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Abstract

Metal-organic frameworks (MOFs) and MOF-derived materials have emerged as promising
candidates for photoelectrochemical applications due to their unique properties,
such as high surface area, tunable pore size, and efficient charge transport. In this
thesis, we explore the use of MOFs and MOF-derived materials as

photoelectrodes and catalysts for water splitting and CO2 reduction reactions.

Chapter 1 provides an introduction to the background of the research problem and the
objectives of the thesis. Chapter 2 reviews the literature on MOFs and
MOF-derived materials, including their synthesis, properties, and applications in
photoelectrochemical devices. The chapter covers topics such as the design and
synthesis of MOFs, the use of MOFs as photoelectrodes, and MOF-derived

materials for CO2 reduction reactions.

Chapter 3 presents the experimental methods and procedures used in this study, including the
synthesis and characterization of MOFs and MOF-derived materials, and the
electrochemical measurements of photoelectrodes and catalysts. The chapter also
describes the procedures for testing the performance of the photoelectrodes and

catalysts for water splitting and CO2 reduction reactions.

Chapter 4 presents the results of the photoelectrochemical studies on MOF-based
photoelectrodes for water splitting reactions. The chapter discusses the effects of
different parameters, such as the morphology of the MOFs and the electrolyte

used, on the performance of the photoelectrodes.

Chapter 5 presents the results of the studies on MOF-derived catalysts for CO2 reduction
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reactions. The chapter discusses the effects of different catalysts and reaction
conditions on the conversion of CO2 to useful products such as methane and

ethylene.

Overall, this thesis demonstrates the potential of MOFs and MOF-derived materials for
photoelectrochemical applications, and provides valuable insights into the design
and optimization of MOF-based photoelectrodes and catalysts for sustainable

energy conversion.
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Chapter 1: Introduction
1.1 Background

The growing demand for sustainable energy sources has driven research into the
development of new materials for energy conversion and storage. Photoelectrochemical (PEC)
applications, which involve the conversion of solar energy into electrical or chemical energy,
are a promising avenue for sustainable energy conversion. PEC devices typically consist of a
photoactive material that absorbs light and generates charge carriers, which can then be used
to drive chemical reactions.

Metal-organic frameworks (MOFs) are a class of highly ordered, porous materials made up
of metal ions or clusters connected by organic ligands. MOFs have attracted significant
attention in recent years due to their exceptional porosity, high surface area, and tunable
chemical and physical properties, which make them ideal for a range of applications,
including gas storage and separation, catalysis, and sensing.

The unique properties of MOFs make them well-suited for PEC applications, as they can
be designed and synthesized with specific light absorption and photocatalytic properties.
Moreover, MOFs can be used as templates for the synthesis of MOF-derived materials, such
as metal oxide nanoparticles, that exhibit improved PEC performance. Thus, MOFs and
MOF-derived materials have shown great promise for a range of PEC applications, including
water splitting and CO2 reduction.

Metal-organic frameworks (MOFs) are a class of highly ordered, porous materials made up
of metal ions or clusters connected by organic ligands. These materials have garnered
significant attention due to their exceptional porosity, high surface area, and tunable chemical
and physical properties, which make them ideal for a range of applications, including gas

storage and separation, catalysis, and sensing.
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In recent years, MOFs have also emerged as promising materials for photoelectrochemical
(PEC) applications, which involve the conversion of solar energy into electrical or chemical
energy. MOFs can be used as photoactive materials themselves or as templates for the
synthesis of MOF-derived materials, such as metal oxide nanoparticles, that exhibit improved
PEC performance.

One of the key advantages of MOFs in PEC applications is their tunable bandgap, which
can be tailored by selecting appropriate metal ions and organic ligands. This allows for the
design of MOFs with specific light absorption and photocatalytic properties, making them
well-suited for a variety of PEC applications, such as water splitting and CO2 reduction.

Another advantage of MOFs is their high surface area, which provides a large number of
active sites for light absorption and photocatalysis. Additionally, the ordered nature of MOFs
allows for precise control over the location and orientation of the photoactive components,
which can enhance their efficiency and stability.

MOFs can also be used as substrates for the deposition of other photoactive materials, such
as metal oxides or quantum dots, which can further improve their PEC performance.
Moreover, the porous nature of MOFs allows for the infiltration of electrolytes or co-catalysts,
which can enhance charge separation and transfer, leading to improved PEC performance.

Overall, MOFs and MOF-derived materials have shown great promise for a range of PEC
applications, and ongoing research in this area is expected to lead to the development of
highly efficient and stable photoactive materials for sustainable energy conversion.

1.2 Objectives

The objective of this thesis is to provide a comprehensive overview of the current state of

research on MOFs and MOF-derived materials for PEC applications. Specifically, this thesis

aims to:
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Describe the structure, synthesis, and properties of MOFs
e Introduce the concept of PEC applications and the challenges associated with
developing efficient and stable photoactive materials
o Review the recent literature on the use of MOFs for PEC applications, focusing on the
design and synthesis of MOFs for specific PEC applications
e Explore the use of MOF-derived materials for PEC applications
o Provide a critical analysis of the current state of research on MOFs and MOF-derived
materials for PEC applications
o Identify areas for future research and development
1.3 Organization of the Thesis
Chapter 2 will provide a detailed review of the recent literature on the use of MOFs for
PEC applications. Chapter 3 will explore the use of MOF-derived materials for PEC
applications. Chapter 4 will provide a critical analysis of the current state of research on
MOFs and MOF-derived materials for PEC applications. Finally, Chapter 5 will conclude the
thesis by summarizing the main findings and contributions of the research and providing
recommendations for future research on MOFs and MOF-derived materials for PEC
applications.
1.4 Significance
The use of MOFs and MOF-derived materials for PEC applications has significant
potential for addressing the global challenge of sustainable energy conversion. In particular,
PEC water splitting and CO2 reduction are considered among the most promising methods
for producing hydrogen and reducing carbon dioxide emissions. The use of MOFs and
MOF-derived materials for these applications can improve the efficiency and selectivity of

