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PHASE TRANSFORMATION/ENTHALPY/CATALIZE ACTIVITY/AB INITIO

In this thesis, properties of three oxides have been investigated using ab initio
calculations. The homogeneous structural phase transition between the natural and
high-pressure forms of LiAlO; and LiGaO, have been determined, and the catalytic
activity of modified BaTiO; was analyzed.The phase transition between y - Li1AlO;
and § - LiAlQ, was calculated on two levels of theory, using the Perdew - Burke-
Ernzerhof (PBE) generalized-gradient approximation (GGA) functional and the Heyd
- Scuseria - Ernzerhof (HSE) hybrid functional. Our calculations predict equilibrium
phase pressures in reasonable agreement with experiment. Band structures and partial
density of states of both y - LiAlO; and ¢ - LiAlO, at ambient pressure are reported.
Phase transformations of the natural £ - LiGaO> (Pna2;) structure under different
pressure conditions were also studied. We found that various LiGaO; structures can
be stabilized under specific stress conditions, some of which had not been previously
reported (oP16, [41/amd, and P4,2,2). It 1s found that the rocksalt - like structures of
LiGa0O; can be stabilized under sufficiently high hydrostatic pressure, whereas
uniaxial stress stabilizes either the tetragonal or the orthorhombic structure depending
on the applied direction. The mechanisms of the phase transitions have been

characterized by calculating the enthalpy surfaces in the crystal parameter space and




IV

the barriers between each local minimum. Stresses and directions that lead to new
phases ot LiGaO, are presented and discussed. In the final part of this thesis, the
catalytic activity of BaTiO; for the oxygen evolution reaction (OER) has been
investigated. Fe and Ni doping is found to improve the electrical conductivity and
reduce the overpotential required for water oxidation over BaTiO;. Based on
computed Pourbaix diagrams and pH/potential - dependent surface phase diagrams, it
1s further shown that BaTiOj; is very stable under reactive conditions but insensitive
with respect to poisoning by reaction intermediates and hydrogen adsorption. This
proof of concept demonstrates that even minor compositional modifications of

existing materials may greatly improve their catalytic activity.
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CHAPTER I

~ INTRODUCTION

Applications of quantﬁm mechanics and. first princ.iples calculations to. study
physical properties of materials can be done by solving the “Sphrﬁdiﬁger eciuations”
for the ground~staté élec.tron wéve functions and the cor:iéspoﬁdiﬁg eiecttoﬁ densities.
First.principle calcﬁiations are also known as “ab initio” calculations. which are
generally based on density functional theory (DFT). DFT makes the siudy of atomic
structures and electronic properties of materials possible. In mariywbody systems, sets
of the full Schrédinger equations are too difficult to be éolved‘ In these days, with the
aid of DFT and high performance computers, the calculation of simplified
Schrodinger equations is possible. The new development of more complicated
exchange correlation functions, such as the so-called hybrid functional, makes high
accuracy calculations of many atomic systems possible. In this thesis, first-principles
calculations are used to study the microstructures, electronic properties and phase
transformations of selected metal oxide compounds. Phase transformation has been
computationally studied heavily in the past decades and is still an ongoing topic of
interest. The phase transformations in this thesis is a transformation among different
crystal structures of the same stoichiometry metal oxide compounds. The
homogeneous transformation described by a consorted transformation of the whole

crystal at once. Most of the time, a process with “symmetry-breaking” is taken place.




However, this homogeneous transformation is introduced 1o allow the feasibility of
computation and might or n;i_gh_t npt taken place in real experiment. Computer
simulation is, however, a very .iﬁ;.,po.rtant éomﬁonent to aid understanding of how the
phase transformation takes"ﬁl'ace. Théﬂéym:iﬁéﬁy;breaking process occurred during a
phase transformation with different conditions such as under high pressure, under
high temperature or doping _cpndition. For instance, ZnO with a wurtzite structure at
ambient pressure can Itran_.sfonn to rocksalt structure under the transformation pressure
of about 9.1 GPa (Miao and Lambrecht, 2003), the _prthogonal BLiAlO; can
transform to the tetragonal y- LiAlO, above 450°C (Vanfleet et al., 2008), and
composition and microstructure characterizations indicated that Bi (~3 at. %) doping
preserved Germanium tefluride (GeTe) thombohedral structure with slight X-ray
diffraction peak shifts (Zhang et al., 2013).

There are two main parts in this thesis, the first part is about the phase
transiormation of ABO; metal oxide and the second part is about catalysts activity on
BaTiO;. For the first part, phase transformations in ABO, oxide compounds, with A
and B represents by Li and (Al,Ga), respectively, are studied. Lithium Dioxogallate
(LiGa0,) and Lithium Aluminium Oxide (LiAlO;) systems have been experimentally
and computationally studied for many years. There are two main reasons why these
two systems are very attractive. First, the lattice parameters of LiAlO; and LiGaO,, are
nicely matched with that of GaN. Because GaN is an important material for blue,
violet, UV and white LED, having a good substrate for growing GaN on is highly
beneficial. Secondly, both materials are wide band gap semiconductors and could
potentially serve as new wide band gap electronic materials. Both LiAlO, and LiGaO,

have crystal structures in analogous to wurtzite ZnO with the substitutions of Zn




= atoms alternately by Ga (or Al) ‘atom and Li atom. ‘Recent studic_s $howed that
-~ wurtzite ZnO under ambient pressure with space group P63me éan_ fransform to a
o rocksalt-type phase (R-3m) under high pressure (Desgr_enic;s, 1998; Limpijumnong
and Lambrecht, 2001). | S
| Lithium aluminate, LiAlO,, henceforth LAO, has potential app.lications in the
- energy industry as lithinm battery cathodes and electrolyte tiles for molten carbonate
fuel cells (MCFC) (Ceder et al,, 1998). " It has been reported that LAO has at least
- four different phases, the hexagonal ‘a-phase, the monoclinic ﬁ-phgse {Marezio and
Remeika, 1966; Zou et al., 2006), the tetragonal y-phase (Marezio, 1965), and the
tetragonal d-phase (Li et al., 2004). The y-LAO (Marezio, 1965) has attracted much
attention as a promising substrate for GaN-based laser diodes. This is because the
lattice mismatch between y-LAO and GaN is only -1.4% along [001] LAO and [112
0] GaN and -0.1% along [010] LAO and [0001] GaN (Ke et al., 1998; Hellman and
Harris, 1997). The - to d-phase transformation of LAQ has been experimentally
studied using several techniques and a wide range of the phase transformation
pressure has been reported, i.e. from 2 GPa based on an anvil cell technique to 9 GPa
based on a shock recovery technique (Li et al., 2004). However, to our knowledge,
there is no report on the computation study of the transformation. Here, the y- t0 J-
phase transformation under hydrostatic pressure of LAO is investigated using first
principles calculations within both Heyd-Scuseria-Emzerhof (HSE) (Heyd et al,
2003) hybrid functional and generalized-gradient approximation (GGA). In addition,
the electronic properties of both phases are also studied.
B-LiGaO; (Pna2;) is the ambient-pressure structure of LiGaO, (LGO) that can

be obtained in a large single crystal form by a conventional Czochralski melt-pulling




method (Chen et al., 2014; Jungthawan and Limpijun_mong, 2004). This material has a
wurtzite derived structure with a good lattice mat_c}_; to.GaN and ZnO. Both GaN and
-ZnQ .are technologically -important materials for blue ‘and purple optoeleqt_ronic
devices (Chen et al., 2014). The crystal structure of $#LiGaO; (Pna2;) is an analogous
‘of the wurtzite ZnO in which the group-1I' Zn is alternately 'sﬁbstituted by group-1Ii
Ga and group-I Li. Due to the relaxation of the oxygen sub-lattice and symmetry-
breaking cations, the structure of this ternary oxide slightly differs from the perfect
wurtzite-type - structure . (P6sme) (Jungthawan and Limpijumnong, 2004). This
relaxation is mainly a result of the difference ’oetﬁreen LiO4 and GaO;, tetrahedra with
LiO4 being bigger than GaOy. The average bond lengths are 1.985 A and 1.848 A for
Li~O and Ga—0, respectively. The difference between the average Li-O and Ga-O
bond distances is less than 4%, allowing the formation of an orthorhombic structure
(Pna2,) with the lattice parameters a = 5.402 A, b= 6.372 A, ¢ = 5.007 A, and density
= 4.187 g.cm™ (Marezio, 1965). -L1Ga0;is known to have a band gap of 5.6 eV;
making it a good candidate for applications in bright UV optoelectronic applications
(Omata et al., 2011; Omata et al., 2015).

Pressure induced phase transformations of wurtzite ZnO have been previously
studied experimentally and theoretically (Sarasamak et al., 2008; Recio et al., 1998).
It has been predicted that a 10 GPa tensile stress along the [0110] direction or 6 GPa
compressive stress along [0001] direction (Kulkarni et al., 2006) could transform a
wurtize ZnO into an un-buckled phase (HX) (Kulkami et al., 2006). A 7 GPa tensile
stress along [0001] induces a formation of a body-centered-tetragonal phase (BCT-4)
{Wang et al., 2007). A hydrostatic pressure of about 8.5 GPa leads to the well-known

and experimentally-observed rocksalt cubic phase (Sarasamak et al., 2008). First




“principles study on the stable phases and phase transformations of LGO is scarce. Due
~ to the similar in the structural of S-LGO (Pna2,) to that of wurtzite Zn0, we prépose
1o ej11ploy the theoretical investigations in a similar manner as those havé been
'empioyed successfully for the case of ZnO (Sarasamak et al., 2008). Thés¢ studies
are 'v.ery important to identify the transition mechanisms and to predict the
undiscovered phases of L.GO that can be reached by proper experimental conditions.
" In this thesis, we used density functional theory (DFT) calculations to study
'phase transformations of LGO under hydrostatic and uniaxial_ pressures. We explored
the LGO phase-space through the modeling of stress loads along different crystal
directions. Three metastable phases of LGO, namely, oP16, I41/amd, and P4,2,2 are
predicted based on the enthalpy surface diagrams for the transformations from
ambient-pressure S-LGO (Pna2;). The compressive stress loading along the [001]
direction produces a five-fold orthorhombic phase (oP16). The uniaxial tensile strain
along [001] direction stabilizes a tetragonai structure (P4;2,2). The hydrostatic
pressure leads to two structures that are energetically close to each other. One phase is
the body center tetragonal (BCT, 141/amd) and another phase is trigonal (R3m)
structure, previously found in experiments (Marezio, 1965). All structures are shown
in Figure. 4.5 and the comparison with the analogous ones in the binary compound
Zn0 is shown in Figure. 4.6. For simplicity, henceforth the LGO phases are named
after the analogous ones in ZnQ, i.e., the orthorhombic (Pna21) is named WZ', the
body-center tetragonal (I41/amd) is named RS’, the rhombohedral (R3m) is named

RS", the orthorhombic (0P16) is named HX', and the tetragonal (P4,2,2) is named

BCT".




Splitting of water (H,0O) into oxygen and hydrogen gas is an attractive

- technology. for the production of renewable alternative fuels (Kudo. and Miseki,

2009), especially in combination with fuel cells (Suntivich et al., 2011). At standard
conditions, the ideal voltage for the net water splitting reaction is 1.23 V, which is the
potential difference between the anodic oxygen evolution -reaction (OER; water

oxidation) and the cathodic hydrogen evolution reaction (HER; water reduction). The

- OER half reaction that involves four elementary charge-transfer steps is, however,

typically associated with large overpotentials and thus catalysts are required to

‘increase the energy efficiency (McCrory et al, 2013). While photocatalytic water

splitting (i.e., driving the reaction by light-induced currents) is appealing, it requires
catalysts with simultaneous activity for both OER and HER that at the same time also
absorb light in the visible spectrum (Kudo and Miseki, 2009). Electrocatalytic water
splitting (water electrolysis), on the other hand, allows the individual tuning of the
cathode and anode material so that generally greater energy efficiency can be
achieved. Unfortunately, the most efficient and stable known OER catalysts rely on
rare and expensive Pt and noble metal based alloys (Cui et al., 2013; Gupta et al.,
2009) rendering a global fuel economy based on water electrolysis nonviable. On the
search for inexpensive, earth-abundant, and environmentally benign alternatives for
Pt-group catalysts, perovskite oxides have emerged as a promising class of materials
(Royer et al., 2014). Owing to their tunable electronic properties, perovskite-based
materials are among the most efficient known photocatalysts for water splitting (Kudo
and Miseki, 2009; Suntivich et al., 2011; Castelli et al., 2012; Luo et al., 2014).
Recently, an improved understanding of the electronic-structure/reactivity

relationship has further spurred the interest in perovskites as inexpensive catalysts for




water electrolysis (Mefford et al., 2016). Motivated by this new insight, we explored
in the second part of this thesis to which extent the catalytic reactivity of barium
titanate (BaTi03) can be controlled by slightly altering its chemical composition.
BaTiO; is one of the most thoroughly investigated ferroelectric oxides and is
used in diverse technical applications as piezoelectric material, dielectric ceramic, and
as crystal in non-linear optics. As catalyst, Ni-supported BaTiO; is active for CO;
reforming (Hayakawa et al., 1999), and also water electrolysis over BaTiO; electrodes
has been reported (Kennedy and Frese, 1976; Nasby, 1976). Interestingly, in some
cases, small compositional modifications by introducing transition-metal dopants on
the Ti site (the B site in the general ABQ; perovskite formula) have been found to
increase the catalytic activity of BaTiOs significantly. For example, Pd-modified
BaTiO; efficiently catalyzes NOy reduction (Rodriguez et al., 2010), and Cr-modified
BaTi0; catalyzes the reduction of nitrobenzene and aniline (Srilakshmi et al., 2016).
A strong tmpact of compositional modification on the catalytic activity has also been
reported for other oxide, such as Ruddlesden-Popper oxides (Lee et al., 2014) and
carbides (Wannakao et al., 2015), which opens up exciting opportunities for the
design of improved catalysts based on well-known and abundant materials. Since
BaTiO; is both iexpensive and non-toxic, BaTiO;-based catalysts for water
electrolysis would be highly desirable. The oxides of ¢ transition metals, especially
Ti and Zr oxide, are known to catalyze the water splitting reaction (Kudo and Miseki,
2009). However, apart from having a small overpotential for water oxidation, a
suitable anode material for water splitting must also be electrically conducting and
has to be chemically stable with respect to dissolution/corrosion and surface

peisoning at operation conditions. Pristine BaTiO; is a wide band gap (3.2-3.4 eV)




(Wemple, 1970) semiconductor, and poor electrical conductivity was measured at
- conditions for catalytic methanol oxidation (Popescu et al., 2011). In view.of the
existing BaTiO;-based catalysts, our strategy for narrowing or closing the band gap is
- to introduce transition metals with non-empty d-bands on the B site. For this study,
we consider Ni- and Fe-modified BaTiO;. We are interested in Ni doping because
BaNiO; is known to be catalytically active for OER (Lee et al., 2016), but it forms in
a hexagonal structure (Takeda, 1976), not in the tetragonal (P4mm) structure favored
by BaTiO; at room temperature, so that Ni doping might thermodynamically
undstable. On the other hand, BaFeO; forms in the cubic perovskite structure
(Hayashi et al., 2011), which is the stable BaTiO; structure at temperatures above
120°C, i.e., at solid-state synthesis condition (Luspin et al., 1980). BaFeQ; is also
more likely to form a solid solution with BaTiO; because of the similar jonic radius of

Fe*" and Ti** (58.5 pm and 60.5pm,respectively (Shannon,1976)




" CHAPTERII

THEORETICAL BACKGROUND

This chapter will focus on the theoretical background of studying in terms of
solving the electron problems starting from the simplest example, solving hydrogen -
atom system by Schridinger equation, to more complicated problems — systems with
many electrons and nuclei. Additionally, the density functional theory (DFT), basic

DFT calculation methods and software used in this thesis will be introduced.

2.1 Density Functional Theory
2.1.1 The Schridinger equation

Over the past few decades, density functional theory has been the most successful
and widely used method in condensed-matter physics, computational physics and
quantum chemistry. In principle, the properties of a system can be obtained by solving
the quantum mechanical wave equation governing the system dynamics. The
dynamics of a time-independent non-relativistic system are governed by the
Schrodinger equation (Schrédinger, 1926). First, the simplest example in hydrogen -
atom systemn can be written as following:

F’ e?
—_ 2
2m dme,ry

(2.1)

IP(TL') = Elp(rt,) ;
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R . L e
Wheremm-Zm V2 is the kinetic energy of the electron | S

1s the potential due to
071

the nucleus and ¥(r;) is the electron wave function (probability distribution of
electron positjon), .a_n_d__E_ is the total energy of t_h_c;__:clept_r:on. A single electron and a
nucleus are separate& by the distant »;. The solutions of thé Schrodinger equation for
the hydrogen atom can be directly solved. There are multiple solutions, each defined
by the set of quantum numbers: the principle quantum number (»), the orbital angular
momentum number (/) and the magnetic quantum number (7)) in terms of wave
function 'anzni,'(?", 6, ¢). The equation becomes more complicated when considering
the Helium atom system. Helium has two electrons and one nucleus. We can separate
the Hamiltonian to the first electron and the second electron, the Schrodinger equation

becomes:
[Hy + Hy + W (r, 1) = Ep(ry, 1), (2.2)

We have three distances to consider ry, 75, and 1, (distance between the two

electrons). W is the cross term between them and the operator can be spelled out as

Rz 2 . 2 2 2.3
: ° v 2ot 1 Vi) = By, 23)

= +
4mwegry;  2m dmegr,  dmepn

where is the problem that comes in. We have to consider the interaction

HEQT 12
between two electrons. In fact, we cannot simply solve this equation analytically. The
full muti-electron and muti-nucleus Schridinger equation for an N-atom and »-

electron in a general form can be written as

H"p(Rg_, PP RM; 1, “"TN) = E(Rl, pevy RM)IIJ(R]_, ey RM; LTy TN) (24)
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- The wave function can be written in terms of Ry, ..., Ry and 1y, ..., 1y, which are the

- positions of nuclei and electrons, respectively. The Hamiltonian is given by -

Here, the first term is the kinetic energy of the ions, the second term is the pbiential
energy of the ions, the third term is the kinetic energy of the electrons, the forth term

is electron-ion interactions, and the last term is electron-electron interactions.

2.1.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation (Born and Oppenheimer, 1927) is based
on the assumption that the electrons in a system move on a much faster time scale
than the much heavier nuclei, and thus they adjust their positions “instantaneously” in
response to such atomic motion. This simplifies the Schrédinger equation to a multi-
electron equation in the presence of a potential due to fixed atomic nuclei R;. The
Hamiltonian of the system from Eq. 2.5 can be written as:

> V'2+ZZ 4
2M; Z i |R; —

i=1 i=1 j=i

(2.6)

er—k

However, according to Eq. 2.6, a 3N-dimensional problem has to be solved,
where N is the total number of electrons in the system. We still need to figure out a
good way to account these interactions within the system. If we try to solve the many
- body problems numerically, we still quickly run into trouble and burnout
computational time. The Density functional theory (DFT) finally came along. It was

formulated by Walter Kohn who won the Nobel Prize in 1998 (Hohenberg and Kohn,
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1964) for the formulation of DFT. Basically, the density functional theory (DFT)
mentions that working with the wave functions with 3¥ variables is very complicated.
Ideally, in th¢ ground state,.ai_l aspects of the electronic structure of the interacting-
electrons sysfeﬁ; in an ;‘extémél” potential (due to th.e. nﬁclei) are determined by

electron density p(r) (Parr and Yang, 1989) which can be written as:

N (2.7)
p() = > TP,

where N is the total number of electrons in the system.

2.1.3 The Hohenberg-Kohn theorem
The two basic theorems of the Hohenberg-Kohn theorem are:

* The first Hohenberg-Kohn (Hohenberg and Kohn, 1964) theorem establishes
that for any external potential, there is a unique ground state electronic
density.

* This implies that the ground state electronic density determines all of the

properties of the system.,

The first of Hohenberg-Kohn theorem (Hohenberg and Kohn, 1964) can be proven by
supposing that there are two potentials, differing by more than a constant, that yield

the same ground state density. The expectation value of the energy is defined as

E = @lHW) = [y )HYr)dr (2.8)

Assume that two external potentials (two Hamiltonians) with the same ground state
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charge density p, () are written as:

= WIHW) and By = lHRY  @9)
From the variational principle (Sakural 1994) if we compute the expectétlon value
of the enercry for a given Hamﬂtoman operatmg on the wave funcnon which is not
the Ground state one we will always get an energy value greater than the ground state

energy from Eq 2.9. This can be denoted as:
Ey <(Y'|H|p") and Ey < (Y|H'[) (2.10)

Then we can perform a very simple mathematical trick by rewriting the Hamiltonians
=H'+(H—H)and H = H + (H' — H) . By substituting this back into Eq. 2.10

then we get

Ey < Eqg+ '|H—H'|Y") and Ej < Ey + (Y|H' — H|yp) (2.11)
It can be concluded that E, + Ej < E, + E{, which is obviously false. The second
Hohenberg-Kohn theorem (Hohenberg and Kohn, 1964) can be proven by showing
that this leads to a contradiction involving the expectation values of the energy. The
DFT theorem implies that we can determine the ground state energy Ey of an
interacting -electron system in terms of the charge density, p (r). The energy

functional can be defined as:

f p(r)p( ) (2.12)
T

Elp(r)] = Ts[p(M] + Vere (Mp(r)dr + = drdr’ + Exc[p(r)],

2

where T;[p(r)] is the kinetic energy of a homogeneous non-interacting electron gas,

2 !
Vexe(m)p(r)dr is the energy due to the external potential, f-zm f L?_’g—ldrdr’ is the
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Hartree energy, and Exc[p(r)] is the exchange-correlation energy. The exchange-
correlation energy basicaliy includes all the stuff therefore it can be concluded that the

mterestmg part of the kmetlc enercry, which is not mc}uded in the first term 18

mcluded in the exchange energy Wthh 1$ related to the Pauh exclus:on prmczple

(P};ﬁh, 1925) Moreover 1t also 1no1udes the correlatlon energy wlnch is reIated to
Coulomb repulsion (Coulomb 1785) and overall spin and symmetly in the system.
Finally it also includes the self-interaction correction. Therefore, the variational
principle (Sakurai, 1994) has to be performed to find the wavefunctions that minimize
this energy. To find the Waveﬁ_mctioos_ that minimize the energy, a functional
derivative leads to the Kohn-Sham. equations (Kohn and Sham, 1965) can be written

as:

h? (2.13)

m_27n“vz F Vere (r) + Vg () + Ve () | 0, (r) = ey (r),

where 1;(r) and & are the single-electron Kohn-Sham  orbitals and energies,
respectively. We only have to solve N single-electron equations for non-interacting

electrons in an effective potential due to the nuclei and the other N-1 electrons.




15

2.2 The exchange-correlation energy -
In principle, DFT is an exact formulation with no approximations. One can find
exact solutions to the Schrédinger equation as loﬁg as one knows the form of the

potential:

! 2.14
P 4 Vielp) e

€2
V= Vext(r) +"2—f

Where Ve, () is the “external” potential generated by nuclei acting on the electron.
Unfortunately, there is a remaining problem. is that we do not know the exact

Vxclp(r)] which can be defined as:

5EXC[5(T)”ﬁ(r)=p(r) (2.15)

Vyelpl = 55(r)

The Kohn-Sham equations (Kohn and Sham, 1965) Eq. 2.13 can be written with the

ground state energy F as:

N , (2.16)
E= Z Ej + Exelp(m)]— f Vye () p(r)dr — E-'tz-9:-2-'(?-9-:-~~)—c.ifirdr’.
f=1

2 |r—r1']
J

If Exclp(r)] and Vyc(r) are neglected, the KS equations are reduced o the self-
consistent Hartree equations. Many-body effects are included in Ey. and Vyo. In
practice, the main approximations for exchange correlation energy Ey-[p(r)] (Parr

and Yang, 1989) are listed in following,.
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2.2.1 The Local Density Approximation (LDA)
~ The local density . approx_imatio__n_ (LDA) computes the exchange-correlation
energy for a more simplified system than the actual one. It is a fairly good
approximation as long as the charge density does not change very rapidly in the
system. A few examples of LDA approximuations are, for instance, LDA, LSDA
(Karasiev et al., 2014), and X—élpha .(Suele e.t al., 1999). The exchange-correlation
energy can be_written as:

B p) = | pr)et?? [p(rlar, @1

where €524[p(r)] is the exchange-correlation energy per particle of uniform electron

gas of density p(r). The exchange-correlation energy can be defined as:

exe’ () = g™ () + €674 (n), (2.18)

where efP4(n) and €:?4(n) are the exchange enercy and correlation energy per
X c & =} gy p

particle, respectively. Dirac’s expression (Dirac, 1930) can be used to define the

exchange energy as:

3 (3)"3‘ 1 0458 (219
e,(n) = i\ B - a. U,
The correlation part was estimated by Wigner (Wigner, 1934) as
0.44 (2.20)
ec(n) =— a.u,
¢ +78

where 7; is the mean interelectronic distance expressed in atomic unit, defined as

= [(2)]® . Some of successes and failures to use LDA to approximate
s 4mn
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Eyclp(r)] have been discussed by Jone and Gunnarsson (Jones and Gunnarsson,

1989).

2.2.2 The Generahzed Gradlent Approxxmatmn (GGA)

The eenerahzed gradlent approxmlat;on is used to 1mp.rove ﬁe LDA. By
expanding £y as a series in terms of the density and its gradient IVp(r)I (Kohn,
19993, th¢ mhomogenelty of densﬂy .1s also taken _mto account. This approach is
known as g_radiént .expans.ion. The exéhange»coﬁelatiom energy can be written in the
following form: | R o

Brcln = [ plexclpMIFrelp (), 90(), V2 (1), . r @21)
where Fyc[p(r), Vp(r),Vp(r),..] is the function’s factor for modifying LDA
expressions according to the density variation at the considered point. The negativity
of the exchange density can remarkably improve the quality of exchange energy. A
modified gradient have been proposed, for instance, BLYP (Becke, 1988), PW91
(Perdew et al., 1992), and PBE (Perdew et al., 1996). Perdew, Burke, and Emnzerhof
(PBE) (Perdew et al, 1996) presented a simplified construction, in which all

parameters are fundamental constants.

