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Ensuring the sustainability of current society has been recognized as the hardest challenge of the
21st century. The role of catalysts that promote energy conversions and affect the efficiency of
chemical processes is crucial to achieve this goal, and the functions required for sustainable catalytic
processes become more and more sophisticated. For the development of highly functional catalysts, it
is necessary not only to accurately design active sites but also to construct desirable reaction fields
where the selective adsorption and concentration of reaction substrates can occur. So far, the former,
accurate design of active sites, has been mainly researched in the area of homogeneous catalysis
defined by coordination complexes, while the latter, design of reaction fields has been studied in the
field of heterogeneous catalysis using metal oxides as representatives. However, recent focus has also
been directed towards organic-inorganic hybrid materials with both these characteristics. Among
them, metal-organic frameworks (MOFs) built from organic linkers coordinated to inorganic clusters
to form three dimensional nanoporous structures have attracted worldwide attention as platform for
catalyst design. In addition to their high specific surface areas, their ordered geometrical arrangement
of organic and inorganic parts can be tuned based on a bottom-up approach via self-assembly;
therefore, MOFs are expected to be key materials for realizing advanced catalyst design at the



molecular level.

Methodologies for catalyst design based on MOFs mainly consist of the following three
categories, (1) Construction of active sites on organic linkers, (2) Utilization of metal -oxo clusters as
active sites and (3) Application as catalyst precursors. Method (1) aims at the integration of organo-
or organometallic-catalysts into MOFs through a post-synthetic modification (PSM) or post-synthetic
exchange (PSE) of organic linkers, resulting in highly active heterogeneous catalysts. Method (2) lies
in the use of the inorganic parts of MOFs as quantum-sized metal oxide in expectation of their unique
photocatalytic properties due to the specific electronic structures as well as their novel acid/base
catalytic reactivities originating from coordinatively unsaturated sites. On the other hand, method (3)
is utilized in catalyst preparation, such as the facile formation of metal particles-embedded carbon
materials, through the carbonization of MOFs. In this procedure, the unique MOF structures
consisting of metal—organic composites influence the formation process of the active metal species,
thus enabling metal-encapsulation in a highly dispersed state, which is hardly achievable by already
reported methods.

In this thesis, efforts were devoted to the development of highly active catalysts by use of these
three methods and their application to environmentally benign reactions in view of clean energy
production. Moreover, the active site structures of the synthesized catalysts were elucidated by
various spectroscopic techniques. Especially structural and optical factors contributing to the catalytic
activity were investigated in detail. This thesis is a compilation of these results and consists of a total
of 6 chapters.

Chapter 1 summarized the background surrounding this thesis and the purpose of the present
study.

Chapter 2 detailed the immobilization of photocatalytically-active Pt(1l) complexes on the linker
of MOFs by a PSM technique, corresponding to method (1), and evaluation of their photocatalytic
activity towards visible-light-driven water reduction reaction (WRR). To immobilize Pt complexes, a
MOF built from Zr-oxo clusters and 2-aminoterephthalic acid, named UiO-66-NH;, was chosen due
to its exceptional chemical stability. The integration of Pt(ll) complexes inside UiO-66-NH, was
carried out by a one-pot PSM technique involving imine condensation of 2-pyridinecarboxaldehyde
(2-formyl pyridine) and 2-aminoterephthalic acid to create a nitrogen-based bidentate anchor,
2-pyridylimine terephthalic acid (PTA), instantly followed by complexation of Pt(ll) ion on it. The
composite, Pt(PTA)@UiO-66-NH,, acquired visible-light absorption corresponding to the LMCT
transition of the prepared Pt(11) complexes. According to the results of XAFS and 'H NMR analyses,
the formed complexes are of square planar geometry and chelated by PTA ligand.
Pt(PTA)@UiO-66-NH;, exhibited WRR photoactivity under visible-light irradiation in agueous
solution in the presence of appropriate sacrificial electron donor, and efficient recyclability was
achieved thanks to its heterogenous nature. The present procedure was found to be applicable on
various MOFs wielding amino moieties and proved to be of great versatility in the development of



MOF materials with visible light responsivity and catalytic WRR activity.