the reactions while reducing the cost and environmental impact of the process.
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Furthermore, the use of MOFs and MOF-derived materials for PEC applications has
additional advantages over traditional semiconductors, such as improved stability, easier
synthesis, and greater flexibility in designing materials with specific properties. MOFs and
MOF-derived materials also offer the potential for new applications in areas such as solar fuel
production, water purification, and environmental remediation.
1.5 Scope and Limitations

This thesis will focus on the use of MOFs and MOF-derived materials for PEC
applications, specifically water splitting and CO2 reduction. While MOFs have shown
promise for a range of PEC applications, including dye-sensitized solar cells and
photoelectrocatalytic oxidation, these applications will not be the primary focus of this thesis.
The limitations of MOFs and MOF-derived materials will also be discussed, including issues
related to stability, scalability, and cost. While MOFs and MOF-derived materials offer
significant advantages over traditional semiconductors for PEC applications, there are still
significant challenges that must be addressed before these materials can be fully
commercialized.
1.6 Outline

Chapter 2 will provide an overview of the synthesis and properties of MOFs and their
potential for PEC applications. The chapter will also introduce the concept of PEC
applications and the challenges associated with developing efficient and stable photoactive
materials. The chapter will review the recent literature on the use of MOFs for PEC
applications, focusing on the design and synthesis of MOFs for specific PEC applications.
Chapter 3 will explore the use of MOF-derived materials for PEC applications. The chapter
will discuss the synthesis and properties of MOF-derived materials, such as metal oxide

nanoparticles, and their potential for improving PEC performance. The chapter will also
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highlight the challenges associated with the synthesis and characterization of MOF-derived
materials.

Chapter 4 will provide a critical analysis of the current state of research on MOFs and
MOF-derived materials for PEC applications. The chapter will discuss the limitations and
challenges associated with these materials, including stability, scalability, and cost. The
chapter will also identify areas for future research and development.

Chapter 5 will conclude the thesis by summarizing the main findings and contributions of the
research. The chapter will provide recommendations for future research on MOFs and
MOF-derived materials for PEC applications, highlighting the potential for these materials to

contribute to sustainable energy conversion.

1.7 Research Problem Statement

The use of metal-organic frameworks (MOFs) and MOF-derived materials for
photoelectrochemical (PEC) applications, specifically water splitting and CO2 reduction, has
gained significant attention in recent years due to their potential to address the global
challenge of sustainable energy conversion. MOFs offer unique properties that make them
ideal for PEC applications, including their tunable bandgap, high surface area, and ordered
structure. MOF-derived materials, such as metal oxide nanoparticles, can also improve the
efficiency and selectivity of PEC reactions.

Despite the promising potential of MOFs and MOF-derived materials for PEC applications,
there are still significant challenges that must be addressed before these materials can be fully
commercialized. The stability and scalability of these materials are major challenges, as well
as the high cost of synthesis and characterization. Additionally, there is a lack of

understanding regarding the fundamental mechanisms governing the PEC performance of
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these materials, which hinders their further optimization and application.

Therefore, the research problem statement of this thesis is to investigate the use of MOFs

and MOF-derived materials for PEC applications, specifically water splitting and CO2

reduction, and to identify the key challenges and opportunities associated with these materials.

The research will aim to address the following research questions:

1.

What are the key properties of MOFs and MOF-derived materials that make them
ideal for PEC applications, and how do these properties affect PEC performance?
What are the current synthesis methods for MOFs and MOF-derived materials, and
what are the limitations and challenges associated with these methods in terms of
stability, scalability, and cost?

What are the current state-of-the-art PEC systems based on MOFs and MOF-derived
materials, and what are the advantages and disadvantages of these systems?

What are the fundamental mechanisms governing the PEC performance of MOFs and
MOF-derived materials, and how can this knowledge be used to optimize the
performance of these materials for specific PEC applications?

What are the key challenges and opportunities associated with the use of MOFs and
MOF-derived materials for PEC applications, and what are the areas for future

research and development?

To address these research questions, this thesis will employ a combination of experimental

and theoretical approaches, including synthesis and characterization of MOFs and

MOF-derived materials, PEC measurements, and computational simulations. The research

will also review the current state of research on MOFs and MOF-derived materials for PEC

applications and identify the gaps and opportunities for further research.

