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1.1. Introduction: from scientific revolution to sustainable
development—the role of catalyst in chemical industry

The progress of science and technology has long served as the cornerstone of human civilization. The
Renaissance, which emerged in 14th-century Europe, ignited an unprecedented wave of intellectual and
scientific awakening, laying the groundwork for modern industrial society. In the realm of theoretical
science, pivotal breakthroughs—from Copernicus’s heliocentric model (1543) and Newton’s laws of
motion (1687) to Lavoisier’s combustion theory (1777-1783) and the formulation of cell theory by
Schleiden and Schwann (mid-19th century)—collectively forged the conceptual bedrock of contemporary
scientific thought. Parallel advancements in applied technology—such as Newcomen’s steam engine
(1712), Barber’s gas turbine prototype (1791), Gramme’s electrical generator (1871), and Turing’s
foundational work in computation (1936)—dramatically increased productive capacity and redefined the

trajectory of technological evolution.

As the 21st century progresses, humanity faces critical challenges spanning energy security, public
health, educational equity, and ecological resilience. Addressing these issues while maintaining global
stability has become a paramount imperative. The 2030 Agenda for Sustainable Development (2015),
ratified by all UN (United Nations) member states, outlines 17 Sustainable Development Goals (SDGs)
as a comprehensive blueprint for equitable growth, environmental stewardship, and societal well-being
(Figure 1.1) [la]. Crucially, the realization of these ambitions depends on sustained scientific and
technological innovation—a driving force that not only propels sustainable development initiatives but

also enhances their effectiveness and scalability.
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Figure 1.1. The sustainable Development Goals (SDGs) logo [1a].
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The chemical industry serves as a cornerstone of numerous scientific disciplines and economic sectors.

By 2027, it is projected to rank as the fifth-largest global manufacturing sector in terms of direct annual
2



GDP contribution, accounting for 8.3% of the total economic output of global manufacturing (Figure 1.2)
[1b]. Furthermore, the industry is deeply interconnected with key sectors such as rubber, metal, and food
production. It directly employs approximately 15 million people worldwide, with each job in the chemical

industry estimated to generate an additional seven jobs across the global economy [1b].
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Figure 1.2. Direct contributions to GDP as percentages of total global manufacturing, 2017 [1b, Source:
Oxford Economics].

Historically, nitrogen fertilizers—particularly those derived from synthetic ammonia—have been
instrumental in increasing food production and sustaining the global population. Without ammonia, the
availability of inorganic fertilizers would be drastically reduced, potentially placing nearly half of the
world’s population at risk of hunger [1c]. In medicine, synthetic drugs have profoundly shaped human
health. For example, aspirin, widely recognized for its analgesic, antipyretic, anti-inflammatory, and
antithrombotic properties, played a pivotal role in the research that led to the 1982 Nobel Prize in
Physiology or Medicine for elucidating its mechanism of inhibiting prostaglandin and thromboxane
synthesis. Similarly, nitroglycerin has been essential in treating conditions such as heart failure, angina,
and hypertension—while also historically serving as an explosive, as pioneered by Alfred Nobel. In
addition to these emblematic products, the petrochemical industry—which experienced significant
growth in the 20th century—has provided essential fuels such as gasoline, as well as large quantities of

basic chemical raw materials, including synthetic rubber [1d].

In the 21st century, the chemical industry is undergoing a profound transformation, driven by advances
in novel materials (e.g., superconducting graphene), sustainable energy solutions (e.g., hydrogen
technologies), and breakthrough pharmaceuticals (e.g., the anti-HIV combination therapy Atripla, which

integrates efavirenz, emtricitabine, and tenofovir). These innovations mark a new era of scientific



progress and industrial evolution.

Catalysts are indispensable in facilitating chemical transformations [le, f]. For example, iron-based
catalysts underpin the Haber—Bosch process for ammonia synthesis—a breakthrough that earned Fritz
Haber the 1918 Nobel Prize in Chemistry. Acid catalysts, such as sulfuric acid (H2SOs4), play a pivotal
role in industrial organic synthesis, including the production of aspirin and nitroglycerin. Additionally,
catalysts such as zeolites in fluid catalytic cracking and platinum in isomerization processes are central

to the operation of the petrochemical industry.

As the chemical industry continues to evolve, catalysts remain at the forefront of innovation, driving
advances across material science, energy, and medicine. Notable examples include the low-temperature
growth of graphene at 150°C via indium-catalyzed ion-induced assembly [2a]; hydrogen production
through water splitting facilitated by SrTiOs-based photocatalysts [2b]; and the chiral ruthenium-

catalyzed synthesis of pharmaceuticals such as the anti-HIV drug efavirenz [2c].

Catalyst development also plays a critical role in advancing several of the 17 Sustainable Development
Goals (SDGs), including Goal 6: Clean Water and Sanitation; Goal 7: Affordable and Clean Energy; Goal
9: Industry, Innovation, and Infrastructure; and Goal 13: Climate Action. For instance, photocatalytic
water purification technologies (e.g., TiO:-based materials for sterilization [3a]), catalytic energy
conversion processes (e.g., Fischer—Tropsch synthesis using iron-based catalysts [3b]), and
electrochemical CO; reduction (e.g., copper-based catalysts for CO> conversion [3c]) all exemplify how
catalysis underpins sustainable development. Moreover, innovations in catalysis generate significant
spillover benefits, enhancing productivity and improving quality of life beyond the chemical sector.
Continued progress in catalyst technology will therefore be instrumental in shaping a more sustainable

and prosperous future.

1.2. Fundamentals and classifications of catalyst

In general, a catalyst is defined as a substance that increases the rate of a chemical reaction without
affecting the overall standard Gibbs free energy change. It can also be described as a substance that
accelerates a reaction without shifting the reaction equilibrium and remains chemically and physically
unchanged in both composition and quantity before and after the process. Catalysts function by lowering
the activation energy required for a reaction, thereby facilitating otherwise unfavorable reactions and

enhancing reaction efficiency (Figure 1.3).

For instance, in ammonia synthesis, an iron oxide-based catalyst is widely employed to reduce the
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activation energy and facilitate the reaction. In the absence of a catalyst, the activation energy for this
reaction is approximately 335 kJ mol™! [4a]. However, when an iron catalyst is introduced, the reaction
pathway is modified, dividing the process into two steps and significantly decreasing the activation energy.
Specifically, during the first step (nitridation), the activation energy is reduced to approximately 126—167
kJ mol !, while in the second step (nitrogen hydride formation), it decreases further to around 13 kJ mol-
! [4a]. In this catalytic cycle, nitrogen molecules are initially adsorbed onto the surface of the iron oxide
catalyst, weakening the N=N triple bond. Subsequently, hydrogen atoms react stepwise with the adsorbed
nitrogen species, forming intermediate compounds. Finally, ammonia molecules are generated and

desorbed from the catalyst surface, completing the reaction cycle [4b].
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Figure 1.3. Potential energy diagram with and without catalyst.
E;, E;: Activation energy without and with catalyst; AH: heat of reaction.

Catalysts can be classified into various types based on their reaction systems and physical states. In
terms of reaction systems, they are categorized as homogeneous catalysts, heterogeneous catalysts, and

biocatalysts (enzymes). Based on their physical state, catalysts are further divided into liquid and solid

catalysts [1le, f].

Homogeneous catalysis occurs when the catalyst and reactants exist in the same phase, typically in the
liquid state, with no phase interface. Common examples include liquid acid-base catalysts and soluble
transition metal complexes. A well-known case is the palladium-catalyzed Suzuki coupling reaction,
which was recognized with the 2010 Nobel Prize in Chemistry [4c]. Since the active sites in homogeneous

catalysts are molecularly dispersed, these systems often exhibit high selectivity and activity.

In contrast, heterogeneous catalysis involves catalysts and reactants in different phases, most
commonly solid catalysts interacting with gaseous or liquid-phase reactants. Due to this phase separation,
heterogeneous catalysts are generally easier to recover and reuse after the reaction. Beyond iron-based
catalysts used in ammonia synthesis, a notable example is molybdenum(VI)- and tungsten(VI)-based

catalysts supported by alkoxide and imido ligands, which are widely employed in olefin metathesis [4d].



Given their reusability and efficiency, heterogeneous catalysts are of immense industrial significance.

Biocatalysts, a distinct category of catalysts, refer to enzymes that drive biochemical reactions in living
organisms. Enzymes play crucial roles in various biological processes across humans, animals, and plants.
For instance, chloroplast enzymes facilitate photosynthesis in plants, a process essential for sustaining

life on Earth [4¢]. As natural catalysts, enzymes are indispensable in biochemical transformations.