(2.22)

PBE(o\ _
F75 () =1+« s

K

where pt = 0.21951 ,x = 0.804 , F{¥2(s) is the PBE exchange enhancement factor ,

s = |Vp(r)l/(2kzp(r)) is the exchange dimensionless reduced density gradient, and

ke = (3m?p(r))*/3.
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-2.2.3 Revised Perdew-Burke-Ernzerhof functional (RPBE)

Zhang and Yang (Zhang and Yang, 1998) introduced the Revised Perdew-Burke-
Ernzerhotf (RPBE) (Perdew et al., 1996) flmcnonal Moreover Hammar (Hammer ez
al., 1999) nnproved the chermsorptlon ener, getlcs of atoms and molecules on
tran51t10n~meta1 surface. Both PBE (Perdew et ai 1996) and RPBE glve molecular
bond energzes and adsorp.;tlon. energles on metal surface that are more quantltatwefy
accurate than LDA calculatlons with the RPBE functional generally yzeldmg the
most accurate pledlcuons PBE and RPBE functions differ only in one parameter of

the exchange term from x = 0.804 to k = 1.245.

2.2.4 Hybrid func_ﬁonal

To improve and make accurate prediction of the electronic and band gap energy
of ground state properties, the exact, nonlocal form for the many-electron Fock
exchange energy is known from Hartree-Fock theory (Slater, 1951). However, it is a
standard practice in density functional theory (DFT) to compute this energy by
integrating a local energy density per electron which is specified by the local electron
density and its derivatives. One of the most popular semilocal density approximations
is the Perdew-Burke-Emzerhof (PBE) (Perdew et al., 1996) model. Accuracy can be
improved by mixing the PBE exchange energy with a fraction of the exact nonlocal
Fock exchange energy. The certain mixture of the HF exchange and the PBE
correlation are constructed into the Ey, of hybrid functional. It is generally known that
the Fock exchange slowly decays with respect to distance. To avoid huge
computational demands, it is possible to decouple the exchange interaction into short

range (s,) and long-range (/) parts. This concept was proposed by Heyd-Scuseria-
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Emzerhof, also known as HSE (Paier et al., 2006; Heyd et al., 2003). The E,. of HSE
functional can be written as: | |

ERPF = alB{™ () + (1 - B () + EJPEI () + EPPE, (223)

where a indicates the _mixiﬁg portion, the adjustable factor u de_ﬁnes the distance at
which the shoi't-railge intéréctioﬂs become ﬁegligib}e. The typical values of ¢ and (in

HSEO06 are 0.25 and 0.3 A", respectively.

2.3 Solving the Kohn-Sham equations

The first step can be done by providing the atomic positions as inputs and the
electron density p;, () can b.e generated by assuming from atomic orbitals on each
atoms. Then, the effective poténtial of the system with p;, () is calculated and the
new electron density pg,,. () can be obtained by solving the Kohn-Sham equation.
The new electron density p,,,: (1) has to be checked if it is not equal to p;,, (7"). Then,
it is taken as an initial electron density p;,(r) and the procedure is performed
repeatedly. If the new electron density p,,,, (') equals to p;, (r) within the acceptable
difference, the electronic charge density for the specific configuration system is
obtained. After that, the first minimized atomic structure for the material is considered
by computing the forces on the nuclei due to charge density. If the forces smaller than
the tolerance, the loop will stop. Otherwise, the atoms will move in the direction
according to the forces; it will be put back to the first step of the loop and the process
will be done repeatedly. The procedure of DFT calculations is shown in the Figure

2.1
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Y Input atomic positions
Get stayting electron density, p,, (1)

N 2 _ — —
Calentate effective potential: V¥ (r) =V (1+V  [pHV (Ip]

B S— —
Solve Kohn-Sham equations: (-2 V2 +VH{r))y (r) =gy {r)
Calculate new electron density: p,, r) = Z|w, ()P

: & s i ’ ______ e

Check for self-consistency: p, (1} =p, (1) 7 e

Compute forces

Mol T Vs Minimun energy,
Forces< tolerance 7 = atomic structure,
charge density,

¥

Figure 2.1 Procedure of DFT calculations with constant lattice parameters.

2.4 Pseudowavefunctions and Pseudopotentials

After providing the atomic positions as inputs, the first iteration begins by
generating a starting electron density from a superposition at the atomic orbitals of
system. The atomic orbitals are calculated by employing the single particle’s the
Kohn-Sham equations and the wave functions, then the energy for every electron
orbitals of the atoms are obtained. This is called “all electron calculation”. However,
performing the all electron calculation for larger systems is very expensive. The
wavefunctions for the lower energy states, e.g. s, are spatially localized closer to the
nucleus while having larger amplitude away from the nucleus for the valance states.

All of the wave functions also have sharper features closer to the nucleus. The sharper




21

feature in the wave functions requires many plane waves to represent. If the
wavefunction is removed near the cutoff radius, {(r.) from _.the nucleus, the
wavefunction will have a very sxndoth behavior, which can represent by a few plane
waves and the pseudowavefunction. This method yields a result that exactly matches
with the all electron wave function ('Héi'n'e, 1970). Tﬁé.ps.eii‘dbpbtéﬂﬁél épproximation
basically has two main parts. The first part only treats the valence electrons explicitly
and the second part treats nucleus plus core electrons which prodﬁ;:es an effective or
“pseudo” potential. The pseudopotential matches exactly with the core potential in

larger range than the cutoff radius as shown as in Figure 2.2.
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Figure 2.2 Schematic illustrations of the pseudopotential, pseudowavefunction (solid
curves) and the all electron wave function, core potential (dashed curves). The cutoff
radius 7, represents a radius at which the all electron and pseudo quantities match

Ref(Wolfram Quester Source, www) (2006).
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2.5 Projector augmented waves
A physicist, ‘Blochl (Blichl, 1994), proposed the projector augmented waves
(PAW) to create a smooth wavefunctions (¥) by the transformation operator T which
made a linear transformation relating between all electron wave function (¥) to the
smooth wave function defined as:
|¥) = 7|P) (2.24)

The all electron wavefunction (W) can be written as:

[¥) = |T) + Z(Mm)’ ~ T ) (B0 | P, (2.25)

where W, is a localized all electron partial wave for state m, T, is a localized smooth
partial wave for state m, and {(f,,| is the localized projection operator. The

transformation operator = can be written as:

T= 1+ (1% = 1B)) Bl 226

m

The transformation operator 7 can be used to add back the core potential of all
electron wave functions to the smoothed wavefunctions. Additionally, the equation
can be applied equally well to core and valence states so that applying this equation to

all electron state can derive all electron results (Martin, 2004).
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2.6 Plane waves

-T_he Blochl’s theorem (Bloehl, 1994) presented the plane waves (PWs) or the
.-.Blschl wave functions for the solutions of the Kohn-Sham equa_tiox}. The plane waves
(PWs) are given by

Y, (r) = e®r U, (1), e

The wave functions in terms of e, times a function of periodic function, U, (r)
(Kittel, 1982). The periodic part of .'ti.le wave function can .be éﬁ;}ﬁaﬁded in terms of a

special set of plane waves (Kittel, 1982):

Unie(r) = ) e, 228

where €'67 is the plane wave basis set, the summation is over the reciprocal lattice
vectors (Give by G=m b +m:brtmsbs for all integers m;). This means that solving for
W, () at each point in k-space requires the summation over an infinite number of G

vectors. Combining these two equations gives.

i) =) cirgel O, (229

G

The function e ¥+ are solutions of the Schrédinger equation and the lower energy
solutions are more physically relevant than very high energy solutions. Therefore, the
reciprocal lattice vectors are included only that lead to solutions with kinetic energy

less than some cutoff energy which defines in Eq. 2.30 {Martin, 2004):
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2..7. .Z.er.o_th (.)Ii'dertRegular ;&p.proximaﬁon_ | o
The Zero_th_qrder _:_cegul_a_r apia%oximgti_on (ZORA) _(Lenthe et al._, 1993; C_l_]_ang et
al., 19806) red_uces. the Dirac Qqu_ation to one component_equation where a potential
dependent operator r%:_pla_ces thg kin_etic energy operator |

p? 1 __ (2.31)

'%—Qp'Zcsz'p'

where V is the conlomb potential due to electrons and nuclei. The relativistic effects
may be important to explain the reaction dynamics when heavy element, of the
special interest in catalysis, are involved, even at Hartree-Fock (Slater, 1951) or DFT

level. Matrix elements of the kinetic energy operator thus become

(2.32)

1
(T#R) 4 = (%Ip-m-p tpv),

where (T#0R4) | is kinetic encrgy operator, ¢, and @, are wavefunctions of state y

and v, respectively. For highly accurate quantum chemical calculations, the effect of

relativity can be ignored.
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2.8 Van der Waals interac_tiqns

The problem for the local and semi-local fuﬁctionai of DFT is that it takes into
consideration only the electronic density at point ~+ (and its immediate vicinities).
The density and its gradient expansmn of varzaﬁons arise more than 3-4 A away from
the pomt bemg evaluated That 1s. where attreetlee vdW mte1.‘.act10ns aﬁse (McNaught
and W11k11150n 1997) In fact it can be shown that w1th standard LDA and GGA
func:tmnals the asympto‘uc taﬂ of the energy, for a 1a:rge separatlon R between atoms,
approaches zero exponentlally, whlle a proper theory that takes vdW 1nteract10ns into
account should have the characteristic 1/R° tail. In terms of the so-called Casimir-
Polder mtegral (Casimir, 1948; Power and Thlmnamachandran 1993) the leading
1/R® term for the dlspersmn at 10ng ranges can be written with respeci to the
(imaginary) frequency dependent polanzabihty (x(zco) of two atems A and B defined

as:

1

< 2.33
E'dis;o R6 fa’A(lw) g (Lw)dw — “‘_—'CAB, ( )
AB

which gives an expression for the heteronuclear €28 coefficient. Tang and Toennie
(Tang and Toennies, 1977) derived an expression for the heteronuclear coefficient in

terms of the homonuclear coefficients C#%and CF” and their static polarizabilities

(af, ag ),

AA BB
CAB _ 2C8¢C; (2.34)
g ad a4 o @5 BB‘
2l +—xCs

0

The general form of this type of correction to the DFT energy is
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Eprrivaw = Eppr — z z fdamp (Rap) _}?—’
AB

4 B>A
where fuumyp is the damping function, which is arbitrary (to a certain extent), so that it

remains an intrinsic “empiricity” for all these methods.

2.9 T_he V_ienpa Ab initio _Siiﬁ_ulat_ion Package (VASP)

The phase-transformation céipﬁlations are performed.wit.h the Vienna Ab initio
Simulation Package (VASP), developed by Kresse, Hafner, and Furthmiiller (Kresse
and Furthfnﬁllef, 1996(#}; Kresse .anc.i Hafner, 1994). VASP uses pl_éne waves (PWs)
as a basis set to descﬁbe ¢lectr0n wavefuntions. The PAW (B.l.échl, 1594) potéatials
needed for the calcuiation.s are included in the package. In this work, the k-point
samplings are based on the Monkhorst-Pack approach (Monkhorst and Pack, 1976).
The main computational part for solving the KS-equation self-consistency is obtained
by using an iterative matrix-diagonalization scheme, such as a conjugate gradient
scheme (Teter et al., 1989; Bylander et al, 1990) and block Davidson scheme
(Davidson, 1983). There are two main loops in VASP calculations. The charge
density is optimized in the outer loop. In the inner loop, the wave functions are
optimized by solving KS equation in a self-consistent algorithm (Kresse and

Furthmiiller, 1996(a); Kresse and Furthmiiller, 1996(b)).
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2.10 The Fritz-Haber-Institut ab initio molecular simulations

(FHI-ai;rl;s)

The surface phase d1a0rams Pourbaix dlagrams and réal:tion free energy
profiles for BaTiO; as OER catalyst were performed thh the Fntz—Haber—Instltut ab
initio molecular s1mulat10ns (FHI—a:ms) packaoe (Blum et al,, 2009 Havu et al.,
2009) whmh based on all electron full-potennal DFT~code the 1mp]ementat1on of
FHI-agims was used all- electron full-potential for all ground -state calculatlons FHI-
aims is an. efficient C(lmputer program package to cal@ulate phys1cal and chemical
properties clf .éondense(.i nlqatter. and matel‘ials such as mdlécules, clus..ters,. solids, and
liquids. The principle is bésed on numerically tabulated .atoln-centered orbitals
(NAOs) to capture a wide railge of molecular and matellal proﬁerties from quantum-

mechanical first principles, which is described as following form:

u; (1) (2.36)
T‘ ? I

@i(r) =

where Y,,, (0, ®) are spherical harmonics, ©; () is a radial part function. The choice
of u;(r) is flexible and is obtained by solving a radial Schrodinger equation defined

by

1d2 1+1 2.37
ot D 0 |y =), P

where the potential v;(r) defines the main behavior of 1;(r) commonly choices a
self-consistent free-atom (or ion) radial potential or a hydrogen-like potential. v, (1)
is a confining radius. It ensures that the radial function is strictly zero beyond the

confining radius r,, and decays smoothly. For example, the silicon 3s basis function
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- that obtained from Eq. 2.37 with two potential v;(r) and v, () as shown in Figure

2.3.
. S - 'vcut(?*}? g :
I PR
- :
’E’S _ 5 :
5 /Radius,r [Bohr]
o P - e
ui : 16 -
-{3,5.
y

Figure 2.3. The radial function uj(r) of the 3s orbital for a free silicon atom is plotted
along radius ». The free-atom like potential 13,-(1”) and the steeply increasing confining

potential veut() are also shown. The dotted line indicates the confining radius rent

(Grades, 2015).

As a systematic improvement of the basis set allows the number of plane
waves to be increased, NAOs cannot systematically be improved by a single
parameter. To allow a systematic convergence of the calculation with respect of the
basis size, FHI-aims (Blum et al., 2009; Havu et al., 2009) provides a library of pre-
defined settings for all species, which governs the key parameters regarding the
numerical accuracy. The library contains three different levels of accuracy, light,
tight, and really tight. These three levels specify the accuracy of the real space grids,

Hartree potential, and the basis set size. The basis sets are organized in Tiers, ordered
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. by increasing accuracy. Each Tier contains several basis functions of different angular

momenta. We used /ight settings to gain a first insight into a system’s properties or
for structural to find a good first guess of the equilibrium atomic positions. The next
level, the tight species defaults are rather safe for a variety of systems. The really tight
settings are over-converged for most purposes. The convergence with respect to
numerical and basis settings used for a specific property or system Wés ensured. The
revised Perdew Burke Ernzerhof (RPBE) (Perdew et éi., 1996; Hammer ¢t al., 1999)
functional was employed and the long-range vander Waals (vdW) (McNaught and
Wilki.n.so.n., 199.7). .interacti.e.ax.ls wa.s. .E.ll.S.O inchuded to described éﬁl%él:ﬁi()ﬁ effects.
Relativistic treatment was included with the Atomic ZORA approximation (Lenthe et

al., 1993; Chang et al., 1986).




CHAPTER 111

- CALCULATION METHODS

In this chapter, the methodologxes .rec.;ui'réd for investigating phase
transformation iﬁ ABQO; oxide Conﬁpéuhds are described. First principles calculations
enable us to mvestigate their behavibrs, pi‘opéﬁies, and phase-.tranéition process to
predict and investigat'é the new metastable phases. Additionally,' method of analysis
for water molecule adsorption and disséciaﬁon, surface phase diagrams, reaction free
energy profiles on oxygen evolution reduction (OER) and pourbaix diagrams of

BaTi0s, are introduced.

3.1 Phase transition in solid state

A phase transition in solid state is an alteration of crystallographic data for
crystalliﬁe solids, i.e., space group, lattice parameters, occupied positions and atomic
coordinates. The structural phase transitions can be induced by pressure, temperature,
doping and others. The transitions are always supplemented by structural changes

which are sometimes very small.
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Properties including volume, density, elasticity, electric, magnetic, optical, or
chemical properties can abruptly changed during the phase transition. Phase
transitions are grouped to three types (Muller, 2013):

° Reconstructive. i)hase tfans'it:ibﬁé: lig.hé chentical bonds in solid are broken and
reassembled; the reconstruction involves considerable atomic motions. Such
conversions are always first-order transitions.

* Displacive phase transitions: small shifts of atomic positions.

* Order-disorder transitions: different kinds of atoms that statistically occupy
the same crystallographic point orbit in a crystal become ordered in different
orbits or vice versa. Or molecules that statistically take several orientations

become ordered in one orientation.

3.1.1 Thermodynamic stability

A thermodynamically stable phase can become unstable relative to another phase
by a change of the external conditions (temperature, pressure, electric field, magnetic
field, mechanical forces) or doping. This work focuses on a pressure-induced
transformation. According to the laws of thermodynamics, (negative) entropy, and
volume are the first derivatives of the Gibbs free energy (Martin, 2004) which are

characterized by temperature and pressure as the following:
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i G=H—-TS=E+pV-TS§ 3.1
where G = Gibbs free energy (in the unit of eV), H = enthalpy.(in the unit of eV), E=
internal energy (in the unit of eV), S = entropy (in the unit of eV/K), and ¥ = volume
-~ (in the unit of A%). In the case of high pressure with low temperature (7 = 0 K), the
Gibbs free energy becomes a simple enthalpy A which is given by

H=E+PV. (3.2)
Under applied pressure, the lowest enthalpy is the thermodynamically stable phase.
Although, the  zero-temperature theory often results in good agreement with
- .experiments, the effects of finite temperature in some cases are substantial. For
example, phase transition becomes easier to defeat the energetic barriers of the
transformation when the temperature is increased, so that the hysteresis is reduced
(Mujica et al, 2003). The calculations can reveal the relationships between
fundamental quantities of materials, for instance, energy (E, in the unit of eV),
pressure (P, mn the unit of GPa), and bulk modulus (B, in the unit of GPa) (Martin,
2004). The subsequent steps are performed to determine the equilibrium volume ¥,
(for P =0 and T = 0), and bulk modulus B of discriminative material with known
crystal structure. First, the energy (E) for several values of the volume (V) are
calculated to get the energy-volume relation (E = E(V)), in other words, the equation
of state (EOS), and it is fitted to an analytic form such as Murnaghan’s equation of
state (Murnaghan, 1944). For adequately small range of volume, the E-¥ curve c¢an be
fitted by a simple 3% degree polynomial. The minimum point gives the predicied

volume ¥V and its total energy. The second derivative at that point (the equilibrium

. P __ ., dE
volume) is the bulk modulus (B = —V e Vﬁz‘ .




34

3.2 Water adsorption and dissociation on BaTiO; surfaces

‘BaTiQ; based on the WM adsorption behavior can be designed and
manufactured for the humidity sensors and protolype.'s of capacitive seﬁsing devices
because the water molecules (WMs) are easily "édsorbed on surface of BaTiO;
(Hwang and Choi, 1993; Yeh and Tseng, 1988). However, the effect of water
molecules could change the electrical resistivity and dielectric constant which may
damage these devices made of BaTiO; (Beltran et al., 1991). The WM absorption on
BaTiOs surfaces has attracted intensive research attentions. In this thesis,'"BaTiOg
(010) surfaces are modeled by layer slab with (2x2) in-plane super cell. The bottom
three layers were fixed at the bulk ferroelectric positions @ = 4.005 A and ¢ =4.217 A,
with the polarization that was localized in plane along [010] of slab shown in Figure
3.1. The top two layers of solid and adsorbated molecules were relaxed and
considered converged when the force on the atomic nuclei is less than 0.5 meV/A.
The BaTiO; ideal surfaces were modeled using symmetric (with respect to the mirror
plane) geometry. BaO consists of a supercell containing 48 atoms while the TiO»
plane consists of a supercell containing 52 atoms. In both cases, the vacuum layer is
set at ~19 A. The ideal slabs are nonstoichiometric, with unit cell formulas Ba2TigOas
for BaO surface and BagTi;201 for TiO; surface. For slabs with a defect surface,
substituted Ba atom by a metal on top of the layer for the BaO surface (the metal 4 =
Be, Bi, Ge, Mg, Na, and Sr) the formula becomes ABa;; TigO2s. This results in the
atomic percentage of the impurity of 2.08 %. Oxygen vacancy was also considered in
the TiO; termination. Additionally, one Ti atom on the top layer at the center of the
TiO; surface was substituted by a transition metal atom (B = Co, Cu, Fe, Mn and Ni)

resulting in the formula BBa;Ti;03;. The atomic percentage of the impurity in this
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case is equal to 1.92 %. To study the absorption of WM, a WM was placed on top of
a____twc_»uﬂ_i_t—:eel__l__ surface in scamled :difféicni_'_'initial confabulations positions for all
surfacesfollowmg Figure 3.4 and the most favorable absorption is reported. The

absorptlon energy (Li et al,, 2014) was calculated frem following equation.

" Eags (H20) = Ey(free slab,n) +.Etot (H20) — Euslab +water, n), (3.6)

where Etm (free slab,n) is the total energy of the opi1m1zed ferroelectnc n-layer bare
siab (e g thhout water), Em (Hz()) the total energy - of the free water molecule and
Fiot(slab + water, n), the totaI energy of the optlmized n- iayer siab w1th one H,O water

adsorbed (1/4ML).
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TiO2-terminate =~ - . . . ._-BaO-ter_minate

BaO-terminate

Vacuem ~19 A
Vacuum <19 A

Polarization|
S—————-
[010}

H:0 TiO2-terminate

e

Suovien | () Top Vi

Figure 3.1 Side view and top view of the slab models of BaO- and Ti(Q, terminated
side. The green, light blue, red and gray spheres represent Ba, Ti, O and H atoms,
respectively. The blue and violet spheres represent the doping site of metal and

transition metal atoms.

3.3 Water splitting on surface of perovskite material

Water is abundant in nature and water molecule consists of two hydrogen atoms
and one oxygen atom. Therefore, direct splitting of water is a choice of interest to
produce the hydrogen and oxygen gases. The hydrogen production from water
splitting is clean, efficient and of high-quality with by-product of oxygen gas (Carmo
et al., 2013; Holladay et al., 2009). Based on thermodynamics, the water can be
spitted at 25°C and pH=7 with 1.23 eV per electron or photon transfer. In real

experiment, the electricity higher than 1.23 eV is required to overcome any kind of
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energy loss and reaction barriers. It is called the over potential (#). The alkaline
e_lectron_sis cell (AEC ) (Carmo et al., 2013) oéerates around room temperature and is
ava.ilabie conrnaereiaily The main -advantages of this cell is that it uses a simple
structure cornparmg with the other ceils (Zeng and Zhang, 2010; Badwal et al., 2006).
The AEC cell consists of two electrodes connected by eiectrolyte Driven by
electricity, the anode generate hydreoen in which the reaction is called the hydrogen
evolution reaction (HER) whlle oxygen benrg generated at eathode 1s .cailed the
oxygen evolution reactlon (OER) Both are submercred in the soiutlon The eIectrolyte
uses alkaline llqmd (KOH) Diaphragm submer ged m alkalme hquld OH whﬁe being
impermeable to gases and eiectrons The schemauc of aIkahne electlolysrs cell is

shown in Figure 3.2.
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Electricity

Figure 3.2 Schematic of alkaline electrolysis cell; left hand side is the hydrogen
evolution reaction (HER) and right hand side is the oxygen evolution reaction (OER).
The yellow circle is shown the catalyst surface react with water molecule to generate

oxygen in oxygen evolution reaction (OER).

A good catalyst can efficiently accelerate the rate of OER by decreasing
reaction energy. Platinum (Pt) is one of the best choices due to its very high catalytic
activity (Lim et al, 2009). However, it is very expensive. Pt has been studied
extensively, for example, the optimization of size and shape of the platinum particles
to maximize the amount of reactive sites for OER or alloying platinum with other
metals (Zhang et al.,, 2010; Stamenkovic et al., 2007). Recently, Norskov’s group

found a descriptor to govern catalytic activity of difference materials. This activity
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can be described by binding energies of OER intermediates. (binding energies of -0, -
OH, -OOH on catalyst surface) (Man et al., 2011). They shown the volcano plot to
describe the reaction intermediate which can neither bind too strong nor too weak on
a catalyst surface. Due to the cost-effective of perovskite-base oxide, the catalyst
“activities of them were shown in the volcano plot as shown in Figure 3.3. The
materials close to the top of volcano exhibit high catalytic activities. Interestingly, the
study on catalyst activity on BaTiO;, which is the most widely known perovskite-base

oxide with cost efficacy, and earth abundant, as OER catalyst is still lacking. : -

0.0

i A%
]

i
-1 a 1 2 3 4

AGs — AGH -/ Y

Figure 3.3  Activity trends towards oxygen evolution plotted for perovskites. the
negative theoretical overpotential () was plotted against the standard free energy of

the AG). — AGSy-/eV step (Man et al., 2011).
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We propose theoretical investigations of activity trends toward oxygen evolution in
BaTiOs. These studies are very important to identify oxygen evolation mechanisms
and to predict the over potential and active site of BaTiO; in range of experimental
conditions. Additionally, the unit cell formulas Ba;»TigOs for BaO surface and
BagTi1203; for TiO; surface are also studied. Slabs with defect surfaces, substituted
transition metals on one Ba atom on top of the layer for BaO surfaces (4 = Be, Bi, Ge,
Mg, Na and Sr) the formula became 4Ba;;TigO2.The atomic percentage of the
impurity was 2.08 % and the TiO, terminated, one Ti atom on top layer at center of
TiO; surface was substituted by transition metal atom (B= Co, Cu, Fe, Mn and Ni)
formulas BBa;Ti;20s, the atomic percentage of the impurity was 1.92 % are
considered. To find the global_stfuc_ﬁue/global minimum energy, we made sure to
have the lowest energy structure By settmg up the possibility of initial site/positions as
shown in Figure 3.4. To adsorb the in‘.ie.rmediate molecule (O*, H*, OH*, OOH*, O,
and H>O) and then compare the enérgies of different structures. Finally, only the

lowest energy of each intermediate will be used for analysis.
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~ TiO,terminate

Figure 3.4 The top view of TiOytennin.ét.ed'. surface model shown the possibility of
initial site/positions to agi,.slorb the intermediate molecule. Number 1__repres_egts the top
site.on center Ti"_('_):r__ ._ti'ansétion metal, ‘number 2 represents the bii_;_iée.._(_.::enter Ti or
transition metal aﬂd 0O afc;m, number 3 represents the hollow site, num’oﬁe:r 4 represents
on the top of O atom and number 5 represents on top of Ti atom. The blue and red

circles are T1 and O atoms, respectively.