The research outcomes of this thesis will provide a comprehensive understanding of the
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use of MOFs and MOF-derived materials for PEC applications, including their advantages
and limitations, and will identify areas for future research and development. This knowledge
will be valuable for the development of sustainable energy conversion technologies and the
transition towards a more sustainable future.
1.8 Conclusion

In summary, the use of MOFs and MOF-derived materials for PEC applications has
significant potential for addressing the global challenge of sustainable energy conversion.
MOFs offer unique properties that make them ideal for PEC applications, including their
tunable bandgap, high surface area, and ordered structure. The use of MOFs and
MOF-derived materials for PEC applications has additional advantages over traditional
semiconductors, such as improved stability, easier synthesis, and greater flexibility in
designing materials with specific properties. However, there are still significant challenges
that must be addressed before these materials can be fully commercialized. This thesis will
provide a comprehensive overview of the current state of research on MOFs and
MOF-derived materials for PEC applications, highlighting their potential for sustainable
energy conversion and identifying areas for future research and development.
Chapter 2: Literature Review
2.1 Introduction

This chapter provides a comprehensive review of the existing literature on the use of
metal-organic frameworks (MOFs) and MOF-derived materials for photoelectrochemical
(PEC) applications, specifically water splitting and CO2 reduction. The chapter is organized
as follows: Section 2.2 provides an overview of the properties of MOFs and MOF-derived
materials that make them ideal for PEC applications. Section 2.3 reviews the current

synthesis methods for MOFs and MOF-derived materials, including their advantages and
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limitations. Section 2.4 reviews the current state-of-the-art PEC systems based on MOFs and
MOF-derived materials, including their advantages and limitations. Section 2.5 provides a
review of the fundamental mechanisms governing the PEC performance of MOFs and
MOF-derived materials, including the role of charge transfer and surface chemistry. Finally,
Section 2.6 discusses the key challenges and opportunities associated with the use of MOFs
and MOF-derived materials for PEC applications, including the need for improved stability
and scalability, and the importance of understanding the fundamental mechanisms governing
PEC performance.

2.2 Properties of MOFs and MOF-Derived Materials for PEC Applications

MOFs are a class of porous materials composed of metal ions or clusters linked by organic
ligands. They offer unique properties that make them ideal for PEC applications, including
their tunable bandgap, high surface area, and ordered structure. MOFs can be designed to
have a specific bandgap, which makes them suitable for harvesting a specific range of solar
energy. Additionally, MOFs have a large surface area, which provides a large number of
active sites for PEC reactions to take place. Finally, the ordered structure of MOFs allows for
precise control over the arrangement of metal ions and ligands, which can affect the PEC
performance of the material.

MOF-derived materials, such as metal oxide nanoparticles, can also improve the efficiency
and selectivity of PEC reactions. Metal oxide nanoparticles can be synthesized from MOFs
by thermal or chemical treatments, and can offer improved PEC performance due to their
unique properties, including their high surface area, bandgap, and catalytic activity.

In addition to their tunable bandgap, high surface area, and ordered structure, MOFs also
offer other properties that make them attractive for PEC applications. For example, MOFs

can exhibit strong light absorption due to the presence of metal centers, which can facilitate

10
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efficient charge separation and transfer. Moreover, the porous nature of MOFs can facilitate
the diffusion of reactants and products, leading to improved reaction rates and selectivity.
Furthermore, MOFs offer the ability to incorporate various functional groups and catalysts
into their structure, allowing for the development of multifunctional materials with enhanced
PEC performance. For instance, catalysts can be incorporated into the MOF structure to
facilitate the catalysis of specific PEC reactions. This can lead to improved reaction kinetics,
selectivity, and stability.

MOFs also offer the ability to tune their properties by adjusting the composition of the
metal and organic ligands, as well as the size and shape of the particles. This allows for
precise control over the electronic and optical properties of the material, which can be
optimized for specific PEC applications.

Despite these advantages, there are also challenges associated with the use of MOFs for
PEC applications. For instance, MOFs can be prone to degradation and instability under PEC
conditions, which can limit their long-term performance. Additionally, the complex synthesis
and characterization processes required for MOFs can limit their scalability and commercial
viability. Thus, there is a need for continued research in this field to address these challenges
and fully realize the potential of MOFs for PEC applications.

MOF-Derived Materials (MDMs) represent a class of materials that are synthesized
through the thermal or chemical treatment of MOFs. The synthesis of MDMs involves the
removal of the organic ligands and the preservation of the metal centers, resulting in the
formation of metal-containing nanoparticles or nanostructures. MDMs inherit many of the
properties of their parent MOFs, such as high surface area, tunable pore size, and the ability
to incorporate various functional groups and catalysts. However, they also offer several

advantages over MOFs for PEC applications.

11



1JLAI transactions on Science and Engineering

One advantage of MDMs is their increased stability and durability under PEC conditions.
The removal of the organic ligands from MOFs results in a highly stable inorganic
framework, which can withstand harsh reaction conditions without degradation. This can lead
to improved long-term performance and increased durability compared to MOFs.

MDMs also offer the ability to tune their properties by adjusting the synthesis conditions
and post-treatment methods. The size, shape, and composition of the metal-containing
nanoparticles or nanostructures can be precisely controlled, allowing for the optimization of
the material properties for specific PEC applications. Additionallyy, MDMs can be
functionalized with various surface coatings or catalysts to enhance their PEC performance.
Despite these advantages, there are also challenges associated with the synthesis and
characterization of MDMs. The thermal or chemical treatment of MOFs can result in the
formation of amorphous or poorly crystalline materials, making their characterization
challenging. Additionally, the synthesis of MDMs can be time-consuming and require
specialized equipment, which can limit their scalability and commercial viability.

Overall, MOFs and MDMs offer unique properties and advantages for PEC applications.
Continued research in this field is needed to fully understand and optimize their properties
and overcome the challenges associated with their synthesis and characterization.

2.3 Synthesis Methods for MOFs and MOF-Derived Materials

There are several synthesis methods for MOFs and MOF-derived materials, including
solvothermal, hydrothermal, microwave-assisted, and sonochemical methods. Solvothermal
and hydrothermal methods are the most commonly used methods for synthesizing MOFs, and
involve the reaction of metal ions or clusters with organic ligands in a solvent under high
temperature and pressure. Microwave-assisted and sonochemical methods can provide faster

and more efficient synthesis of MOFs, but may require more specialized equipment.

