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The challenges in high usage of renewable energy resources such as the solar power,
wind power, and biomass fuel have been addressed recently in both academic and
commereial societies to solve the global warming and fossil fuel exhaustion problems.
Under the situation, automakers have accelerated the development and practical
applications of green vehicles or environmentally friendly vehicles as hybrid cars,
plug-in hybrids, electric cars, and fuel cell-powered hydrogen cars. Rechargeable
batteries are indispensable for these green vehicles, and the research and development
have focused on the lithium (Li) ion rechargeable battery because of its high energy
density. In the battery, the Li ions are shuttled between the positive and negative
electrodes by the applied voltage through the non-aqueous electrolyte and separator.
Such charge and discharge reactions in the Li-ion battery involve following key
processes: the transport of the Li ions in both electrode and electrolyte materials, the
charge transfer at the electrolyte-electrode interfaces, and the internal structural
changes of the electrodes relating to the increase in the Li density. Much interest exists

to advance the power, capacity, recharging speed, and durability of the Li-ion battery.




The graphite can form various intercalation compounds by incorporating atoms
(ions) and small molecules between the carbon (C) layers. Among these, the Li-graphite
intercalation compound (Li-GIC) is put to practical use as a negative electrode of the
Li-ion rechargeable battery. Among the key processes, the transport process of the Li
ions in the graphite layers is related directly to the power performance of the Li-ion
batteries. In the Li insertion process of the Li-GIC, the Li ion creates a long-ranged
stress field around itself by expanding the inter-layer distance of the graphite. To take
into account such a long-ranged stress field in the first-principles simulation of the Li
diffusion, the hybrid quantum (QM)-classical (CL) simulation code is developed. In the
hybrid code, the QM region selected adaptively around the Li ion following its motion is
treated with the real-space density-functional theory. The rest of the total system is
described with an empirical inter-atomic potential that includes a novel formula for the
dispersion force between the C atoms that belong to different layers. The buffered
cluster method is applied for coupling of the QM and CL regions.

In the present thesis we firstly perform a series of the hybrid QM-CL simulation
runs for the dynamics of a single Li-ion in the graphite at temperature of 423 K for
various values of the averaged inter-layer distance. It is found that the Li diffusivity is
suppressed substantially when the inter-layer distance is compressed by a few percent
from the equilibrium value. On the other hand, the Li diffusivity is unaffected by the
stretching of the inter-layer distance up to a few percent. In the equilibrium and
stretched cases, the diffusive motion of the Li ion is composed of ballistic and hopping
modes. In the compressed case, the Li ion diffuses in the hopping mode only and is
confined in a small area at long times. Separately the activation energy for the hopping
diffusion is calculated at zero temperature to find that it is as small as 0.1 eV and that
the substantial contribution comes from the deformation energy of the whole system.
Based on the findings we pfopose a novel mechanism to explain the unique Li-density
dependence of the Li diffusivity observed experimentally in the Li-GIC.

We secondary analyze the relation between the vertical position and diffusivity of
the Li ion in graphite. The Li diffusivity is enhanced when the Li ion escapes from one
of the two stable vertical sites to move around the middle of the upper and lower
C-layers where a resisting force on the Li ion for the motion along the layers is
relatively weak. Considering the analyses, we thirdly perform additional hybrid

simulation runs for the Li dynamics in graphite at 423 K under various settings of the

amplitude and frequency of alternating electric fields perpendicular to C-layers. The in-




plane diffusivity of the Li ion is enhanced significantly by the electric field if the
amplitude is larger than 0.2 V/A within its order and the frequency is as high as 1.7

THz. The microscopic mechanisms of the enhancement are explained.
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