1.3. Supported metal and metal oxide catalysts

Heterogeneous catalysts are highly valued in industrial applications for their recyclability, whereas
homogeneous molecular catalysts often present challenges in reuse. To overcome this, various solid-state
strategies—such as ion exchange, adsorption, encapsulation, and covalent grafting—have been explored
to enhance the reusability of homogeneous systems. However, these methods face notable limitations.
For example, although covalent attachment of ligands to solid supports is widely used, supported
molecular catalysts often suffer from reduced stability, activity loss due to surface interactions, leaching,

and thermal/chemical degradation. Moreover, their high synthesis cost remains a key drawback [5a].

Similarly, enzymes (biocatalysts) offer excellent activity and selectivity but are limited by strict
reaction conditions, rapid inactivation, and short lifespans. These constraints highlight the need to

prioritize the development of heterogeneous catalysts.

Heterogeneous catalysts are typically solid materials, with active components composed of metals,
metal oxides and sulfides etc. However, single-metal catalysts exhibit inherent drawbacks, including high
costs (e.g., platinum or gold), poor dispersion, and limited thermal or chemical stability. To mitigate these
issues, catalyst supports (or carriers) are commonly employed to improve the activity, stability, and
dispersion of active sites. Table 1.1 summarizes representative supported catalysts used in industrial

processes, featuring common supports such as activated carbon, SiO2, Al>O3, and zeolites.

Table 1.1. Examples of supported metal or metal oxide catalysts in chemical industry.

Catalyst Application Reference
CrQO,/Si0O, polymerization [5b]
FeO,-K,0/Al,O4 ammonia synthesis [5¢]

hydrogenations in organic synthesis,

Pt/carbon hydrogen fuel cell [5d, ]
V,05/Si0, oxidation in organic synthesis [5f-h]
Pt-Re/zeolite naphtha reforming [51]




In recent years, supported metal and metal oxide catalysts have garnered considerable attention. As
summarized in Table 1.2, these catalysts demonstrate significant potential across diverse applications,
including water splitting, organic synthesis, photocatalysis, and electrocatalysis. Their broad applicability

highlights their critical role in advancing future technologies and industrial processes.

Table 1.2. Examples of supported metal or metal oxide catalysts in recent research.

Catalyst Application Reference

hydrogen fuel cell,

TiO,/carbon H,O, photo-synthesis

[6a, b]

synthesis of amine,
Fe,O;/carbon Fischer—Tropsch synthesis, [6c-€]
photo-decomposition

AsH; oxidation,

Cuo/Sio, alkylation of indole [6f, ]
AU/TiO, water photo-splitting [6h]
Cu/carbon CO, electro-reduction [61]

Typically, metals or metal oxides serve as active components, while supports function as inert matrices
or, in some cases, act as promoters by participating in catalytic reactions (Figure 1.4). For example, in
ammonia synthesis, iron oxide acts as the primary catalytic component, aluminum oxide serves as a
structural stabilizer, and potassium oxide functions as an electronic promoter, all working synergistically
to enhance catalytic performance [le, 4a]. Another notable example is the CrOx/SiOz system, commonly
known as the Phillips catalyst. Although some debate persists regarding the precise nature of the active
site, it is generally accepted that chromium species (on CrOx) facilitate the catalytic reaction, while SiO»
provides structural stability and a high surface area [5g, h]. In electro- and photocatalysis, carbon supports
play a crucial role, exhibiting key properties such as high porosity, electronic conductivity, thermal

stability, optical absorption, and an extended active surface area [6a, b, e, 1].

reactants products

\ 4

Metal oxide

Support

Figure 1.4. Supported metal or metal oxide catalyst.



In heterogeneous catalysis, catalytic reactions typically proceed via one or more adsorption processes
(Figure 1.5, a representative reaction model via adsorption). The fundamental mechanism can be
summarized as follows: (i) reactants adsorb onto the catalyst's surface, (ii) their existing chemical bonds
are weakened, facilitating the formation of new bonds, and (iii) the products eventually desorb,
regenerating the active sites. These adsorption processes are critical for transforming reactants into
products. However, adsorption does not occur uniformly across the catalyst surface but is localized to
specific regions known as active sites, assuming that all adsorption sites contribute to catalytic activity.
In certain cases, adsorption may not take place on cocatalysts, supports, or inert crystal facets, further

emphasizing the need to focus on the study of active surfaces when investigating catalysts.

reactants : 8 products 3 8

(i) desorptlon
-

(i1) reaction

(i) adsorption

Catalyst

Figure 1.5. Simplified reaction model via surface adsorption.

For supported metal or metal oxide catalysts, analyzing the surfaces of the primary catalytic components—
metals or oxides—is essential for advancing the understanding and development of heterogeneous catalysts. Over
the years, numerous analytical techniques have been developed and widely applied to characterize these catalysts
(Figure 1.6, characterization of supported catalysts by analytical tools) [1e]. Spectroscopic techniques such as X-
ray photoelectron spectroscopy (XPS) provide insights into the chemical states of metal elements, while X-ray
diffraction (XRD) is used to determine crystal structures and crystallite sizes. Electron microscopy techniques,
including scanning and transmission electron microscopy (SEM/TEM), enable direct visualization of surface
morphology. Additional methods, such as extended X-ray absorption fine structure (EXAFS), Auger electron
spectroscopy (AES), and infrared spectroscopy (IR), further contribute to comprehensive catalyst characterization.
Adsorption-based techniques also play a pivotal role in catalyst analysis. For instance, ammonia adsorption is
widely employed to probe surface acid sites, while nitrogen adsorption via the Brunauer-Emmett-Teller (BET)
method is commonly used to measure the total surface area of solid catalysts. However, despite its widespread
application, the BET method presents limitations in quantifying the surface areas of supported metal or metal oxide
on supported catalysts. Thus, continued research and innovation in surface area analysis remain crucial for

advancing catalytic science.



Information of
metal or oxide

.

Analytical tools

" Metal or oxide

Support

Figure 1.6. Characterization of supported metal or metal oxide catalysts.

1.4. Methodology for surface area measurement

To advance catalyst development, various quantitative methods have been established to evaluate both
the total surface area (e.g., the BET method), and the surface area of specific materials on supported
catalysts[le, 7a, b, c]. In this section, these surface area evaluation techniques are divided into two main

groups: adsorption-based methods, non-adsorption-based methods.

1.4.1. Surface area measurement by adsorption methods

Adsorption can be categorized into two types: physical adsorption and chemical adsorption [7a, b].
Physical adsorption typically involves multiple layers, has low adsorption heat, and is easily reversible.
In contrast, chemical adsorption usually forms a monolayer, is associated with high adsorption heat, and
is difficult to reverse due to the formation of chemical bonds. The key characteristics of physical and

chemical adsorption are summarized in Table 1.3.

Table 1.3. Comparation of physical and chemical adsorption [7a, b].

Type Physical adsorption Chemical adsorption
Adsorption force Van der Waals force chemical bonding force
Adsorption heat close to heat of vaporization close to heat of reaction
Selectivity No selectivity selectivity

Stability unstable, reversible stable

Molecular layer single or multilayer single

Adsorption rate fast, not affected by temperature slow, affected by temperature
Adsorption temperature low, below boiling point unlimited

The BET method, which determines the total surface area of solid catalysts via the physical adsorption
of nitrogen, is the most widely used technique for surface area analysis. Developed by Brunauer, Emmett,

and Teller, this method is based on the principle of multilayer adsorption and is frequently applied in the



evaluation of surface area [le, 7a-c]. The underlying assumption is that molecular adsorption occurs at
specific sites on the material's surface and progresses through multiple layers (Figure 1.8). In the first
layer, the adsorption rate of gas molecules is equal to the desorption rate, achieving equilibrium. Similarly,
in the second layer, adsorption and desorption rates are balanced. Beyond the second layer, it is assumed
that the heat of adsorption equals the heat of condensation, remaining constant due to molecular
interactions that are independent of the material's adsorption forces. Based on these principles, the BET

isotherm (Formula 1.1) is derived as follows:

vmCp
P = Formula 1.1
(Po-P)[1+(C-1) ()] (Formula 1.1

v: total adsorption amount; v,: monolayer adsorption amount; C: parameters related to heat of adsorption; p:
pressure; po: saturated vapor pressure of molecule.

@\olecule
":\Adsorption/desorption

Material

Figure 1.7. BET theory: adsorption of molecules on surface by multiple layer.