12
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For the synthesis of MOF-derived materials, thermal and chemical treatments are commonly
used to remove the organic ligands and convert the MOF into a metal oxide nanoparticle. The
resulting metal oxide nanoparticle can have different properties depending on the specific
synthesis method used, and can be optimized for specific PEC applications. However, despite
the availability of various synthesis methods, there are still limitations and challenges
associated with the synthesis of MOFs and MOF-derived materials. These include the high
cost of synthesis and characterization, the limited scalability of some synthesis methods, and
the need for improved stability and reproducibility. One of the key factors that determine the
PEC performance of MOFs and MDMs is their electronic structure. The electronic structure
of these materials can be modified through various approaches such as doping with different
metals, ligand functionalization, and defect engineering. These modifications can alter the
bandgap and energy levels of the materials, which can in turn affect their light absorption,
charge separation, and transfer properties.

For instance, doping MOFs or MDMs with metals can introduce new energy levels in the
electronic structure of the material, which can enhance their light absorption and facilitate
efficient charge separation and transfer. Similarly, functionalizing the ligands of MOFs or
MDMs with electron-donating or withdrawing groups can modify the electronic structure of
the material, leading to improved PEC performance.

Defect engineering is another approach to modify the electronic structure of MOFs and
MDMs. Defects such as missing or displaced atoms can introduce new energy levels in the
electronic structure, which can enhance the PEC performance of the material. For example,
the introduction of oxygen vacancies in metal oxide-based MDMs has been shown to
enhance their PEC performance by facilitating the formation of oxygen species and

improving charge transfer.

13
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Another important factor that affects the PEC performance of MOFs and MDMs is their
morphology and structure. The morphology and structure of these materials can influence
their light absorption, charge separation, and transfer properties. For instance, the size and
shape of the particles can affect their light absorption and scattering properties, while the
porosity and surface area can affect the diffusion of reactants and products.

Additionally, the crystallinity and orientation of MOFs and MDMs can affect their PEC
performance. Highly crystalline materials with well-defined crystallographic planes can
facilitate efficient charge separation and transfer, leading to improved PEC performance. The
orientation of the material can also affect its light absorption properties, with materials
oriented perpendicular to the incident light showing enhanced absorption.

In summary, the electronic structure and morphology of MOFs and MDMs are critical
factors that influence their PEC performance. Modifying these properties through approaches
such as doping, ligand functionalization, defect engineering, and morphology control can
enhance the PEC performance of these materials. Continued research in this field is needed to
fully understand and optimize these properties for specific PEC application
2.4 State-of-the-Art PEC Systems Based on MOFs and MOF-Derived Materials

There are several state-of-the-art PEC systems based on MOFs and MOF-derived materials,

including MOF-based photocatalysts and photoelectrodes for water splitting and CO2
reduction. MOF-based photocatalysts have been used for water splitting.
Another important aspect that affects the PEC performance of MOFs and MDMs is their
interface with other materials in the PEC system. The interface between the photoelectrode
and the electrolyte, as well as the interface between the photoelectrode and the catalyst, can
significantly influence the charge transfer and overall PEC performance of the system.

The interface between the photoelectrode and the electrolyte is critical for efficient charge

14
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transfer in the PEC system. In order to achieve efficient charge transfer, the photoelectrode
surface should be able to readily exchange electrons with the electrolyte. Additionally, the
interface should minimize the recombination of photo-generated electrons and holes. One
approach to achieving efficient charge transfer is to modify the photoelectrode surface
through surface treatments or functionalization with electron-transfer mediators. For example,
functionalizing the surface of the MOF or MDM with redox-active groups can enhance the
charge transfer kinetics and minimize recombination losses.

The interface between the photoelectrode and the catalyst is also critical for efficient PEC
performance. The catalyst can facilitate the reactions involved in the PEC process, such as
water splitting or carbon dioxide reduction, and improve the overall efficiency of the system.
However, the interface between the photoelectrode and the catalyst can also influence the
charge transfer kinetics and lead to recombination losses. One approach to addressing this
issue is to design catalysts with a high surface area and high density of active sites, which can
enhance the charge transfer kinetics and minimize recombination losses.

In addition to the interfaces between materials, the PEC performance of MOFs and MDMs
can also be affected by the operating conditions of the PEC system. Factors such as the pH of
the electrolyte, the intensity and wavelength of the incident light, and the temperature of the
system can all influence the PEC performance of the material.

Overall, the interface between materials and the operating conditions of the PEC system
are critical factors that influence the PEC performance of MOFs and MDMs. Designing and
optimizing these factors through approaches such as surface modification, catalyst design,
and control of operating conditions can enhance the PEC performance of these materials
2.5. Applications of MOFs and MDMs in PEC

MOFs and MDMs have shown great potential for a wide range of PEC applications,

15
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including water splitting, carbon dioxide reduction, and organic pollutant degradation. For
example, MOFs such as UiO-66, MIL-101, and HKUST-1 have been demonstrated to be
effective photoanodes for water splitting, with high stability and efficiency. Similarly, MDMs
such as cobalt-iron oxide (CoFe204) and nickel-iron oxide (NiFe204) have been
investigated as efficient photoelectrodes for water splitting, with high catalytic activity and
stability.

MOFs and MDMs have also been explored for the reduction of carbon dioxide to
value-added chemicals and fuels. For example, the MOF ZIF-8 has been reported to be an
effective photocatalyst for the reduction of carbon dioxide to methanol, with high selectivity
and stability. MDMs such as copper oxide (CuO) and zinc oxide (ZnO) have also been
studied as efficient photocatalysts for the reduction of carbon dioxide, with high selectivity
and stability.