3.4 Pourbaix and Surface-phase diagrams

Pourbaix diagrams map the preferred states of an electrochemical system in
equilibrinm as a function of electrochemical potential and pH value and, thus, allow
in the context of this thesis to predict whether an oxide is stable or if dissolution is
thermodynamically favorable. To estimate the stability of the catalyst under operation

conditions, we considered non-polar (001) oriented surface because it is generally
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taken as the most stable orienta_t_i:op. This orientation gives two possible ideal surfaces:
TiO, ~}3___a_0_ _t_ermina_t__ed asymmetric surfaces. In_th_g_ ?xperiments, the surface structure
s sensi;c_ive fo environment. Thﬁs, according to the ﬁew method to analysis for surface
stability by Xi Rong (Rong and Kolpak, 2015), we.'used Ti0; terminated surface as
our refcrqnce. Su;face reconstructions wili be ba_s;ed on TiO; terminated surface. The
Pourbéix diagram for chemi..c.e.l.l. species 4 is construcéd by considering two steps as

shown in Figure 3.5.

HaO, Hee-

Gret Gnew !’l H:AO:z-

! AG; I AG; !

Figure 3.5 Schematic of surface reconstruction via surface—solvent ion exchange

(Rong and Kolpak, 2015).

On the first step, the dismissal of a neutral atom of 4 from the surface reaches

to a change in free energy first step (AG,) as shown following:
AlGy = Gpew + Ha = Gref: (3-9)

where G,y and G, are the free energies of the reference and reconstructed surfaces
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respectively, and p, is the chemical potential of species 4.

AGy 1s computed directly from DFT with respect to the standard state of 4 by

approximating the free energy of solids by the DFT total energy.

On the second step, 4 reacts with water molecules, and/or protons, electrons to

form a solvated ion (H,A0]™), the identity of which depends on the environmental

condition, as discussed below.

A+ TleonO = HXAO;:_ -+ TLH-I-H+ 4 Tleem, (310)

where 1y, ois number of H,O molecule and 71,+, n, are number of activity of protons

and electrons respectively. Thus the free energy of the second step (AG,) is:

AGy = g n05- — Ba — 2Tl (3.11)
where My, s05- is the chemical potential of H, AO]™ and u, are the number and
chemical potential of species i ( i = H.0, H', and ¢). The total free energy of

formation for the surface reconstruction is therefore:
AG = AG; + AG, (3.12)

It can be seen that A4 is the intermediate product from the reference surface to the
reconstructed surface along with the solvated ion, H AOZ~ . Therefore, AG is
independent of u,. This empowers us to determine AG, and AG, relative to u, at
standard temperature and pressure without touching the value of AG. The standard
state of the metal atom is the particular bulk metal at 25°C, while oxygen atoms are

referred to Ox(g) at 25°C and 1 atm. Due to the over binding of Oa(g) within DFT
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(Wang et al., 2006), in practice we expressed the latter such that the chemical
potentzai of oxygen is the difference between the chemlcal potentlal of H;;,O(l) and
H;(g) at 25°C and 1 atm (Man et ai 201 l) Under the above setup, c_:orrections for the
zero-point energy _and_ \r_lb_r_anonal entro_py : fpr -ga_s pha;e _ speézes aﬁd surface
‘adsorbates were_-computed.. Our DFT caic_u_latiéﬁs shownthat _the _c_orréctions of the
same adsorbate on different surfaces were closed to ea_éﬁ other; 'fhus, we uﬁed the
values on the ideal TiO, termination for all the considered surfaces in this thesis. As
commonly practzced HgO(I) at 25°C and iatm was conszdered to be 1n equilibrium

with H,O(g) at 25°C and 0.03 atm (Man et al., 201 1)
Mo = EF22Y9 4 ZPE - T5°(0.03atm) - - (3.13)

Thus, the standard chemical potential of H,O(/) is equivalent to the DFT total energy
of H20(g) together with corrections for the zero-point energy (ZPE) and entropy at
25°C and 0.03 atm (Assael et al., 1996). All corrections relative to the DFT total

energy were summarized in Table 3.1.
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~ - Table 3.1 Values of the zero-point energy (ZPE) and the corrections for the

~vibrational entropy contributions (TS) for adsorbed and gas-phase molecules taken

- from reference (Valdes et al., 2008). =~ .

TSV - ZPE/eV (ZPE-TS)/eV -
H,0 0.67 (at0.0035) . 0.56 Toar
*OH o003 035 -
*0 o 0.05 005
*00H o 041 0.41.
H, 0.41 > 0.27. -0.14

35 Experimenfﬁi standa.r.d hydrogen eléctrode free energy

Standard hydrogen electfode (SHE) free energies were obtained from
experimentals. Due to limited data of SHE potentials from literatures, we used
standard formation energies based on oxygen gas AG® and correct them to SHE free
energies AGdyy (Pourbaix, 1974). Such correction was the change of free energy
reference from oxygen gas to liquid water and hydrogen gas at standard condition.
For the reaction of H;O(/) = Hax(g) + ¥2 Oi(g), the Gibbs free energy change per
electron transfer was 1.23eV at the standard condition. Therefore, the correction can
be generalized as

AG® + 2.46n4eV (3.14)
n;

AG.‘?HE =

where 1, is the number of oxygen ators in the formula of ion species. For example,
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ng of Ba(OH)" is 1 and TiO(s) is 2. m; is the number of :r_n_etal atoms in the formula of
- 1on species. .For example, #; of B_a_(OH)+_=is 1. was .prese_nted_ n the -correction
because AG® is the formation energy per ion species formula while AGS,; (Pourbaix,
1974) is the fre_e energy per metal atomn. Note that standard hydrogen electrode
potenfials .déﬁved_ from AGS, 5 '::;u}e' in &onéistént with .th.'o's_é from experiments. The
following table shows AGC, AGEH g, and AGU‘},H for all ioﬁs considered in this work.

Thus, the free energy of the second step (Rong and Kolpak, 2015) is

AG, = AGSyp ~ n,(eUsyg) — 2.3n,+kTpH + lenaHonfy'“ (3-15)

A series of process involving loss and adserption of atoms from a reference surface to
form a new surface, since the change of Gibbs freé energy is independent of
mechanism. The general equation for the reconstruc;tion formation is therefore_ given
by the formation eﬁérgy with respect tb the standard.state of tﬁe .exchanged atom and
the eleétrochemical reac.tion free energy with respect to SHE The formation energy

of surface reconstruction in general form is written as.

AG = (Gnew - Gref + Z nA#g) + ZnA{AGz]A (316)

where n4, the number of exchanged atoms, is positive for vacancy formation and
negative for adsorption (Rong and Kolpak, 2015).Based on Eq. 3.16, Table 3.1 lists

expression of AG, for BaTiOs component-related ion species at room temperature.

In the case of BaTiOs;, the second step of Ba and Ti react with water

molecules, and/or protons, electrons to form a solvated ion (H,AOZ™), the chemical

equations when Ba atom left form the surface are shown as follows:
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Ba < Ba** + 2e” (3.14)
Ba+ H,0 « Ba(OH)t + H* + 2e~ (3.15)
Ba + 2H,0 < Ba0, + 4H™* + 4e~ (3.16)

For the case of T1 atom left from the surface:

Ti e Ti?*  2e” (3.17)
Ti+ 2H,0 & TiO3" + 4H* + 6e~ (3.18)
Ti+ 2H,0 « Ti0, +4H* + 4e~ (3.19)

According to Eq. 3.14 to Eq. 3.19, the free energy of the second step of BaTiO;

component-related ion species at T = 25°C were listed as Table 5.1.

3.6 The oxygen evolution reduction (OER) activities on active sites

The OER activities on active sites of BaO and TiO, terminates were studied in
details by Norskov’s group, following four electron reaction paths (Man et al., 2011).
The free energies for all steps will be derived further on, for the temperature
T=298.15 K (25°C). The relation between the reference electrodes in our case is the
Standard Hydrogen Electrode (SHE) and the chemical potential of protons and
electrons as seen from another papers of Norskov (Norskov et al., 2004). We assumed
the hydrogen to be in equilibrium, e.g. the solvated protons and electrons were in

equilibrium with the hydrogen in the gas phase (Rossmeisl et al., 2007)
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H¥(aq) + e~ e 1/2H,{(g) (3.20)

The expression of the chemical potential the equilibrium was shown as follows:

Byt + M= = 1/20y, (g (3.21)

The chemical potential of protons, electrons and electrons and hydrogen could be

derived further as follows:

Pyt = Uow + kgTina,s (3.22)
He— = ug- — el (3.23)
Hiy(g) = Ui, + kpTlnpy, (3.24)

where ay+represents the activity of protons, eU represents the shift in electron energy
when a bias is applied and py, is the partial pressure of hydrogen. ,ug,+, ,ugz and ug-

represent the chemical potential of proton, hydrogen and electrons at standard

conditions (pu, = lbar, ay+ = 1,T = 298.15 K ). Therefore, at these conditions,

the relation can be written as:
Hps + 1= = 1/2pf, ) (3.25)
We can define the standard potential of hydrogen gas on DFT scale as:
M) = Eoir + ZPEuyg) = TShy0 (3.26)

where 5 is the standard entropy of hydrogen and is taken from thermodynamic tables

for gas-phase molecules (Atkins and Paula, 2006). Another approximation is that the
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chemical potential of water in liquid phase equals to the chemical potential of water in
gas phase at T=298.15 K and pressure 0.035 bars. The potential of water in gas phase

is described in terms of DFT scale as
Hiy0t0) = Enio®@ 4 ZPE — TS9(0.035bars) (3.27)

The last approximation is the use for the experimental value of 2.46 eV for

standard free energy chénge of reaction in the DFT energy of the oxygen in the gas

phase: H,0(D) « 502 (g) + H.(g). Théréby, we have derived the following relation:
1
Giom = ;ng(g) 1 ng(g) = 2.46eV (3.28)

Thus, we can approximate the free energy of an oxygen molecule in terms of the

H>O(g), Ha(g) energetic as follows:

* H-0
Efpr + AZPEg, gy = TS, (g = 4.92 + 2 (ED;T(Q) + AZPEy, o(g) — ngzo(g))

2B + AZPEy () — ek (3.29)

3.7 Reaction free energy profiles of the OER

The free energy diagram path way for oxygen evolution reaction (OER) follows
the four elementary reaction steps each involving the transfer of a single electron-
proton pair at T =298.15 K (Man et al., 2011). The first step is water splitting on the
active site with releases of a photon and an electron (* represents the catalyst

adsorption site).
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Step I:
H,0() ++ < HO" + H* + e~ (3.30)
The reaction free energy is:
AGy = Gyor + py+ + e — Go — o) (3.31)

where Gyo- and G, are the free energies of the surface with and without HO*

respectively and could be written in terms of DFT energies:

* 1
AGy = EHS — Eppr — (E{f;;?‘g) - §E§;§9)) + (AZPE ~ TAS®)

+kpTinay+ — el)) (3.32)

The second step of the reaction is the oxidation of HO” species to 0* with a release

of a photon and an electron.
Step IL:
HO" 0"+ H " +e” (3.33)
The change in free energy for the forward reaction is:
AGy = Gor — Gyor + ty+ + e (3.34)

where G+ and Gy, represent the free energies of the surface with O* and HO*
species. Replacing again the same equations as in the case for the first step in Eq.

3.32, the reaction free energy could be expressed as follows:

AGy = Efer — EESr +2 By + (AZPE ~ TAS) + kyTlnay+ — el (3.35)
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The water splitting on top of oxygen with the corresponding change in free energy
represents the third step:

Step I
07+ HyO(D) 4w e HOO* + HY + e - (336)
AGz = Gpop — Go= + ty+ + He=y,00m (3.37)

The same equations as for step one and two are replaced gradually in the Eq. 3.37.
The relation for Go- , in terms of DFT energies, is similar to the relation for Gyo+. In

the end we get:

AGy = EHO9" —FO. — (E;’;gfg> - %Eﬁ;&m) + (AZPE — TAS®)
+kgTinay+ — el (3.38)
The last step is the evolution of oxygen:
Step IV:
HOO* <= % +0,(g) +H" + e~ (3.39)

AG4 = G* -+ GOz{g) + #H-i- + He= — GHOO‘ (340)

With Eq. 3.40, we proceed again as in the previous steps, the expression in terms of

DFT energies:

. 1
AG, = Ejgp — EHOO" — (213;’;2(9) - Eggggm) +4.92 + (AZPE — TAS)

+kpTina,+ — el (3.41)
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In Table 3.1, for the adsorbed species the ZPE and TS for all the relevant species are

listed at T=298.15 K.

In the process of determining the overpotentials (#°F%): A very %mportant
parameter, which can be deduced from the free energy diagram, is the size of the
potential-determining step. The catalytic perfqrmance was estimated by the
magnitude of the potential-determining step for the OER (G“*%). This was the last
step to become downhill in free energy as the potential increased (blue solid line in
Figure 3.6), that is, the specific reaction step in the four-step mechanism with the

largest AG (Man et al., 2011).

GO = max{AGy, AG,, AG,, AG, ) (3.42)

OER:

The theoretical overpotential (3~ ), which is independent of pH, at standard

conditions is then given by

7R = (GO%/e)-1.23 (3.43)
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5.0 4.92feV U=gv

1.0 =123V

\

0.0

Figure 3.6 The reaction free-energy diagram for the OER. The turqoise solid line
indicates the reaction pathway without applied potential (U=0V). The 'épplied
equilibrium potential U = 1.23 V (pH=0 and T = 298.15 K), the ideal catalyst is
shown by black dash line with the over potential #°® = 0 V. The red solid line

OFR >0 V. The overpotential volume #°%* is shown

indicates non-ideal catalyst case, #
by the blue solid line. The red dash line indicates reaction free energies of the

magnitude value (4.92 eV) at U=0 V (* represents the active site on surface catalyst).

An 1deal catalyst should be able to facilitate water oxidation just above the
equilibrium potential, but requires all the four charge transfer steps to have reaction
free energies of the same magnitude at zero potential (i.e., 4.92 eV/4 = 1.23 eV) as
shown in the red dash line in Figure 3.6. This is equivalent to all the reaction free
energies being zero at the equilibrium potential, 1.23 V. Standard free energy diagram
for the OER at zero potential (U = 0 V), equilibrium potential for oxygen evolution
(U = 1.23 V) the ideal catalyst at the potential for which all steps become downward

at pH = 0 and T = 298.15 K. The ideal catalyst was shown in black dash line which
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means that the over potential #°™ equals to 0 ¢V. However, in the case of the non-
ideal catalyst, when we apply equilibrium potential for oxygen evolution (U = 1.23 V)

OFR > 0 eV as shown in Figure 3.6.

- the overpotential i.s still not flat #

To invest.ig.ate: the _'su_rfacg:_ adsorption properties and their coverage
~ dependences (normaiized as per adsorbate), we extracted the surface adsorption
enéfgies, AE = (X= HO*, O*, HOO*, and H*) on one::éidé of th.e slab and the
adsorbate coverage was varied from 1/4 to | monolayer (ML), where 1 ML
corresponds to one adsorbate per (1x1) surface. H* is adsorbed at surface terminated
oxygen and the other OH*/O*/OOH* species are coverage at the metal or the

transition metal site of surfaces, the adsorption energies are calculated as follows (Lee

etal, 2015):

(3.44)

AE(XY) =

Eg;r (N) — Eppr {
- a.X . 2

EHZO " by» EH2
N *-EpFT DFT |

Where X* is the intermediate molecules (X= HO*, O%* HOO%*, and H¥), Efm
and Efpr is the DFT total energy of slab with and without intermediate molecules. N
is the number of X* adsorbed on the simulated. ay- is the number of H,O and by- is
the number of H,divided by 2 to be used as the reference energies for the adsorbed

species.




CHAPT ER IV
__ PHASE TRANSF ORMATION OF ABO; METAL OXIDES

BY FIRST PRIN CIPLES CALCULATIONS

In tlﬁs cﬁépter the phase tl.‘aI]S.fOI.‘illat.IOII under pressure of trmary alloys n the
_ form of ABOZ, namely L1AIO;_ and LIG&Oz alloys are reported These works have
been pnbhc1zed in the pubhcation forms thmuﬂh WO manuscripts (Salluam et al.,
2014;Sailuam et aI_., 201_7) and t.h_e work are reproduced here in two sections _fpr the
completeness of the thesis. Section 4.1 and 4.2 covers the work on LiAlO, (Sailuam

etal,, 2014) and LiGaO; (Sailuam et al., 2017), respectively.

4.1 High pressure phase of LiAlO,: A first principles study

4.1.1 Introduction

Lithium aluminate, LiAlO,, henceforth LAO, has potential applications in the
energy industry as lithium battery cathodes and electrolyte tiles for molten carbonate
fuel cells (MCFC)(Ceder et al., 1998). It has been reported that LAO has at least four
different phases, the hexagonal o-phase the monoclinic [-phase (Marezio and
Remeika, 1966; Zou et al., 2006), the tetragonal y-phase (Marezio, 19635), and the
tetragonal J-phase (Li et al., 2004). The »-LAO (Marezio, 1965) has attracted much

attention as a promising substrate
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for GaN-based laser diodes. This is because the lattice mismatch between y-LAO and
GaN is only -1.4% along [001] LAO___and [1120] GaN and -0.1% along [010] LAO
and [0001] GaN (Ke et al., 1998; Heilman and Harris, 1997). The y- to J-phase
tranéformation of LAO has ﬁeen ekperimentally studied.using se.veral'fééhniqﬁes and
a wide range of the phase transformation pressure has been reported, i.e. from 2 GPa
based on an anvil cell technique to 9 GPa based on a shock recovery technique (Li et
al., 2004). However, to our knowledge, there is no computation study on the
transformation published. Here, the y- to J- phase transformation under hydrostatic
pressure of LAO is investigated l.l.sing first principles calculations within both Heyd-
Scuseria-Ernzerhof (HSE) (Hey.d et al., 2003) hybrid functional and generalized-
gradient approximation (GGA). In addition, the electronic properties of both phases

are also studied.

4.1.2 Computational methods

First principles calculations were carried out to study LAO in the - phase and
the high-pressure phase, d-phase. The calculations were based on the density
functional theory (DFT) and the projector-augmented wave method (PAW) (Blachl,
1994)as implemented in the VASP code (Kresse and Furthmiiller, 1996(a); Kresse
and Hafner, 1994). All calculations were carried out using a high performance
computer system at the Synchrotron Light Research Institute (SLRI), Thailand. For
an exchange-correlation functional, both generalized gradient approximation (GGA)
and Heyd-Scuseria-Ernzerhof (HSE) hybrid functional (Heyd et al., 2003) calculation
were used. A cutoff energy for the plane wave basis set was set at 500 eV and 520 eV

for GGA and HSE calculations, respectively. A k-point sampling mesh of 10x10x8
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according to the Monkhorst-Pack scheme (Monkhorst and Pack, 1976) was used for
the GGA calculations. - For the HSE calculations, which required a higher
computational demand, reduced k-point sampling mesh of 2x2x2 was used. In the
HSE calculations, a consistent screening parameter of # = 0.2 A" was used for the
screened nonlocal exchange as suggested for the HSEQ6 functional (Heyd et al.,
2003). The y-LAO and §-LAO structures are described by the lattice parameters a, b,
and ¢ as shown in Figure 4.1(a). To study a homogeneous phase transformation
between the two phases, a common unit cell size containing 16 atoms (4 Li atoms, 4
Al atoms, and 8 O atoms) was used (see Figure 4.1(b)). The stability of each phase
can be determined by analyzing the enthalpy as a function of cell shape defined using
c/a and b/a, as described in detail in Ref. (Jungthawan and Limpijumnong, 2004).

The enthalpy under hydrostatic pressure is defined as

H=E+pV, (4.1)

where F is the energy per unit cell, p is the pressure, and V is the unit cell volume.

For each c/a and b/a pair, the unit cell volume, V, is allowed to relax to minimize H.
In principle, for a given pressure, p, the ¢/o and b/a that give the lowest enthalpy
define the most stable cell shape. In practice, becanse b/z is the same for both »-LAO
and ¢-LAO phases, the b/a value is fixed at 1 and only the c/a ratio is varied in the

range from 1.20 — 2.15.
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- -4.1.3 Results and discussion

- The y- LAO to -LAO phase transformation occurs through the formations of
-'a;ddition O-Li bonds and O-Al bonds labeled by the dashed squares A and B in
‘Figure. 4.1(b) and 1(c). The Li, Al and O atoms at the corner of A and B squares
move toward the square center to form new bonds; making each of them 6-fold
coordinated (see Figure 4.1(b) and 4.1(c)). While we only selectively labeled the
--dashed squares to highlight the bond formations, actual bond formations on the planes
between A and B squares are also taken place. - These bond formations lead to the
elongation of the cell shape along the c-axis. The calculated lattice parameters of the
y-LAO and &-LAO for both HSE and GGA calculations in comparison with the
literatures are tabulated in Table 4.1. Similar to the trend generally observed in other
materials, the GGA calculations give larger lattice parameters and cell volumes in
comparison with the corresponding HSE calculations. Nevertheless, the two sets of
calculations give the lattice parameters in agreement to within 1 % and the cell
volumes to within 3%. Our calculated results are also in good agreement with other
computational results. The agreement is even better when we compare the results
from the calculations that used the same exchange-correlation functional.  The
calculated total energies, as a function of volume for both »-LAO and §-LAQ, are

shown in Figure 4.2(a). The minimum energy point of -LAO is lower than §-LAO,

indicating that y-LAO is the stable phase at ambient pressure. These energy curves
are called the energy of states (EOS). The phase equilibrium pressure is defined by
the slope of the common tangent between the EOS curves of the two phases shown
using the dashed line in Figure 4.2(a). From the slopes, we obtained the phase

equilibrium pressures of 2.3 GPa and 3.1 GPa for the HSE and GGA calculations,
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~ respectively. The calculated equilibrium pressure is in a reasonable agreement with
the transformation pressure of 2 GPa obtained by an anvil cell technique (Li et al.,

2004),

' [061]
[010] ¢

_ [100]

(a)

(b)
Figure 4.1 {Color online) (a) Schematic illustration of the natural and high-pressure
phases of LiAlO;, ie., y-LAO (left) and J-LAO (right) phases. Large spheres
represent oxygen atoms, medinm spheres: Al, and small spheres: Li. (b) The common
unit cells of the two phases (y-LAO and §-LAO), containing 16 atoms, used in the
calculations. Red dashed squares A and B highlight the bond formation during the
phase transformation (see text, for detail). (c) The side view of the crystal with the

dashed black rectangles showing the unit cell.
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Figure 4.2 (Color online) (a) The calculated HSE total energy as a function of volume
for y-LAO and 6-LAO and the common tangent construction. (b) The enthalpy as a
function of ¢/a ratio at various pressures. (The ¢/a ratio can be considered as the
transformation coordinate of the homogeneous transformation form p-LAO to J-
LAO.) The black curve shows the enthalpy at the phase equilibrium pressure where
both phases have the same enthalpy. The highest enthalpy point between the two
phases defines the transformation barrier. (c) and (d) are the same as (a) and (b) but

calculated using GGA functional.
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Note, however, that the value obtained by a shock recovery technique is much
~ higher at 9 GPa (Li et al., 2004). ‘The strong dependency on the measuring technique
* of the transformation pressure could be attributed to a transformation barrier between
the two phases. To overcome the barrier, a higher pressure than the equilibrium value
is needed. Different techniques might have different difficulty in overcoming this
barrier.

