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Electrochemical and Photoelectrochemical Hydrogen Evolution
Reaction and Carbon Dioxide Reduction at Si(111) Electrode Modified
by Molecular Layer with Viologen Moieties and Metal compl'exes
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Energy and environmental issues are very serious concern of modern society at a global level.
To solve these problems, clean and renewable energy systems should be constructed urgently.
Current energy systems utilize either large amount of fossil fuels such as oil, coal, and natural gas, or
nuclear energy. Fossil fuels would run out sooner or later and the. use of fossil fuels results in the
emission of green house gas, leading to global warming. Problems of nuclear power are now obvious
from recent accident at Fukushima nuclear power station. Solar energy is virtually inexhaustible and
freely available energy source. Hydrogen is considered to be the cleanest fuel as it emits only water.
Thus, the ultimate goal should be to produce H, from water by using solar energy. At the same time,
solar energy based technology to recycle carbon dioxide into readily transportable hydrocarbon fuel
would help reduce atmospheric CO, levels and partly fulfill energy demands within the present
hydrocarbon based infrastructure.

Production of hydrogen from water and carbon dioxide fixation by using solar energy has been
studied extensively, but there are several problems in application such as low efficiency and high
overpotential for hydrogen evolution reaction and low selectivity for carbon dioxide reaction.

In this work, the electrochemical and photoelectrochemical hydrogen evolution reaction and
carbon dioxide reduction are investigated on Si(111) electrode modified by molecular layer with
viologen moieties and metal complexes.

In Chapter 1, background of this work is described and the objective and outline of this thesis
are also presented.

In Chapter 2, the experimental details such as materials, electrode preparation, and
characterization of samples are described.

In Chapter 3, electron transfer propef'ties at n-Si(111) electrode modified by molecular layer

with viologen moieties are studied to facilitate the deep understanding of electron transfer across the
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Si(111)/electrolyte interface and understanding of the data obtained in following Chapters.

In Chapter 4, the electrochemical and photoelectrochemical hydrogen evolution reaction are
investigated at n- and p-Si(111) electrode modified by molecular layer with viologen moieties and
metal- complexes (PtCl>, PdCL*, and AuCly) in dark and under illumination, respectively.
Electrochemical hydrogen evolution reaction proceeds at much lower overpotential at
Pt-V™-n-Si(111) and Pd-V*™"-n-Si(111) electrodes than that at Au-V*™*-n-Si(111) electrode. Highly
efficient photoelectrochemical hydrogen evolution reaction under very low overpotential is achieved
at Pt-V''-p-Si(111) and Pd-V™-p-Si(111) electrodes. Electron transfer properties across the
M-V™n-Si(111)/electrolyte interface (M=Pt, Pd, and Au) are investigated by electrochemical
impedance measurement, and it is found that electron transfer consists of two steps, i.e., from
semiconductor to viologen and from viologen to water via catalysts.

In Chapter 5, electrochemical and photoelectrochemical carbon dioxide reduction are
investigated at n- and p-Si(111) electrodes modified by molecular layer with viologen moieties and
metal complexes (PtCl42', PdCl42', and AuCly) in dark and under illumination, respectively. High
selectivity for carbon dioxide reduction is achieved under very low overpotential at Pt-V**-p-Si(111)
and Pd-V™-p-Si(111) (at -0.2. V) and Au-V™-n-Si(111) (at -0.8 V) electrodes. In situ FT-IR
measurement shows that major product of carbon dioxide reduction is formic acid/formate ion under
illumination at Pt-, Pd-, and Au-V""-p-Si(111) electrodes.

In Chapter 6, general conclusions of this work and future prospects are presented.
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Electrochemical and Photoelectrochemical Hydrogen Evolution
Reaction and Carbon Dioxide Reduction at Si(111) Electrode Modified
by Molecular Layer with Viologen Moieties and Metal complexes
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