For conventional solid catalysts, it is generally postulated that the catalytically active sites are
homogeneously distributed over the available surface area. Under this assumption, the catalytic
performance of a material is often directly proportional to its total surface area. For instance, unsupported
Co0304 catalysts prepared at calcination temperatures ranging from 300 to 600 °C have been investigated
for applications such as water electrolysis [7d] and hydrogen peroxide (H202) decomposition [7¢]. In the
case of water electrolysis, the catalytic activity—typically expressed as the current density per
macroscopic unit area of a disk-shaped working electrode—has been shown to exhibit a clear positive
correlation with the BET surface area of the Co3;O4 catalyst [7d]. Similarly, for H2O> decomposition
reactions, the activity per unit mass of catalyst, measured by the rate of oxygen evolution from H>O,,
decreases as the calcination temperature increases. This trend is attributed to a reduction in BET surface
area with increasing temperature. However, when the activity is normalized to the unit surface area, the
catalytic performance remains essentially constant [7e], suggesting that the intrinsic activity per surface
site does not change significantly. Taken together, these two examples demonstrate that, under the
assumption of uniform active site distribution, the total surface area of a catalyst can serve as a reliable
parameter for evaluating and comparing its catalytic efficiency across different reaction systems and

preparation conditions.
10
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Figure 1.8. (a) Relationship between BET surface area, Oxygen evolution reaction (OER) currents by
geometric surface area, and the charge associated with the reduction of Co*" to Co** at the potential range
of 1.25-1.55 V versus hydrogen electrode (RHE) [7¢], reuse by permission; Copyright {2018} Elsevier;
(b) Reaction rate determined per unit mass (orange) and per unit surface area (blue) of the calcined Co304
catalysts [7e], reuse by license under CC-BY; Copyright {2021} American Chemical Society.

Liquid fatty acids, dyes, iodine, and ethylene glycol are commonly used to estimate the surface area of
materials such as activated carbon, metals, and metal oxides [7a, b, f]. This method calculates the total
surface area of the adsorbent based on the cross-sectional area of the organic molecules. Additionally,
some less commonly used methods for determining the total surface area of materials exist but are not

elaborated here[7g-1]; these methods are summarized in Table 1.4.

However, in most cases, the distribution of active catalytic sites on the surface of solid materials is not
uniform. This is particularly true for supported metal or metal oxide catalysts, where the catalytic activity
largely depends on the state and distribution of the active material—either metal or metal oxide. Factors
such as the dispersion and accessibility of the active material, the interaction between the active material
and the support, as well as the shape and porosity of the support, all play a crucial role in influencing or

determining catalytic performance [1e].

Quantitative determination of the metal surface area on the support is an effective method for
characterizing supported catalysts. Hydrogen or carbon monoxide selectively adsorbs onto the metal
surface with minimal adsorption on the support, enabling the calculation of the metal surface area (Figure
1.9). This selective adsorption method is widely recognized as one of the most commonly used techniques
alongside the BET method and is extensively introduced in textbooks and literature [le, 7a, b, 8a, b]. In
practice, this method is often combined with voltametric measurements to determine the metal surface

area of electrocatalysts (H adsorption/desorption and CO stripping,) [8c, d]. For example, a study
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demonstrated that the catalytic activities (current) of Pt/macroporous carbon electrodes for methanol
oxidation were positively correlated with the Pt surface areas measured by hydrogen adsorption (Figure
1.10) [8e]. This highlights the significance of quantitatively determining the metal surface area on the

support in understanding and optimizing catalytic activity.

H, or CO

Figure 1.9. Selective adsorption of H> or CO molecules on metal surface for supported catalysts.
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Figure 1.10. Pt surface area and catalytic activity towards methanol oxidation obtained for
Pt/macroporous carbon catalysts [8e].

Some less commonly used and special methods for surface area determination are briefly discussed
here. The surface area of metals on supports can be measured using the chemical reaction: N2O + 2 Cu
— N2 + Cu0 [8D, f]. In this reaction, the amount of N>O consumed and the N produced are used to
quantitatively determine the surface area of exposed copper. In another study, benzoic acid was selectively
adsorbed onto alumina and titania supports at 523 K, but not onto V,Os. This selective adsorption allowed
the calculation of the surface area of these supports based on the amount of benzoic acid adsorbed [8g].
Benzoic acid adsorbed onto reduced V203 was oxidized to CO; at 623 K, enabling the determination of
the support's surface area based on the quantity of CO2 produced [8g]. Additionally, determining the
hydrophilic surface area of non-supported materials through the hydrophilicity or hydrophobicity of water

molecules represents a relatively novel approach [8h, 1].
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Table 1.4 provides a summary of various methods for determining surface area via adsorption,

including the techniques described above.

Table 1.4. Approaches for determining the surface area by adsorption.

Application Method

BET method (common method) [1e, 7a-c]
molecule adsorption in liquid phase, |, (for activated carbon) [7a, b, f]
Total surface area ethylene glycol monoethyl ether (EGME) (for fine-grained soil) [7g]
electrokinetic analysis of complex-ion (for aqueous particulate matter e.g., Al,O3) [7h]

protein Retention (PR) (for clay) [71]

CO (for without surface reaction to form carbonyl) and H, (not for Pd) [1e, 7a, b, 8a-€]

Metal surface area N,O for Cu or Ag [8a, f]

Metal oxide

surface area Benzoate for TiO, or Al,O4 (VO,/TiO, or Al,O5 catalysts) [89]

Hydrophilic

surface area Adsorption of H,O for activated carbon, Al,O5; and SiO, [9h, 1]

1.4.2. Surface area measurement by non-adsorption methods

In addition to adsorption-based approaches, various non-adsorption techniques have also been developed
for surface area determination. Among them, small-angle X-ray scattering (SAXS) is widely employed
as a rapid and effective method to estimate the total surface area of porous or nanostructured materials,

serving as a common alternative to the conventional BET method [9a].

For unsupported electrocatalysts, the surface area of the active metal or metal oxide can be
quantitatively evaluated through several electrochemical techniques. These include underpotential
deposition (UPD), surface redox reaction analysis, and measurements of double-layer capacitance, all of

which provide insights into the accessible electrochemically active surface area [9d-f].

In the case of supported catalysts, the surface area of exposed metal or metal oxide species can be
approximately estimated via electron microscopy techniques [9f]. This approach involves visualizing
nanoparticles on the support surface and assuming that they are fully exposed and ideally spherical. The
surface area is then calculated using standard geometric formulas. However, this method introduces
considerable uncertainties due to its idealized assumptions. Furthermore, the high operational cost and
limited accessibility of advanced electron microscopy instruments restrict the routine use of this technique

in surface area determination.

A comparison of representative non-adsorption methods for evaluating catalyst surface area is

summarized in Table 1.5.
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Table 1.5. Approaches for determining the surface area by non-adsorption.

Application Method

small-angle X-ray scattering method (fast) [9a]
Total surface area heat of wetting [7a, 9b]

air permeability [7a, 9c¢]

Metal surface area in electrocatalysts Underpotential deposition [9d]
(unsupported) surface redox reaction [9e]

Metal oxide surface area in
electrocatalysts (unsupported)

surface redox reaction, and double layer capacitance [9f]

Metal (or oxide) surface area on

support rough evolution by TEM telescope [9f]

1.5. The aim of this thesis

Supported metal oxide catalysts constitute a crucial class of catalysts with significant industrial value,
contributing to advancements in productivity and societal development [10a-c]. Section 1.4 introduced
various techniques for determining the surface area of solid materials, including adsorption-based and
non-adsorption-based methods. While most of these techniques effectively estimate total surface area or,
more generally, metal surface area in supported catalysts, methods specifically tailored for measuring the
surface area of supported metal oxide catalysts remain underdeveloped or have limited applicability. For
example, although transmission electron microscopy (TEM) can provide an estimate of the surface area

of metals or oxides [91], its considerable margin of error restricts its widespread use.

Surface area measurements are typically performed using gas-phase adsorption techniques that require
pressure-based instruments or costly spectroscopic equipment. Developing cost-effective and user-
friendly methodologies would significantly benefit scientific research and industrial applications. For
instance, adsorption in liquid-phase systems offers advantages such as lower costs and operational
simplicity. Some existing methods, such as iodine adsorption, have been applied to measure the surface

area of activated carbon [7f]; however, these methods lack selectivity in adsorption.

Selective adsorption of probe molecules at surface acidic sites, such as pyridine [le, 7a, b, 8b], has
proven to be an effective approach for catalyst surface analysis. Inspired by pyridine’s selective
adsorption on acidic sites, this work aims to employ organic molecules that selectively adsorb onto metal
oxide surfaces in supported catalysts while minimizing adsorption on the support itself. These organic
probe molecules are introduced in liquid solutions, and their adsorption quantities can be rapidly and
accurately determined using UV-visible spectroscopy (UV-Vis, as used in this thesis), gas

chromatography (GC), or liquid chromatography (LC). Compared to gas-phase adsorption techniques,
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these methods offer significant cost and convenience advantages.

Chapter 2 focuses on developing methodologies to quantify the exposed surface area of metal oxides
on supports. The work examines widely used metal oxides, including titanium dioxide (TiO), iron oxide
(Fe203), and copper oxide (CuO), as well as various support materials, such as carbon-based materials
(e.g., activated carbon, graphene, and carbon nanotubes) and silica (both spherical and mesoporous SiO>).
By systematically varying experimental conditions, such as solvent type, temperature, adsorption time,
and agitation methods (stirring or shaking), this work aims to identify organic molecules that
preferentially adsorb onto metal oxides while exhibiting minimal interaction with carbon or SiO; supports.
Furthermore, the adsorption quantities of these selected probe molecules must correlate with the BET
surface area of the metal oxides, thereby fulfilling the requirements for accurate surface area measurement.
As a result, the selective adsorption of probe molecules enables the determination of the exposed metal
oxide surface area in supported catalysts (Figure 1.11a). The adsorption structures were further analyzed
using FT-IR, adsorption behavior was investigated under various conditions, and surface adsorption

models were established.

