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Theoretical investigation of ionic conduction in rare-earth oxide materials

Title | e tem (LR PENE 3515 5 1 A A B 2 B ORI 2E)

Among the global issues, urgent need on green and sustainable energies is alarming. This is mainly caused by
carbon dioxide (CO2) emissions and fossil fuels exploitation which is reaching its limit. One of the currently viable
solutions is fuel cells (FCs) technology, where solid oxide fuel cells (SOFCs) appear as one of the most promising
types of FCs generation. Currently applicable SOFCs have high operating temperature (above 1000 °C) which
results in longer start-up times and mechanical and chemical compatibility issues. Therefore, designing solid
electrolyte materials in the search of its applicability at lower temperature (below 600 °C) as well as maintaining
its performance in terms of high oxygen ion conduction is required. The problem can be stated as understanding
factors governing oxygen lon conduction in rare-earth oxide materials. This thesis will focus the discussion on
ceria (CeOs2)-based materials, i.e. with lanthanide (Lin) doping, for solid electrolytes (SEs) as the case study.
Throughout the course of understanding the mechanism of oxygen ion conduction in Ln-doped CeOg, the focus is
often to address that the performance of SEs through the activation energy, the energy required for moving the
carriers. The oxygen ion conduction in CeOz takes place via vacancy diffusion mechanism. It follows Arrhenius’
law where the ionic conductivity depends exponentially on the activation energy, [« exp(—AE,/kgT)]. AEa is
considered as the most crucial material quantity and directly associated with the operating temperature, 7, while
kp is Boltzmann’s constant. It is generally considered that small ionic radii mismatch between the host and
dopant cations results in lower activation energies. However, there are cases where this consensus does not apply.
Hence, fundamental understanding at atomistic level on the existing materials is of importance. In this thesis two
approaches are pursued, investigation on Ln doping effect on the oxygen ion migration; and strain dependent
ionic conduction, specifically, in the case of Sm-doped CeOsz. The study was conducted by means of density
functional theory (DFT) calculations.

In the first approach, we report our effort in engineering the performance of oxygen ion conduction in M-doped
CeO: (i.e. M = La, Pr, Nd, Pm, Sm, Eu, and Gd, as part of Ln elements, as well as Y chosen from non-Ln rare-earth
elements as a reference). The calculations were performed by considering two conditions, strongly localized 4f
electrons, therefore, which the f electrons are kept frozen in the core (standard model for the treatment of
localized f electrons) and f electrons as valence electrons which requires many-body quantum mechanical
treatments. The study suggests that balancing (meta-)stable energies can be considered as a key to optimize ionic
mobility in doped CeO:2. These energies are strongly associated with ionic/covalent interactions in the system.
Both treatments on the 4f electrons managed to reproduce the trends in experimental activation energies.
However, fundamental aspects of the ionic/covalent interactions can only be explained in terms of variable
occupancy of empty 4f orbitals, which is turned off in the 4fcore model by fixing the occupancy of 4f orbitals. It is
emphasized that the treatment of 4f electrons with variable occupancy is crucial, both in the host and dopant
sites, for producing correct properties of formation and migration of oxygen vacancies.

The second approach is based on the idea that in a laminated structure, at the interface, due to lattice mismatch
between two materials, lattice strain is induced and therefore improves the performance of oxygen ion conduction
close to the interface region. In this particular work we studied the effect of the strain in Sm-doped CeO2 (SDC) to
the ionic migration properties to understand the origin of as well as to predict the performance improvement. The
strain was applied on its biaxial axes of bulk SDC to model the strain at the interface of the heterostructures in
SDC layer. In this particular study, we found that the ionic conductivity at higher temperature can be attained at
lower temperature under strain condition, i.e. performance at 300 °C by strain to approximate the performance of

unstrained SDC at 500 °C. The mechanism is explained in terms of the change in the oxygen-cation bond-lengths




at the initial states of the individual migration.
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