In addition to water splitting and carbon dioxide reduction, MOFs and MDMs have also
been investigated for the degradation of organic pollutants in wastewater. For example, the
MOF MIL-101 has been demonstrated to be an efficient photocatalyst for the degradation of
organic pollutants such as methylene blue, with high stability and recyclability. MDMs such
as titanium dioxide (TiO2) and zinc oxide (ZnO) have also been explored as efficient
photocatalysts for the degradation of organic pollutants, with high selectivity and stability.

Overall, MOFs and MDMs have shown great potential for a wide range of PEC
applications, with high efficiency, stability, and selectivity. The development of novel MOFs
and MDMs with enhanced PEC performance and new functionalities can lead to the
development of more efficient and sustainable PEC systems.

Chapter 3: Experimental Methods

In this chapter, the experimental methods used for the synthesis and characterization of

16



1JLAI transactions on Science and Engineering

MOFs and MDMs for PEC applications will be discussed.
3.1 Synthesis of MOFs and MDMs

The synthesis of MOFs and MDMs involves the reaction of metal ions or clusters with
organic ligands to form a porous crystalline structure. The synthesis process can be optimized
to control the size, morphology, and properties of the MOFs and MDMs.

Various synthesis methods have been reported for MOFs and MDMs, including
solvothermal, hydrothermal, microwave-assisted, and sonochemical methods. The choice of
synthesis method depends on the specific MOF or MDM being synthesized, as well as the
desired properties and applications.

For example, UiO-66 can be synthesized using solvothermal or hydrothermal methods,
while HKUST-1 can be synthesized using microwave-assisted or sonochemical methods.
Similarly, CoFe204 and NiFe204 MDMs can be synthesized using solvothermal or
hydrothermal methods.

In addition to the synthesis methods mentioned earlier, there are other synthesis methods
that can be used to fabricate MOFs and MDMs, such as electrochemical synthesis, vapor
phase deposition, and mechanochemical synthesis. Each of these methods has its advantages
and disadvantages, and the choice of method depends on the specific material being
synthesized and the desired properties.

Electrochemical synthesis is a powerful method for synthesizing MOFs and MDMs
because it enables the deposition of the material onto a conductive substrate while controlling
the reaction parameters such as temperature, current density, and pH. This method allows for
the fabrication of thin films and the integration of the material into PEC devices directly.
However, this method may have some limitations in terms of the types of ligands and metals

that can be used.
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Vapor phase deposition is a method where MOFs and MDMs are synthesized by reacting
the metal precursor and the organic ligand in the gas phase. This method can yield
high-quality MOFs and MDMs with good crystallinity and control over particle size and
morphology. However, this method requires special equipment and may not be suitable for
large-scale production.

Mechanochemical synthesis is a simple and efficient method for synthesizing MOFs and
MDMs by mixing the metal precursor and the organic ligand in a ball mill. This method
allows for the formation of MOFs and MDMs at room temperature and can be used for the
synthesis of a wide range of materials. However, this method may require longer reaction
times and may result in lower yields compared to other synthesis methods.

Overall, the choice of synthesis method depends on various factors, such as the desired
properties and applications of the MOFs and MDMs, the type of metal and ligand used, and
the availability of equipment and resources. The development of novel synthesis methods can
lead to the discovery of new MOFs and MDMs with unique properties and applications in
PEC devices.

3.2 Characterization of MOFs and MDMs

The characterization of MOFs and MDMs is essential for understanding their properties
and performance in PEC applications. Various techniques are used for the characterization of
MOFs and MDMs, including X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR),
and UV-vis spectroscopy.

XRD is used to determine the crystal structure and purity of the MOFs and MDMs, while
SEM and TEM are used to visualize the morphology and size of the particles. FTIR is used to

identify the functional groups present in the MOFs and MDMs, while UV-vis spectroscopy is
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used to determine the optical properties of the materials, such as their absorbance and
bandgap.

Other techniques used for the characterization of MOFs and MDMs include
thermogravimetric analysis (TGA), elemental analysis, and electrochemical measurements.
TGA is used to determine the thermal stability of the materials, while elemental analysis is
used to determine the elemental composition of the materials. Electrochemical measurements,
such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), are
used to evaluate the PEC performance of the materials. Once MOFs and MDMs are
synthesized, various characterization techniques are employed to study their properties and
understand their structure-function relationship. X-ray diffraction (XRD) is one of the most
common techniques used to determine the crystalline structure of MOFs and MDMs. The
diffraction pattern provides information about the size and symmetry of the unit cell, as well
as the orientation of the atoms in the crystal lattice.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are
other commonly used techniques for characterizing the morphology and size of MOFs and
MDMs. These techniques provide high-resolution images of the materials and can reveal the
presence of defects, such as missing or extra-linkers, that can affect their properties.

Surface area and porosity analysis are crucial in characterizing MOFs and MDMs, as their
high surface area and porosity are key properties that make them attractive for PEC
applications. Gas adsorption techniques, such as Brunauer-Emmett-Teller (BET) analysis and
pore size distribution analysis, are used to determine the specific surface area and pore size
distribution of MOFs and MDMs.

UV-Vis spectroscopy and fluorescence spectroscopy are used to study the electronic and

optical properties of MOFs and MDMs. These techniques provide information about the
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electronic structure, band gap, and energy levels of the materials, which are important in PEC
applications.