(a) Method development:

R
0 © Probe molecule

Adsorption amount « BET S Non-adsorption ———) Selective-adsorption
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(b) Method application: _ catalyst development

+ TiO,/carbon for hydrogen fuel cell . ﬁ
Fe,Os/graphene for imine synthesis Metal oxide
Fe,Oj/activated carbon for benzene oxidation Support (C or SiO,) :> Catalytic activity

CuO/graphene for alcohol oxidation

Figure 1.11. The scheme of this thesis is for development of supported metal oxide catalysts.

This established method was applied to measure the surface area of metal oxides in TiO»/carbon
catalysts for hydrogen fuel cells (Chapter 3, collaborative research), Fe,Os/graphene catalysts for imine
synthesis (Chapter 4), Fe,Os/activated carbon for oxidation of benzene (Chapter 5), and CuO/graphene
catalysts for alcohol oxidation (Chapter 6). In addition to conventional solid surface characterization

methods (e.g., XRD, TEM, BET surface area), the selective adsorption of probe molecules was employed
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to measure the surface area of metal oxides in the catalysts. By integrating these results with standard
solid surface characterization techniques, the relationship between catalytic activity and the metal oxide

surface area was further investigated (Figure 1.11b).

The primary significance of this work resides in its systematic investigation of the correlation between
catalytic activity and metal oxide surface area. This comprehensive analysis substantially deepens our
understanding of the critical role that metal oxide surface area plays in determining catalytic efficiency
within conventional catalyst systems. The derived insights establish a theoretical framework for the
rational engineering of advanced catalysts, enabling performance enhancement through precise structural
modifications and compositional tuning. Furthermore, in addition to developing an innovative surface
area characterization methodology, this work incorporates novel discussions on organic molecule
adsorption across diverse materials, alongside thorough examinations of catalyst synthesis,
characterization techniques, and practical applications, thereby making multifaceted contributions to

catalytic science.
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1.7. Materials and instruments

The commercially available materials used in this thesis, along with their specific surface areas (S), are
summarized in Tables 1.6—1.10. Crystallite sizes and crystal phases were determined by XRD analysis,
while BET surface areas were measured by N> adsorption. Other relevant data were obtained directly

from the manufacturers' product information or Ishihara group at Yokohama National University.

Table 1.6. Carbon materials.

Carbon (detailes) BET S (m2g™)
MWCNT (40~60 nm diam., 5~15 ym length) 200
MWCNT (15 nm diam., 3 um length) 293
MWCNT (15 nm diam., 3 ym length)[2 345
CSCNT (70~100 nm diam., 5 pm length) 50
CSCNT (70~100 nm diam., 5 pm length)! -
graphene (nanoplatelets aggregates sub-micron particles) 750
activated carbon (RB3) 975
activated carbon (RB4) 598
activated carbon (PK1-3) 557
activated carbon (GAC, 1240W) 916
carbon black (denka black Li-100) 64
carbon black (cabot vulcan VC72R) 328

Calcination was performed at [©1900°C, ™700°C for 1h in air.
Details are based on commercial information (except for BET
surface area by N» adsorption analysis).
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Table 1.7. Silicas.

SiO, (details) BET S (m2g™))
JRC-SI0O-10 (spherical, 70~150 pm, pore size: 10 nm) 300
60N (spherical neutral, particle size 40~50 um) 738
TMPS-1.5 (mesoporous, pore size: 1.7 nm) 800
TMPS-2 (mesoporous, pore size: 2.4 nm) 845
TMPS-4 (mesoporous, pore size: 3.9 nm) 900

TMPS: Taiyokagaku (a company) mesoporous silica. Details are based on
commercial information (except for BET surface area by N, adsorption analysis).

Table 1.8. Titanium oxides.

TiO, (crystal phase, particle size/nm) BET S (m2g)
TiO, (anatase, 5) 265
TiO, (anatase, 5)al 120
TiO, (anatase, 5)I*! 93
TiO, (amorphous, 5) 215
TiO, (anatase, 6) 290
TiO, (anatase, 8) 215
TiO, (anatase, 30) 49
TiO, (rutile, 30) 27
TiO, (anatase, 100) 18
TiO, (rutile, 100) 14
TiO, (brookite, 100) 37
TiO, (anatase and rutile, 100) P25 53
Ti4O 13
Ti, O, 9
TiO 39
TiO, 7 3
Ti,03 6
5 at% Nb-TiO, 151
10 at% Nb-TiO, 124

Calcination was performed at [#1500°C, ®1380°C for 1 h in
air. Details are based on commercial information (except
for BET surface area by N, adsorption analysis).
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Table 1.9. Iron oxides.

FeO, (crystal phase, particle size) BET S (m2g71)

Fe,O; (y, 30~50 nm) 41
Fe,0, (v, < 50 nm) 59
Fe,O; (a, 0.3 pm) 17
Fe,O; (a, <5 um) 10
Fe, 05 (a, y) 10
Fe;0,4 (50~100 nm) 13
Fe,0,4 (1 um) 9

Carystal phase and BET surface area were
determined by XRD and N, adsorption analysis,
respectively. Particles size is based on
commercial information.

Table 1.10. Copper oxides.

CuO (particle and crystalline size) BET S (m2g)
CuO (10~50, 14 nm) 26
CuO (30, 28 nm) 24
CuO (< 50, 22 nm) 24
14

CuO (<1 pum, 22 nm)

CuO (-, 39 nm) o

Carystal size and BET surface area were determined by
XRD and N; adsorption analysis, respectively. Particles size
is based on commercial information.
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Table 1.11. Zirconium oxides.

ZrO, (crystal phase) BET S (m?g™)
Teragonal 74
Monoclinic 25
Monoclinic 67
Teragonal 59
Monoclinic 8
Monoclinic-Tetragonal 65
Monoclinic 87
Monoclinic 19
Monoclinic 58
Monoclinic-Tetragonal 55
Monoclinic 21
Monoclinic 6

Details were obtained either from the Ishihara group at
Yokohama National University or based on commercial
information.

All reagents used in this work were commercially available and employed without further purification

or treatment; therefore, no additional details are provided here.
The analytical instruments used in this thesis are introduced below.

According to the Lambert-Beer law, incident light and transmitted light have a specific relationship
(Formula 1.2). The concentration of an unknown solution can be measured using the absorbance of a

solution of known concentration and the absorbance of an unknown solution.

A — _logi — SCL ............................ (Formula 1.2)

T: Transmittance, A: Absorbance, [y: Intensity of incident light, /: Intensity of transmitted light, &: Constant, c:
Concentration, L: Light path length.

The absorbance of the solution before and after the adsorption experiments were measured on UV-Vis

spectrometer UV2600 (SHIMADZU, optical path length 1 cm).

Infrared spectroscopy (IR) is a powerful tool for analyzing chemical bonds and functional groups. By
utilizing the principle that molecular bonds absorb specific infrared vibration wavenumbers, this

technique allows for both qualitative and quantitative analysis of specific compounds. The mid-infrared

region, ranging from approximately 4,000—400 cm’!, is typically employed to study fundamental
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molecular vibrations. The FT-IR spectra of metal oxide powder before and after the adsorption, and the

catalyst were measured on IR Affinity-1S (SHIMADZU) by KBr method.

The BET method was introduced in Section 1.4.1. In order to remove the effects of impurities absorbed
on the sample, the sample is pretreated by evacuation while increasing the temperature (room temperature
— 100 or 120°C). After pretreatment, the sample is subjected to nitrogen adsorption at the temperature
of liquid nitrogen. The total surface area of the material can be obtained from the BET method. The
Barrett-Joyner-Halenda method (BJH method), which is also widely used as pore size distribution
analysis method, is an analysis method that assumes that mesopores are cylindrical in shape based on
Kelvin's capillary condensation theory. Using this method, pore size and volume can be obtained. BET
surface area, pore size and pore volume were analyzed by N> adsorption on Micromeritics TriStar, Surface

Area and Porosity Analyzer (SHIMADZU).

X-ray diffraction (XRD) leverages the wave-like properties of X-rays, which possess wavelengths
comparable to interatomic distances. When a beam of monochromatic X-rays is directed at a crystalline
sample, the X-rays are scattered by the electrons of the atoms within the crystal. This scattering results in
wave interference, which can be either constructive or destructive, depending on the relative positions of

the atoms in the crystal lattice.
The diffraction pattern is based on Bragg's Law:

NA = 2dSiNG ---wcrrvvreemreeemaneenns (Formula 1.3)

The Scherrer equation can be used to calculate the grain size as follows.

