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Abstract of Thesis

Many catalytic reactions utilize late transition metals such as platinum, rhodium, and palladium. These include
oxidation and reduction processes in devices for “green energy” applications, e.g. the oxygen reduction reaction
(ORR) in the proton exchange membrane fuel cell (PEMFC) and NO reduction and CO oxidation in the three-way
catalytic converter for automotive exhausts. However, the aforementioned metals are known to be expensive and
limited in supply — thus, they are often referred to as precious metals. The need to lower costs by reducing the

consumption of these precious metals has necessitated the search for alternative precious metal-free catalysts.

The interaction of simple gas molecules, e.g. oxygen, nitrogen oxide, and carbon monoxide, with precious
metal-free surfaces is studied using density functional theory-based calculations to contribute to the
understanding of the oxidation and reduction reactions. In the first part, the possibility of copper oxides as
potential catalyst material in the three-way catalytic converter, wherein NOx, CO, and hydrocarbons are
converted into less hazardous gases, is explored. In the second part, the interaction of oxygen with single-walled
carbon nanotubes (SWCNTSs) and graphene is investigated for potential use as a catalyst for oxygen reduction in
the PEMFC.

NO reduction is believed to be the rate limiting step in the catalytic converter. Therefore, the dissociation of NO
on Cu20(111) and CuO(110) surfaces was first investigated. The NO molecule strongly adsorbs on Cu-terminated
Cu0(110) and Cu20(111) surfaces and have shown better reactivity than Cu(111) surface for NO dissociation.
The strong electron transfer from the unsaturated Cu atoms to the NO molecule accounted for the easier
dissociation of the NO molecule on the Cu-terminated surfaces. The interaction of subsurface O atoms caused the
shift of the d-band of the unsaturated Cu atoms, thus providing more occupied states near the Fermi energy. This
allowed the excellent hybridization between the d states of the unsaturated Cu atoms and anti-bonding 7+ states
of the NO molecule, as evidenced by the strong back-donation. Next, CO oxidation was investigated. The CO
molecule adsorbs on the Cu-terminated copper oxide surfaces and reacts with a coadsorbed O adatom, forming an
adsorbed CO2 molecule. Similar with the case of NO reduction, the unsaturated Cu atoms on the surfaces are
responsible for the good reactivity of the copper oxides with CO. Comparing the results on copper oxide with the
benchmark catalyst, rhodium, the copper oxide surfaces provide lower activation energy barrier for both NO
reduction and CO oxidation. Thus, it can be concluded that copper oxides are indeed promising as precious

metal-free catalysts for the purification of automotive exhausts.

The interaction of oxygen with SWCNTs was investigated by looking at the effects of surface curvature, as well as
that of Fe-filling inside the SWCNTs. A comparative study on the interaction of oxygen with SWCNTs and
graphene was conducted. SWCNTs used in the study have chiralities of (3,3), (5,0), (5,5) and (8,0), listed in order
of decreasing surface curvature. The effect of curvature on the adsorption of atomic and molecular oxygen on
SWCNTSs and graphene was analyzed by investigating its adsorption energetics, structural properties, and charge
distributions. The oxygen atom is strongly chemisorbed on the bridge site of the SWCNTs and the adsorption
energy increases with greater curvature. The adsorption is accompanied by a large electron transfer from the
carbon atoms in the bridge site to the adsorbed oxygen atom, and is likewise enhanced by greater curvature. The

effect of surface curvature on the molecular adsorption of oxygen was then investigated. The oxygen molecule

1




interacts weakly with SWCNTs and the interaction is mainly due to van der Waals forces. Greater surface
curvature also enhances the adsorption energy. The energy barriers for Oz dissociation are reduced with
increasing curvature. The sp3-like hybridization of the carbon atoms in SWCNTs with large curvature accounts
for the stronger interaction with oxygen. A greater degree of depletion of antibonding n* states is also observed for
larger curvatures, resulting in larger HOMO-LUMO gaps, which is consistent with the enhanced adsorption
energies. The interaction of oxygen and H202 with SWCNTs filled with Fe was also studied. While the presence of
Fe inside SWCNTSs results in a slightly weaker oxygen adsorption, the energy barrier for O2 dissociation is
reduced and Fe-filled SWCNTSs are resistant to oxidation from H202 poisoning. It should be noted that H2O2
selectively destroys semiconducting SWCNTs due to the hole-doping effect induced by H202 interaction. With the
exception of ultra-small diameter SWCNTs (~4A), the presence of Fe inside SWCNT changes the electronic
property of the SWCNTs to metallic, thus preventing the degradation of the material due to H202 poisoning and
allowing oxygen reduction reactions that involve peroxide intermediates. Therefore, the presence of Fe improves
the catalytic potential of SWCNTSs due to the reduced O2 dissociation energy barrier and resistance to H202

poisoning.

In summary, DFT-based calculations were conducted to study the interaction of simple gas molecules (such as O,
NO, and CO), with precious metal-free surfaces. A detailed analysis of the NO reduction and CO oxidation
processes on Cu(111), CuO(110), and Cuz0(111) surfaces was obtained. The excellent reactivity of the copper
oxides with both NO and CO make them good catalysts for NO reduction and CO oxidation, and may be of
potential use as an alternative catalyst for the three-way catalytic converter. The effects of surface curvature and
the presence of Fe on the interaction of oxygen with SWCNTSs were explained as well. By combining the effect of
surface curvature and Fe-filling, the reactivity of SWCNTs with oxygen can be increased and its durability
towards H202 poisoning improved, thus opening numerous possibilities for designing CNT-based precious

metal-free catalysts for oxygen reduction in the PEMFC.
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