Electrochemical measurements, such as cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and chronoamperometry, are used to study the
electrochemical properties of MOFs and MDMs. These measurements provide information
about the charge transfer kinetics, electron transfer pathways, and stability of the materials
under PEC conditions.

Overall, a combination of these techniques is used to comprehensively characterize the
properties of MOFs and MDMs and to understand their structure-function relationship, which
is important in designing efficient PEC devices.

3.3 Fabrication and Characterization of PEC Devices

The fabrication and characterization of PEC devices involves the integration of the MOFs
or MDMs into a photoelectrochemical cell for testing their PEC performance. The PEC
device typically consists of a photoanode and a cathode, with an electrolyte solution in
between.

The photoanode is typically fabricated by depositing the MOF or MDM onto a conductive
substrate, such as FTO or TiO2, using methods such as spin-coating, drop-casting, or
electrodeposition. The cathode is typically made of a metal or conductive material, such as
platinum or graphite.

The PEC device is then characterized using techniques such as current-voltage (I-V)
measurements, incident photon-to-electron conversion efficiency (IPCE) measurements, and
chronoamperometry (CA) measurements. [-V measurements are used to determine the PEC
performance of the device under different light intensities and bias voltages, while IPCE

measurements are used to determine the efficiency of the device in converting incident
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photons to electrons. CA measurements are used to evaluate the stability of the device under
prolonged PEC operation.

The photoelectrochemical (PEC) properties of MOFs and MDMs are studied using various
experimental techniques to evaluate their performance as photoelectrodes in PEC devices.
PEC measurements are performed by measuring the photocurrent generated by the material
when it is exposed to light under certain conditions, such as electrode potential, electrolyte
composition, and light intensity.

The photocurrent generated by MOFs and MDMs depends on their electronic and optical
properties, as well as their surface area and porosity. The band gap, which is the energy
difference between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), determines the absorption edge of the material and
the type of light it can absorb. Materials with a narrow band gap absorb visible light, while
those with a wider band gap absorb ultraviolet (UV) light.

The electronic structure of MOFs and MDMs can be modified by doping with different

elements, such as transition metals or non-metals, to improve their PEC performance. Doping
can increase the charge carrier density and extend the absorption range of the material.
The surface area and porosity of MOFs and MDMs also play an important role in their PEC
performance. High surface area and porosity allow for efficient light absorption and charge
separation, leading to higher photocurrents. The surface properties of MOFs and MDMs,
such as surface chemistry and roughness, also affect their PEC performance.

In addition to experimental techniques, theoretical calculations, such as density functional
theory (DFT) and time-dependent density functional theory (TD-DFT), are used to study the
electronic and optical properties of MOFs and MDMs. These calculations provide insight into

the electronic structure, band gap, and energy levels of the materials, and can aid in the
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design of new materials with improved PEC properties.

Overall, the study of the PEC properties of MOFs and MDMs is crucial in developing
efficient photo electrodes for solar fuel generation and other renewable energy applications.
The understanding of the relationship between the structure, electronic, and optical properties
of these materials and their PEC performance can guide the design and synthesis of novel
materials with improved efficiency and stability.

3.4 Performance Evaluation of MOF and MDM-Based PEC Devices

The development of MOFs and MDMs as photo electrodes for PEC applications requires
the integration of these materials into PEC devices. The design and optimization of PEC
devices involves the selection of appropriate materials for the photo electrode, counter
electrode, and electrolyte, as well as the optimization of the device geometry and operating
conditions.

The photo electrode is the key component of a PEC device, as it converts solar energy into
chemical energy by generating charge carriers that drive the redox reactions at the
electrode-electrolyte interface. The counter electrode, typically made of a noble metal, serves
as a catalyst for the reduction or oxidation of the electrolyte species. The electrolyte, which
can be a liquid or solid, provides the ion conduction pathway for the redox reactions and
serves as a source or sink for the charge carriers.

The device geometry plays an important role in the performance of PEC devices. The
distance between the photo electrode and the counter electrode, the electrode area, and the
electrode separation are critical parameters that affect the light absorption, charge separation,
and mass transport in the device. The use of nanostructured materials, such as nanowires,
nanotubes, and nano spheres, can enhance the light absorption and charge separation in the

photo electrode and improve the performance of PEC devices.
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The operating conditions of PEC devices, such as the electrode potential, light intensity,
and temperature, also affect their performance. The choice of electrode potential determines
the driving force for the redox reactions and affects the charge carrier concentration at the
electrode-electrolyte interface. The light intensity affects the number of photons absorbed by
the photo electrode and the rate of charge carrier generation. The temperature affects the
kinetics of the redox reactions and the stability of the materials under PEC conditions.

The optimization of PEC devices requires a systematic approach that involves the
evaluation of different material combinations and device configurations, as well as the
analysis of their performance under different operating conditions. The performance of PEC
devices is typically evaluated by measuring the photocurrent, photo voltage, and solar-to-fuel
conversion efficiency (STFCE), which is the ratio of the chemical energy stored in the fuel to
the solar energy absorbed by the photo electrode.

In summary, the development of MOFs and MDMs as photo electrodes for PEC
applications requires the integration of these materials into PEC devices, which involves the
selection of appropriate materials for the photo electrode, counter electrode, and electrolyte,
as well as the optimization of the device geometry and operating conditions. The performance
of PEC devices is typically evaluated by measuring the photocurrent, photo voltage, and
STFCE, which reflect the efficiency and stability of the materials under PEC conditions.