T = KA
- Bcos O

................................ (Formula 1 .4)

In formulas 1.3 and 1.4, n is an integer representing the order of the diffraction, 4 is the wavelength of the incident
X-rays, d is the spacing between atomic planes in the crystal, € is the angle of incidence (or diffraction angle), T is

the mean crystallite size, K is a dimensionless shape factor, § is the line broadening at half the maximum intensity.

The all-prepared catalysts were analyzed by XRD (Smartlab III, Rigaku), CuKa (1.5405 A), scanning
speed: 2° min’!, prefocusing method. The crystalline sizes of metal oxide in catalyst were, according to

Scherrer Equation.

Transmission electron microscope (TEM) is a specialized type of electron microscope. It operates by
directing an electron beam onto the specimen under observation, analyzing the spatial distribution of
electron transmittance based on the intensity of the transmitted electrons. The wave-like properties of

electrons can be harnessed to visualize the structure of the specimen through interference patterns
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produced by electron diffraction within the sample. The transmission electron microscope TEM (JEM-

3200FS, 300 kV) was used for observing Fe,Os/graphene and CuO/graphene catalysts.

Scanning Electron Microscopy (SEM) is a powerful imaging technique used to examine the fine
structure and morphology of sample surfaces. SEM images provide excellent three-dimensional effects,
facilitating a deeper understanding of the sample's morphology and structural characteristics. The surface
morphology of TiO» after adsorption experiments and Fe,Os/activated carbon catalyst were analyzed

using JSM-7700F scanning electron microscope (JEOL).

The thermogravimetry-differential thermal simultaneous measurement instrument (TG-DTA) is a
device that concurrently conducts thermogravimetry (TG) and differential thermal analysis (DTA).
Thermogravimetry involves measuring the weight of a sample as its temperature changes, while
differential thermal analysis measures the temperature difference between the sample and a reference as
the temperature changes. By monitoring these temperature differences, it is possible to identify
endothermic and exothermic peaks associated with various reactions. TG-DTA was used for analysis of
metal oxide catalysts by Thermos plus EVO2 series (Rigaku Corporation). Analytical conditions of TG-
DTA: from 40°C, 10°C min™', at 800°C for 0.5 h, air.

Nuclear magnetic resonance (NMR) was considered an experimental technique for investigating the
internal structure of atomic nuclei. However, it was later found that the Larmor frequency of a nucleus
varies slightly depending on the atom’s chemical bonding state, a phenomenon known as chemical shift.
This discovery paved the way for using NMR as a tool for substance analysis and identification. The
spectroscopic technique that utilizes NMR to obtain spectra is known as nuclear magnetic resonance

spectroscopy.

Gas chromatography (GC) is a widely used analytical technique in chemistry for separating and
analyzing compounds that can be vaporized without decomposition. Common applications of GC include
assessing the purity of a molecule and separating the components of a mixture. The process involves
injecting a gas or liquid sample into a mobile phase, often referred to as a carrier gas, which then passes
through a stationary phase. The mobile phase is typically an inert gas, such as argon or nitrogen. The
stationary phase can be either solid or liquid, though modern GC systems predominantly use polymeric

liquid stationary phases.

Organic products were analyzed by GC and "H-NMR; GC-2010 plus (Shimadzu. Japan), column: DB-
1, length 15 m, inner diameter 0.15 mm, thickness 0.15 um; NMR (Bruker, 400 MHz).
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1.8. Abbreviation

S (specific) Surface area.

Probe molecule Some measurable property of the
molecule changes upon interaction with the analyte,
using this interaction to indirectly reflect the nature
of the analyte. In this thesis, the author refer to
organic molecules that selectively adsorb onto the
surface of metal oxides while exhibiting minimal

adsorption on the support.

MWCNT Multi-walled carbon nanotube.
CSCNT  Cup stacked carbon nanotube.
RB3 or 1240W 2 types of activated carbon.
SiO,  Silicon oxide or silica.

SIO  Silicon oxide or silica.

TMPS Taiyokagaku meso porous silica.
DMF N, N-dimethylformamide

EtOH Ethanol

MeCN Acetonitrile

6 Adsorption ratio.

W Adsorption amount.

Ws

Adsorption amount per unit surface area.

ORR Catalytic activity in oxygen reduction

reaction for hydrogen fuel cell.

Double layer capacitance (C#) The double layer
in a hydrogen fuel cell refers to the electric double
layer formed at the interface between the electrode

(such as platinum) and the electrolyte.
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XRD X-ray diffraction.

N> (nitrogen) adsorption a method to characterize
the solid materials (in formation of the surface

areas or pores) at low temperature.

TG-DTA Thermogravimetry and differential

thermal analysis.

TEM Transmission electron microscope.

SEM  Scanning electron microscope.

FT-IR Fourier transforms infrared spectroscopy.
UV-Vis Ultraviolet-Visible absorption spectroscopy.
GC Gas chromatography.

NMR Nuclear magnetic resonance.

Crystal facet  Flat faces on geometric shapes of

this crystal phases.



Chapter 2. Surface Area Measurement of Metal Oxide by
Selective Adsorption of Organic Molecules
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2.1 Introduction: adsorption of molecules on metal oxide

Over the past century, metal oxides, particularly titanium dioxide (TiO>), have been widely recognized as
photosensitive catalysts [11a-c]. However, due to their wide band gap (e.g., 3.2 eV for the anatase phase),
the photocatalytic efficiency of bare TiO; is limited. To overcome this, TiO> has been modified, primarily
through chemical adsorption with organic compounds such as hydroquinone and salicylic acid, resulting
in significantly enhanced catalytic activity [11a-c, 12a, f, g, 1]. To further optimize and better understand
the catalytic performance of TiO, modified by organic compounds, derivatives such as phenol and benzoic
acid have been extensively studied for their adsorption behavior on TiO> surfaces and their influence on

catalytic processes [12a-d, f-1].

Surface atomic defects on metal oxides facilitate the adsorption of water molecules, leading to the
formation of hydroxyl groups on the surface. These hydroxyl groups contribute to the strong
hydrophilicity of metal oxide surfaces, particularly TiO, as demonstrated in previous studies [7a, b, 12a,
c]. In contrast, carbon-based materials are commonly used as supports typically exhibit hydrophobic
properties [7a, b]. Hydrophilic functional groups on activated carbon surfaces have been characterized
using water molecules as probe molecules [8g, h]. Consequently, the exposed surface area of metal oxides
can be quantified by selectively adsorbing hydrophilic organic molecules onto the metal oxide surfaces,

while avoiding adsorption onto the hydrophobic carbon supports.

Previous studies have shown that various organic molecules form chemisorbed structures on TiO»
surfaces via carboxyl or hydroxyl groups [12a, c]. The chemisorption mechanism involves the removal
of protons from the organic molecules and hydroxyl groups from the metal oxide surface, resulting in the
formation of covalent bonds and water molecules. An example of this adsorption mechanism, salicylic
acid (SA) on TiOg, is illustrated in Figure 2.1a. The deprotonated organic molecules replace surface
hydroxyl groups, forming stable chemisorbed structures. In this process, metal oxides serve as basic
surfaces, whereas the organic molecules act as acidic adsorbates [12a, c]. In contrast, SiO; surfaces are
characterized by acidic properties [12n], which facilitate adsorption of basic organic molecules such as
ammonia or pyridine [le, 7a, b, 8b]. Conversely, acidic molecules such as catechol or salicylic acid are
expected to exhibit minimal adsorption on SiO» surfaces due to their acidity. Consequently, some
hydrophilic and acidic molecules are expected to adsorb selectively onto several metal oxides over SiO2

supports.

In this work, various hydrophilic and acidic aromatic compounds were extensively studied for their
adsorption behaviors on metal oxides such as TiOz. These compounds and their derivatives have

demonstrated selective adsorption on metal oxides, which makes them serve as promising candidate
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molecules for accurate determination of surface areas (see Figure 2.1b). The adsorption amounts of the

aromatic probe molecules were quantified using UV-Vis spectroscopy due to its high accuracy at low

concentrations.
“ [ L. Q\(
T
adsorptlon ? Ci + HO
ottt onon ® qfoTmt™
(TiO,) (SA) (TiO, -SA)
(b) CN COOH HOOC
NaO;S SO3Na
@DH \©: OH OH OH
OH OH OH CH
Catechol Tlron 3,4-Dihydroxybenzonitrile  3,4-Dihydroxybenzoic acid Caffeic acid
(CA) (TR) (DE) (DA) (CD)
SO;Na NH, OH
(Bon ol ol
COOH HOOC COOH HOOC COOH HOOC COOH HOOC COOH
Phthalic acid Isophthalic acid Monosodium 5-Sulfoisophthalate 5-Aminoisophthalic acid 5-Hydroxyisophthalic acid
(PA) (1A) (SS) (AA) (HA)
OCHa CHs
H3CO HsC
QOH
COOH COOH COOH COOH
Benzoic acid  3,4-Dimethoxybenzoic acid  3,4-Dimethylbenzoic acid Salicylic acid
(BA) (DD) (DC) (SA)

Figure 2.1. (a) Proposed chemisorption of salicylic acid (SA) on TiO> [12a-c, f]. (b) Organic compounds
investigated in the adsorption experiments in this study.

