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Abstract of Thesis

Graphene is attracting enormous attention due to its outstanding electrical, mechanical, thermal
and chemical properties. Understanding of the interactions of graphene with other atoms, nano—particles
or molecules is indispensable to find novel or improved usage of graphene in wide range of applications
First-principles electronic structure theory is a very powerful tool to understand the atomic,
electronic, and chemical properties of materials in atomic scale and to clarify important factors
governing the properties of materials, which should be useful knowledge to design new materials with
desired properties. In this Ph.D work, I used DFT and investigated three topics

As the first topic, I studied the interaction of graphene with organic molecules, especially, the
effect of organic adsorbates on the image potential states (IPSs), which are relevant to molecular-based
electronic devices. In the case of metal surfaces, the presence of IPSs is a universal nature,
characterized by a set of unoccupied states quantized to a Rydberg series analogous to the hydrogen
atom. In this study, I extended the concept of the IPS—derived interlayer states to molecular adsorption
on solid surfaces. Naphthalene adsorption on HOPG is typically used as a model of aromatic molecules
physisorbed on solid surfaces. Recent experiments have revealed that naphthalene molecules form a well-
ordered superstructure on HOPG, and more importantly, the lowest IPS behaves almost as a free electron,
despite the presence of the naphthalene overlayer. This is explained by assuming that the molecular
overlayer is a dielectric medium with uniform permittivity and only shifts the Rydberg series with the
effective mass #* unchanged from the electronic mass m. On the other hand, the well-known Kronig—Penny
theory suggests an increase in #i if naphthalene acts as a periodic potential for the IPSs. To develop
a coherent picture of the IPSs at organic—solid interfaces, I performed first—principles calculations
of a simplified model composed of naphthalene on graphene. The results show that the intermolecular
interaction induces IPS-like states on the naphthalene overlayer, which hybridize with the graphene
IPSs. The impact of the naphthalene adsorption appears most prominently in the anisotropic #* of the
resultant hybrid IPSs, which strongly reflects the molecular structure of naphthalene. It is expected
that similar hybrid IPSs widely exist at interface of organic—solid surfaces

As the second topic, I studied the interaction of graphene with single Pt atoms to clarify the
origin for the improved catalytic reactivities. The single—atom catalysis is one of the most promising
ways to enhance the catalytic activity and to reduce the amount of precious metals used. Pt atoms
deposited on graphene has been reported to show enhanced catalytic activity for some chemical reactions
e.g. methanol oxidation in DMFC. However, the precise atomic structure, the key to understand the origin
of the improved catalytic activity, is yet to be clarified. As my contribution in this issue, I present
here a computational study to investigate the structure of platinum adsorbed on graphene with special
emphasis on the edges of graphene nanoribbons (GNRs). By means of DFT-based thermodynamics, it is found
that the single Pt atom is preferentially adsorbed at the edge rather than on graphene, the good news
regarding the search of a dense dispersion metal single atom on a support material. The calculated core
level shifts (CLSs) for the stable structures are in reasonable agreement with the experiment. Large
positive CLS indicate the strong interaction between single Pt atoms and graphene

As the third topic, the catalytic activities of single Pt atoms anchored at the edge of GNRs
(Pt@GNRs) are predicted based on the adsorption energies from DFT calculations combined with a kinetic
modelling. Compared with the Pt(111) surface, Pt@GNRs show a better activity in CO oxidation reaction,
which is presumably the origin for the improved CO tolerance in the anode electrode in DMFC. Some Pt@GNRs
in metastable configurations are expected to be efficient catalysts for oxygen reduction reaction. This
study could be a basis for further investigation of the development of single—atom catalysts based on
Pt and graphene related materials
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