Chapter 3 described the development of MOF photocatalysts for visible-light-driven water
oxidation reaction (WOR) using photoexcitation of metal-oxo clusters based on the guideline of
method (2). In the development of visible-light-responsive WOR photocatalysts, it is known that
designing materials possessing narrow band gap and deep valence band position to oxidize water is of
major importance. Considering the previous results reporting that bulk iron oxide exhibits
visible-light-driven WOR activity, the use of iron-based MOFs having iron-oxo clusters (Fe-MOFs)
as photocatalysts was considered promising. Among Fe-MOFs, MIL-101(Fe) was chosen owing to its
large pore diameter and surface area and then applied for the visible-light-driven WOR from aqueous
solution in the presence of appropriate sacrificial electron acceptor. The results demonstrated that
MIL-101(Fe) can promote the reaction efficiently under visible light irradiation with wavelengths up
to 600 nm, and moreover it evolved 10 times more oxygen than bulk iron oxide. Through activity
comparison to other Fe-MOFs and their action spectrum analyses, it was found that the trinuclear
clusters with coordinatively unsaturated sites within MOF act as photocatalytically active sites for
highly efficient WOR activity. Thanks to the molecular-sized iron-oxo clusters, the diffusion distance
for photo-formed holes to reach the coordinatively unsaturated active surface sites, where holes react
with reactants, can be considerably shortened, thus leading to lower recombination rate on
MIL-101(Fe) as well as its higher photocatalytic activity compared to bulk iron oxide. Furthermore,
MIL-101(Fe) electrodes were prepared by a drop-casting method for photoelectrochemical WOR. In
comparison to anodes made from bulk iron oxide, MOF electrodes exhibited 4 times higher
photocurrent in intensity. Nyquist plot measurement ascertained that charge transfer at the interface
between active sites and the electrolyte was largely lowered, which contributed as the crucial factor to
achieve the high photoelectrochemical performance of MIL-101(Fe) photoanodes.

Chapter 4 described the approaches employed to enhance the photoactivity of Fe-MOFs.
Photo-formed holes and oxygen reactive species with high oxidizing power created by iron-based
MOFs during WOR can potentially react with the organic linker, which needs to be inhibited. Thereby,
significant expectations are put on catalyst design strategies to enhance the chemical stability of the
linkers and promote the main reaction between holes and reactants.

First, from a standpoint of improving chemical stability, nine Fe-MOFs based on MIL-88B(Fe)
were prepared using terephthalic acid derivatives with different substituents as organic linkers.
Fe-MOFs with electron donating groups (—-NHz, —OH, —CH3) all exhibited lower activity towards
visible-light-driven WOR than the conventional MIL-88B(Fe) consisting of pristine terephthalic acid,
while efficient promotion of the reaction was attained when using MOFs with electron withd rawing
moieties (-F, —Br, —-NOy). Among them, Fe-MOF synthesized from tetrafluoroterephthalic acid
evolved 5 times more O, than MIL-88B(Fe). Hydroxyl radical, one of the reactive intermediates
formed during WOR, has been known for its high reactivity with aromatic compounds and especially
hydroxylation of terephthalic acid derivatives. By introducing electron withdrawing groups, the



electron density of the benzene ring in MOFs was lowered, which would suppress the hydroxylation
reaction. The prevention of the side reaction was considered as one of the factors for the improvement
of the activity.

Next, in order to selectively promote the main reaction between holes and H,O, combining
Fe-MOFs with cobalt oxide (CoOx) known as highly active cocatalysts for WOR was inquired. The
composite showed enhanced activity towards visible-light-driven WOR, the amount of evolved O;
was increased by about 2 times at the maximum with 2 wt% in Co content. On the other hand,
considering the fact that the rate of 2-propanol oxidation reaction, which is a two-electrons oxidation
reaction, was hardly affected by CoOy loading, it was revealed that CoOy acts as a hole trapping site
on Fe-oxo clusters and exhibits high performance for four-electrons reactions, like WOR.

Chapter 5 detailed the preparation of alloy nanoparticles-embedded porous carbons using MOFs
as a precursor, based on catalyst design method (3), and evaluation of their electrocatalytic properties.
Metal nanoparticles-embedded porous carbons (M@PC) have been intensively studied in the research
field of electrocatalysis since they possess numerous active sites at the interface between metal
species and carbon and high electrical conductivity. In recent years, the alloying effect on the
catalytic properties of metal nanoparticles within M@PC, that is MM’@PC, has also been studied.
Based on this perspective, focus was placed on Fe-oxo clusters within MOFs, since the metal
elemental ratio (M/M’) of Fe-oxo clusters within MOFs can be controlled. In the present study,
MM’ @PC were prepared by pyrolysis of MOFs composed of bimetal-oxo clusters (BMCs) containing
Fe as a main component. As a result of TEM observations and XRD measurements, MM’ @PC (M’ =
Co, Mn, Ni, Cr) were found to possess desired alloy nanoparticles embedded in a carbon matrix.
Application to electrocatalytic WOR revealed that FeCo@PC was the most active materials, where a
210 mV cathodic shift of overpotential towards WOR was observed to achieve 10 mA cm2 in
comparison to pure Fe@PC. On the other hand, FeMn@PC was found to exhibit the highest activity
for ORR with a reduced overpotential of 80 mV compared to other composites.

In Chapter 6, the results and conclusions of these various investigations were summarized and an

overview of this thesis was presented.
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