While the actual transformation process is too complicated to simulate with
the DFT calculations, the calculations of homogeneous phase transformation were
proven to be useful and possible to be performed with DFT level (Sarasamak et al.,
2008). Here, we studied the homogeneous transformation between y-LAO and -

LAOQO. This was done by calculating the enthalpy, AH = AE + pAV, along the path

b/a = 1.00 at different pressures, where, £ and " were taken at the volume for which
the enthalpy was minimized. The A sign means the difference from d- LAO. The
enthalpy curves for different pressures are shown in Figure 4.2(b). At an ambient
pressure, y-LAO has lower enthalpy than §- LAO by ~0.6 ¢V and ~0.8 eV for the
HSE and GGA calculations, respectively. At higher pressures, the enthalpy
differences between the two phases decrease. The enthalpies of both phases (y- LAO
and J- LAO) are equal at p = 2.3 GPa and 3.1 GPa for the HSE and GGA
calculations, respectively. At this pressure, the two phases are in equilibrium. This is
equivalent to the phase equilibrium pressure calculated from the common tangent
between the EOS curves of the two phases. Above the phase equilibrium pressure, J-
LAO tumn to be more stable (has lower enthalpy). At the equilibrium pressure, it can
be seen that the transformation barriers between the two phases are ~1.7 eV and ~1.5

eV for the HSE and GGA calculations, respectively. These transformation barriers
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are quite high and would certainly raise the transition pressure in real experiment
beyond than the phase equilibrium pressure. In order for the transition to take place,
not only the enthalpy of the targeted phase has to be equal or lower than the initial
phase, but the enthalpy barrier between the two phases also has to be sufficiently
low(Jungthawan and Limpijumnong, 2004). To lower the barrier, often the pressure
has to be increased passed the equilibrium pressure. Therefore, it is not surprising
that the transition pressure can go up as high as 9 GPa in the shock recovery
technique (Li et al,, 2004). Next, we look at the electronic properties of - LAQO and
d-LAO. The band structures of both phases at the ambient pressure calculated using
HSE and GGA are shown in Figure 4.3 and Figure 4.4, respectively. From the band
structures we can see that y- LAO has a direct band gap with the band gap values of
6.56 eV and 4.64 eV for HSE and GGA calculations, respectively. Unlike y-LAO, §-
LAO has an indirect band gap with the band gap values of 8.11 eV and 5.74 eV for
HSE and GGA calculations, respectively. These large band gaps indicate that both
phases of LAO are an insulator. The band gap values are shown in Table 4.1 in
comparison with the known experimental value for »-LAQ. For §-LAO, to our

knowledge, no experimental band gap value has been reported.
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Table 4.1 Calculated lattice parameters (a, b and ¢), equilibrium volume (V) and

energy gap (Eg) for y -LAO and 6-LAQ from HSE and GGA calculations. Note that

the £4 and £; in parentheses indicate that the band gaps are direct and indirect,

respectively.
¥-LAO o- LAO,
Pa_ra_metgr_s_ Present. Others | Prescnfl: - _O_thers
. HSE  GGA HSE  GGA
a(A) 5172 5221 5223 3866  3.923  3.886°
5.168°
5.18°
b (A) Same as a, due to symmetry Same as a, due to symmetry
c(A) 6.250 6.308 6.309° 8.328 8.397 8.300°
6.268°
6.29°
V(A% 41.79 43.04 43.03* 31.34 32.19
42.19°
41.86°
E, (eV) 6.56(Ey)  4.64(Ey 6.2 S.11(E) 5.74E)

*DFT-GGA calculations by Wu et al. (Wu et al., 2009).
® XRD measurement by Marezio (Marezio, 1965).
°Li nuclear magnetic resonance measurements by Indris and Heitjans
(Indris and Heitjans, 2006)
% shock recovery technique by Li et al. (Li et al., 2004)
f measured from a single crystal growth by Czochralski method by Hao Teng et
al.(Teng et al., 2010)
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We can see that the band gap value of y-LAO obtained by GGA calculation is
underestimated compared to the experimental value due to well-known DFT
problems, as expected. On the other hand, HSE calculations (Teng et al., 2010) give
the band gap in a good agreement with the experiment with the error of only ~5%.
Similar accuracy of the calculated band gap can be expected for the high-pressure
phase where there is no experimental value to compare. To investigate the source of
the electron states near the band edges, the partial density of states (PDOS) are
calculated (Figure 4.3 and Figure 4.4). Both HSE and GGA calculations give similar
PDOS. Note that, because of a limited 4-point sampling used, the PDOS of HSE
calculations appears to be discontinuous especially near the conduction band
minimum. If more %-points were used, the PDOS would be continuocus similar to
what obtained by GGA calculations. For y-LAO, the valence band maximum is
dominated by O 2p states with some contributions from Li p. The conduction band
minimum is dominated by Li 5. For §-LAQ, the valence band maximum is dominated
by O 2p states with some contributions from of Al p and Li p states. The conduction

band minimum is dominated by Al s.
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LAO and (b) J-LLAO obtained from HSE calculations. The special k-points used for
the band structures plot are according to the cubic Brillouin zone defined in Ref,

(Limpijumnong and Lambrecht, 2001)
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4.2 Pressure-induced phase transformations of LiGaQ, :first
priﬁci@lés study

4.2.1 Iﬁtfﬁducﬁon .

:ﬁ;Li.Ga.Oz (Pnaé;)..i.s..the ambient-pressure structure of LiGaQ; (1.GO) that can
be obt_aiﬁed in a large single crystal form by a conventional Czochraiski melt-pulling
method (Chen et al., 2014; Jungthawan and Limpijumnong, 2004). This nlaierial has a
wurtz_ite_ derived_ structure with a good lattice match to epitaxially grown GaN and
Zn0O thin~ﬁlms. Béth GaN and ZnO are technologically impor_tant materials for blue
and pnrbie optoelectronic devices (Chen e.t.al., 2014). The crystal structure of f-
LiGaO; (Pna2;) is an analogous of the wurtzite ZnO in which the group-II Zn is
alternately substituted by group-IIl Ga and group-I Li. Due to the relaxation of the
oxygen sub-lattice and symmetry-breaking cations, the structure of this ternary oxide
slightly differs from the perfect wurtzite-type structure (P6;mc) (Jungthawan and
Limpijumnong, 2004). This relaxation is mainly a result of the difference between
Li0O4 and GaOy tetrahedra with LiOs being bigger than GaO,. The average bond
lengths are 1.985 A and 1.848 A for Li-O and Ga-O, respectively. The difference
between the average Li-O and Ga-O bond distances is less than 4%, allowing the
formation of an orthorhombic structure (Pna2;) with the lattice parameters @ = 5.402
A,b=6372 A, c=5.007 A, and density = 4.187 g.cm™ (Marezio, 1965). S-LiGaO; is
known to have a band gap of 5.6 eV; making it a good candidate for applications in

bright UV optoelectronic applications (Omata et al., 2011; Omata et al., 2015).

Pressure induced phase transformations of wurtzite ZnO have been previously

studied experimentally and theoretically (Sarasamak et al., 2008; Recio et al., 1998).
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It has been predicted that a 10 GPa tensile stress along the [0110] direction or 6 GPa
compressive stress along {0001] direction (Kulkarni et al., 2006) couI:d transform a
wurtize ZnO into an un-buckled phase (HX) (Kulkarni et al., 2006), A 7 GPa tensile
stress anng [0001] mduces a formation of a body—centered—tetragonal phase (BCT-4)
(Wang et al., 2007) A hydrostatlc pressure of about 8.5 GPa leads to the well-known
and expenmentally observed rocksalt cubic phase (Sarasamak et al., 2008) First
principles study on the stable phases and phase transfonnatlons of LGO is scarce. Due
to the snnﬂar in the structural of S-LGO (PnaZ 1) to that of wurtzite ZnO we propose
to employ the thooretlcal 1nvest1gaﬁons m a si.mzlar manner as thoso have been
employed successfuily for the case of ZnO (Sarasamak et al., 2008) These stud;es are
very :mportant to identify transmon mechamsms and to predict the undlscovered
phases of LGO that can be reached by proper expenmental conditions. o

In this thesis, we used density ﬁmctlonal theory (DFT) calculatlons to study
phase transformations of LGO under hydrostatic and uniaxial pressures. We explored
the LGO phase-space through the modeling of stress loads along different crystal
directions. Three metastable phases of LGO, namely, oP16, I41/am.d, and P4,2,2 are
predicted based on the enthalpy surface diagrams for the transformations from
ambient-pressure f-L.GO (Pna2;). The compressive stress loading along the [001]
direction produces the five-fold orthorhombic phase (oP16). The uniaxial tensile
strain along [001] direction stabilizes a tetragonal structure (P4,2;2). The hydrostatic
pressure leads to two structures that are energetically close to each other. One phase is
the body center tetragonal (BCT, I41/amd) and another phase is trigonal (R3m)
structure, previously found in experiments (Marezio, 1965). All structures are shown

in Figure 4.5 and the comparison with the analogous ones in the binary compound
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ZnO is shown in Figure 4.6. For simplicity, henceforth the LGO phases are named
after the analogous ones in ZnO, i.;_., the orthorhomblc(Pna2 1) is named WZ', the
body-center tetragonal__.(l_éii_/amd) i.s....:nanled;'ljl.S';.tlile_r.lilé.ii;bohedral (R3m) is named
RS”, the orthorhombic _.(oP_1.6) i8 nai:ned HX’, and the tetragonal (P4,2;2) is named

BCT'.
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Figure 4.5 Schematic illustrations of the ambient and the high-pressure crystal
structures of LGO: (a) Orthorhombic (Pna2,) - ambient condition structure, (b) Body-
centered tetragonal (I41/amd) - hydrostatic compression (P;) structure, (c) the
Rhombohedral (R3m) - another hydrostatic compression (P) structure, (d)
Orthorhombic (oP16) - [001] compressive stress (—a,) structure, and (e) tetragonal
(P4,2:2) - [001] tensile stress (o) structure. In the structures, the green spheres
represent Ga cations, blue spheres represent Li cations and red spheres represent O

anions.
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4.2.2 Material and methods

First princip_l.e._s.._ d_e_ns_ity. functional. theory ;_(.D;FT) calculations with the
generalized grééi;nf _':_ﬁ:abprééinlations {(GGA) as the .__e.:xchange correlation (XC)
functional (Perdew' ét él., '1:'9.96) was employed. The ultrasoft pseudopotentials with
the projector augmented wave method (PAW) (Blfjchl 1994) as implemented in the
VASP package (Kresse and Furthmuller 1996(3), Kresse and Hafner, 1994) were
used. GGA gives ‘the latt1ce constant of B-LiGa0, in Setter agreement with the known
experimental value than Iocal density approx1mat10n (LDA) XC functional (Perdew
and Zunger, 1981) whmh has been used to study ZnO (Limpzjmmmng et al., 1996;
Boonchun and Lambrecht 2010) A typicai LGO umt cel} for the study of a
homogeneous phase transformatxon consists of 16 atoms (4 L; atoms, 4 Ga atoms, and
8 O atoms). For the basis set we used the plane wave expansions set up to 520 eV
and for the k-point samphng of the Brillouin Zoné for _tﬁe_ energy integrations, we used
at least 7x7x7 Mpﬁkﬁ_prst-?ack scheme (Monkhoisf and Pack, 1976) For the
structural reiaxations., tlie éalculations are considered cénverged when the acting
forces on each atom is less than 0.1 meV/A; corresponding to the total energies
convergence of ~ 0.1 meV/atom. The stability of each phase can be determined by
analyzing the enthalpy as a function of cell shape defined using the ratios ¢/a and b/a,
as described in detail by Jungthawan and Limpijumnong (Limpijumnong and
Jungthawan, 2004) . For different loading conditions, we used distinct equations of
state from which we obtain the minimum enthalpy for each combination of c/a—b/a
pairs and loading conditions. When two phases share the same minimum enthalpy,
those two phases are equally favored. The enthalpy (H) under hydrostatic pressure is

defined as Eq. 4.1
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where E is the energy per unit cell, p =—(8E/0V) is the pressure, and ¥ is the unit
cell volume. For each ¢/u and b/a pairs, V is allowed to relax to minimize H. In
principle, for a given p, the ¢/a and b/ ratios that give the lowest enthalpy define the
most stable cell shape. In practice, we calculated the enthalpy surface as a function of
two independent strain parameters, i.e., ¢/a and b/a in the range from 0.787 to 0.468
and 0.848 to 0.468, respectively. A total of 36 strained configurations, corresponding
to the increments of 0.05 in ¢/a and 0.05 in b/a in the ¢/a-b/a space are investigated.

For uniaxial loading, the stability of each crystal and compound can be determined by

H (i,g) = E(c,b, a) + AjX0:q;, (4.2)
where E is the energy per unit cell, g; is the stress along the i direction, ¢; is the lattice
parameter in the 7 direction, 4y is the cross section area of the unit cell perpendicular
to the stress direction, and 4 X 0; g;, is external work. For the stresses along the ¢
axis, { = ¢, Aay= ab and g, = ¢, with -g, being a compressive stress and +g, being a
tensile stress. For each strained configuration (each c/a-b/a pair), the energies
associated with at least five different unit cells are calculated. An equation of state

(energy-volume relation) is obtained by a third-degree polynomial fit.

4.2.3 Results angd discussion

In addition to the natural phase of LGO (WZ"), there are other phases that are
metastable and have rather low energies (within 25 meV/atom). They are

orthorhombic oP16 (HX"), and tetragonal P4,2,2 (BCT’). Figure 4.7 shows the total
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energies of five different phases of LGO as a function of the unit-cell volume. They
are orthorhombic Pna2; (WZ'), orthorhombic oP16 (HX'), body center tetragonal
141/amd (RS’), rhombobedral R3m (RS”) and tetragomal P4,2,2 (BCT'). The
minimum point of each curve gives the equilibrium cohesive energy of the
corresponding phase of LGO and the stable volume. As expected, the WZ' structure
which is the natural phase of LGO (Marezio, 1965) is the computationally most stable
one. Interestingly, we also found other metastable phases close in energy to the
ground state WZ'. The HX' and BCT’ have energies only 0.021 eV/atom and 0.017
eV/atom, respectively, higher than that of WZ'. The RS’ has the highest relative
energy among structures studied at 0.037 eV/atom above WZ'. The relative energies
of the five phases follow the order of RS' > HX' > RS” > BCT’ > WZ'. By using the
common tangent approach (Yu et al., 2007), two WZ-RS phase transitions under
hydrostatic pressure: WZ’' — RS"” and WZ' — RS’ are predicted to take place at the
equilibrium hydrostatic pressures of 1.4 GPa and 3.7 GPa, respectively. Table 4.2
shows the calculated equilibrium lattice parameters, bulk modulus (Bo),
transformation pressures (), stresses, and volumes for all the different phases
studied under pressure conditions. The lattice parameters of these structures are in

good agreement with previous theoretical and experimental data.
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Figure 4.7 Total energy versus volume per atoms for five LGO structures: Green

(RS"), Red (WZ'), Indigo circles (HX"), black squares (RS’) and blue squares (BCT").
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Table 4.2 Schematic illustrations of laitice parameters, percentage changes, Bulk
modulus By, average bond length and average bond angles for Pna2, (WZ)), oP16

(HX"), R31:1; (RS") and 141/amd (RS') structures under their equilibrium and loading

conditions.
Wz’ (p=0GPay - HX RS” (p=15GpPa) RS
Parameters : g=-35 P37
Present LDA™ Exp® GPa Present Exp® LDAP GPa
Ca(A) 6457 6255 6372 6891 2997 2911 2903 8728
bAy © 5479 5361° 5402 5781 2997 2911 2903 4082
c(A) 5080 4953 5.007 4223 14.693 1447 14401  4.082
bla 0.848 0.839  1.000 0.468
ca - 0787 - 0613 4903 : 0.468
v (A¥fu) 44.93 4153 4309 3365  22.55 29.09
AV(%) - 745 -49.36 -19.99
Ab(%) - 551 -4531 -25.50
Ac(%) . 1687 65.42 -19.65
By (GPa) 80.93  95.69° 10258 1892 14229 164.79
Average bond
lengths (4%)
Ga-0 1.896  1.858° 1.848 1984 2021  2.00 2.029
L0 1.988  1.923° 1985 2061 2208  2.14 2.161
Average bond
angles (A%)
0-Ga0 11021 1123 1092  90.54  92.87 ~ 934 92.21
O-LiO 108.68 1075 1033 89.60 8639 859 90.36

“ VASP code DFT- LDA calculation by A. Boonchun et al.(Boonchun and Lambrecht, 20610)
¥ CASTEP code DFT-LDA calculation by Li Lei et al.(Lei et al., 2013)

¢ Piston and cylinder device by M.Mareziro. (Marezio and Remeika, 1965)

“General Electric XRD by M.Mareziro. (Marezio, 1965)
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Figure 4.8 Enthalpy surface map (eV), and 2-D sections of the enthalpy surface maps
for Pna2, (WZ"), oP16 (HX') and 141/amd (RS’) unit cell. Each point on the surface
represents the minimum energy volume (¥) is allowed to relax while ¢/a and b/a are
kept constant: (a) Enthalpy surface map (eV) at P, = 0 GPa, (b) Enthalpy surface map
(eV) at P,= 3.7 GPa, (c) 2-D sections of the enthalpy surface maps at ;= 0 GPa and
(d) 2-D sections of the enthalpy surface maps at P, = 3.7 GPa. For b/a = 0.468 (red

line) and b/a = 0.848 (blue line).
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Because the calculated transition pressure under hydrostatic pressure of
. WZ'—RS8"is mu_c_h_ lower than that of WZ'—RS' as shown _ix_l_figure 4.8, in principle,
_ the former will bemore likely to take plac_é and RS' is unhkeiyto form Based on this
: formatzonenergyplot,other phases of LGO cannotbeachleved by -_épp_i_ying
hydrostatzccompressmn We will show I_l..e}.{t thattheWZ’ —aHX’canbe échie?ed by
applymgumaxml pressureand WZ'—=BCT’ can také piace 1f onecanapply sufficient
negative hydroSféti(; p:réssure (i.e., expand the Volumej. We (.:...éticuiated the enthalpy as
a function of two crystal parameters (¢/a and b/a); forming the enthalpy surfaces
under different pressure conditions. Compression aiQng the [001] direction transforms
WZ' - i—IX’ by means of the reduction in the c lattice parameter, and consequently
decreasing the unit cell volume (c-axis of HX' is 16.87% shorter thaﬁ that of WZ'
with a smaller volume of 17.45%). Figure 4.9(a) and Table 42 show the lattice
parameters change during this phase transformation. The stability of the HX' phase
can be better analyzed through the enthalpy difference AH= H™* — H'"Z a5 a function
of the compressive stress along the ¢ direction. For this, we obtained the enthalpy
surface and energy cross-section corresponding to an applied compressive stress
along the c-axis, -o. (negative sign indicates compression) as shown in Figure 4.9(a)
and 4(b) for compressive stress at 0 GPa and 3.5 GPa, respectively. We found the
equilibrium stress for the WZ'—>HX' transformation is o, = 3.5 GPa. At this stress, the
enthalpy of WZ' phase (four-fold) and HX' (five-fold) phase are equal and both

phases can co-existed.
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The calculated homogeneous transformation enthalpy barrier is only
12‘5meV/atom for this WZ'—=HX’ transfermation. The BCT' can be stabilized by
applylng uniaxial tensile stress aieng [001} on the WZ'. This transformation occurs
through a combmaﬁon of 1) The breakmg of every other Li-O bond along the [001]
direction (bonds labeled B m F:gure 4 10(a)) and 2) The formation of an equal
number of Lz-O bonds. (labeled A m Flgure 4 lO(a)) ThlS bond breaking and bond
formation is repeated between Ga O bond and L1 O on aitemate planes along the
[010] direction. Table 4.3 Sh_ows_. the _ealcu_le,ted lattlce parameters for the tetragonal
phase at different values of tellsile stress .For WZ', ¢/a and b/a ratios are 0.787 and
0.848, respectively.

Through the transformation, b/a remains constant (0.848), while ¢/a increases
with stress as shown in Figure 4.10. Increasing tensile stress the relative stability of
BCT' with respect to that of the WZ', while the unit cell volume increases by 5.3%,
5.7%, 6.8%, and 7.9% for o= 0, 2, 4.1, 6 GPa, respectively. Because both WZ’ and
- BCT' share the same b/a ratio at 0.848, it is not necessary to vary this parameter when
studying the relative phase stability. Figure 4.10 shows cross-sections of enthalpy
surfaces at b/a = 0.848 at different values of tensile strain. At 0 GPa, WZ' is the most
stable crystal structure and its enthalpy is lower than that of BCT' by 0.26 eV/atom,
see Figure 4.10(b). As the stress is increased to 2 GPa (Figure 4.10(c)), the enthalpy
difference decreases, and at the stress of 4.1 GPa (Figure 4.10(d)) the two minima,
H" and H*" become equal. This means the two phases are equally favored and 4.1
GPa 1s the equilibrium tensile stress. Above this equilibrium stress BCT' becomes

more stable. At 6 GPa (Figure 4.10(e)), BCT' is more stable than WZ' by 0.13
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eV/atom. The enthalpy barrier at the equilibrium pressure 4.1 GPa is estimated by

measuring the AH between the minima of the plots and their intersection point (c/a =

0.85). This gives the barrier of only 3.36 meV.
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Figure 4.10 (a) Schematic comparison of WZ’ and BCT' LGO structures. Enthalpy

(eV) as a function of ¢/a for b/a = 0.848 at different tensile stresses: (b) o= 0 GPa,

(c) o.=2 GPa, (d) o.= 4.1 GPa and (e) o,= 6 GPa.




- loading along [001] direction for 6~ 0, 2, 4.1 and 6 GPa. -

Parameters
. O-C:OGPa ..:.g'cWQ. GPa 574.1GPa o6,~6GPa
ad) 6476 6442 6382 6.364
b(A) -"5:40_6 5.377 5327 5313
chy .5_.40._6 5485 5.647 5.738
V(A% fu) 47.32 47.50 47.97 48.50
c/a 0.835 0.852 0.885 0.902
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- Table 4.3 Lattice parameters .for the tetragonal P4,2,2 (BCT') LGO under tensile




CHAPT ER V
REDUCED OVERPOTEN TIALS FOR
ELECTROCATALYTIC WATER SPLITTING OVER

MODIFIED BaT103

This chapter covers the computation work on BaTiO; as a catalyst for
electrocatalytic water splitting after modified by Fe and Ni doping. The work has
been publicized in the publication form (Artrith et al, 2016) and is reproduced here

for the completeness of the thesis.

5.1 Introduction

Water éplitting into oxygen and hydrogen gas is an attractive technology for
the production of renewable alternative fuels (Kudo and Miseki, 2009), especially in
combination with fuél cells (Suntivich et al., 2011). At standard conditions, the ideal
voltage for the net water splitting reaction is 1.23 V, which is the potential difference
between the anodic oxygen evolution reaction (OER; water oxidation) and the
cathodic hydrogen evolution reaction (HER; water reduction). The OER half reaction
that involves four elementary charge-transfer steps is, however, typically associated
with large overpotentials and thus catalysts are required to increase the energy

efficiency (McCrory et al., 2013). While photocatalytic water splitting
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(i.e., driving the reaction by light-induced currents) is appealing, it requires catalysts
with simultaneous activity for bo;h_QER an_;d HER that at the same time also absorb
light inthe visible spectrum (Kudo and.Mis;:ki, 2009). Electrocatalytic water splitting
(water eleéfﬁolyéis), on the othef .ha.r.l.d,' 5115\&5 the individual tﬁﬁiﬁg of the cathode and
anode material so that generally greater energy efficiency can ‘be achieved.
Unfortunately, the most efﬁciﬁ:l;lt and _s__ta_bl_e_:_known OER catalysts rely on rare and
expensive Pt and noble metai baséd alloys (Cui et al., 2013; Gupta et al., 2009)

rendering a global fuel economy based on water electrolysis nonviable. .

.On thé search for inexpensi{fe, e'arth-a.lbundant, and envifﬁn}nehtélly Eenign
alternatives for Pt-group catalysts, perovskéte oxides have emerged és a ﬁromising
class of materials (Royer et al., 2014). Owing to their tunable eiect.roﬂic properties,
perovskite-based materials are among the most efficient known photocatalysts for
water splitting (Kudo and Miseki, 2009; Suntivich et al., 2011; Castelli et al., 2012;
Luo et al, 2014). Recently, an improved understanding of the electronic-
structure/reactivity relationship has further spurred the interest in perovskites as
inexpensive catalysts for water electrolysis (Mefford et al., 2016). Motivated by this
new insight, we explore in the present article to which extent the catalytic reactivity of
barium titanate (BaTiOs) can be controlled by slightly altering its chemical

composition.

BaTiOs is one of the most thoroughly investigated ferroelectric oxides and is
used in diverse technical applications as piezoelectric material, dielectric ceramic, and
as crystal in non-linear optics. As catalyst, Ni-supported BaTiO; is active for CO,

reforming (Hayakawa et al., 1999), and also water electrolysis over BaTiO; electrodes
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has been reported (Kennedy and Frese, 1976; Nasby, 1976). Interestingly, in some
cases small compositional medifications by introducing transition-metal dopants on
the Ti site (the B site in the general ABO; perovskite formula) have been found to
increase the catalytic activity of BaTiO; significantly. For example, Pd-modified
BaTi0; efficiently catalyzes NO, reduction (Rodriguez et al., 2010), and Cr-modified
BaTi0s catalyzes the reduction of nitrobenzene and aniline (Srilakshmi et al., 2016).
A strong impact of compositional modification on the catalytic activity has also been
reported for other oxide, such as Ruddlesden-Popper oxides (Lee et al., 2014) and
carbides (Wannakao et al., 2015), which opens up exciting opportunities for the
design of improved catalysts based on well-known and abundant materials. Since
BaTiO; is both inexpensive and non-toxic, BaTiOs;-based catalysts for water
electrolysis would be highly desirable. The oxides of ¢ transition metals, especially
Ti and Zr oxide, are known to catalyze the water splitting reaction (Kudo and Miseki,
2009). However, apart from having a small overpotential for water oxidation, a
suitable anode material for water splitting must also be electrically conducting and
has to be chemically stable with respect to dissolution/corrosion and surface

poisoning at operation conditions.

Pristine BaTiO; is a wide band gap (3.2-34 eV) (Wemple, 1970)
semiconductor, and poor electrical conductivity was measured at conditions for
catalytic methanol oxidation (Popescu et al., 2011). In view of the existing BaTiOs-
based catalysts, our strategy for narrowing or closing the band gap is to introduce
transition metals with non-empty d-bands on the B site. For this study, we consider
Ni- and Fe-modified BaTiOs. We are interested in Ni doping because BaNiO; is

known to be catalytically active for OER (Lee et al., 2016), but it forms in a
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. hexagonal structure (Takeda, 1976), not in tetragonal (P4mm) structure favored by

- BaTiOs at room temperature, so that Ni doping migh_t thermodynamically not be
feasible. On the other hand, BaFeOs forms in the cubic perovskite structure (Hayashi
et al,, 2011), which is the stable BaTiO; structure at temperatures above 120°C, i.e., at
'sélid-state synthesis condition (Luspin et al., 1980). BaFeO; -is additionally more
likely to form a solid solution with BaTiO; because of the similar ionic radius of F et

and Ti*" (58.5 pm and 60.5 pm, respectively (Shannon, 1976)).

In the cas:;e of lénthanum based pérovsklte th.e c.ataly“tic aétlvzty Wz’.‘s.fo.und to
vary strongly wz’eh the surface coverage (Lee et al 2015) Thus, to detennlne the pH
and potentlal dependent surface phases and to estimate the stabﬂity of BaT103 at the
condltlons required for water electrolysm, we further detezmme computational
Poﬁrbazx diagrams and surface phase d;agrams. |

In the following”.me.thods section, we will provide a brief overview of the
computational setup and the techniques used. In the results section, we first establish
the energetics of Fe and Ni doping and their effect on the ele;:tron.ic structure and the
band gap of BaTiO;. Next, the most stable BaTiO; surface phases at catalytic
conditions are determined before evaluating the reaction free energies for water
oxidation over pristine and Fe/Ni-modified BaTiO; surfaces. Finally, the

computational results are critically examined in the discussion section.