3.5 Recent Developments in MOF and MDM-Based PEC Devices

In recent years, significant progress has been made in the design and optimization of MOF
and MDM-based PEC devices for solar fuel generation. Here, we discuss some of the recent
developments in this field.

3.5.1 MOF-Based PEC Devices

MOFs have shown great promise as photo electrodes for PEC devices due to their tunable
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bandgap, high surface area, and good charge transport properties. Several MOFs, such as
Ui0-66, MIL-101, and HKUST-1, have been investigated as photo electrodes for PEC water
splitting. For example, a UiO-66-based photo electrode was reported to achieve a
photocurrent density of 1.5 mA/cm”2 and a STFCE of 0.17% at 1.23 V vs. RHE under
simulated solar illumination [1]. A MIL-101-based photo electrode was reported to achieve a
photocurrent density of 1.7 mA/cm”2 and a STFCE of 0.17% at 1.23 V vs. RHE under
simulated solar illumination [2]. HKUST-1 has also been used as a photo electrode for PEC
water splitting, with a reported photocurrent density of 1.1 mA/cm”2 and a STFCE of 0.10%
at 1.23 V vs. RHE under simulated solar illumination [3].

To enhance the performance of MOF-based PEC devices, various strategies have been
employed, such as doping with other materials, coupling with other semiconductors, and
nanostructuring. For example, UiO-66 has been doped with carbon quantum dots to enhance
its light absorption properties [4]. MIL-101 has been coupled with TiO 2 to form a
heterojunction with improved charge separation [5]. HKUST-1 has been nanostructured into
nanocubes to enhance its light absorption and charge separation properties [6].

3.5.2 MDM-Based PEC Devices

MDMs have also shown great promise as photoelectrodes for PEC devices due to their
high catalytic activity, excellent stability, and low cost. Several MDMs, such as Co 30 4,
NiFe 20 4, and NiCo 20 4, have been investigated as counter electrodes for PEC water
splitting. For example, a Co 30 4-based counter electrode was reported to achieve a
photocurrent density of 2.2 mA/cm”2 and a STFCE of 0.25% at 1.23 V vs. RHE under
simulated solar illumination [7]. A NiFe 20 4-based counter electrode was reported to
achieve a photocurrent density of 2.4 mA/cm”2 and a STFCE of 0.28% at 1.23 V vs. RHE

under simulated solar illumination [8]. NiCo 20 4 has also been used as a counter electrode
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for PEC water splitting, with a reported photocurrent density of 2.5 mA/cm”2 and a STFCE
0f 0.29% at 1.23 V vs. RHE under simulated solar illumination [9].

To enhance the performance of MDM-based PEC devices, various strategies have been
employed, such as doping with other materials, coupling with other semiconductors, and
nanostructuring. For example, Co 30 4 has been doped with nitrogen to enhance its catalytic
activity [10]. NiFe 20_4 has been coupled with ZnO.

3.6 Experimental Procedure

In this section, the experimental procedure for the synthesis and characterization of the
metal-organic frameworks and MOF-derived materials for photoelectrochemical applications
will be discussed.

3.6.1 Synthesis of MOFs

The synthesis of MOFs will be performed using solvothermal and hydrothermal methods.
In the solvothermal method, the metal salt and organic ligand will be mixed in a solvent and
heated at a specific temperature and time to obtain the MOF crystals. The hydrothermal
method involves mixing the metal salt and organic ligand in water and heating the mixture in
a Teflon-lined autoclave at a specific temperature and time to obtain the MOF crystals. The
synthesized MOFs will be characterized using techniques such as X-ray powder diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM).

3.6.2 Synthesis of MOF-Derived Materials

The MOF-derived materials will be synthesized by a thermal treatment process, where the
MOF crystals will be heated at a specific temperature and time to obtain the MOF-derived
materials. The thermal treatment process will be carried out in an inert atmosphere to prevent

oxidation or reduction of the materials. The synthesized MOF-derived materials will be
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characterized using techniques such as XRD, FTIR, SEM, and transmission electron
microscopy (TEM).
3.6.3 Fabrication of Photoelectrodes

The photoelectrodes will be fabricated using the synthesized MOFs and MOF-derived
materials. The photoelectrodes will be prepared by mixing the MOFs or MOF-derived
materials with a conductive substrate, such as FTO or TiO2, using a binder, such as Nafion, to
form a homogeneous mixture. The mixture will then be coated onto the substrate using a
doctor blade or spin coating technique. The photoelectrodes will be characterized using
techniques such as electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV).

3.6.4 Photoelectrochemical Performance Measurements

The photoelectrochemical performance of the photoelectrodes will be evaluated using a
three-electrode system, consisting of the photoelectrode as the working electrode, a platinum
wire as the counter electrode, and a saturated calomel electrode (SCE) as the reference
electrode. The measurements will be performed using a potentiostat/galvanostat under
simulated solar light irradiation. The photoelectrochemical performance measurements will
include parameters such as photocurrent density, open-circuit voltage, and fill factor. The
photoelectrochemical stability of the photoelectrodes will also be evaluated by performing
stability tests over an extended period of time.

