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Abstract of Thesis

I performed density functional theory study on the importance of van der Waals (vdW) interaction and hydrogen
bonding in the adsorption of formic acid (HCOOH) and methane (CH;) on metal surfaces. In this study, I employed
Perdew-Burke-Ernzerhof (PBE), PBE with dispersion correction (PBE-D2), and van der Waals density functionals
(vdW-DFs) to investigate the vdW interaction.

In monomeric HCOOH, the adsorption energy of monomeric HCOOH by using PBE functional is smaller compared with
reported experimental results, while the PBE-D2 and vdW-DFs functionals give better agreement with the
experimental results. On the other hand, the calculated energy barrier of monomeric HCOOH decomposition
(dehydrogenation process) is almost independent of the vdW correction. The barrier energies of decomposition
processes calculated by using PBE-D2 and vdW-DFs functionals are lower compared with barrier energies of
desorption, which are seemingly in contradiction with experimental findings, in which no decomposition of
monomeric HCOOH on Cu(111) is observed if the surface is exposed to the gas phase HCOOH at room temperature

Therefore, the reaction rate analysis was performed by using first-principles calculation to clarify this
contradiction. The reaction rate analysis shows that desorption rate of monomeric HCOOH is faster than that
of its decomposition rate at room temperature because of much larger pre—exponential factor for the desorption
process. Hence, no decomposition of single molecule HCOOH should take place at room temperature

I also investigated the polymeric HCOOH formation on Cu(l1l) and characterized their stability, electronic
and vibrational properties. It is found that the vdW interaction and hydrogen bonding stabilize the adsorption
of polymeric HCOOH on the Cu(111) surface. Moreover, based on the energetics and dynamics, as well as simulated
scanning tunneling microscopy and atomic force microscopy images, 1 propose that the a—polymorph is more
likely to be formed on the Cu(111) surface. Moreover, the O-H bond dissociation at the edge of the polymer
facilitated the dehydrogenation process of polymeric HCOOH on the Cu(111) surface.

In order to further understand the hydrogen bonding interaction with the surface, I investigated the isotope
effect of CH, on several metal surfaces (e.g. Cu, Rh, Pd, Pt, and Ir). The vdW density functional and quasi
harmonic approximation are used to study the isotope effect. Based on the potential energy surface, it is
found that deuterated methane has shallower adsorption energies and the equilibrium distance is larger than
its isotopmer. Those isotope effect originates from the softening of a C-H bond pointing to the surface leading
to the lowering its vibrational frequencies and hence the large zero—point energy difference between methane
and deuterated. Furthermore, the C-H bond softening is attributed to the hybridization of the lowest
unoccupied molecular orbital and the surfaces, associated with the push—-back effect due to the Pauli repulsion
between the occupied molecular and substrate states upon adsorption. Finally, I want to emphasized that the
vdW and hydrogen bonding interactions are the important keys to understand the behavior of HCOOH and CH,
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