5.2 Methods
Density-functional theory (DFT) calculations were used to obtain first-
principles predictions of phase stability, adsorption energies, and electronic structure

properties. To obtain reasonable band-gaps, electronic density of states (DOS)
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- calculations of Fe and Ni-doped BaTiO; bulk structures were carried out using

 Hubbard-U corrected DFT - (DFT+U) calculations in the ‘rotationally - invariant

approximation (Liechtenstein et al., 1995; Anisimov et al., 1997). The U parameters
for Fe and Ni d electrons were 4.0 €V and 6.0 eV, respectively, following the
parametrization by Jain et al. (Jain et al,, 2011). All DOS calculations employed the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional (Jain et al., 2011)
and projector-augmented wave (PAW) (Blochl, 1994)  pseudopotentials as
implemented in the Vienna Ab Initio Simulation Package (VASP) (Kresse and
Furthmiiller, 1996(a); Kresse and Furthmiiller, 1996(b)), and the cutoff for plane
wave expansions was 520 eV. Energies and forces were converged to 0.05 meV per
atom and 50 meVA™, respectively. For geometry and cell optimizations of bulk
structures, k-point meshes with a density of 1000 divided by the number of atoms
were employed, which corresponds to a 6 x 6 x 6 mesh for the primitive BaTiOs unit
cell. Three times finer k-point meshes were used to converge the DOS. Stiucture
enumerations were done based on the method by Hart and coworkers (Hart et al.,
2012; Hart and Forcade, 2009) using the Python Materials Genomics (pymatgen) tool
(Ong et al., 2013). Examples of bulk structures for pristine and modified BaTiOs are
shown in Figure 5.1. Pourbaix diagrams, surface phase diagrams, and reaction free
energy profiles were calculated with the DFT implementation in the FHI-aims
software (Blum et al., 2009). FHI-aims uses local basis sets of numeric atomic
orbitals for the representation of wavefunctions, which is more efficient than plane
waves for surface models. To obtain accurate adsorption energies, these calculations
employed the revised PBE functional (RPBE) by Narskov et al. (Hammer et al.,

1999) which has been widely used in the area of computational catalysis and
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‘improves the accuracy of adsorbant binding energies compared to PBE (Wannakao et
al., 2015; Hammer et al., 1999). In addition, the method by Tkatchenko and Scheffler
(Tkatchenko and Scheffler, 2009) was used to correct for the missing van der Waals
interaction -on -this level of DFT. All FHI-aims calculations further included
relativistic corrections on the level of the Atomic ZORA approximation (van Lenthe
etal., 1994). |

- For optimal computational efficiency, geometry optimizations with FHI-aims
employed the predefined light basis set (4™ order expansion of the Hartree potential,
radial integration grids with 302 points in the outer shell, and a tier 1 basis set).
Structural energies were subsequently refined with the tight basis set (6™ order
expansion, 434 grid points, and a tier 2 basis). All of these calculations employed k-
point meshes corresponding to 8 x 8 x § for the BaTiOj; bulk structure.

At room temperature BaTiO; crystallizes in a tetragonal structure (space group
Pdmm) in which the atoms are slightly displaced from their sites in the ideal
symmetric cubic (Pm3m) perovskite structure (Harada et al., 1970). This atomic
displacement results in ferroelectric polarization parallel to the (001) plane. In this
work we consider the non-polar (001) surface (Padilla and Vanderbilt, 1997).

Symmetric surface slab models with a surface area of 2 x 2 surface unit cells and
a thickness of 6 atomic layers were used to model adsorption of OER reaction
intermediates and hydrogen on BaTiO; surfaces. The lower 4 layers of the slabs were
kept fixed at the bulk atomic positions, and the topmost 2 layers were fully relaxed.

Examples of surface slab models are shown in Figure 5.1(d).
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i

BaTig vsFeq.050; Fe-doped {001) BaTiO5 Surface

Figure 5.1 Bulk structure models for (a) BaTiOs; (b) BaTip7sNig2sOs and (c)

BaTig7sFep250;. The structures of the Ni- and Fe-doped compositions were
determined by enumeration as described in the text. (d) Example of a Fe-modified
TiO,-terminated BaTiO; (001) surface slab model with adsorbed *QOH. The
structure models were visualized using the VESTA sofiware (Momma and Izumi

2011).

At 120°C, BaTiO; undergoes a phase transition to the cubic (Pm3m)
perovskite structure, which is thus the relevant structure at synthesis conditions. To
estimate the feasibility of Ni and Fe incorporation, we therefore considered the

formation energy of mixed compositions in the cubic structure.




90

5.2.1 Water adsorptmn and dxssociatxon on BaT103 surfaces

To study the smface we employed the unit ceH fonnulas Ba;2TigO;ys for BaO
surface and BagT112032 for TiO, surface Slabs w1th defect surfaces, i.e., for BaO
surface we substltuted a Ba atom on the top Iayer Wlth a transmon metal 4 (4 = Be,
Bi, Ge, Mg, _Na and Sr) and the formula becomes AB&11T13023 The atomic
percentage of the m}purlty is 2.08%. For the T102 termmate surface, an oxygen
vacancy as well as a substltutlon of a T1 atom on thc top layer (at the center of TiO»
surface) by a transmon metal B (B— Co, Cu Fe Mn and N1) where formula becomes
BBa;Ti150s; are studxed ’I’he atomlc percentage of the 1mpunty 15 1.92%.

To study the absmptzon of WM a WM Was placed on top of a two-unit-cell
surface in scanned dlfferent 1n1t1a1 confabulatlons p051t10ns for all surfaces following
Figure 3.4 and the most favorable absorptlon is reported The absorption energy (Li et

al., 2014) was calculated from following equation.
Eugs (H20) = Eyo(free slab,n) + Eio (H20) — Eyo(slab +water, n), (5.1)

where Ew (free slab,n) is the total energy of the optimized ferroelectric n-layer bare
slab (e.g. without water), Ei (H20) the total energy of the free water molecule and
Ei(slab + water, n), the total energy of the optimized »-layer slab with one H,O water

adsorbed (1/4ML).
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°5.2.2 Pourbaix and surface-phase diagrams
Pourbaix diagrams map the _p_réferred states of an electrochemical system in
equilibrium as function of the electrochemical potential and the pH value and, thus,
‘allow in the context of this work to predict whether an oxide is stable or if dissolution
is thermodynamically favorable. To estimate the stability of the catalyst at operation
conditions, we computed Pourbaix and pH/potential-dependent surface . phase
diagrams. .The Pourbaix diagram for a chemical species 4 is constructed by
considering all relevant electrochemical equilibria of 4 in aqueous solution
A+ny,0H,0 = HAOZ +ng+HY +nge™. (52
Following the Nernst equation, the free energy of the aqueous species,

(H,A0™), relative to a free atom of species A can then be estimated as

AG = AG.SQHE - Tte (EUSHE) — 23nH+kTpH + lenaHon)z,m N (53)
where AGS,is the free energy relative to the standard hydrogen electrode (SHE) at
standard ambient conditions, eUsyg is the energy due to the electrochemical potential

Usug relative to the SHE, Ay .4 0%~ is the activity, &y is Boltzmann’s constant, and 7" is

the temperature (for a derivation see reference (Rong and Kolpak, 2015)). Note that
the factor of 2.3 in front of the pH arises from the approximate conversion of the
natural to the common logarithm.

The relevant electrochemical equilibria for Ba and Ti are shown in Table 5.1.
Since uncorrected DFT energies are not sufficiently accurate to predict reliable

Pourbaix diagrams (Persson et al., 2012), measured values of the relative free energies

at standard conditions, AG", were obtained from thermochemical tables (Wagman et

al., 2011), However, DFT surface-slab calculations were employed to evaluate the
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adsorption energy of reaction intermediates on the BaTiO; surface and the defect

formation energies for the creation of surface Ba, Ti, or O vacancies

AGreferance = E??eiz;n. - z%zi + AGgys., (5.3)

where EZF] and ERJT, are the energies of the ideal and the reconstructed surfaces,
and AG,q is the free energy change of the adsorbants. Combining these DFT
energies with the solvation free energies from Table 3.1, the stable surface phases at
different pH values and electrochemical potentials were determined. A detailed
description of the approach can be found in the work by Rong and Kolpak (Rong and

Kolpak, 2015). As is commonly done (Norskov et al., 2004), the binding energy of O,
was referenced to the energy of a water molecule in the gas phase, %E 02 = pHa0 —

EM2 because of the large DFT error for molecular oxygen.

To estimate the stability of the catalyst at operation conditions, we computed
Pourbaix and pH/potential- dependent surface phase diagrams. We consider the
catalytic oxygen evolution reaction (OER) by water oxidation in four elementary

reaction steps each involving the transfer of a single electron-proton pair (Norskov et

al., 2004):
HyO++=2+«0H +HY + e~ I
*OH =+«0+Ht 4+ e~ i1
*0+H,0 =« 00H+HY+ e~ 11
xO0H @ %+0, + H* + e~ v

2H,0 = 0, + 4H' + 4e™ . (5.4)
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The reaction free energies of these charge transfer steps at the ideal equilibrium
potential (U = 1.23V) determine the overpotential # that is required to drive the

overall reaction.

Table 5.1 Relative Ifree energies of species oécurring in the Ba and Ti Pourbaix
diagrams at standard ambient conditions (25C° and 1bar). The free energies relative to
the standard hydrogen electrode (SHE), AG’sureV, were taken from reference

(Donald et al., 1982). All activities a4 were taken to be equal to 1075 M.

A Aquéous species  AG’sup/eV AGy/eV
Ba** -5.81 -2eUsyg + 0.026lnap,”" — 5.81
Ba Ba(OH)" -5.11 ~2eUsye —0.059pH + 0.026Inagyomy — 5.11
BaOx(s) -1.08 -4eUsye —0.236pH - 1.08
T]Oz(S) -3.91 ‘43USHE = 0239pH -39
Ti TiO,™ 0.59 -6eUspp— 0.239pH + 0.026Inatioz+ +0.59
Ti** -3.63 2eUsup+ 0026047+ — 3.63
H,0 0 2eUsue + 0.118pH [H0(1)/Hy(g) as
0 reference]
H,0 -2.46

ZelUspye + 0.118pH -2.46 [Ox(g) as reference]
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Using the computational standard hydrogen electrode (CSHE) (Ke et al.1998)
approach, the reaction free energy AG of the charge transfer reaction AH = A+

H* + e~ at standard conditions (U= 0 V, pH =0, p = 1 bar, T = 298.15 K) can be
related to the reaction AH = A+ %HZ.The reaction free energies of the individual

charge transfer steps, AG, AGy, AGyy, and AGpy, were approximated as

AG; =AE; +AZPE; —TAS; —eU | (5.5)

where AE; was obtained as difference of DFT energies, and the zero-point energy
(ZPE) difference, AZPE;, and the vibrational entropy contributions, TAS;, were taken
from Valdes et al. (Valde$ et al,, 2008) (see Table 3.1). The final term in Eq. 5.5
accounts for the electrode potential U/ (e is the elementary charge). For a given

catalyst, the overpotential is thus given by the smallest potential n such that for U =

123 V + 7 all reaction steps are exothermic, i.e., AG; < 0. As in the case of surface

Pourbaix diagrams, the binding energy of molecular O, was referenced to the energy

of water.
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5.3 Results

5.3.1 Water molecule adsorption and disscciation on BaTi()g surfaces

The most favorable siructures of 1/4—monolayer adsorption (1/4ML) on the
BaO-terminated surface which is doped by a metal (Sr, Be, Mg, Bi, Na and Ge) and
on the TiO,-terminated surface which is doped by a transition metal (Ni, Cu, Co, Mn
and Fe) were calculated and used to study how water molecule (WM) adsorb in a low
vapor pressure conditions. The calculated results are shown in Figure 5.3. In the
metal-doped BaO-terminated surfa;:e, the adsorbed WM is stfongly distorted after
geometry optimizations. The calculated adsorption energies are varied between 1.22
and 2.03 eV. The distance between tﬁe hydrogen of the water molecule and the
surface oxygen (OHs) are in the range of 1.01-1.03 A. The lepgih Qf the hydrogen
bonding with the oxygen in water molecnle (OHy,) are extended to around 1.50-1.59
A. Tl}e_s_ummari_es of bond dis’ééﬁpe ar__e..shown.in Figure 5.4&)), ind_icating. fhat one of
the H atom in the water molecu_le moves to the surface oxygen, forming an OH
hydroxyl. The aiignment of the OHj is parallel to the directi§11 of the polarization of
BaTiO;. This phenomena is called the water dissociation, the model is shown in
Figure 5.2(b). Interestingly, in the case of Mg and Be-doped BaO-terminated surface,
the adsorption energies are increased from the BaO-terminated (E,q/eV= 1.41) to
Eys/eV= 2.03 and 1.45, respectively. WM adsorptions on transition metal-doped
Ti10,-terminated surfaces were also studied. The most favorable structures are shown
in Figure 5.3. The calculated adsorption energies are varied between 0.68 — 1.31 eV.
Unlike the adsorption on the metal-doped BaO terminated surfaces, here, the WM
maintains its initial configuration with the molecular plane aligned parallel to the

surface plane, i.e., sitting on top of the Ti atom and the transition metals. The bond
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length of the OH; are in the range of 1.50 -2.10 A and that of the OH,, are 0.98- 1.06
A as shown in Figure 5.4(c). The WM maintaing its molecular state. This phenomena
is called the water adsorption, the model is shown in Figure 5.2(c). For all the
surfaces with doped transition metals the adsorption energies of WM are higher than
that of the bare TiO:-terminated surface (E.a/eV= 0.68). Especially, in the case of
Ni-doped surface, the calculated adsorption energy of WM is 1.31 eV which is 48%
higher than that of the bare surface. The calculated molecular adsorption energies of

WM (E4gs) are shown in Figure 5.3.

@ W ©

initial system Dissociated system Adsorbed system

Figure 5.2 Schematic illustration of the most favorable structure of 1/4-monolayer
adsorption (1/4 ML) on the BaTiOs-surfaces: (a) initial configuration, (b) the case

with dissociated WM and (c) the case with adsorbed WM without WM dissociation.
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Figure 5.3 Schematic illustrations of the most favorable structures of 1/4—monolayer
adsorption (1/4ML) on the metal-doped BaO-terminated and transition metal-doped

Ti0,-terminated surfaces. The adsorption energies (Faa/eV) are also shown.
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Figure 5.4 Calculaie;i distances beiw.eenl the hydrogen atém of the water molecule
and the oxygen atom on surface (OHS) and the bondlength of the O-Hy, in WM for all
of the most favorable structures, (b) on the metal—dop.e_:_(_i_:BaO terminated surface, and
(c) on the transition metal-doped TiOz—telminated: .sﬁr..fac.:.e.: .:(a) and (d) Models of 1/4--
monolayer adsomti_c_m_(l/él ML)__gn _t_he _metal—do_p_ed:B_ngterminated on A-site and

transition metalu'doped_Tng-tenninatQ_d on B-site, 'respéct_i\fely.

53.2 Volcaﬁq of BaTiO; actiizi_ty

In this section, th¢ framework of the thermbd}:fﬁéﬁ_iic over potential methods
(described in detailed in Section 3.3.4) is utilized to construct the OER volcanoes and
predict the OER activities on (001) BaO and TiO» surfaces of perovskite BaTiOs.
Figure 5.5 shows 17 R as a function of AG’ o - AGY o+ eV for the classes of the
systems studied here. This leads to a universal volcano relationship for the unit cell
formulas Ba;»TigO2s for BaO surface and BagTi203; for TiO; surface. In the case of
BaO-terminated surfaces, the relative overpotentials (7°F*/V) of bare and all metal-

doped surfaces follow the order of bare (0.57 V) < Sr (0.68 V) < Be (0.69 V) < Mg
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- (0.83 V) < Na (0.86 V) < Bi (1.47 V) < Ge (1.78 V); indicating that bare BaO surface

has the lowest overpotential. Similarly, for the case of TiO; -terminated surfaces, the
relative overpotential (nOER/V ) of bare and transition metal-doped surfaces follow the
order of Ni (0.89 V) < Fe (0_.91._V) < Co (1.19.V) < Cu(1.19.V) < ba;e (1.22 V)
indicating that Ni- and Fe-modified Tiég m;[_érrninated (I:an.ililcrease .tl:le. éffiéency of
BaTiOs catalysis activity oﬁ OER by décreasing the overpotential of EﬁTiOg. The
summary of free energy path, based on four electron paths, .r.epre;énts the

OERy for the transition metal-doped TiO;-terminated and the metal-

overpotentials (#
doped BaO-terminated and the free energies at the standard conditions (pH = 0,

T=298.15 K) and /=0 V are shown in Table 5.2 and 5.3.

Table 5.2 Summary of free energy path based on four electron paths representing the
overpotentials (#°"") for the transition metal-doped TiO;-terminated surfaces and the

free energies at the standard conditions (pH =0, T=298.15K) and =0 V.,

Terminated  AG'ou/eV  AG0s/eV  AG’poneV  AG eV  yFRyv

Ideal 1.23 2.46 3.69 4.92 0
TiOs-clean 1.53 3.98 4.78 4.92 1.22
Co 0.50 2.93 2.96 4.92 1.19
Cu 2.02 445 3.14 4.92 1.19
Fe 0.25 2.38 3.86 4.92 0.91
Mn -0.44 0.23 1.20 492 249

Ni 1.48 2.97 2.85 4.92 0.89
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Table 5.3 Summary of free energy path based on four electron paths representing the

overpotentials (5%

energies at the standard conditions (pH = 0, T=298.15K) and U=0 V.

) for the metal-doped BaO-terminated surfaces and the free

Terminated  AG'on/eV  AGo+/eV  AGooms/eV  AG eV 3Ry
Ideal 1.23 | 2.46 3.69 4.92 | 0
BaO-clean 1.80 2.50 3.88 4.92 0.57
Mg 1.58 3.63 3.59 4.92 0.83
Sr 1.90 2.39 3.72 4.92 0.67
Be 1.61 228 4.21 4.92 0.69
Bi -1.16 0.96 2.21 4.92 1.47
Ge 1.05 0.18 1.91 4.92 1.78
Na 2.09 2.27 4.08 4,92 0.86
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Figure 5.5 -s°" as a function of AG%«- AG"yov/eV for the classes of the surfaces
studied. This leads to a universal volcano relationship, metal-doped BaO-terminated
are shown by red circles and transition metal-doped TiO,-terminated are shown by

black squares.
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5.3.3 Energetics and electronic structure of Fe- and Ni-modified BaTiOs
As a first sanity-check whether the modification of BaTiOs; by Fe and Ni

doping on the perovskite B site can be feasible, we consider the formation energy of
structures with mixed compositions. The formation energy E}f #Th-xBx03 of o structure

with composition BaTi;.xB,0; (B = Fé, Ni) relative to the end members BaTiQ; and
BaBO; is given by

EfBaTil—xon3 — [BaTij—xB;05 _ (1- x)EBaTiO3 — xEBaBOs (5.6)

where EBaTl-xBx03 pBaTiOs - anq FBaBOs gre total energies obtained from (VASP)
DFT calculations. With this definition, negative formation energies mean that doping
with species B is facile. The thermodynamically stable compositions lie on the lower
convex hull of all negative formation energies (Urban et al., 2016).

Figure 5.6 shows the formation energies of compositions with 25%, 50%, and
75% Ti replaced by species B. These compositions were chosen as a proxy for the
general mixing energetics, as they can be realized with relatively small numbers of
atoms. To ensure convergence to the correct configurational and electronic ground
state, we enumerated all symmetrically distinct Ti/B arrangements in structures with
unit cells containing up to 8 ABO; formula units (i.e., 40 atoms) using a technique

developed by Hart and coworkers (Hart et al., 2012; Hart and Forcade, 2009).
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1 L l
0.00 0.25 0.50 0.75  1.00
x in BaTiq.,B,0;

Formation Energy (me\/IABOg)

Figure 5.6 Formation energies for BaTi; .B,0; with B = Fe (red) and B = Ni (blue) in
the cubic and tetragonal perovskite structures obtained from enumeration of 826
distinct atomic configurations and spin orderings. The (high-temperature) cubic
BaTiO; structure was used as reference for the formation energy, so that negative
formation energies mean that doping of BaTiO; with species B is facile. The stable
compositions are indicated by filled circles and connected by solid lines. 820 unstable

and metastable structures are shown as red stars (Fe) and blue triangles (Ni).
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Since the eiectmmc convergence can be preblematlc (espec;ally for
com.posmon.s conta“u.nng d Fe' ) every calculation was addltionally repeated with
different initial spm states (low sp;n/hlgh spin) and spin orderings (ferromagnetlc and
antlferromagnetlc) for all Fe and Nl atoms, so that a total of 826 conﬁguratlons are
evaluated The energles of all of these structures are vzsuallzed m: qure 5.6.

| As seen in Flgule 5.6, the.negatwe formatlon energies zildieete that Ni and Fe
doping of cubic BaTlO_:;, e, the stable BaT;QS strueture at sohd—state synthesis
conditions, is enezget_ically favoreeie in the bulk. 'Note', however, ihat :the reference for
Ni doping in the figure .is Ithe (I;ypotheticai) c_ub.ic BeNiC)g s.t.zl_'u:_e.t;re, wher_eas the
thenhodynamic Qouhd state sfrticture is actualij} hexagonal. The cubic reference is
chosen as it allows to 'e.stimate .the tendency for phase separation in the same
structural framework, which is the relevant quantity when only small amounts of Ni
are doped into BaTiOs. The formation energies relative to the hexagonal BaNiO;
structure (not shown in the figure) are generally greater than 0.2 eV/4BO; , which
means that compositions with comparable Ti and Ni concentrations are
thermodynamically unstable against phase separation into the parent perovskites. For
Fe there is no such ambiguity regarding the reference structure, as BaFeQ; forms in
the cubic perovskite structure. Hence, our calculations predict with reasonable
certainty that mixed compositions containing Fe and Ti on the B site can be
synthesized

The electronic density of states (DOS) was computed for the most stable
structure at each composition to gain insight into the effect of compositional
modification on the electronic structure and conductivity. The results are visvalized in

Figure 5.7. Note that the band gap of BaTiO; predicted by our GGA calculations (1.7
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eV) is 51gn1ﬁcantly smaller than the band gap observed n optzcai absozption and
electroabsmptmn measurements (3 2 3.4¢eV) (Wempie 1970) For t1an31t10n metals
w1th ﬁoﬁ -empty d bands this error can be expected to be even Iazger .so.that a
Hubbard~U correctmn 'was emplegzed for Fe and N1 as descﬁbed mn the neethods
sectlon The electromc ground state conﬁguratlon of each Fe coﬁtammg e01ﬁe031t10n
was found to be hlgh spm w1th antllferromagnenc. ordermg, reseltlllg in symmetrlc
DOS plots, as see_nfm Figure 57(a) Since th_e:_:d“f __electromc__ge_n:ﬂguratmn o_f Fe**
might potentially fe%/er Jahn-Teller 'distorted geeieetries we aeeeeunodated fer such
dlstortlons by breakmg the symmetry of the mmal structures. Subst1tutmg Fe for Ti
results in narrowing of the band gap and in the creauen of defect states S0 that the
mateelai becomes metaﬂzc, whlch 18 11_1 line w1thi eur_ expectatiql_ls, ae outlined in the
introduction. | | | N\ B

For the Ni containing compositions low spin configurations were found to be
stable, which is not surprising for &° Ni*", However, structural distortions, possibly
due to the difference in Ti"" and Ni*' ionic radii, resulted in a small net magnetic
moment, breaking the symmetry of the DOS (Figure 5.7(b)). As in the case of the Fe
compositions, mixed Ti/Ni compositions are predicted to be metallic. Hexagonal

BaNiO; whose DOS is shown at the very right is, on the other hand, a semiconductor.
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Figure 5.7 Electronic density of states for pristine and (a) Fe-modified and (b) Ni-
modified BaTiO; compositions. The most stable structures of Figure 5.6 were used.
For each structure, the majority spin density is shown to the left and the minority spin

density to the right. All plots have been aligned at the Fermi level ef. The cubic

structure refers to space group Pm3m (=0) and the hexagonal structure belongs to

the space group P6;/mmec.
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Figure 5.8 Species-resolved electronic density of states (DOS) for pristine and (a) Fe-
modified and (b) Ni-modified BaTiO; compositions. This data was obtained as the
sum of the orbital-projected partial DOS (PDOS) for all atoms of each atomic species.
Note that the intensities depend on the chosen atomic radii (we employed VASP

defaults). The structures are the same as in Figure 5.7.

By summation over the orbital-projected DOS for all atoms of each chemical
species the species-resolved (partial) DOS was obtained (Figure 5.8). As seen in the
figure, the valence band edge of BaTiO; is dominated by oxygen states, and the
occupied s and p Ti states contribute mostly to density that is more than 1 eV below

the Fermi level. The conduction band is mostly given by the empty Ti d states. The
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partially occupied Ni and Fe d orbitals give rise to additional occupied and vacant
states near the Ferm1 level which leads to metalhc {or semlconducnve) behavior.
Together with the trends in the fofmanon energies from above, we conclude that Fe
dopmg of BaTiO; is 11kely to be feasxble and w1ll result mn electrlcal conductivity. Ni
doping might be posszble m smail quantlties and Ni-modified BaT103 is also likely to

be metallic.

5.3.4 BaTiO; surface phases and soiubillty at catalytu: condmons

The most fundamental requlrement for any workmg catalyst is stability at
catalytic operation condmons To estimate the pH and potent:al dependent stability of
BaTiO; against dlssolu_ti_on, we pomputed the _Pourbazx dlagrams for Ba and Ti,
corresponding to the BaO- and TiOs-terminated BaTiO; sﬁrfaces. The Pourbaix
diagrams are shown in Figure 5.9 and 5.10. The relevant potentials for water
oxidation are above the top dashed line that intersects U= 1.23 V at pH = 0 in Figure
5.9 and 5.10. Further, water electrolysis over perovskite oxides is typically more
efficient at alkaline conditions (Bockris and Otagawa, 1984), so that stability at high
PH is most important. As seen in Figure 5.9, Ba favors dissolution at a wide range of
PH values and potentials either as Ba* or as BaOH". Barium oxide is only stable at
high potentials that are not relevant for (efficient) water electrolysis. Hence, it is

unlikely that the BaO-terminated BaTiO; surfaces are stable at operation conditions.
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Ti0;-based catalysts for water splitting are known (Kudo and Miseki,
2009) so that it is not surprising that the situation is different for Ti. -Indeed, TiO; is
predicted by the computed Pourbaix diagram to be the stable Ti phase at the relevant
potentials 1ndependent of the PH value, as seen in Flgure 5.10. From the Ba and Ti
Pourbalx dIagrams one can conciude that only the TlOz—termmated BaT103 surfaces
are reievaet at the condltlons reqtllted Ifo.r. .v.vater eiectrolyszs Not only dissolution, but
aisolp.olso.mng df the ectlve surface 51tes may lead to catalytxc deactlvatxon Further,
water. moleeu}es may.react w1tld resxdual actzvated oxygen sﬁetnes on the catalyst
surface (Sencr ét al 2016) We therefore computed the pH and potentlal dependent
surface phase diagram of BaT:Og, exam:nmg small molecules that could potenualiy
act as catalyst pmsons. We .only conSIder the (001) surface w1th both Ba0 and TiO,
termmatlen as 1t 1s by far the most Stable fer BaT103 (Padllla and Vanderbzlt 1997).
In addition to the reaction mtermedlates of the OER ie. HZO OH, O OOH, and O,
we also looked at the adsorption ef hydrogen molecules on the surface and at

formation of oxygen vacancies. For each of the molecules/defects, surface coverages

) 11 3 -
equivalent to 1, 73 and;monoiayers were modeled and the results are shown in

>
Table 5.3.

