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Abstract of Thesis

Metal oxides have attracted a lot of attention because of their various promising industrial applications,
especially considering how these materials are chosen for their unique chemical, electrical and optical properties.
These properties are often related to the presence of defects in the structure, in particular, oxygen defects
(O-vacancies) where studies on their effects are gaining interest in material science. A new approach in materials
design called “defect engineering” has been introduced with the purpose of manipulating the nature and
concentration of defects in solids in a desired manner for specific and targeted functions. This study reports
O-vacancies as effective defects that would enable us to change the characteristics of metal oxides, e.g., geometric
and electronic structures, the corresponding chemical and physical reactivity, for promoting a desired reactivity.
By density functional theory (DFT) calculations, a detailed understanding of the effects of O-vacancies in two
metal oxides case studies of well-known catalysts for a lot of green-technology applications is provided: anatase
Ti02(001) and lanthanum gallate (LaGaOs3)-based materials.

Anatase TiO2(001). Anatase TiO2 is popular as a photocatalyst and non-platinum-based catalyst for fuel cells,
with Oz adsorption as an important step for a lot of catalytic reactivities. Our results show that Oz molecule is
difficult to adsorb on the stoichiometric anatase TiO2(001), which is attributed to a strong repulsion from the O
ions of the surface. This is in agreement with the experimental observations on anatase TiOz (001) for O2
adsorption. Creation of O-vacancy is favourable on the 2-fold coordinated O ion on the surface, resulting in excess
electrons. These excess electrons redistribute locally around the two neighboring 4-fold coordinated Ti ions, and
an associated localized defect state appears in the corresponding electronic structure. Calculations with on-site
Coulomb interaction parameters, U, show that the localized defect state can be described well with GGA+U;
however, there is no significant qualitative change on the adsorption of Oz on this surface regardless of the U

value considered. The presence of O-vacancy promotes Oz adsorption on an initially inert stoichiometric TiO2(001)

through creation of active site on the surface. The adsorbed Oz can be found either in superoxide state (0'2) and
peroxide state (Og_), depending on the adsorption configuration. An 0, anion was formed when the O-O bond is
oriented parallel to the surface, along [010]. And an Og'— anion forms when O2 adsorbs perpendicularly to the

surface, along [001]. 0, state of adsorbed Oz is more stable than 05' state. Healing/migration of the surface

occurs when one of the O atoms of the perpendicularly adsorbed Oz fills the vacant site recovering the
stoichiometric surface and the other atom diffuses. By filling the O-vacancy, which is the active site for O2
adsorption, healing/migration effect could reduce the efficiency of the surface chemical reactions and slow down

the catalytic reaction rate. However, this effect has less probability to occur than the Oz adsorption configuration

with O, state. Anatase Ti02(001) with O-vacancies, in general, still promotes Oz molecule interaction with the

surface.

Pristine LaGaOs (LG) based materials. LaGaOs-based materials are known as promising ionic conductors for




electrolyte of SOFC applications. The geometric and electronic structure of pristine/stoichiometric LG is based on
the tilting of [GaOs] octahedrons from the ideal cubic perovskite structure, which cause the difference in the
nature of the bonds of O ions and the surrounding cation ions, especially the bonds with La ions. Equatorial O
ions have weaker bonds with La ions than apical O ions. O-vacancy is difficult to form in pristine LG as indicated
by the calculated large O-vacancy formation energy. The equatorial O-positions of [GaOs] octahedron are found to
be more favorable than the apical O-positions for introducing O-vacancy. The effect of O-vacancy on the struc-
tural characteristics is primarily observed around the vicinity of the vacancy site. The introduction of O-vacancy
leads to excess electrons in the O-deficient LG (LG-s), which induces accumulation of charge between two 5-fold
coordinated Ga ions, and an associated localized defect state appears in the corresponding electronic structure.
The appearance of O-vacancy allows the O ion to migrate in LG-s through O hopping to the O-vacancy site.
Calculated potential curves for O-migration shows that the preferable migration paths are along the equatorial
edges of the [GaOs] octahedron with high activation energy. The mechanism of O-migration reveals that excess
electrons enhance not only the repulsive Coulomb interaction between the mobile O and the surrounding Ga ions,
but also the at- tractive Coulomb interaction between the mobile O and the surrounding La ions. Although the
presence of O-vacancy induces O-migration through the initially inert LG-based materials, it also produces excess
electrons, which is the reason for the high activation energy for O (O-vacancy) migration in pristine LG based
materials.

Sr and Mg co-doped (LaSr)(GaMg)Os (LSGM) based materials. Doping divalent elements into trivalent cation
sites is one way to reduce excess electrons from the creation of O-vacancy, and, consequently, decrease the
O-vacancy formation energy and enhance the O-migration. Due to the similarities in ionic radii with the host
(La/Ga) ions, Sr and Mg dopants at La and Ga sites, respectively, were chosen. Doping with divalent cations
resulted in charge compensation, which reduces the O-vacancy formation energy. It is easier for O-vacancies to be
created in co-doped LSGM-based materials than in LG-based materials. Due to the nature of the bond between O
ions and the surrounding cation ions, especially Sr and Mg, O-vacancy is easier to form nearest to Sr than nearest
to Mg. This explains the experimental observation on the significant role of Sr in increasing O-vacancy
concentration. Together with reducing the O-vacancy formation energy, the co-doped LSGM shows the significant
decrease in the activation energy of O (O-vacancy) migration. Most of the preferable path for O migration in the
co-doped LSGM is still the same as that of the pristine LG-based material, i.e., between two equatorial O
positions. The presence of dopants, especially Sr at La sites, introduces other preferable paths, which are from the
O positions outside the vicinity of Sr to the O positions nearest to Sr, either on the apical edge or equatorial edge
of [GaOs] octahedra.

From these studies, we have shown that the presence of O-vacancies has significant effects on the promotion of
desired reactivities in initially inert materials. Understanding about the nature of O vacancies in oxide materials
allows us to propose ways on improving its efficiency for a desired reaction, e.g., through doping, etc. It raises the

interest to further research of O-vacancies in metal oxides.
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