Experimental

In the typical procedure, powdered materials such as TiO2 or carbon (10 mg) were added to a 5 mL
solution of the organic molecule (0.2 mM) in N,N-dimethylformamide (DMF) in a brown vial. The
mixture was stirred or shaken at 110°C for 1 h in air. The organic molecules employed in the adsorption

experiments are summarized in Figure 2.1b.
The adsorption ratio and amount were calculated by UV-Vis spectroscopy of the supernatant after
centrifugation, based on the following equations:

A1—A4A,
Ay

B = Lz (Formula 2.1)
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A1—Ap

W =CV SR (Formula 2.2)
1
w
Ws = S (Formula 2.3)

In these formulas, 8 and W represent the adsorption ratio (%) and the adsorption amount (mol), respectively; C and
V are the concentration (mol L) and volume (L) of solution, respectively; 4; and 4 are the absorbance values
before and after adsorption, Ws is adsorption amounts per unit surface area (mol m=), S is BET surface area (m? g°

1
).
The adsorption structures on TiO> were characterized by FT-IR, after washing by DMF and drying

under reduced pressure. Additionally, TiO2> samples (30 nm rutile and 100 nm anatase) after adsorption

experiments were observed using SEM, and the results are summarized in Appendix (Figure 2.24).

2.3 Results and discussion

2.3.1. Investigation of organic molecules selectively adsorbed on titanium
oxide

The author focused on investigating the selective adsorption of probe molecules on metal oxides and
further designed the following experiments. Titanium dioxide (TiO2, particle size: 30 nm, crystalline
structure: anatase, BET surface area S = 49 m? g'!), multi-walled carbon nanotubes (MWCNTs, diameter:
40-60 nm, length: 5-15 pm, S = 200 m? g'!), and activated carbon (RB3 type, S = 975 m? g'!) were
selected as representative adsorbents. A variety of organic molecules, as shown in Figure 2.1b, were used
as adsorbates, and their adsorption behaviors were evaluated under different solvent and temperature

conditions. The adsorption ratios (6, %) for each molecule are summarized in Table 2.1.

Catechol (CA) was observed to adsorb onto both TiO» and carbon materials under various conditions
including water, DMF, EtOH, and MeCN at various temperatures, indicating its unsuitability as a selective
probe molecule (entries 1-8). Nevertheless, in DMF, CA exhibited markedly lower adsorption on carbon
materials, particularly activated carbon (entries 7 and 8). After multiple trials, tiron (TR) was identified
as a promising probe candidate due to its selective adsorption onto TiO2 in DMF, accompanied by
negligible adsorption on carbon materials (entries 11 and 12). Owing to TR’s limited solubility in ethanol
and MeCN (<0.02 mM), these solvents were excluded from further adsorption studies. Temperature was
also found to significantly influence adsorption behavior [7a, b], with noticeable variation in adsorption

ratios across different conditions (entries 1-12).
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Table 2.1. Adsorption ratios of various compound on TiO> and carbon.

0 (%)
Entry Adsorbate Solvent T (°C) .
TiO, MWCNT Activated
carbon

1 CA H,O 25 40 21 98
2 CA H,O 80 39 17 99
3 CA EtOH 25 48 1 49
4 CA EtOH 70 53 <1 72
5 CA MeCN 25 83 2 49
6 CA MeCN 70 88 2 72
7 CA DMF 25 52 <1 16
8 CA DMF 110 58 4 54
9 TR H,O 25 29 9 86
10 TR H,O 80 27 8 96
11 TR DMF 25 37 1 3
12 TR DMF 110 50 2

13 DA DMF 110 91 13 62
14 CD DMF 110 93 15 86
15 1A DMF 110 60 <1 12
16 SS DMF 110 47 <1 3
17 AA DMF 110 59 4 25
18 SA DMF 110 41 5 8

Adsorption condition: adsorbent (10 mg) in solution (5 mL) of organic molecule (0.2 mM),
stirring, 1 h. Adsorption ratio was quantified by UV-Vis analysis.

Furthermore, comparative analyses were conducted using other organic molecules: 3,4-
dihydroxybenzoic acid (DA), caffeic acid (CD), isophthalic acid (IA), sodium 5-sulfoisophthalate (SS),
S5-aminoisophthalic acid (AA), and salicylic acid (SA), which revealed that SS, having structural
similarities with TR, exhibited comparable adsorption behavior with TR (entries 13—18). SS selectively
adsorbed onto TiO2 in DMF at 110°C. The selective adsorption of TR and SS found here is likely attributed
to their molecular structures having sulfonate groups and proximal two hydroxyl or carboxyl
functionalities. In summary, both TR and SS preferentially adsorb onto TiO» to carbon materials in DMF,

underscoring their potential as probe molecules for selective surface analyses of TiOx.

Unlike gas-phase adsorption, which typically involves interactions simply between single molecules
and the adsorbent, liquid-phase adsorption in solution is inherently more complex due to the simultaneous
involvement of interactions among solute, solvent, and adsorbent [7a, b]. In general, molecules with lower

solubility tend to exhibit stronger adsorption affinities with adsorbent [7a, b].
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The space-filling models of the two molecules, TR and SS, were analyzed to elucidate their structural
characteristics. Both molecules possess sodium sulfonate groups with hydroxyl or carboxyl groups around
the benzene ring, forming a distinct three-dimensional hydrophilic shell (Figure 2.2). Although the
benzene ring itself is hydrophobic, the presence of these polar functional groups results in a predominantly
hydrophilic molecular surface. The minimal adsorption of TR and SS onto hydrophobic carbon materials
can be attributed to significant repulsive interactions between these hydrophilic molecular surface and

hydrophobic carbon surface.

(a)

NaO;S SO;Na

OH
OH

Figure 2.2. Space-filling models of (a) TR and (b) SS.
C: gray, O: red, S: yellow, Na: blue.

To gain deeper insight into the nature of TR adsorption on TiO2, desorption experiments were carried
out. In the desorption procedure, DMF solvent (4 mL) was added to the mixture after adsorption
experiment using TiO> (30 nm anatase, 10 mg) and the TR solution in DMF (1 mL). After stirring for 1 h
at room temperature, centrifugation was conducted to measure the TR concentration in the supernatant.
This process was repeated at 70°C and 110°C for the second and third desorption cycles, respectively, and
the corresponding remaining adsorption rates were calculated. At all the tested temperatures, the
desorption of TR from the TiO, surface remained minimal compared to its initial adsorption (Table 2.2).
As physical adsorption typically results in substantial desorption, this observation indicates that TR
adsorption on TiO> is predominantly chemical adsorption. Notably, the adsorption amount increased with
rising temperature (Table 2.1, entries 11 and 12). The temperature-dependent increase in adsorption can
be attributed to two main factors: (1) the acceleration of adsorption kinetics at higher temperatures,
leading to faster adsorption rates, and (2) the possible removal of pre-adsorbed water or water produced
during the adsorption process, which exposes additional adsorption sites on the TiO2 surface. These
factors collectively account for the enhanced adsorption observed at elevated temperatures, which will be

discussed in detail in Section 2.3.2.
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Table 2.2. Adsorption ratios of TR on TiO> by desorption.

Run (T/°C) 0 (110) 1(25) 2 (70) 3(110)

Residual ratio (%) 50 47 44 40

Desorption condition: After the adsorption of TR (as described in Table 2.1,
entry 12), DMF (4 mL) was added to the remaining mixture of TiO; (30 nm
anatase) and solution. The suspension was stirred for 1 h, and the residual TR
concentration was quantified by UV-Vis analysis.

The adsorption experiments summarized in Table 2.1 demonstrates that TR and SS exhibit considerable
potential as probe molecules for surface analysis. A fundamental requirement for employing such
molecules to estimate surface area of metal oxides is the existence of a positive correlation between the
adsorption amount and the surface area. Accordingly, subsequent experiments were conducted to evaluate
whether the adsorption amounts of TR and SS on TiO: correlate with the surface area of TiO». In parallel,

the adsorption amounts of TR and SS to various carbon materials were also assessed.