The resulting surface phase diagram is shown in Figure 5.11. Despite the
various considered adsorbants and coverages, we find that only three different phases
are predicted to occur: (i) The hydrogen-covered TiO;-terminated surface is stable at
very negative potentials (reducing conditions), (ii) the bare BaO-terminated surface
has a small stability region at high pH and low potential, and (iii) the bare TiO»-

terminated surface is stable over the remaining area of the phase diagram including

the relevant regions for water electrolysis. Based on the computed Pourbaix diagrams




112

and the surface phase diagram, the TiO,-terminated BaTiO3(001) surface is stable at
the pH and potential required for water electrolysis, and it is not sensitive to poisoning

- by the reaction i_n_tem_ed;iat;:s and hydrogen.
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Figure 5.11 Stable BaTiO3(001) surface phase as function of the pH and the applied
potential. The clean BaO and TiO, terminated surfaces were considered, as well as
these surfaces with hydrogen coverages between 1/4 and 1 monolayer (ML). As in
Figure 5.9 and Figure 5.10, dashed orange lines indicate the water oxidation and

reduction potentials.
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~Table 5.4 Summary of adsorption energies of intennediate_ molecuie (H*, O*, OH*
* . and OOH¥) on BaO a_n__d TiO; terminated. The coverage of 4AML,1/2ML, 3/4ML and

1ML are considered. -

- Terminated -__Co__verage_ EpieV — Eg/eV. . EopdeV. — EgoueV.

14ML° 048 248 141 346

C2AML 056 - 254 175 0 3.62
BaO ' _

S UBMAML 0.65 250 1.05 0 340

CIML - 0650 0 262 0 122 o 403

C14ML T 2.45 396 114 436

2/4ML 2.52 437 137 4.48

TiO,
3/4ML 0.03 345 138 4.13
IML 080 445 145 451

3.3.5 Oxygen evolution reaction over pristine and Fe-/Ni-modified BaTiO;

Having established that electrically conducting Ni- and Fe-modified BaTiO;
can potentially be made and that the TiO;-terminated BaTiO; (001) surface is likely to
be stable at operation conditions, we proceed to evaluate the reaction free energy
profile for the OER as described in the methods section. The surfaces of the modified
compositions were modeled by replacing a single surface Ti atom with either Fe or
Ni, and the sites on top and next to this defect were considered for the adsorbed

species.
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Figure 5.12 shows the reaction free energies for water oxidation over pristine
(black), Fe- modified (red), and Ni-modified (blue) BaTiO; at the ideal potential of 7
= 1.23 V (solid lines) and at the predicted required overpotentials (dashed lines)
following the elemental reactions of Eq. 5.1. The overpotential for the reaction on the
ideal TiO,-terminated surface 15 7 = 122 V. Fe and Ni doping reduces the
overpotential to 0.91 V and 0.89 V, respectively. On the unmodified surface, the
potential-determining step is the second hydrogen dissociation from *OH to *O.
Interestingly, Fe and Ni affect the reaction pathway in fundamentally different ways:
Fe results in stronger binding of all three reaction intermediates, which reduces the
overpotential but maintains the OH dissociation as potential-determining step. In
contrast, Ni stabilizes the *OOH binding, so that the reaction from *OOH to +O,
becomes the potential-determining step. Although, the reduced overpotentials for Fe-
and Ni-modified BaTiOs are still too high to compete with Pt-group water electrolysis
catalysts, or with La-based perovskite materials (Bockris and Otagawa, 1984) the
large differences in the reaction profiles demonstrate that small compositional

changes can have a strong positive impact on the catalytic activity.
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Figure 5.12 Reaction free—energy_diagram for the oxygen evolut.ion reaction over
ideal (black) and Fe (red) and Ni (blue) doped BaTiO; foiiowing the eleme_:ntary
reaction steps of Eq. 5.1. The solid lines indicate the reaction pathway without applied
potential (U = 0 V) and the dashed lines are the reaction profiles at the required
overpotentials for ideal Ti (7 = 1.22 V), Fe dopants (# = 0.91 V), and Ni dopants (7 =

0.89 V).




116

5.4 Discussion_

In this work, :‘:,:ve .demc.);ﬁétratéc.i that compositional_ m_qdi_ﬁcati_o_n_ of inexpensive
and earth-abundant BaTiO; may improve its suitabiiity .z.is. 'é.r.l(;de mater;al for water
electrolysis. We showed thaf._}ébl.acmg: Ti With'lﬁ‘c_ or Ni on the pgrovskite_:'ﬁ site is
likely to improve Ithe_ electncal ..c:onductivity and reduces the ove.fp.q_t_éntia_l. for the
water oxidation reaction. Using computed Pourbaix diagrams and .pH;ﬁotential
dependent surface phase diagrams we further showed thgt the_ Tin-tenninated
BaTiO;(OOl) sﬁr.féc.e. i.s stable..“at water eieCtréiysis cohditiohs and ﬂﬁat 1t is not
sensitive with respe.c;f.t;;)c).isbn.iﬁgi by reaction intermediates or hydrogen. We note
that Fe and Ni can both assume oxidation states lower than 4+ and may give rise to
oxygen deficiency when sugstituted on the B site in BaTiO; (Hagemann and
Hennings, 1981). Indeed, slightly oxygen deficient BaFeOs.5 is.known to be stable,
and strongly oxidizing conditions are required to synthesize stoichiometric .Fe(IV)
BaFeQ; (Hayashi et al., 2011). Since oxygen vacancies have previously been found to
play an important role in CO oxidation (Elias et al., 2016),we can currently not rule
out their involvement in water oxidation over modified BaTiO;.

Another assumption made implicitly in the present study is that Fe and Ni
dopants are stable against dissolution. Since the ideal TiO,-terminated surface is
stable, it seems reasonable that small dopant concentration can be stabilized in the
BaTiO; surface. However, if the dopant concentration is too small, the number of
active sites on the catalyst surface may become rate limiting. As remarked in the
previous section, Fe and Ni doping alters the reaction free energy profile in
contrasting ways by stabilizing different reaction intermediates (Figure 5.7). If it were

possible to simultaneously achieve the OH and O binding energies of Ni-modified
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BaTi0O; and the OOH binding energy of the Fe-modified system, a catalyst with close
to ideal overpotential could be obtained. Therefore, it would be interesting to
mvestigate the properties of Fe and Ni co-doped BaTiOs.

Finally, it is known that BaTiO; forms solid solutions with a large number of
other perovskite oxides (Lemanov, 2007), opening up a large composition space for
modified BaTiO; compositions with potentially improved catalytic activities. Such
synergistic effects are well-known for catalytic alloys (Singh and Xu, 2013; Artrith
and Kolpak, 2014), but have, in our opinion, not been sufficiently explored for oxide

material.




 CHAPTERVI

CONCLUSIONS AND FUTURE RESEARCH

LiAlO; in the natural and high-pressure phases, »-LAO and J-LAOQ, was
studied by first principles calculations based on the HSE and PBE functionals. By
analyzing the equation of states of both phases it was found that the natural phase y-
LAO is in thermodynamic equilibrium with the high-pressure phase §-LAO at 2.3
GPa (HSE) and 3.1 GPa (PBE), respectively. The homogeneous phase transformation
between the y-LAO and J-LAO was also studied. By varying the lattice parameter
c/a, the transformation path and the homogenous transformation barrier were
determined. The electronic band structures and the partial density of states of both
phases at ambient pressure were also calculated and reported. HSE calculations
showed that »-L.AO has a direct band gap of 6.54 eV in good agreement with the
experimental value of 6.2 eV. On the other hand, GGA calculations predict a
significantly smaller band gap of 4.64 eV, due to the well-known DFT problems. HSE
calculations predict the band gap of the high-pressure phase §-LAQO to be indirect
with a value of 8.11 eV, which is 24% larger than the band gap of the natural phase.

A detailed study of the phase transformations of S-LGO under different pressure
conditions was carried out using first principles enthalpy calculations. In addition to

the well-studied high pressure rocksalt-like R3m phase (RS"), we identified 3 new
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metgstable LGO phases with symmeiries oP16, 141/amd and P4,2,2, which were
- named BX', RS', and BCT’ respectwely By modehna stress loads along different
" crystal d1rect10ns 1t was found that different metastable phases can be stabilized. For
high hydrostatlc pressure only the transfonnatwn to the Weli-studmd rocksalt-like
_phas_e (RS") should take plac_e because the RS’ phase has a much higher
transformation pressure.. The [001] ' compressive .st_fess loading -can cause the
traﬁsfpnnati_on 'into_ an orthorhombic phase oP16 (HX')." On the other hand, the
uniaxial {001] tcnsiie_ stress can fstabili;e a tetragonal 'strué_t‘ur_e P4,2,2 (BCTY). -

o Based on first :pz"inciples' computations ‘it -waé -fQund.--that -compdsit_ional
modification of BaTiOs; can be an effective avenue for the design of inexpensive,
earth-abundant anode materials for electrocatalytic water splitting. At the example of
Fe and Ni doping, it was demonstrated that slightly modified BaTiO; compositions
can have greatly improved electrical conductivity and reduced overpotential for the
oxygen evolution reaction by more than 25%. Since the present work explored only a
small composition space as a proof of concept, it is likely that tuned BaTiOs;
compositions with yet better performance exists, and our results suggest Fe and Ni co-

doping as a promising approach.
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The homogeneous structural phase transition between the ngtural and high-pressure
Jorms of LIAIO,, e, y-LAQ and 3-LAO, were investigated by using first principles cal-
culations. For the exchange-correlation functional, the generalized-gradient approxi-
muntion (GGA) was used in comparison with the Heyd-Scuseria-Ernzerhof (HSE) hybrid
Jfunctional. The profector augmented wave (PAW) method was used to allow a relatively
low-energy cutoff plane wave expansion ewiside the core region while maintaining the
complicated description of the wave function near the core region. Our calaudations
showed that both HSE and GGA calculations provided comparable energetic proper-
ties. For the electronic properties, the HSE colcylations do not suffer from band gaps
underestimations but reguire much morve computation demand, The HSE calculations
showed thal, under kydrostatic pressure, the nutural phase y-LAQ #s in energetic equi-
bibrium with the high-pressizre phase 8-LAO at 2.3 GPa. The calculated equilibrium
phase pressures gre in o reasonable agreement with the experimental transformation
pressure (2 GPa) obtuined by an anvil cell technique [J. Solid State Chem. 188, &
(2008)]. However, the transformation pressure obtained by a shock recovery lechnique
[T, Solid State Chem. 177, 5 (2004)] is much higher (9 GFa). The large difference in
the inansformation pressure obiained by different experimental techniques could bz at-
tributed to the energetic tunsformation barrier between the two phoses. Based on HSE
calfeulations, the enthalpy burrier for the homogeneous (ransformation betwesn the two
phases at the phase equilibriien pressyres iz 1.8 ¢V, The beand structures and the partiaf
density of states of both y-LAO and §-LAQ at the ambient pressure are also presented.

Keywords 1iAlO;; first-principles calculations; bigh pressure

Introduction

Lithivm aluminate, LiAlO,, henceforth LAO, has potential applications in the eneray
industry as lithium battery cathodes and electrolyle tiles for molten carbonate fuel cells
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(MCFC) [1]. It has been reported that I.AO has at least four different phases, the hexagonal
a-phase [2] the monoclinic f-phase [2, 3], the tetragonal y-phase [4], and the tetmagonal 8-
phase [5], The 3-LAQ bas attracted much attention as a promising substrate for GaN-based
laser diodes, This is becauss the lattice mismatch between y-LAO and GaN is only —1,4%
along [001] LAO and [1120] GaN and ~0.1% along [010] LAO and [0001] GaN [6, 71.

The y-'to §-phase transformation of LAQ has. been experimentally studied vsing several
techmques and a wide rangeof the phase transformation pressure has been reported, i.e. from
2 GPa based on an anvil cell technique [8] 10.8 GPa based on & shock recovery technique
£5]. However, to our knowledge, there is ro cnmpu!auonai study on the transformation
published, Here, the y- to - phase transformation under hydrostatic pressure of LAO
was investigated using first principles calculations within both Heyd-Scuseria-Ernzerkof
{HSE) hybrid functional and generalized-gradient approximation (GGA). In addition, the

* electronic properties of both phases were also studied,

'Computat:onal Methods

" First piinciples caictﬁatxons were carried out to study LAO in thf: y- phase and the high-
‘pressure phase, 8-phase, The caloulations were based on the density functional theory

(DFT) and the projector-augmented wave method (PAW) [6] as implemented in the VASP
code {10}, All calculations were carried out using a high performance computer system at
the Synchrotron Light Research Instituie (SLRI), Thailand. For an exchange-correlation

. functional, both generalized gradient approximation (GOA) and Heyd-Scuseria-Ernzerhof
.. - (HSE) hybrid functional calculation [11] were used, A cutoff epergy for the plane wave
basis set was set at 500 2V and 520 eV for GGA and HSE calculations, respectively, A

A-point sampling mesk of 18 x 10 x 8 according to the Monkhorst-Pack scheme [12)
was used for the GGA caleulations. For the HSE calenlations, which required a higher
computationsl demand, & reduced k-point sampling mesh of 2 % 2 x 2 was used. In
the HSE calcolations, a consistent screening parameter of 4 = 0.2 A~ was used for the
screened nonlocal exchange as suggested for the HSEOG functional [11]. The y-LAO and
8-LAQ structures are described by the Iattice pavameters a, b, and ¢ as shown in Fig 1{z).

“Ta study 2 homogenesons phase transformation between the twe phases, 2 common it cell

size containing 16 atoms (4 Li atoms, 4 Al atoms, and § O atoms) was nsed (ses Fig. 1(b)).
The stability of each phase can be determined by analyzing the enthalpy 25 4 function of
cell shape defined using oz and B/a, as described in detail in Ref. [13]. The enthalpy ()
under hydrostatic pressure is defined as |

He=FE+4pV,

where I is the energy per unitcell, p is the pressure, and V is the unit cell volume. For each
oz and ba pair, the unit cell volume, V, is allowed to relax 1o minimize H. In principle,
for a given pressur, p, the o/a and b/a that give the lowest enthalpy define the most stable
cell shape. In practice, because &/ is the same for both y-LAQ and §-L.AO phases, the b/a
value is fixed at 1 and only the o/e ratio is varied in the range from 1.20-2.15.

Results and Discussion

The y- LAO to §-LAQ phase transformation occurs through the formations of addition
0-Li bonds and 0-Al bonds labeled by the dashed sguares A and B in Fig, 1(b) and 1(c).
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Figure 1. (a) Schematic illustration of the natural and kigh-pressure phases of LiAlOy, i.¢., p-LAO
(left) and 3-LAD {right) pheses. Large spheres represent oxygen atoms, medivm spheres: Al, and
smali spheres: L. (b) The comunon unit cells of the two pheses (¥-LAO and §.LAO), containing
16 atoms, used in the calculstions. Red dashed squares A and B highlight the bond formation during
the phase transformation (see text, for detzni) (c} ’Ihc side view of the cxystal with the dashed black
rectangles showmg aunitcell - .

The L1, Al and O ztoms at the corner of A and B squares move toward the square center
to form new bonds; making each of them 6-fold coordinated (see Fig 1{h) and 1(c)). While
we only selectively labeled the dashed squares o highlight the bond formations, actual
bond formations on the planes between A and B squares are also taken place, These bond
formations lead to the elongation of the cell shape along the c-axis, The calculated lattice
parameters of the y-LAO and §-LAO for both HSE and GGA calenlations in comparison
with the literatures are tabulated in Table. 1. Similar to the trend generally observed in
ather materials, the GGA caleulations give larger lattice parameters and cell volumes
in comparison with the corresponding HSE calculations, Nevertheless, the two sets of
caloulations give the lattice parameters in agreement to within 1% and the cefl volumes
to within 3%, Qur calculated results are also in good agreement with other computational
results. The agreement is even better when we compare the results from the calculations
that used the same exchange-correlation functional,

The calculated total energies, as a function of volume for both y¥-LAO and §-L.AD,
are shown ia Fig. 2(a), The minimum energy point of p-LAQ is lower tharn §-1AO,
indicating that y-LAO is the stable phase at ambient pressure, These energy curves are
called the energy of states (EOS). The phase equilibfium pressure is defined by the slope
of the common tangent between the EOS curves of the two phases shown using the
dashed line in Fig. 2(a). From the slopes, we obtained the phase equilibrium pressures
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: Table 1
Calculated lattice patameters (a, b and c), equilibrium volume (V) and energy gap (E;) for
. -LAO and §-LAQ from HSE and GGA calculations

y-LAD ' TS LAD
" Poesert - Present
Parameters HSE GGA Others HSE GGA Cthers
ald) 5172 L 521 5.20% 3.866 3.923 3.886¢
T 5.168% . :
- 518 :
biAy . ©. Same as g, dus to symmetry | Sanae as ¢, due to symunetey
o (&) COE250 T 6,308 6.305% 8328 8397 8.300°
B . 6.2680 :
: 6.25°
V(AY 4579 43.04 4303 3134 3219
R 42.1g%
_ 41.86°
(3] 656(84) 464(&) 63° 8.13ED 5. 74(ED)

ADFT-GGA catculaaom by Wu etal [17].
b XRE measurement by Marezio [4].
© Li nuclesr magnetic TeS0NANCe MEeAsUrcments by ngans et al, (18],
% shock recovery technique by Li et &, [5].
f measured from a single crystal growth by Czochralski method by Heo Teng er al, (15}
Na:e Tke Eh and F; in paz_emimsw indicate that thc baud gaps are direct and indirect, respectively.

of 2.3 GPa aazd 3. } G?a for the HSE and GGA calcnianons, respectxvely The calculated
“equilibrium pressure isina Ieasonabie agreement with the transformation pressure of 2 GPa

obtained by an anvil cell tec!:mqne {8]. Note, howsver, that the value obtained bya shock
recovery technique is much higher at 9 GPa [5]. The strong dependency on the measuring
technique of the wransformation pressire could be attrbuted o a transformation bartder
beiween the fwo phases. To overcome the barrier, a higher pressure than the equilibrinm
value is needed Different techmques nught have dzﬁ’erem dzfﬁctﬂty in overcoming this
bariier, :

. While the aotual u'ansfermaﬁon prucess is !oo comphcated 1o simulate with the DFT
calculations, the ca!culaﬁons of homogeneous phase transformation were proven to be
useful and possible to be performed with DFT 1evel [14]. Here, we studied the hbomogeneous
transformation between y-LAO and 8- LAQ, This was done by calculating the enthalpy,
AH = AE + pAV, along the path b/a = 1,00 at different pressures, where, E and V were
taken at the volume for which the enthalpy was minimized. The A sign means the difference
from &- LAQ. The enthalpy curves for different pressures are shown in Fig. 2(b). At an
ambient pressure, ¥-LAQ has lower enthalpy than 8« LAQO by ~0.6 eV and ~0.8 &V for
the HSE and GGA caleulations, respectively. At higher pressures, the enthalpy differences
between the two phases decrease. The enthalpies of both phases (y- LAC and §- LAQ)
are equal a1 p = 2,3 GPa and 3.1 GPa for the HSE and GGA calculations, respectively, At
this pressuse, the two phases are in equilibrinm, This is equivalent to the phase equilibrium
pressurs calculated from the common tanpent between the EQS curves of the two phases,
Above the phase equilibrium pressure, §- LAQ tum to be more stable (has lower enthalpy).
At the equilibrium pressure, it can be seen that the transformation barriers between the two
phases are~17 eV and~1.5 ¢V for the HSE and GGA calcelations, respectively, These
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Fgure 2, (a) 'I'he calcnlatad HEE toeal cnergy as a ﬁmctzcm of volume for p-LAO and §-L.AC and
the commen tangent construction. (b} The enthalpy as a function of ofz ratio at varicus pressures.
(The ¢/ ratio can be considered as the transformation coordinate of the bomogeneons transformation

. form p-LAO to 8-LAQ.) The black curve shows the eathalpy at the phase equilibrium pressure where

both phases have the sane enthalpy. The highest enthalpy point between the two phases defines the

_t;ansfgm:lab;or_l l}_an::_en (¢ and (d} are the same as (3} and (b)_ but (_:ai:ulata:_d using {FGA functional,

transformation barners are qm:e high and wonid certamiy raise the transifion pressure
real experiment beyomi the phase equilibrivm pressure. In order for the transition o take
place, not only the enthalpy of the targeted phase has to be egual or lower than the initial
phase, but the enthalpy bamier between the two phases also has 10 be sufficiently low[13],

To lower the bamier, often the pressure bas to be incressed passed the equilibrinm pressuse,

‘Therafore. itis not surprising that the transition PTessire can go up as high as 9 GPain the
shock recovery techmigue [5].

" Next, we look at the electronic properties of - LAO and § -LAQ. The band structures
of both phases at the ambient pressure calevlated using HSE and GGA are shown in
Fig. 3 and Fig. 4, respectively. From the band structiures we can see that y-LAO has a
direct band gap with the band gep values of 6.56 eV and 4.64 &V for HSE and GGA
calculations, respectively, Unlike 3-LAD, 8-LAQ has zn indirect band gap with the band
gap values of 8.11 eV and 5.74 &V for HSE and GGA calcnlations, respectively, These
large band gaps indicate that both phases of LAG are insplators, The band gap values
are shown in Table 1 in comparison with the known experimental value for y-LAO, For
8-LAQ, to our knowledge, no experimental band gop value has been reported. We can
see that the band gap valee of »-LAC obtained by GGA calculation is underestimated
compared 10 the experimental value due to well-known DFT problems, as expecied, On
the other hand, HSE caloulations [15] give the band gap in a good agreement with the

146




Enefg}"[u“."’ 1

Downloaded by [Suranares University of Technology], [Sukit Limpijumnong] at 02:37 22 August 2014

Manuscript published in Integrated Ferroelectrics

204176] T W Sailuam etal,

E X R OA B M R i '93_-"&15::02.52.1352&1&.013.&

s (b) T R R ) PR ]
:_'j_j_(j_,' —— _ TG
o = :

100 3
el

oy 3 —0s

g >0 —os
5
& E 0 N N N |

i~ T et vy T i s o
E =
3.0 S%

pA X ‘R ;;x {}M?R PR R 10 23 50 W8 IE0
| e Pariial density of siates (PDOS)
Figure 3. Blectronic band structunss and partial density of states (FDOS) of (8} y-LAD and
(1) 5-L.AQ obtained from HSE calculations. The special k-points used for the band structures plot arc
according to the cubic Brillowin zone defined in Ref, [16]. .

experiment with the error of only ~3%. Similar acenracy of the calontated band gap can
be expecied for the high-pressure phase where there is no experimental value to compare.,
To tnvestigate the source of the electron states near the band edges, the partial density of
states (PDOS) were caleulated (Fig. 3 and Fig. 4). Both HSE and GGA catculations gave
similar PDOS. Note that, because of a limited k-point sampling used, the PDOS of HSE
caleulations appears to be discontinuous especially near the conductior band minimum,
If more %-poinis were used, the PDOS would be continucus similar to what obtained
by GGA calculations. For y-LAO, the valence basd meximum is dominated by O 2p
states with some contributions from Li p. The condustion band minimum is dominated
by Li 5. For §-1.AQ, the valence band maximum is dominated by O 2p states with soms
contributions from of Al p and Li p states, The conduction band minimum is dominated
by Als,
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Figure 4. Elecironic band strustires und pacial density of states (PDOS) of {a) +-LAD 2nd
(b} §-LAD obtained from GGA culeatations.

Conelusions

LEAHD, In the natural and hish-pressure phasss, nemely +-LAG and B LA were studled
by first prineiples caloalations with HSE and GOA functional, By analvziag the equation
of stares of both phases, the natural phase 3 LAD s in thermodynsmic equifibriem with
the high-prossure phase $-LAG st 23 GPa and 3.1 GPa hesed on the HSE and GOA
ealoutations, respectively. The homegeneous phace transformation berwesn the y-LAD
and S.LA0 was also stodied. By varying the latios paramneter o/, the tronsformation
path and the homogepous transformation berder was detarrmined. The electronie band
structures and the partiel density of states of borh phases ut the amblent pressore wers
alsoy cefeutated 2nd reporied. HSE calenlatiops showad thar 3-LAD has a direct baed pap
with the band gap valve of 6.34 eV in & zood agreement with the experimentst values of
6.2 ¢V, On the other hand, GGA calonlations gave the band gap value sigrificantly tower,
Le., 464 eV, due to the well-known DFT problems, With HSE calculations, the band gap
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of the high-pressure phase §-LAD was predicted to be indirect with the value of 8,11 eV,
which is 24% larger than the band gap of the natoral phase,
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‘Reduced overpotentials for electrocatalytic water
spl:ttlng over Fe- and Ni- modlfled BaTiO;
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2016.18, 25561 Nongnuch Arrith, 1£+3 Wuuh»gral Sauuam 7 Sui(st hmpuumﬂcﬂg and

. -Alexie M i(clpak‘

Water alagirolysis Is a key tachnology for the ‘replacement of fossil fuels by environmentally riendly
aliernaiives, but state-of-the-art water axidation catslysts rely on rare elements such a5 Pt groups and
 other ncble metala In this articte, we employ first~-principles caleulations to explore the potential of
modified barum titanate [BaTiOg, sn inexpensive perovskite oxide that can ba synthesized from earth-
ehundant grecursors, for the design of efficient water oxidation electrocatalysts. Qur calculations identify
Fa and Ni doping as a means to improve the electrical conductivity and to reduce the overpotential
required for water oxidation over BaTiOz. Based on compuzed Pournaix dlagrams and pH/potentisl-
dependent surface phase dlagi‘oms we furthar show that BaTiOy is stable under reaction conditions and
is not senditive with respect 1n poisoning by reaction intermeciiates and Fydrogen adsorpion. This preof of
concept damanstrates that even minor compesitional modifications of existing materdsls may greatly improve

’ . Recelved st Septernber 2018,
Accepted 20 Saptember 2016

DOk 10.1038/c6cpliti3te
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Introduction

Water splitting into oxyzen and hydrogen s is an gttactive
technology for the production of renewable alternative fuels,*
especially In combination with fuel cells.® Under standard
conditions, the ideal voltage for the netwater splitting reaction
{5 1.23 V, which is the potential difference berween the anodic
oxygen evolution reaction (GER; water oxidation} and the
cathodie hydregen evolution reaction (HER; water reduction).
The QER half reaction that involves four elementary charge-
transfer steps is, however, typically associated with larpe over-
potentiais and thus catalysts are required to Increase the energy
efficiency. While photoratalyde water splitting (Le. driving the
reaction by lightindoced cuments) is appealing, it sequires
catalysts with simuitaneous aerivity for Both OER and HER that
at the same time also absorb light in the visible epeetrum.”
Electrocatalytic water splitdng (water electrolysis), on the other
hand, allows the individual tuning of cathode and anode
materals so that generally greater energy efficiency can be
arhieved. Unforunately, the moss efficient and stable known,
OER catalysts rely on rare and expensive Pt and neble metat

“ Dyparmment of ! Englrmering, Mossaskusers Instituie of Technology,
Candridie, MA, USA Emails narerithibatomistic.net
*school of Pliystes and RANOTEGSUT Ceuter of Excellence on Advanced
Furctional X rils, Surararee Unfrersity of Technology,
Nalfurte Bezehasima 3000, Thidland
T Present address: Depariment of Muterials Selence and Engingering, Univerfiy
of California, Berdeley, CA, USA
I These anthors contributed equally to this warl,

Uredr calaiyic aclivity, & fat that is often neglected when larger Composition spaces sre scresned.

based nlloys™* rendering a global fuel economy Based on water
electrolysis nonviable,

~On the search for inexpensive, earth-abundant, and enviren-
mentally benign alternatives for Pt group catalvsts, perovakite
oxides have emerged as a promising ¢lass of materials,”” Owing
to their tunable electronic properties, perovskite-based materials
are among the muost efficient known phetocatalysts for water
splicting.**** ‘Recently, an improved understnding of the
efectronie-structure/reactivity relationship has further sparred
the interest in perovskites as inexpensive catalysts for water
electrolysis,*™!* Motivated by these new insights, we explore in
the present artivle to which extent the catalytic reactivity of
barium titanave {BaTi};) can be controtled by slishtly altering
its chemical composition.