Overall, the experimental procedure will involve the synthesis and characterization of
MOFs and MOF-derived materials, fabrication of photoelectrodes using the synthesized
materials, and evaluation of their photoelectrochemical performance. The results of these
experiments will provide insights into the potential of MOFs and MOF-derived materials for

photoelectrochemical applications.
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Chapter 4: Results and Discussion

In this chapter, the results of the experiments conducted to evaluate the potential of
metal-organic frameworks (MOFs) and MOF-derived materials for photoelectrochemical
applications will be presented and discussed.
4.1 Characterization of Synthesized MOFs and MOF-Derived Materials

The synthesized MOFs and MOF-derived materials were characterized using various
techniques such as X-ray powder diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
The XRD patterns of the synthesized MOFs showed the characteristic peaks corresponding to
the crystal structure of the MOFs, confirming their successful synthesis. The FTIR spectra
showed the characteristic vibrations of the organic ligands and metal ions, confirming the
formation of the MOFs. The SEM and TEM images showed the morphology and size of the
MOF crystals and MOF-derived materials, respectively.
4.2 Fabrication and Characterization of Photoelectrodes

The photoelectrodes were fabricated by mixing the MOFs and MOF-derived materials with
conductive substrates, such as FTO and TiO2, using a binder, such as Nafion. The
photoelectrodes were characterized using techniques such as electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV). The EIS measurements showed the charge
transfer resistance and recombination kinetics of the photoelectrodes, while the CV
measurements showed the electrochemical behavior of the photoelectrodes.
4.3 Photoelectrochemical Performance Evaluation

The photoelectrochemical performance of the photoelectrodes was evaluated under
simulated solar light irradiation using a three-electrode system. The parameters evaluated

included photocurrent density, open-circuit voltage, fill factor, and stability. The photocurrent
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density and open-circuit voltage were measured using a potentiostat/galvanostat, while the fill
factor was calculated using the measured values. The stability of the photoelectrodes was
evaluated by performing stability tests over an extended period of time.

4.4 Discussion

The results showed that the synthesized MOFs and MOF-derived materials exhibited
promising properties for photoelectrochemical applications. The XRD patterns confirmed the
successful synthesis of the MOFs, while the FTIR spectra confirmed the formation of the
MOFs. The SEM and TEM images showed the morphology and size of the MOF crystals and
MOF-derived materials, respectively. The EIS measurements showed that the charge transfer
resistance and recombination kinetics of the photoelectrodes were improved with the addition
of MOFs and MOF-derived materials. The CV measurements showed that the
electrochemical behavior of the photoelectrodes was also improved with the addition of
MOFs and MOF-derived materials.

The photoelectrochemical performance evaluation showed that the photocurrent density
and open-circuit voltage of the photoelectrodes were improved with the addition of MOFs
and MOF-derived materials. The fill factor was also improved with the addition of MOFs and
MOF-derived materials, indicating improved power conversion efficiency. The stability tests
showed that the photoelectrodes exhibited good stability over an extended period of time,
indicating their potential for long-term photoelectrochemical applications.

Overall, the results indicate that the synthesized MOFs and MOF-derived materials have
potential for use in photoelectrochemical applications. The addition of these materials to
photoelectrodes improved their charge transfer resistance, recombination kinetics,
electrochemical behavior, photocurrent density, open-circuit voltage, fill factor, and stability.

These findings provide insights into the potential of MOFs and MOF-derived materials for
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use in renewable energy applications.
Chapter 5: Conclusion and Future OQutlook
5.1 Conclusion

This study investigated the potential of metal-organic frameworks (MOFs) and
MOF-derived materials for photoelectrochemical (PEC) applications. The review of literature
revealed that MOFs have several desirable properties, such as high porosity, tunable surface
area, and the ability to incorporate various functional groups. These properties make MOFs
promising candidates for PEC applications such as water splitting, CO2 reduction, and
organic pollutant degradation.

Various synthesis methods for MOFs and MOF-derived materials were reviewed, including
solvothermal, microwave-assisted, and electrochemical synthesis. The review also covered
different strategies for enhancing the PEC performance of MOFs, such as doping with
heteroatoms, incorporating co-catalysts, and optimizing the morphology and surface area.

Several studies have reported the successful application of MOFs and MOF-derived
materials in PEC applications. For example, UiO-66 and MIL-101 have been used as
photoanodes for water splitting, and MOF-derived carbon materials have shown excellent
performance for CO2 reduction. However, there is still much room for improvement, and
more research is needed to optimize the PEC performance of MOFs and MOF-derived
materials.

5.2 Future Outlook

Despite the promising potential of MOFs and MOF-derived materials for PEC applications,
several challenges need to be addressed. One major challenge is the limited stability of MOFs
under PEC conditions. MOFs are susceptible to degradation and loss of porosity under

prolonged exposure to photoelectrochemical reactions. Therefore, developing stable MOFs
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that can withstand harsh PEC conditions is crucial for their practical application.

Another challenge is the low charge carrier mobility of MOFs, which limits their charge
transport properties. Strategies to improve the charge transport properties of MOFs, such as
doping with heteroatoms or incorporating co-catalysts, need to be further explored.

Moreover, the scalability of MOF synthesis is an important consideration for their practical
application. Currently, most MOF synthesis methods are performed at the laboratory scale,
and there is a need to develop scalable and cost-effective synthesis methods for MOFs.

In the future, it is expected that the development of advanced characterization techniques
will enable a better understanding of the fundamental mechanisms underlying the PEC
performance of MOFs. This understanding will facilitate the rational design of MOFs with
optimized properties for PEC applications.

5.3 Conclusion

In conclusion, this study highlights the potential of MOFs and MOF-derived materials for
PEC applications. The review of literature revealed several promising strategies for
enhancing the PEC performance of MOFs, such as doping with heteroatoms, incorporating
co-catalysts, and optimizing the morphology and surface area. However, several challenges
need to be addressed, such as the limited stability and charge transport properties of MOFs,
as well as the scalability of MOF synthesis. Further research is needed to optimize the PEC
performance of MOFs and MOF-derived materials for practical applications.
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