To address these objectives, adsorption experiments were performed using various TiO» and carbon-
based adsorbents. The TiO samples included four types with particle sizes of 30 nm and 100 nm and
crystal phases such as anatase, rutile, and brookite (as listed in Table 1.8, Chapter 1). The carbon-based
adsorbents comprised carbon nanotubes, graphene, carbon black, and activated carbon (Table 1.6, Chapter
1). All adsorption experiments were conducted in DMF solution at 110°C for 1 h. The relationship
between the adsorption amount (W, mol) of TR and SS and the BET surface area (m? g') of the adsorbents
is illustrated in Figure 2.3 (examples of UV spectra are provided in Appendix, Figure 21a-c). The results
show that the adsorption amounts of TR and SS on TiO: are directly proportional to the BET surface area
of TiOy, regardless of its particle size (e.g., 30 nm or 100 nm) and crystal structure (e.g., anatase or rutile).
A similar trend was observed for TiOx samples with different Ti/O atomic ratios (e.g., TiO1.7 and Ti,03)
under shaking conditions (Figure 2.4). Notably, the adsorption on carbon materials was found to be

negligible.

Except for minor deviations observed for TiOx samples, adsorption amounts on titanium oxides
consistently remained proportional to their BET surface areas under both stirring and shaking conditions
(Figures 2.3 and 2.4). The adsorption on carbon materials slightly decreased under shaking, leading to

higher adsorption selectivity on titanium oxides over carbon materials.

Diffusion and mass transfer also play a critical role in determining the adsorption amount within a fixed
timeframe. Given the short adsorption duration of 1 h, significant stirring enhances the mass transfer. This

is particularly important for porous materials such as multi-walled carbon nanotubes (MWCNTs) and
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activated carbon, where molecules may enter ultra-small pores and undergo physical adsorption.
Furthermore, magnetic stirring may lead to mechanical fragmentation of carbon materials and/or
adsorption on newly exposed surfaces. These effects can markedly increase the apparent adsorption

amounts for carbon materials.
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Figure 2.3. Adsorption amounts of TR and SS on TiO2 and carbon under stirring.

Adsorption condition: adsorbent (10 mg) in solution (5 mL) of organic molecule (DMF, 0.2 mM), 110°C, stirring,
1 h.
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Figure 2.4. Adsorption amounts of TR and SS on TiOx and carbon under shaking.

Adsorption was conducted under shaking. The other adsorption condition was identical to that used in Figure 2.3.

The adsorption amounts per unit surface area (Ws, mol m?2) of CD, DA, TR, and SA on four types of
TiO, were further evaluated under stirring conditions at 110°C for 1 h. The results indicated that the
adsorption amounts of SA, CA, and TR were proportional to the BET surface area of TiO2, whereas CD
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deviated from this trend (Figure 2.5). This deviation might be due to the presence of its compact aliphatic

carboxyl group, which acts as an adsorbing functional group on TiO».
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Figure 2.5. Adsorption amounts of CD, DA, TR, and SA on TiOx.

The adsorption experiments were conducted using CD (0.5 mM), DA (0.5 mM), TR (0.2 mM), and SA (0.2 mM)
under the same conditions as those described in Figure 2.3.

Previous experiments have demonstrated that TR and SS selectively adsorb onto titanium oxide rather
than carbon materials (Table 2.1, Figures 2.3 and 2.4), and their adsorption amounts were proportional to
the BET surface area of titanium oxide. To further assess the accuracy and applicability of this selective
adsorption approach for measuring the surface area of titanium oxide in composite systems, an additional
experiment was designed. Titanium oxide and carbon materials with known specific surface areas were
physically mixed at defined ratios (Table 2.3). Based on these ratios, the theoretical surface area of
titanium oxide in the mixture was calculated. If the surface area determined using the molecular
adsorption method corresponds closely to the calculated value, it would provide indirect validation of the

present method.

The adsorption of TR and SS on the mixtures of TiO; and carbon materials, blended in specific ratios,
was carried out by shaking at 110°C in DMF (Table 2.3). The results showed that the TiO> surface area
calculated via the selective adsorption of TR closely matched the value estimated from the blending ratios.
The presence of carbon nanotubes and activated carbon exerted minimal influence on the adsorption
behavior of TiO. This result supports the feasibility of using the selective adsorption of TR or SS as a

method for determining the surface area of TiO> in carbon-based composite/supported materials.
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Table 2.3. Adsorption of TR and SS on TiOz-carbon (blended materials)

OOO% {:.. mixin O:..
g%o%(ggo + \‘:Of.‘ |:g{> ﬁ*!;%%

carbon
TiO, (30 nm anatse) (MWCNT or TiO,/carbon

250r50Wt%  4ctivated carbon RB3)

i 2 o1
Entry TiO,Jcarbon TiO, surface area (m? g™)

by mixing ratio by adsorption of TR
1 25 wt% TiO,/CNT 12 13
2 50 wt% TiO,/CNT 25 24
3 25 wt% TiO,/RB3 12 15
4 50 wt% TiO,/RB3 25 27

TiO,-carbon materials were made by mixing TiO, (30 nm anatase, S = 49 m? g'!) and
carbon (MWCNT, S =200 m? g'!; activated carbon RB3, S =871 m? g!). TiO, surface
area was calculated by ratios of blending, or the selective adsorption of TR.
Experimental condition and TiO> surface area based on Figure 2.4.
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Figure 2.6. Adsorption amounts of (a) TR and (b) SS on high surface area or Nb-doped TiO.

Adsorption condition: adsorbent (10 mg) in solution (5 mL) of organic molecule (DMF, 1.25 mM), 110°C, stirring,
1 h. *Calcined TiO; (5 nm, anatase).
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On the other hand, specific surface areas of supported TiO catalysts can be higher than those
investigated here. Moreover, the TiOx/carbon catalysts discussed in the next chapter (Chapter 3) include
Nb doping. Therefore, the adsorption amounts per unit surface area (Ws, mol m?) were evaluated for
several high-surface-area TiO> materials (with particle sizes of 5, 6, or 8 nm and anatase crystal structure) ,
together with three commercial anatase TiO2 samples, 5 nm anatase calcined at 500°C for 1 h or at 380°C
for 3 h in air, and Nb-doped TiO> with 5 or 10 at% Nb (S =93-270 m? g’!; see Table 1.8 in Chapter 1). In
high-concentration DMF solutions of TR and SS, comparable Ws values were obtained among these TiO»
materials as shown in Figure 2.6. This result further demonstrates that the selective adsorption of TR or
SS in DMF solution is applicable for evaluating the surface area of high-surface-area or Nb-doped TiO»

supported on carbon.

Previous experiment (in Table 2.2) revealed that TR primarily undergoes chemical adsorption on the
TiO; surface. Several studies reported that FT-IR spectrum can be utilized to analyze the chemical
adsorption structure of organic molecules on titanium oxide materials [12a-d, f-1]. TiO2 (6 nm anatase)
with a high specific surface area demonstrated significantly high adsorption amounts of TR or SS as

shown in Figure 2.6. The FT-IR spectra measured by KBr method are shown in Figures 2.7a and c.

In Figure 2.7a, the peaks at 1631 and 1402 cm™! were assigned to bending vibrations of the hydroxylic
group 6(O—-H) and adsorbed water & (HO-H) on surface of TiO», respectively [13a]. The main
characteristic bands for free TR include: stretching vibrations of the aromatic ring v(C=C, C—C) at 1635,
1589, 1467 and 1436 cm™ [12f, g], bending vibration of the hydroxylic groups §(C—OH) at 1379 cm’!
[12f, g], stretching vibrations of the hydroxylic groups v(C—OH) at 1292 and 1232 cm™! [12f, g], stretching
vibrations of the sodium sulfate v(O-S(=0),) at 1190, 1105 and 1045 cm™ [12e, 1, m]. For TR-TiOx,
bending vibrations of the hydroxylic groups 8(C—OH) at 1379 cm™! disappeared, and a new band at 1276
cm’! corresponding to stretching vibrations v(C—O-Ti) appeared. This suggests a possible adsorption
structure for TR involving the two adjacent phenolic groups as shown in Figure 2.7 b [12f, g]. The bands
of TR-TiO> at 1190, 1093 and 1033 cm™! were assigned to stretching vibrations of the sodium sulfate v(O—
S(=0)2), as compared with the literature on adsorption of CA-TiO: [12f, g]. These bands should not be
associated with the C—H or O—H groups of the benzene ring, as these stronger bands show almost no
change before and after adsorption. The absorption band of the benzene ring also shifted under the
influence of the new environment, indicating that chemisorption on TiO; alters the electronic distribution,

which propagates across the entire aromatic ring [ 12f].

