GPa. It was suggested that the structural phase transition
in NayO, might initially occur at 8.6 GPa, since the new Raman peaks appear, resulting
in the new chemical bonding or structural change. The other structural phase transition
may occur at 24.8 GPa because the Raman peaks of ws, s, and wo are terminated.
Nevertheless, these require the experimental technique (e.g. XRD) for identifying the

crystal structures at those pressures.

In addition, the Gibbs free energy changes of the CO, capture reactions by Li,O, and
Na,O, revealed that it is possible to spontaneously occur the forward reactions at high
pressures because their products [M,CO5 + (1/2)O;] are lower in free energy than the

reactants [M,0,+CO,], where M represents Li, Na.

Therefore, this work provided the predicted structural phase transition in Li,O, and
Na,O, at high pressures, their related properties (e.g., elastic, vibrational, and electronic
properties), and the possibility for occurring the CO, capture reactions by Li,O, and

Na,O,. These may be useful for further investigations and CO, capture applications.



Appendices

97



Appendix A: The phonon dispersion curves and phonon density of states

Frequency (THz) Frequency (THz)
%0 30 P8,/mmc -- LixOz
I ———
20 20

=
10 o] 10 —_—
of o - 0
G A HoOK G ML H 0.0 0.04 008 012 016 020 024

Density of Phonon States (1/THz)

Figure 64: Phonon dispersion and PDOS for the P6s/mmc-Li,O, structure at 25 GPa.
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Figure 65: Phonon dispersion and PDOS for the Pa-3-CO, structure at 8 GPa.
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Figure 66: Phonon dispersion and PDOS for the Cmca-CO, structure at 16 GPa.
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Figure 67: Phonon dispersion and PDOS of the I-42d-CO, structure at 30 GPa.
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Figure 68: Phonon dispersion and PDOS for the C2/c-Li,COs structure at 8 GPa.
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Figure 69: Phonon dispersion and PDOS for the P6s/mcm-Li,COs structure at 25 GPa.
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Figure 70: Phonon dispersion and PDOS for the C2/m-Na,COs structure at 8 GPa.
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Figure 71: Phonon dispersion and PDOS for the P6s/mcm-Na,COs structure at 15GPa.
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Figure 72: Phonon dispersion and PDOS for the P2,/m-Na,COs structure at 30 GPa.



101

Frequency (THz) Frequency (THz)
R-3m-- O,
50 I
40 40
30 30
20 20
10 10

0.2 0.4 0.6 0.8 1.0
Density of Phonon States (1/THz)

Figure 73: Phonon dispersion and PDOS for the R-3m-O, structure at 8 GPa.
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Figure 74: Phonon dispersion and PDOS for the C2/m-0O; structure at 25 GPa.
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Appendix B: The Raman spectrum of Na,O, at ambient conditions
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Figure 75: The Raman spectrum of granular Na,O, at ambient conditions measured

at Thailand's National Electronics and Computer Technology Center (NECTEC).
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Appendix C: Pictures for the experimental apparatus

Figure 78: The invented glove box for isolating sample from ambient air.



104

T

I

Figure 79: A Ruby fluorescence system for measuring the pressure in the DAC.
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Figure 80: A Merrill-Bassett diamond anvil cell (DAC) for sample loading.
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Figure 81: An electric discharge machine (EDM) for drilling the gasket.
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