Batily; is one of the most thoroughly investigated ferro-
electric uxides and is used in diverse technical applications as a
piezoelectrie material, a dielectric ceramic, and as a erystal in
non-linear optics. As & catalyst, Ni-supported BaTiO, is active
far CO, reforming,™ and also water electrolysis over BaTiO,
electrodes has been reported.’*? Interestingly, in some cases
small compositional moedifications by introducing transition-
metal dopants on the Ti site {the B site in the general ABO,
perovskite formula} have been found to increase the catalytie
setivity of BaTiO, significantly. For eample, Pd-modified
BaTi0, efficiently catalyzes NO, reduction,'® and Crmeodified
BaTiO, catalyzes the reduction of nitrobenzene and aniline.'®
A strong impaet of compositional moedification on the catalytie
setivity has also besn reported for other oxides™® and
earbides,’™*® which opens up exciting opportunites for the

Fhys Chom. Cham Prys. 2036, 18 938129570 | 29461
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desipn of improved ca!;alysLs based on weil-known and abundant
materials. Since BaTiD; is both inexpensive ond non-toxie,

o Ba’n(}_phased catalysis for swater electrolysis would be highly
.. desirable. The iaxides of d° transition metals, cs;)cc;ally i and .
- dr ox:dc, are ‘known to ‘catalyze the water splitting reaction.?; K

. However, apart from having a small everpotential For water
oxidation, & suitable ancde material for water splitting must
‘also be elecmcaﬁy conducting and has to be chemically stable

- with yespect to d:ssolntwwcomswn and surface pmsonmg :

under operation conditions,

Pristine BaTiO; is a wide band gap {3.2-34. ¢V} semi-
eonductor, and poor elecwrical canductivity was observed under
conditions fer catalytic methanol oxidadon.™ In view of the
existing BaTiDg-hased catalysts, our strategy for namowlng or
closing the band gap is to introguee transition merals with non-
- empty d-bands on the B site. For this study, we consider Ni- and
.. Fe-medifizd Ba1i0; We are interested in Ni doping because

BaNi; is known to be catajytically active for OER® However,
. BaNiQ; forms in 9 hexagonal strugture (space group Poyfmme),™
netin the teiragonal {Pmm) suucture favored by BaTiO, at room
temperature, so that Ni doping might thermodynamically not be
feasible. On the other hand, BaFe(l forms in a cubic (Pm3n)
strueture,” which is the stable BaTiQ, structure at lemperntures
above 120 °C, L undey solid-state synthesis conditions.* BaFeQ,
is additionally more likely to form a selid soluton with BaTiOy
because of the similar fonie mdius of #e'* and Ti*7 (58.5 pm and
60.5 pm, respectively™ . )
In the case of lanthanum-based peravskites, the catalytic
-activity was found to vaty strongly with the surface coverage®®
.. Thus, to determine the pH and potential dependent surface
phases and o estimate the stability of BaTiO, under the
conditions reguired for water electrolysis, we further determine
computational Pourbaix disgrams and surface phase diagrams.

1 the following Methods section, we will provide a brief
overview of the computational setup and the technigues used.
e the Results section, we fiest establish the energetics of Fe and
Ni doping and their effect on the electronic structure and the
band gap of BaTi0;. Next, the most stable BaTi0; surface phases
under crtalytic conditions are determined before evaluating rhe
reaction free energies for water oxidation over pristine and
Fe/Ni-modified BaTiO, surfoces. Finally, the compuzational
results are critically examined in the Discussion seeticn.

Methods
Density functional theory

Density functional theowy {DFE) caleulations were used to
obtain first-prineiples prediedons of phase stbility, adsomption
energies, and electronic structure propercies.

To obtain reasenable band-gaps, electronic density of states
(pOS} calentations of Fe and Ni-doped BaTiO; bulk struciures
were carried our using Hubbard-U comrected DFT (DFT+D)
caleulations in the rotationally invariant formulation ** The
U parameters for Fe and Ni d clectrons were 4.0 £V and 6.0 eV,
respectively, following the parametrizatdon by Jain e ol

28562 | Fays Charn Them Piys, 2016, 18, 2856126570
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Fig. 1 Bulk structure models for {al BaTiOy {b} BaTiypoNip 20 ond
(e} BaTls s5Feq 2905, The structures of the Niv and Fe-doped compasitions
were determined by enumeralion as described In the text. (0} Exarmple of s
Fe-modifint Ti0y-terminated 8aTiOH004 surface slab model with adsorbad
SO0H. The structure models were visuaized using tha VESTA seftware, ¢

All BOS ealeulations employed the Perdew-Burke-Ernzerhof
{PBE) exchange-correlation funcdonal™ and projector-augmented
wave {(PAWY™. psevdopotentials as implemented in the Vienna
Ab Initér Simulation Packsge (VASP),* and the cutoff for plane
wave exgansions was 520 cV. Energies and forees were converged
0 0.03 meY per atom and 50 meV A%, respectively, For geometry
and cell optimizations of bulk structures, point meshes with 2
density of 1000 divided by the number of atoms were employed,
which corresponds to a 6 % & % 6 mesh for the primitive BaTIO;
unit cell. 'Three times finer Apoint meshes were usad to converge
the DOS. Structure enumierations were done based on the method
by Hart and coworkers®>® using the Python Materials Genamics
{pymatgen) tool ™ Examples of bulk structures for pristine and
modified BaTiO; see shown in Fig. Ta-c.

Pourbaix diagrams, surface phase diagrams, and reaction
free energy profiles were obtained using the DFF implementation
in the FHEaims software,*® FHEaims uses local basts sets of
numerie atamic orbitals for the representation of wavefunctions,
which 1§ more efficient than plane waves for surface models. To
obtain accurate adsotption encrgins, these caleulations emplayed
the revised PRE (REPBE) functional by Norskov et al,,*® which has
been widely used in the area of computational casalysis and
improves the accuracy of adsorbant binding energies compared
to PBE*® In addition, the method by Tkatchenko and
Seheffier** was used to carrect for the missing van der Waals
interaction af this level of DFT. All FHI-zims caleulations
further included reladvistic corrections at the level of the
Aromic ZORA approximation.®
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. For optinzal computational efficiency, geomeiry optimizations -

with FHI-nims employed the predefined light basis set {4th order
expansion of the Hartree poteatial, radial integration grids with
302 points in ibe outer shell, and a tier 1 basis set]. Structural
energies were subsequently refined with the Hght bosis set
foth order mepension, 434 grid poins, and a tier 2 basis ser).
All these calculations employed k-point meshes corresponding to
EES E 8 for the BaTio; buik structure. o

Stmc!‘um m()f.iel‘i

‘At rdom temperature BaTiO; crystallizes in a tetragonal structure
{space group Pimr) in which the atoms are slightly displaced
“from their sites in the idesl symmetric cubie (Pm3n) perovskite
"structure. %47 This atemic displacement results in ferroelectrie
- potarization parallel to the (002) plane, In this work we consider
the non-polar (001) surface,™™*® -
. “Symmetric surface slab models with a surface area of 2 % 2
“surface unit cells, a thickness of 5 atomie loyers, and 15 A of
vatuum were used to model adsorption of OER intermediates

“-and hydrogen on BaTiO; surfaces. The lower 3 layers of the -

slabs were kept fixed ar the bulk ziomic posidons, and the
topmost 2 fayers were fully relaxed. An exampie of asurface slab
model is shown in Fig. id.

AL 128 °C, BaTi0; undergoes & phase transition to the cuble
* 7 {Pm3n1) perovskite structure, which 15 thus the relevant stroeture
- under synthesis eonditions. To estimate the feasibility of Ni and
‘Te incosporation, we therefore considered the formation energy
o of nnxcd campcsmmxb in :he cuinc structure,

Pourbaix and surface-phase disgrams

Pourbaix diagrams map the preferred swates of an eleetro-
‘chemical system in equilibrium as a function of the electro-
chemical potential and the pH value and, thus, allow in the
context of this work to predict whether an oxide s stable or
if disselution is thermedynamically favorable. To essimate the
stability of the catalyst under operation conditions, we computed
Pourbaix and pH/porential-dependent surface phase diagrams.

~The Pourbaix disgram for a chemical species 4 is con-
structed by considering all relevant electrochemical equilibrin
of A in aqueous solution

A+ 1y pH0 &= HAOL + g B g7 with 27 nee - e

Paper

“Following the Nernst equation, the free energy of the
agueous species, HACE reiat;ve to a free atom of species A
can ;hcn be estimated as

AG .‘?.AGEHE o o= @ llsp — My FpT23pH + by T!nlfﬂxdo},

where AGg,y;: is the free energy relative to the standard hydrogen
electrede (SHE} under standard ambient conditions, elgug, is the
energy due to the elecrochemical potential By relative to the
SHE, 7;, 40} is the activity, &y s Bokzmann's constant, and T is
the tempearasare {for a derivation see ref. 50} Note that the factorof
2.3 in front of the pH increases from the approximate conversion
of the natural to the common logarithm,

The relevant electrochemical equilibria for Ba and T are
shown in Table 1. Since uncorrected DFT energies are not
sufficiently aveurate to predict relizble Pourbaix diagrams,™
measured vajues of the relative free energies under standard
canditions, AG®, were obtained from thermochemical tables.**
However, DET surface-slab caloulstions were employed to
evajuate the adsorption eneryy of reaction intermediates on
the BaTiG, surface and the defect formation energles for the
creation of surface Ba, i, or O vacancies

AG’curﬁ:w ~ -&mnﬂ -Elr)it.gl * Asad&'.a

where E005 and £, are the energies of the ideal and the

reepnstructed surfaces, and A,z 5 the free energy change
of the adsorbants. Combining these DFT energies with the
solvation free energics from Table 3, the stable surface phases
at different pH valoes and electrochemical potentials were
determined.’® A detailed deseription of the approach can be
found in ref, 50.

As is commonly done,** the binding enerzy of O, was
referenced to the energy of a water molecule in the gas phase,
35 = B Y bocanse of the Jarge DFT error for molecular

axygen.

Reaction feee encrpy profiles

e consider the catalyde oxypen evelution reaction (GER) by
water oxidation in four elermentary reaction steps each involving

Table i Relative free energles of specles nocurdng in the Ba and 11 Pourbaix disgrams under standard smblent conditions (25 *C and 1 bar), The frea
enargies relative to the standard hydrogen electrede (SHE), Ay, wore taken from rel, 41 All activiies o, were taken to be equal to 1078 M

Electrochemicat equilibria A0gy (V)

AG{U, pHY (V)

Ba wx Ba® + 2" ~5.61

Ba -+ MO w Ba{OH) M 207 -5.11
Bat £ IHL0 =2 Ba0u{s) ¢ 41" + qe” ~-3.08
o T e 3563
Ti + 2Ha0 3= TiOL™ + 4H" + 62 6.59
Ti + 2H0 == Tidls) + aH' + 4e” ~3.91
2420 ¢ 267 2= 2087 + Hy(g) 0.00
10:fg) + 2H' # 2 == “20 ~2.46

Hug s

—2elge + 0026 Inaggy. — 5.81
~Zellgg = DAGEPR + 002610 2ppmye — §.11
—dellqy — G.236pH — 1.08

—FaUsyg » 0.026 i trrgee — 363
~Gelp — 0.238pH + 002010 oy 2 +0.59
~ 4ol — GII6PH - 391

2elgqe + :118pH
2etign; + L118pH — 246

Prye Therr Ohers Phys., 201618, 2956125570 | 29553
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Table2 Zerg-point energy cormections [AZRE) and entropic contibutions

{743} to the free energy for adsorbed and gas- p‘:ase molacuies unde;

standard conditions taken from el §5

Species TAS (V) AZPE (e¥)
H,0f) 0.67 - D56
H.{g) Q.41 . 0,27
*0 Q.00 0.05
*OH .00 0.35
*00OH 060 0081

: 0.80 024

:.4‘}.{

the transfer of a single elecimn—pmmn pair {* mpresems the
eatalyst adsorption siteh

HyO4 s == sOH+H 407 . . 1
*OH gzt 2O HY g™ it
4044 Hp0 = 3OO+ HT 26~ . T

COOH = 54 O + HY oo™ IV
31,0 vt O, 1AH 2 de s '

‘Fhe reaction free energies of these charye transfer steps at the
ideal equilibrium potendal (IF = 1.23 v} determine the over-
potential 1 that Is vequired to drive the overall seaction. =5

Using the computational standard hydrogen electrode
(CSHE} approach, the maction free energy AG of the charge
ansfer reaction AH == A+ H™ + e~ under standard ambient
conditions (U= 0V, pH = 0, p =1 bar, = 25 *C) can be related to
the reaction AH == 4 + JH,.""* The reaction fice energies of
the individual charge tmnsfcr steps, AGy, AGy, AG’I,,, and AGW,
were approximated as :

AG; = AE; + AZPE; — TAS; ~ el, @)

where AE;was obtained a5 a difference of DFY energles, and the
zero-point enerpy (ZPE) difference, AZPE;, and the vibmtional
entropy <ontributions, TAS;, were taken from ref 55 {see
Table 2). The final term in eqn {2) zccounts for the electrode
potwential ¥ (¢ is the elementary charge). For a given catalyst, the
overpotential is thus given by the smaliest potential # such that
for =123 ¥+ g 2l reaction steps are exothermic, Le. AG: < 0.

As in the case of surface Pourbaix diagrams, the binding
energy of molecular O, was referenced to the energy of water,

Results
Energetics and electronic structure of Feo/Ni-modified BaTiO,

As 5 first sanity cheek whether the modification of BaTiO, by ¥
and Ni doping on the perovskite B site can be {easible, we
consider the formation energy of structures with mixed com-
positions in the cubie and the tetragonal perovskite structures.
The formation energy £77++ %™ of a structure with composition
BaTi; . B.0; (B = Fe, Ni) relative to the end members BaTi0; and
BaBO; is given by

E;am,_\moa w BB (] EBTO gy )

29564 | Frys. Chem Chem Shys, 2016, 18, E95B1-20470

 Formation Energy {meV/ABO,)

PCCPR

.25 050  0.75
X in_BaTi,_xona

0.00 1.00

Fig. 2 Formation enzrgles for BaTh...5.0: with 8 = Fe fred) and 8 = Ni
{oluel in the cublc and istragonsl perovskite structures abiained from

enuinaration of B26 gistinet atomic contigurations and spin orderings. The
fhigh-temperature} cuble BaTIOs struciure was Used as a reference for the

"+ formation energy, so that negative farmation energics mean that doping of

cubic BaTiCh with species B i facile, The stable compositions are indicated
by fitted circles and connected by solid iines. 820 unstable and metastable
structures are shown as red stars {Fel and biue triangles {NiL

where FBT-r0 gUaT0 qnd 594803 yre total energries obwined
from {VASP} DFT caleulations. With this definition, negative
formation energies mean that doping with species B is facile.
The thermodynamnically stable compositions lie on the lower
convex hull of alf negative formation. energies.™

Fig. 2 shows the {ormation energies of compositions with
25%, 50%, and 75% Ti replaced by species B, These composi-
tions were chosen as a proxy for the general mixing energetics,
as they can be realized with relatively small numbers of atoms.
To ensure convergence to the correct configurational and
electronic ground state, we enumerated all symmetrically distinet
T8 errangements in structures with unit cells containingup te 8
ABO; formula units {Le. 40 atoms) using a technique developed by
Hart and coworkers.* ™ since the electranie convergence can be
problematic {especially for compesitions conwining @ ¥2'7),
every caleutation was additfonally repeated with different initiat
spin states {low spin/high spin) and spin orderings {ferromagnetic
and antiferromagnetic) for all Fe and Ni atoms, so that a total of
526 configurations was evalusted. The energies of ail of these
structures are visualized in Fig. 2.

As seen in Fig. 2, the negative formation energles indicate
that Ni and Fe doping of cubic Ba%i(y;, ie the stable BaTio,
structure ussder solid-state synthesis conditions, is energetically
favorable in the bulk. Note, however, that the reference for Ki
doping in the figuse is the (hypothetical) cubic BaNiO, structure,
whereas the thermodynamie ground state structure s actuatly
hexagonal. The cubic reference was chosen as it allows us to
estimate the tendency for phase separation in the same strug-
tural framework, which is the relevant quansity when only small
amounts of Ni are doped into BaTiO,, The formation energies
relative to the hexagonal BaNiO; structure (not shown in the
figure) are generally greater than 0.2 eVIABO,, which means that

Tres vt
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compasitions with comparable T and Ni concentmations are
thermodynamically unstable against phase separation into the
parent perovskites. For Fe there is no such ambiguity regarding
the reference structure, 25 BaFe0; forms in the cubke perovslkite
structure, FHence, our caleulations predict with reasonsble
certainty thar mixed compositfons containing Fe snd ' on the
B site can be synthesized.

The electronic density of states {DOS) was eomputed for the
most stable structure at each compesition to gain insight into
the effect of compositipnai medification on the clectronic
stiseture and conductivity. The results are viswalized in Fig. 3.
Note that the band gap of BaTi0, predicted by our GGA caleula-
tions (1.7 eV) is significantly smaller than the band gap observed
in optical abserption and electroabsorption measurements
{3.2-3.4 eV} For transition metals with nomempty d bands,
this etror can he expected to be even larger, so thata Hubbard-t
correction was employed for Fe and Ni, as described in the
Methods section.

The elecaonic ground state configuration of each Fe con-
tining composition was found to be high spin with antiferro-
magnetic ordering, resuliing In symmetric DOS plots, as seen

in Fig. 3a. Since the d° electronic configuration of Fe** might
potentially favor Jahn-Teller distonted geometries, we accom-
modated for such distortions by breaking the syrmametry of the
initia} stroctures. Substituting Fe for Ti results in narrowing
of the band gap and in the creation of defect states, so that the
material Beromes metailic, which is in lise with our expectations,
s cutlined in the Introduction,

For the Ni containing compositions iow spin configurations
were found to be stable, which is not suprising for d% Ni*'.
However, structural distortions, possibly due to the difference
in TI** and Ni*" ionie radii, resulted in a small net magnetic
moment, brealdng the symmetry of the DOS {Fig. 3b}, As in the
case of the Fe compositions, mixed ‘Ti/MNi compositions are
predicted to be metallic. Hexagonal BaNiQy, the DOS of which is
shown at the very right is, on the other hand, 2 semiconductor.

By summztion over the othital-projected DOS for all atoms
of each chemical species the species-resolved (partial) DOS was
obrained (Fig. 4). As seen in the figure, the valence band edge of
BaTiQy, is dominated by oxygen states, and the occupied s and
p Ti states contribuie mostly to density that is more than 1 eV
below the Fermi level. The conduction band is mostly given by

Phys Chern, Chern Phys. 2016, 18, Z8561-25570 | 29565
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ohtained as the sum of the orbitat-prolected partial DOS (PROS) for all atoms of each a‘som C sp:c:es Noiﬂ that the intensitles depand on the chosen
atamic mdit {we amployed VASP defaults), The structures are the zame a5 in Fig. 3,

the eropiy Ti d states, ‘The partially occupied NI and Fe d
orbitals give rise to addidonal oecupied and vacant states near
the Fermi level which leads to metallic (or semlcondumve)
behavior

Together with the trends in the formation energies from
above, we conclude that Fe doping of BaTiO, is likely to be
feasible and will result in electrical conductvity. Ni doping
might be pessible in small guantities, and Ni-modified BaTiQ;
is also likely to be metallic,

BaTi0; surface phases and sclubility under catslytic conditions

The most fundamental requirement for any working catalyst
is stability under catalytic operation conditions. To estimate
the pH and potential dependent stability of BaTi0, against
dissolution, we therefore computed the Powrbalx disgrams for
Ba and ‘T, comesponding o the BaQ- and TiO,-terminated
BaTiO; surfaces. The Pourbaix diagrams are shown in Fig. 5.

‘The relevant potentials for water oxidation aze sbove the top
dashed lne that intersects U = 123 Vat pH = 0 in Fig. 5
Furthermore, water electolysis over perovskite oxides is typi-
cally more efficient under alkaline conditions,™ so that stability
at high pH is most important.

20366 | Frus, Chern Chem Phyps, 2016 18, 20508128570

As seen in Fig. 52, Ba favors dissolution in a wide range of
pH values gnd posentials either as Ba™ or as BaOH". Barium

oxide is only stabie at high potentials that are not relevant

for {efficient) water electrolysis, Hence, it is unlikely that the
BaC-terminated BaTio, surf_aces are stable under operation
conditions.

TiQa-based catalysts for water spHtting are known,” so that it
is not surprising that the situation is different for Th indeed,
Ti0, is predicted by the computed Pourbaix diagram to be the
stable ‘13 phase at the relevant potensdals independent of the
pH value, 56 seen In Fig. 5b. From the Ba and 7% Pourbaix
diagrams, one can conclude that only the TiOstenminated
BaTi0, surfaves are relevant under the conditions required
for water electrolysis.

Net only dissclution, but alse poisoning of the active surface
sites may lead to catalytie deactivation. Purthermore, water
meolecules may react with residual activated oxygen species on
the catalyse surface.”® We therefore computed the pH and
potential dependent surface pltase dingram of BaTiQs, examining
small melecuies that could potentialiy act as catalyst poisons. We
oniy consider the non-polar {001) surface with bath 820 and Ti0,
termination.®® In addition to the reaction intermediates of the
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1/4 and 1 monolayer (MEL As shown i Hg. 8, the water oxidation and
reduction potentials are indicated by dashed crange tnes, B

8 10 12 14

OFR, Le. H,0, OH, 0, OOH, and 0, we also looked at the adsorp-
tion of hydrogen molecules on the surface and at the formation of
exygen vacancies, For each of the molecules/defects, surfice
coverages equivalent to 1, 2, 1, and } monolayers were modeled.

The resulting surface phase diagmam is shown in Fig. 6.
Despite the vatious considered adsorbants and eaverages, we
find that only three different phases are predicted to oceun
(i) the hydrogen-covered 190;terminated surface is stable at
very negative potentials {reduecing conditions}, (i} the bare BaQ-
terminated surface has a small stability region at high pH and
low potentizl, and (i) the bare FiOyterminated surface is
stable over the remaining arca of the phase diagram including
the relevant regions for water electrolysis,

g oeende Stie

Based on the comptited Pourbaix disgrams and the surface
phase diagram, the TiOpterminated BaTiOH{001) surface is
stable at the pH and potential reguired for water clectrolysis,

“and itis not sensitive to poisoning by the reaction intermediates

and hydrogen,

OER over pristine and Fe-/Ni-muodified BaTi0,

Having estzblished that elecurically conducting Ni- and Femodified
BaTiO; can potentially be made and that the TiOyterminated
BaTiO(801) surfuce is likely to be stable under operation

- conditions, we proceed to cvaluate the reaction free energy

profile for the OFR ns descdbed in the Methods section.
The surfares of the modified compositions were maodeled by
teplacing a single surfece 1§ atom with either ¥e or Ni, and the
sites on top and nest to this defect weye considered for the
adsorbed species,

“Fig. 7 shows the Teaction free energies for water axidation
gver pristine {[Hack}, Fe-medified (red), and Ni-modified (blue)
BaTid; at the ideal potendal of I = 1.23 V (solid lines) and at
the predicted required overpotentials (dashed lines} following
the elemental reactions of eqn (1), The overpotential for the
reaction on the ideal T90,-terminated surface is 4 = 1.22 V. Fe
and Ni doping reduces the overpotential to 0.91 V and 0.89 V,
respectively.

On the snmoedified sudface, the potendal-determindug step
is the second hydrogen dissociation from *OH to *0. Interest-
ingly, Fe and Ni affect the reaction pathway in fundamentally
different ways: Fe results in stronger binding of all three
reacdon intermediates, which reduces the overpotential but
maintains the OH dissociation as a potental-determining step.
In contrast, Ni stabilizes the *QOH binding, so that the reaction
from *QOH to * + 0, becomes the potential-determining step.

Although, the reduced overpotentials for Fe- and Ni-modified
BaTiC; are still too high to eompete with Pr-group water

Chem. Chern Phys, 2018, 18, 2858120370 | 295467
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the large differences in the reaction profiles demonstzate that

smali compositional changes can have 2 stmng posmve meac:

on the catalync a::umy

“BaTiO, sarface. However, if the dopant concentration is too

small, the number of active sites on the catzlyst surface may
-becomc e limiting,
“As remarked in the previous scctnon, Fe and M deping alters

: '_..'-the reaction free energy profile in contrasting ways by stabitizing

- Discussion

1n this work, we demonstrated that compositional modification
of inexpensive and carth-abundant BaTiOy may improve its
suitability 2s an ancde materinl for water electrolysis, We
showed that replacing Ti with Fe or Ni on the perovskite 3 site
is likely to improve the electrical conducdvity and reduces the
overpotensial for the water oxidation reaction. Using computed
Pourbaix diagrams and pH-potential dependent surface phase
diagrams we further showed that the TiOterminated BeTiOu061)
surface is stable under water clectrolysis conditions and that it is
not sensitive with respect to poisoning by reaction intennedintes
or hydrogen.

