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In the present thesis, reaction mechanisms and kinetics on the electrode / solution interfaces have been
investigated by in situ infrared (IR) spectroscopy. Quantitative analysis of the electrochemical behaviors on
electrode / solution interface at a molecular level is very crucial to understand the relationship between the
electrochemical reactivity and surface structure of electrode. In situ IR spectroscopy with high surface
sensitivity is suitable for such purpose. In the present thesis, electro-oxidation of dimethyl ether (DME) on
platinum electrodes and electrochemical processes on organic thin film modified electrodes have been
evaluated by in situ IR spectroscopy.

Chapter 1 presents a general review for applications of several surface analysis techniques on investigating
the electrochemical interfaces under in situ conditions. These techniques include scanning probe microscopy
(SPM), IR spectroscopy, Raman scattering, sum frequency generation (SFG) and differential electrochemical
mass spectroscopy (DEMS). Principles and selective research examples have been described. In particular,
vibrational spectroscopy techniques that have been applied in probing molecular structure on electrocatalytic
reactions are discussed in detail. Finally, the purpose and outline of the present thesis are given.

In Chapter 2, the electrochemistry and in sifu IR spectroscopy have been employed to study electro-
oxidation of DME, which is a promising fuel in direct fuel cells applications, on both Pt polycrystalline and
single crystal electrodes in acid solution. The first positive-going potential sweep on Pt polycrystalline
electrode shows a small anodic peak (E < 0.4V vs. RHE) and large anodic peaks (E > 0.5V), corresponding to
the dissociation and bulk oxidation reactions of DME molecules, respectively. In sifu IR measurement
confidently identified adsorbed CH30CH,- and carbon monoxide (CO) species as reaction intermediate and
product for DME dissociation process at low potential region, in which DME undergoes an initial
dehydrogenation and a successive CO formation reaction on electrode surface. The kinetics of DME
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dissociation process has been analyzed by a consecutive reaction model based on the time-resolved IR
observations. DME dissociation reaction is considered as a combination of catalytic dehydrogenation step and
electrocatalytic CO formation step. In dehydrogenation process, the cleavage of C-H bond of DME molecule
is activated by surface Pt atoms. In CO formation process, adsorbed CH3;OCH,- is further electrochemically
oxidized to CO, which is significantly affected by electrode potential. Influences from anion and hydrogen
adsorption on the DME dissociation kinetics have also been discussed. CH;OCH,- and CO have also been
identified in DME dissociate process on Pt single crystal electrode, especially on Pt (100) surface.  Although
no reaction intermediate can be observed for DME bulk oxidation process on the high potential region,
possible reaction mechanisms have been discussed in comparison with those proposed in UHV system.

In Chapter 3, self-assembled monolayers (SAMs) terminated by different metal complexes, which are
expected to provide novel functionalities on electrode surface, have been studied by electrochemistry and in
situ IR measurements. /n situ IR measurement shows that CO-ligands of the SAM terminated by tri-
ruthenium clusters (Ruz-SAM) desorb from the SAM quickly under UV irradiation, indicating a UV-induced
CO desorption process. Various ligands such as solvent, NO and tri-ruthenium complex can be further
immobilized on the surface under electrochemical controls. In particular, in situ time-resolved IR spectra
indicate that the immobilization of a tri-ruthenium complex to the SAM surface under potential control
exhibits considerably high reaction rate and efficiency in comparison with previous works carried out at rest
potential. By utilizing these photochemical and electrochemical features, the SAM with spatially desired
architectures, has been successfully fabricated on the gold electrode surface, which has been characterized by
electrochemistry, in situ IR and spatially resolved SFG measurements. On the other hand, the ferrocéne
terminated SAMs with two different chain structures, normal alkyl chain and novel norbornylogous bridge,
have also been characterized by in situ IR measurement. Both SAMs undergo potential-induced orientation
change, while SAM with a norbornylogous bridges chain show higher tolerant ability upon potential due to
the rigid chain structures.

In Chapter 4, to understand the structures and functionality of biological membrane, the formation and
potential-induced structural changes of lipid bilayer is investigated by in situ IR spectroscopy. I sifu time-
~ resolved IR spectra shows that lipid bilayer of dipalmitoylphosphatidylcholine (DPPC) molecules can be
constructed on the gold electrode surface by potential-induced vesicle fusion. The supported DPPC bilayer
undergoes a reversible structure change during potential sweep on gold surface in aqueous solution. In

contrast, the lipid bilayer of dioctadecydiammonium bromide (DODAB) molecules can be constructed at
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the rest potential. The potential effect on the formation and structure change of lipid bilayer is discussed.

In Chapter 5, several functional materials have been evaluated by IR reflection absorption spectroscopy
(IRAS). (1) Hydrogen bonding effect on composite thin film of porphyrin and Cgy, as electrode materials in
solar cells, has been studied by IRAS measurement. ZnP-acid and Cgy-acid in the composite films exhibit a
remarkable hydrogen-bonding interaction and also show a relatively higher performance in solar cell,
indicating that the hydrogen-bonding interaction between donor and acceptor composites is important for
their possible applications in solar cells. (2) The redox behavior of cofacial ruthenium porphyrin dimmers
is characterized by in situ IRAS measurements. The IR band shifts of carbonyl groups can be used to
determine the different electron-localization states during redox processes. Time-resolved IR spectra show
that, the oxidation of Ru centers proceeds through the first oxidation of porphyrin rings. (3) The carbonyl-
ruthenium substituted Keggin-type silicotungstate has been characterized by in sifu IRRAS measurements
in electrolyte solutions with the redox processes on Ru ions and polyoxotungstates. The IR band of
carbonyl group shifts largely (90 cm™) for redox reaction of Ru ions, while shifting slightly (18 cm™) for
redox reaction of polyoxotungstates, indicating different electron localization states during the redox process
of ruthenium-substituted polyoxotungstates.

In Chapter 6, general conclusion and future prospect are given.

The present work demonstrates that in situ infrared spectroscopy is a powerful method to investigate the
reaction kinetic and mechanism on the electrodé / solution interface with a molecular level. The interfacial
structural information is extremely useful to understand and to control the properties of functional materials

in electrochemistry.
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