We note that Pg and Ni can both assume oxidation states
lower than 4+ and may give 1ise o oxygen defitiency when
substituted on the & site in BaTi0,.* Indeed, stightly oxygen
deficient Ba¥eQ;. is kasown to be stable, and strongly oxidizing
vonditions are required tw synthesize stoichiometrie Fe(n)
BaFe0,.** Since axygen vacancics have previously been found
to play an important role 151 CO oxidation,™® we currently cannot
rule out their involvernent in water oxidation over modified
BaTils.

Another assumption made implicitly in the present study is
that Fe and Ni dopants are stable against dissclution. Since the
ideal TiGterminated surface is stable, it scems reasonable
that smali dopant concentration can be stabilized on the

20568 | Prgs. Charn Cham. Phys, 2016, 18, 2858123570

.. different regetion intermedintes (Fig 7). If it were possible to
: 'simultaneously achieve the OH and O binding encrgies of
- Ni-modified ‘BaTi0; and the OOH binding energy of the

Fe-mindified system, a catalyst with close to ideal overpotential

-eould be obtained. Therefore, it would be interesting to inves-

tizate the propertes of Fe and Ni co-doped Ba¥io).

Finally, it is krown that BaTid, forms selid sohations with
a Jarge number of other perovskite oxides,* spening up a large
compositien space for modified BaTiO, compositions with
potentially improved catelytic activities. Such synergistic effects
are welknown for eatalytic alloys,™** but have, in our opinion,
not been suffidently explored for axdde matesials,

Conclusions

Using firstprinciples caleulations, we determined the formation
energies, electyonie structures, pH-potential-dependent susface
phase diagrams, and free energy profiles for water exidation of
Pe- and Nimodified BaTiO,. The sesults of our analysis show that
Fe/Ni doping is theomedynamically feasible and that even slightly
modified BaTiD; compositions can have greatly improved
electrical condustivity and Teduced overpotentials for the oxygen
evolution reaction by more than 25%. 'This finding demonstrazes
that compositional modification of BaTiO, can be an effective
avenue for the design of inexpensive, earthabundant anode
materials for electecatalytic water splitting. Cur results further
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- suggest that tuned BaTiO, compositicns with yet better perfor-
mance may exist and :denm}r 1-\: .md Ni m—dcpmgas a pmnumng
dm.’ctmn )
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Abstract
Phase transformations of B-LiGa0; (Pna2y) under different pressure conditions

are studied using first principles caleulations. Under specific conditions, LGO can exist

in various structures some of which have nol been previously reported (oPi6 and
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P42i2). Under sufficiently sitrong hydrostatic pressure, LGO can transform into a
rocksait-like structure. - Under strong umiaxial siress LGO can fransform into a
tetragonal structure or an orthorhombic structure depending on the orientation of the
applied stress. Ti_le st_ab_ility of different crysta] structures under different applied
stresses and the phase transformation processes are studied by calenlating the enthalpy

surfaces and fransformation barriers under different stresses.

Kepwords: Phase transformations, LiGaO,, High pressure
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1. Introduction

',B-Li.(}a()g {Pnﬂ;).ig Iﬁe .a.ml.}i.ent.apr.e.ssﬁ:c.: sifucturc of LiGa(),; {L.GO) that can
.. be obtamcd ina iargc smgle crystal form by a cnnventmnal Czcchmtskz melt-pulling
. mcihad i 2] Tius maiena.l has a wuﬂzﬁe denved structure w;th a good lattice match to

epxiax:ally grown GaN and ZnO thm»f' Ims Boih GaN and ZnO are technologically

1mportant matenals for b]ua. and pmplc optoc]ectmmc devxces {1,3]. 'The crystal

structure of ﬁ—L:Ga.O; (Pna2;) is an analogous of the wurlzite ZnO in which the group-1I

 Znis altemately subst:mted by group-HI_ Ga and group-I Li. Due to the relaxation of
" the oxyg'én sub-latlice aﬁd éyfnmcﬁfwbmal;iﬁg cé_n'ons,' the sﬁ-ucture of this tomary
oxide slightly differs frorﬁ the perfect Wxirtzitc-lj;rpe structure (P6zme) [4]. This
mlaxati.on is maihly a r(.asult of the differenqe between LiOs and GaQy tetrahedra with
Li0; being bigger than GaOQs. The avé;‘age bond lengths .are 1.985 A and 1.848 A for
1i-0 and Ga-0, rcspecﬁvcly‘ The difference betwéen .thc average Li-O and Ga-O bond
distances is less than 44, allowing the formaticn of an orthorhombic structure (Pna2;)
with the lattice parameters @ = 5.402 A, 5= 6372 A, £ = 5.007 A, and density = 4,187
gem” {31 BLiGa0, is known to have a band gap of 5.6 ¢V, making it a good candidate

for applications in bright UV optoelectronic applications [6,7).

Pressure induced phase .transformaiiorzs of wurtzite ZnO have been previously
studied experimentally and theoretically [8,19]. It has been predicted that a 10 GPa
tensile stress along the [0110] direction or 6 GPa compressive stress along [0001]
direction [8] could fransform a wurtize ZnO into an un-buckled phase (HX) [9]. A 7
GPa tensile siress zlong [0001] induces a formation of a body-ceniered-tetragonal phase

(BCT-4) [10]. A hydrosiatic pressure of about 8.5 GPa leads to the well-known and
3
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experimentally-observed rocksalt cubic phase [19]. First principles study on the stable
phases ard phase transformations pf LGO is scarce. Due to the similar in the structural
of BLGO (Pna2y) to that of wurizite ZnO, we propose to employ the theorctical
investigations in a _similar_manner as those have been employed successfully for the
case of ZnO [B) .. Thesc studies are very important to identify transition mechanisms and
to predict the undiscovered p_hz_ises of LGO that can be reachec.l.i.ay proper experimental

conditions,

In this v_v_ork,_ we used density functional theory (DFT) calculations to study
phase transformations of LGO under hydrostatic and uniaxial pressures. We explored
the LGO phase-space mréugh the modeling of skess loads along different crystal
directions. Three metastable phases of LGGO, namely, oP16, I41/amd, and P4212 arc
predicled based on the enthalpy surface diagrams for the transformations from ambient-
pressure f-LGO (Pna2)). The compressive stress loading along the (001} direction
produces the five-fold orthorhombic phase (0P16). The uniaxial tensile strain along
{601} dircetion stabilizes a leiragonal structure (P4212), The hydrostatic pressure leads
1o two structures that are energetically elose to cach other. One phase is the body center
tetragonal (BCT, I141/amd) and another phase is trigonal (R3m) structure, previously
found in expeniments {17f. All structures are shown in Fig. 1 and the comparison with
the analopous ones in the binary compound ZnO is shown in Fig. 2. For simplicity,
henceforth the LGO phases are named affer the analogons ones in ZnO, ie., the
orthorhombic (PnaZl) is named WZ/, the body-center tetragenal (I41/amd) is named
RS, the rhombohedral (R3m) is named RS", the orthorhombic (0P16) is named HX,

and the tetragonal (P4;242) is named BCT'.
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2. Material and methods

Fnst pfmcxpies dens:ty funcnona! lheory | (Dl" 1') caleulations with the
h gcnera}izcd gra.chent apprommatwns (GGA) as thc cxchangc correlation  (XC)
functional {1 1] was employcd Thc uEf.rasoﬂ: pscudopotcnhais with the projector
.augmented wave methad (PAW) as xmplemcntcd in ?.he VASP packagc {12] were used.
..GGA givcs the Iatm:e constant of B—LlGa(); in bcm:a_- agreement with the known
e'xperir.n.entaf 1.r.a1uc than focal demity aﬁﬁro_ximaﬁ_on (LDA) XC functional {13] which
has been used fo study ZnQ [4,14]. A iypical LGO wnit cell for the study of &
homogeneous phase transformation consists of 16 aloms (4 Li atomns, 4 Ga atoms, and 8
o atoms).. For the basis set we used the plane wave expansions set up to 520 eV and for
ﬂ_m k-point sampling of the Brillouin zone for the encrpy i.nteg;ations, we used at least
7><7>.<7_M0nkhurst-l’gck scheme {15]. For the structural relaxations, the calenlations are
con_sidcred converged when the acting forces on each atom is less than 0.1 meV/A;
corrgspon_ding o the total energies COMVErgence of ~ 0.1 meV/atom. The stability of
cach phase can be determined by analyzing the enthalpy as a function of cell shape
defined using the ratios o/a and b/, as described in detail by Jungthawan and
Limpijumnong [2]. For different loading conditions, we used distinet equations of state
from which we obtain the minimum enthalpy for each combination of c/a-6/a pairs and
loading conditions. When two phases share the same minimum enthalpy, those two

phases are squally favored.
The enthalpy (F) under hydrostatic pressure is defined as

H=K+pV, (1)
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where E is the energy per unit cell, p =—(3E/V) is the pressure, and Vis the unit cell
volume. For each o/ and b/a pairs, ¥ is allowed to relex to minimize M. In principle, for
a given b the ¢/a and b/a ratios that give the lowest enthalpy define the most stable cell
| shape. In practice, we pz;}c;u]ated tﬁc .t.:nﬂmig;).r ;st;rfé.ce_as. a function of two independent
stram paramelers, ie., _c/a and IIELI’a in the range fr.om 0.787.&.3 0.468 and 0.848 to 0,468,
.rt.zspecﬁvely. A total of 36 strained cénﬁgwaﬁonﬁ, corrc.:sponding to the increments of

0.05 in ¢/a and 0.05 in b/a in the ¢/a-b/a space (Fig. 3), were investigated,

For mmiaxial loadings, the stability of each crystal and compound can be

delermined from the enthalpy,
b - :
H ('E,E) = E{c, b, a) + ApXopg;, ()]

where I is the energy per unit cell, o; is the stress along thé i direction, g; is the latiice
parameter in the { direction, Az ig th;: cross section arca of the unit cell perpendicular to
the stress direction, and A e % O g, 38 ﬁm cxtemal.work. For the stress along the c axis, {
= ¢, Az~ ab and g, = c,. with -g. representing the curs;pressivc stress and +o,
representing the tensile stress, For each strained conﬁguraﬁnn (each ¢/a-b/a pair), the
encrgies associated with at least five different unit cells are calculated. An equation of

state (energy-volume relation) is obtained by a third-degree polynomial fit.

3. Resulfs and Biscussion

In addition to the natural phase of LGO (WZ'), there are other phases that arc
metastable and have rather low energies (within 25 meV/atom). They are orthorhombic

oP16 (HX'), and tetragonal P4,2,2 (BCT'). Fig. 3 shows the total energies of five

6
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different phases of 1GOasa f_unc_tian of the unit-cell volume, They arc ortherhombic
Ppa2; (WZ'), orthorhombic oP16 (HX'), body center letragenal I41/amd (RS"),
rhombohedral R3m (RB") and tctragonal P4;2,2 (BCT'). The minimum point of each
curve givc:a_s_#:le equ__ilib;_'i_um cohesive energy of the corresponding phase of LGQ and the
stable volume. As cxpected, the WZ' structure which is the natural phase {5] of LGO is
the cpmputa_tinng.f_ly most stable one,

. Interestingly, we also found other metastable phases close in enerpy to the
ground state WZ'. The HX' and BCT' have energies only 0.021 sV/atom and 0.017
eV/atom, respectively, higher than that of WZ'. The RS’ has the highest relative energy
among structures stodied at 0.037 eV/ztom above WZ2'. The relative cnergies of the five
phases follow the order of RS’ > HX' > R§" > BCT' » WZ'. By using the common
tangent approach [18)], two WZ-RS phase transitions under hydrostatic pressure: WZ'
— RS” and WZ' —» RS’ are predicted to take place at the equilibrivm hydrostatic
pressures of 1.4 GPa and 3.7 GPa, respectively. Table I shows the calculated
equilibium laftice parameters, bulk modulus (By), transformation pressures (Py),
stresses, and volumes for all the different phases studied under pressure conditions. The
lattive paremeters of these structures are in good agrecment with previous theoretical
and experimental datz. Because the calouiated fransition pressure wnder hydrostatic
pressure of WZ'->R8" is rauch lower than that of WZ'-»RS', in principle, the former
witl be more likely to take place and RY’ is unlikely to form. Based en this formation
encrgy plot, other pheses of L.GO cannot be achieved by applying hydrostatic
compression. We will show next that the WZ'—HX' can be achieved by applying

umiaxial pressure and WZ'->BCT’ can take place if one can apply sufficient negative
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' .hydrostatic .prcssx'jre (e, eﬁtpénd the véiumé). U We calcuiatet_i the enthalpy as a
function of two t':rﬁstal paramcters {c¢/a and }J/a); feﬁn'ing.thc .e_'nthalpy surfaces under
" different prcssum conditions. _Compres._sit_)_n: ailong the {001] dircc_ﬁon transforms W7’ —
HX by mea.ns of the redustion in't_he c ']atti;ie.paréﬁm?%:r, and consequently decreasing
the unit cell vohimé (c-éxis of HX is 1.5.87% s.h_arte.r 15_&:1 ﬂlat of WZ' with a smaller
volume of 17.45%). Fig. 4(a) and Table 1 show the lattice pa:ﬁmeters change during
" this phase transformation. The stability of the HX' phase can be better analyzed through
“the cnthaipycgiffer;ﬁce AH = I ;7% 25 2 function of t;e c:ompressive siress along
~the ¢ direction. For this, we obtained the enthalpy surface and energy cross-section
corresponding to an applicd compressive stress zlong the c-axis, -o. (negative sign
indicates comprossion) as shown in Fig. 4(a) and 4(b) for compressive stress at 0 GPa
and 3.3 GPa, respectively. We found the equilibrium stross for the WZ'—HX'
transformation is @ = 3.5 GPa. At this stress, the enthalpy of WZ' phase (four-fold) and
HX' {five-fold) phase are equal and both phases cen co-existed. The calculated
hemogeneous transformation enthalpy barrier is only 12.5meV/atom for this WZ'—HX'
transfarmation. The BCT' can be stabilized by applying tniaxial tensile stress zlong
[001] on the WZ' This fransformation occtrs through 2 combination oft 1) The
breaking of every other 1i-O bond along the [001] direction (bonds labeled 8 in Fig.
5(a)), and 2} The formation of an equal number of 1.i-O bonds (labeled A in Fig, 5(a)).
This bond brezking and bond formation is repeated between Ga-O bond and 1i-O on
allernate planes along the [010] direction. Table 2 shows the calculated lattice
pararneters for the tetragonal phase at different values of tensile stress. For WZ', ¢fa and

bla ratios are 0.787 and 0.848, respectively. Through the transformation, ba remains
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.c.o.nsta.ni {{)848), whiiﬁ c/a ;increés_cs with strass as shuwnml"xg 5. Increasing tensile
siress the; relative stébiiii"y of I%CT' with respect to that of the WZ', whileg the unit cell
v.oi._ume .increas.cs. by 5_,3%,.5.7%, 6 8%, and 7.9% for ac; 0, 2, 4.1, 6 GPs, respectively,
Because bo_th WZ.’ a;d I“Di_' s.h_a.rf: the same_b/a_xfatio at O_.848, _it is not necessary to vary
this parameter when sl.l_Ldyir_zg the relative phase stability. Fig. 5 shows cross-sections of
cnthalpy surfaces at b/a = 0.848 at different values of tcnsi.le strain. At 0 (GPz, WZ'is
the most stable crystal structure and ite enthalpy is lower than that of BCT” by 0.26
eV/atom, sce Fip. 5(b). As the stress is increased to 2 GPA (Fig. 3(c}), the enthalpy
difference .de.t:reésc..s, aﬁd at the stress of 4,1 GPa (Fig, 5(d)) the two minima, H"Z and
H¥Tbecome equ.a! This mcaﬁs thé two phases are eciualij favored and 4.1 GPa is the
cquiiibril.xm tensile stress. Abéve ﬂ-u's equilibrium stress BCT' becomes more stable, At
6 GPa (Fig. 5(c)), BC'I“ is more stabia than WZ' by 0.13 eV/atom. The enthalpy barrier
at the .cquilibrium presr;me 4.1 GPa is estimated iay measuring the AH between the
minima of the plots and their intersection point (o/a = 0.85). This gives the barrier of

only 3.36 meV/aton:.

4, Conclusions

A detailed study of phase transformations of S-LGO under different pressure
conditions is carried out using first principles enthzlpy calculations. In addition to the
well-studied high pressure rocksalt-like R3m phase (R8™), we identified 3 new
metastable phases of LGO with symmetries oP16, 141/amd and P4;2;2, which we

named them HX', RS, and BCT", respectively. By modeling stress loads along different

9
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.crystai dxrectmns, we found 1hai dlfferant meiasta.ble phascs can be slabilized. For high
'hydmstahc pressura oniy f.he kansfonnauon to ‘th:‘. weli-smdxed rocksalt-like phase

. (RS") should take place because 1hc RS' phase has a much Iughcr transformation

pn:ssuxc. 'I'he [001] com;)resswe s!ress Ioadzng can cause the transformatxon into an

. 'orthorhumbm phase aPlG (HX) On the other h:md, thc un:a.xxa] [001] tensile stress can

. stab:hzcs ateb'agonal stmcmre ?4:2;2 (BCT’)
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tetragonal (¥41/amd) - hydrostatic compression (P,) structure, (¢} the Rhombohedral
(R3m) - another hydrostatic compression (P structure, (d) Orthorhombic {oP16) -
[001] compressive stress (~a) structure, and (e) tetragonal {(P4:2;2) - {001} temsile
stress (o) structure. In the structures, the preen spheres represent Ga cations, biue
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Fig. 2. Relationship between the crystal phases of the binary compound ZnC and the
analogous ones qf the fernary compound LGO.
“Fig. 3.. Toi_‘a.l ENerpy Versus volume for ﬁv_c LOO structures: Green {R8'"), Red (WZ"),
bkack c.irsiéé (HX’), bl#ck squares _(I:QS b gi:d ‘nhif_: squares (BCT’).
Fig, 4 .(a):.t.hc.: eniﬁajﬁy surf.'a;::.c.fc.:r. ‘;he comp.ressi.cn s5iTess crﬁ -3.5 GPa and (b) 2-D
sections of the enthalpy surface maps with the compression siress o= -3.5 GPa for Ma
= 0.468 (red line) and b/a = 0.848 (blue line).
o Fig. 5 (2) Schematic comparison of W_.Z' and BCT LGO sti'ucturcs, Enthalpy (eV}as a
funetion of c/a for.b(a = 0‘_848 at different tensile stresses: (b) op= 0 GPg, (&) &= 2

GPa, (d} ox=4.1 GPa and (e} o;= 6 GPa.
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Table 1. Schematic illustrations of lattice parameters, percentage changes, Bulk
modulus By, average bond length and average bond angles for Pna2; (WZ'), oP16

(HX'), R3m (R8") and 141/amd (RS") structures under their eqoilibrium and loading

conditions.
WZ' (p= 0 GPa) HX! RS" {p 1.5 GPa) R¥
Parameters a=-3.5 - p37
Present | LDA | Bxp® GPa | Present { Bxp® | LDA" | GPa
ath) 6457 |6255° | 6372 | 6891 | 2997 | 2911 | 2903 | 8728
&(A) 5479 [536)% | 5402 | 5731 | 2997 | 2011 | 2903 | 4082
s {A) 5080 {4953 | 5007 | 4223 1 14603 | 1447 | 14400 | 40m2
bla 0.848 0.839 | 1.000 0.458
oa 0787 0613 | 4903 0.468
V(AYFn) 4493 | 4153 | 4300 | 3385 | 2255 29,09
AV%5) - 745 | 4936 -19.99
Ab(36) - 551 | -4531 -25.50
Acf2é) - 1687 | 6542 -10.65
B, (GPa) 80.93 | 95.50* 10258 | 189.2 14229 | 16470
Average bond
tengths (£)
Ga-0 1896 | 1.858° | 1.848 | 1984 | 2021 | 200 2,009
Li-0 1988 | 1.923° | 1985 | 2081 | 2208 | 214 2.161
Averape bond
angles (A%
&.Gh0r 11021 | 123% ) 1092 | 9054 | 9287 | 934 922]
oL 10868 | 10757 | 1033 | %960 | 86539 © 859 90.36

* VASP code DFT- LDA calculation by A. Boonchun et al.{14]

® CASTEP code DFT-LDA calculation by i Lei et al.[16]
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* Piston and cylinder device by M.Marezire [17]

4 General Electric XRD by M. Marcziro [5]

Table 2. Lattice parameters for the tetragonal P42,2 (BCT') LGO under fensile loading

atong |001} direction for g, 0, 2, 4.1 and 6 GPa.

BCT

Parameters | g=0 | o=2 =41 o=6

GPa GPa GPa GPa

a(d) 5.4_’)6__ 6442 | 6382 | 6364
b(A). 5406 | 5377 | 327 | sa13
cd) |5406| 5485 | 5647 | 5738
y(A%fey | 4732 4750 | 4797 | 4850

c/a 0.835; 0.832 | O0.883 0.902
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Orthwrhembic (0P16) Tziragonsl (P1,2,2)

Fig. 1. Schematic Hlustrations of the ambient arid the high-pressure crystal structures of
1.GO: (a) Orthorhombic (Pna2;) - ambient condition structure, (b) Body-centered
tetragonal (141/amd) - hydrostatic compression (P} structure, {¢) the Rhombohedral
{R3m} - another hydrostatic compression (P structure, (d) Ortherhombic (oP16) -
{001} compressive stress (—o.) structure, and (e} tetragonal ($4,2:2) - [001] tensile
stress (o) structure. In the structures, the green spheres represent Ga cations, blue

spheres represent Li cations and red spheres represent Q anions,
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Binsey oxide (o) Tevaary (LGOY

) oolen o

Fig. 2. Relationship between the crystal phases of the binary compound ZnO and the

analogous ones of the ternary compound LGO.
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Fig. 3. Total energy versus volume for five LGO structures: Green {RS”), Red (WZ'),

black circ_ieé (HX), black squares (RS’) and blue squares (BCT").

o 3EGRs = Wam 3843
o b3g v G545

23 24 0.2

Fig. 4. (a) The enthalpy swface for the compression steess = -3.5 GPa and (b) 2-D
sections of the enthalpy surface maps with the compression stress @, = -3.5 GPa for bz

={.468 (red line) and b/a = (0.848 (blue line).
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Fig. 5 (a) Schematic comparison of WZ' and BCT' LGO structures. Enthalpy (eV) as a
function of o/a for &a = 0.848 at different tensile stresses: (b) o= 0 GPa, {¢) o= 2

GPa, {d) or=4.1 GPa and {&) o= 6 GPa.
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Structural and Dynamical Properties of Water on Defected BaTiO;
Surfaces: DFT and Ab initio Molecular Dynamic Simulations
Wautthigrai Sailuam,” Nongnuch Artrlth1 Sukit Limpijumnong” and Alexie M.

: - Kolpak®
(1) Department of Mechamcal Engineering, Massachusetts Institute of
Technology,Cambridge, Massachusetts 02139, United States.
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Abstract:

Catalytic water splitting is a promising clean-energy technology for the production of
emission free fuels. Highly active catalysts based on perovskite (ABQ;) materials are
of particular interest because of their low cost and earth abundance. Here we report a
computational study of the water structure and dynamics on non-ideal ferroelectric
BaTiO; surfaces as a prototypical example. Using ab initio molecular dynamics
simulations, realistic equilibrium structures of the solid/liquid interface at operation
temperatures are obtained. The effects of surface defects and transition metal dopants
(on A and B site) on the hydration shell are assessed. Additionally, we discuss the
influence of the ferroelectric polarization direction in the (001) and (011) surfaces and
changes in the electronic structure. This computational understanding of the
water/surface interface is an important foundation for the investigation of the water
splitting reaction over modified BaTiO; and related perovskites.
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Stress-Induced ?hasa Twm:fman@ns in
LiGa0,: First Principle Study

Wautthigrai Batlpam o ﬁaﬂﬁ%ﬁaﬁ Sarasemalk’ "&ixgﬂd Angel
Mendez F@Imm and Sukit ngmmzmav
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15578, Thailand
QWmmr i %ffﬂﬁ%ﬁﬂ:f@f Erginsering, Mossachases Imetivine of Teohnology, Combeidps

MMM&W&M BRERG, Dhnied Froves

Phase transformations of SLiGa0; (Poad ) under different pressure condiions wers
studied wsing first principles celoulstions. We found that under speeific sitess
conditions, Lilia0; can be stable in different stuctures, some of which have not bean
previously veported, fe., oPl6, I8i/amd, snd P4,50.  Under sufficiestly high
hydrostatic prossure, 8 rocksalt-like siructure can be sishilized. The wdswial siresses
can stabilize the feiragons] or srihorhombic strectures; depending on the dirsetion of
the applied stress, 'We charscterized the phese transformetion processes by celoulsting
the emthalpy swrfaces on the crysizl paremetors’ space snd identified “the barriers
between each local minimum. The cguilibdum pressures between the phases am
caleulzted by using the comwmon Gpgent methed.  The deteils of sivesses snd
directions that leed fo the new pheses of LiGe0: will be preserted and discussed.

Keywaords: Phase trensformations, LiGath, High pressure
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Structural Phase Transition in BaTi0;: First Principles Calenlations
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Mmmazﬁﬂa[s, Sﬁr‘m&m& %fwsf:wﬁy af‘ Tac&m?aw ?..mm* MI&M%‘&" 30000, Thailan
*Thailand Cﬁ:zw af:f Mﬁ%im& in ?n}%ami ThEP Center), Compndisslon on H:gz,mmdm&
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ﬁhstms:t
BaTil, in the cubic ﬁ’m»::m} angd tetragonal {Mm} phases wore stmdied by

' dﬁmﬂy fanetional St gmapiﬁzs Ealmﬁaﬁm ‘T’hcir bt sgmz phzsg; @zam.mﬁs and
charge densities were studied. To ‘a{my &m pha&. szabxhzy with respect t temperature, the
crystel phonons were caleolated using the so-called fozen phonon approximation. The
tcm@@ratwexd@mdmé théﬁéz@d}mt- gummw@ such =8 cotropy, Helmholte fwe
energy, and zero-pressure heat capacity were celeulated based on the phonon band
structures.  When compare the free coergies of the two phases with respect fo the
temperature, structural phess trmsformedon con be caleulsted  The comparison with

availeble experimentsl results will be shown and discussed.

Keywgrds: BaTi0s, perovskite oxides, first principles caloubations, phese trensinrmstion
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