Similarly, in Figure 2.7c, the primary bands of assignment for free SS are as follows: stretching
vibrations of the carboxylic groups v(C=0) at 1737 and 1712 cm™! [12b, d, h], stretching vibrations of the
aromatic ring v(C=C, C—C) at 1676, 1612, 1473 and 1433 cm™ [12f, g], asymmetric and symmetric
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stretching vibrations of the carboxylic groups vas(CO>") and vs(CO2") at 1676/1612 and 1373 cm™ [12b,
d, h], stretching and bending vibrations of the carboxylic groups (C—OH) at the region of 1300-1166 cm’

' 12b, d, h], stretching vibrations of the sodium sulfate v(O—-S(=0),) at 1215, 1112 and 1047 cm™ [12e,
1, m]. For SS-TiO, the bands at 1737 and 1712 cm™ corresponding to the carboxylic groups v(C=0)
disappeared, while new bands appeared at 1565 and 1365 cm™!, which were assigned to the asymmetric
and symmetric stretching vibrations of the carboxylic groups vas(CO2") and vs(CO2"). These results
suggest that the two carboxylic groups might be adsorbed on TiO», as illustrated in Figure 2.7d [12b, d,
h]. Accordingly, the bands of SS—TiO> at 1201, 1110 and 1045 cm™ were assigned to stretching vibrations
of the sodium sulfate v(O—S(=0)>), based on the same analysis used for TR comparison with the literature

[12b].
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Figure 2.7. FT-IR (KBr) of (a) TR and (c) SS-TiO> (6 nm anatase) and the predicted adsorption structures
of (b) TR and (d) SS-TiO».

TiO; (6 nm anatase) after adsorption, as described in Figure 2.6, was analyzed by FT-IR following washing with
DMF and drying under reduced pressure.
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In addition, a significant blue shift was observed in the v(O—S(=0),) vibration of sodium sulfate from
TR-TiO2 to SS-TiO>, which may be attributed to the influence of the strong electron-withdrawing
carboxyl (-COOH) group [120].

2.3.2. Effect of experimental conditions on adsorption of probe molecules

Section 2.3.1 confirmed that TR and SS can serve as probe molecules for determining the surface area of
carbon-supported titanium oxide through selective adsorption. However, their adsorption behavior under
varying conditions remains unclear. This lack of clarity impedes the development of a comprehensive
adsorption model and limits a deeper understanding of the adsorption process. Additionally, while the
adsorption of organic molecules in aqueous solutions or gas phases has been extensively studied, the
adsorption in organic solutions remains rare. In order to analyze how experimental conditions influence
adsorption in DMF solutions, various comparative experiments were conducted using TR and SS as
adsorbents. The relationships between Ws (adsorption amounts per unit surface area) and different
conditions are summarized in Figures 2.8 and 2.11 (TiO;: particle size of 30 and 100 nm, crystal structure

of anatase and rutile; carbon: multi-walled carbon nanotube CNT and activated carbon RB3).

The time dependence of Ws exhibited obviously different trends between TR and SS. The Ws of TR
increases progressively over time, whereas the adsorption of SS rapidly reaches equilibrium within 0.5 h
(Figures 2.8a and b, conditions: 0.2 mM, 110°C). The plots based on quasi-second-order adsorption
kinetics model (Formula 2.4) of TR at a concentration of 0.2 mM and 110°C are shown in Figure 2.9a
[7a, b,14a-c]. The R? values exceeded 0.9, indicating a strong correlation and a good fit. This suggests
that the adsorption rate of TR on the TiO; surface is governed by a chemical adsorption mechanism [14a-
c]. The equilibrium adsorption amounts (W.) were found to be in an inverse proportionality to the surface

areas of TiO (Figure 2.9b).

The dependencies of Ws on the concentration (C) are shown in Figures 2.8c and d (conditions: 110°C,
1 h). The maximum adsorption amount per unit area of rutile TiO> appears slightly higher than that of
anatase TiO>. The plots based on Langmuir adsorption model (Formula 2.5) [14d] for SS at 110°C for 1
h are presented in Figure 2.10. The R? values exceeded 0.93, indicating a high fit. The maximum
adsorption amount per unit area was calculated using the Langmuir adsorption model to be 13.3x107 mol
m (an average value of the four TiO, samples). Quantitative discussion will be described later in the

context of the adsorption model.

By increasing temperature, the Ws of TR showed significant increase, while the Ws of SS remains

nearly constant or slightly decreases (Figures 2.7e and f, conditions: 0.2 mM, 1 h). The increase in Ws of
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TR can be explained by the fact that the condition at 110°C for 1 h is insufficient to reach an adsorption
equilibrium. In addition, the higher temperature may enhance the evaporation of water absorbed on the

surface and/or chemisorption on less reactive absorption sites.
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Figure 2.8. Adsorption amounts (Ws) of (a, ¢, €) TR and (b, d, ) SS per unit surface area on TiO> (10 mg)
in DMF solution with different (a, b) time (0.2 mM, 110°C) ; (¢, d) concentrations (110°C, 1 h); and (e, f)
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L1 + e (Formula 2.4)
Ws KW, W,

2 = 2 + L (Formula 2.5)
We Wm (KLWm)

In these formulas, Ws, W., and W,, represent the adsorption amount under specific conditions, the equilibrium
adsorption amount, and the maximum adsorption amount per unit surface area (mol m), respectively. C. and ¢ are
the equilibrium concentration (mol m? L!) and time (h). K and K; are the diffusion rate constants of quasi-second-
order kinetics (m?* mol! h'') and Langmuir isotherm adsorption constant (L m? mol!), respectively. Since the
adsorption in this work is expressed as adsorption amount per unit surface area, the units of the physical quantities
in the formulas mentioned above were modified accordingly.
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Figure 2.9. (a) Plots based on quasi-second-order kinetics adsorption model for TR on TiO2 (based on
Figure 2.8a); (b) TiO; surface area and the equilibrium adsorption amount of TR per unit area (W.) on
TiO, (based on Figure 2.9a).
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Figure 2.10. Plots based on Langmuir adsorption model of SS on TiO> (based on Figure 2.8d).
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The author did not find specific reports on the adsorption energies of TR and SS in DMF solutions.
However, as TR and SS adsorb primarily through two hydroxyl and carboxyl groups, respectively, their
adsorption behaviors can be inferred by examining the adsorption of molecules with similar functional
groups. Table 2.4 summarizes the reported adsorption energies of several alcohols and carboxylic acids
on the most stable anatase and rutile crystal facets of TiO» under vacuum conditions [14e-1]. Notably, the
adsorption energies of methanol and ethanol are significantly lower than those of acetic acid and propionic
acid. Both the literature [14e-1] and the adsorption structures identified via FT-IR analysis (Figure 2.7)
indicate that carboxylic acids form conjugated adsorption bonds, whereas alcohols form only simple
single adsorption bonds. This difference likely explains the higher adsorption energies observed for
carboxylic acids. Additionally, the adsorption energy of catechol is 2 to 3 times higher than that of
methanol and ethanol, which may be attributed to structural differences (e.g., the presence of a benzene
ring versus a linear alkane) and the number of functional groups involved in adsorption. Based on these
facts, it can be inferred that the adsorption energy of SS on the titanium oxide surface is higher than that

of TR.

Table 2.4. Adsorption energies (eV) of several alcohols and acids on TiOz in vacuum. [14¢1]

Molecules on TiO,

Crytal phase (TiO5)

anatase {101}

rutile {110}

R-OH -0.73 ( -OH ) [14¢] -0.76 or -0.85 ( ~ “oH ) [14f]
R-COOH -1.00 (_COOH ) [14e] -1.48 or -1.50 ( ~ ~cooH) [144]
Ph—OH -1.24 ( Q )[14h]  -2.250r-2.27 ( @ ) [141]
HO  OH HO  OH
(a) 36 1 (b)
30 | o MWCNT o MWCNT
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Figure 2.11. Adsorption amounts (/) of (a) TR and (b) SS on carbon nanotubes MWCNT and activated

carbon RB3 under different times.
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Figure 2.11 shows the adsorption amounts (W) of TR and SS on carbon nanotubes MWCNT and
activated carbon RB3 over different time intervals. The adsorption of TR on carbon increases gradually

with time, whereas no obvious adsorption of SS was observed on the carbon materials.

The adsorption rate of TR on activated carbon RB3 is well described by the quasi-second-order kinetics
model as shown in Figure 2.12. This suggests that the adsorption of TR on the activated carbon RB3
primarily involves chemical adsorption. In contrast, the adsorption of TR on MWCNT seems to proceed
mainly by physical adsorption [14a-c, m, n]. The abundant functional groups on the surface of activated
carbon [7a, b] likely interact chemically with the phenolic hydroxyl groups of TR. The adsorption
capabilities of CA and IA on carbon, as listed in entries 7, 8, and 15 in Table 2.1, further support these

conclusions.
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Figure 2.12. Plots based on quasi-second-order kinetics adsorption model of TR on carbon materials

(based on Figure 2.11a).

2.3.3. Adsorption amounts and structures of various organic molecules on
TiO, and carbon

The adsorption behaviors of TR and SS under various conditions are shown in Section 2.3.2. The
adsorption amounts of various organic molecules were investigated to understand the adsorption
mechanism. Since certain molecules such as DD may be unstable at elevated temperatures, adsorption
experiments here were conducted at room temperature using high-surface-area TiO> (6 nm, anatase) and

activated carbon (RB3) at 1.25 mM for 1 h in DMF solution.

Figure 2.13a shows the adsorption amounts of various organic compounds on TiO2 in DMF, indicating

that adsorption favors the following order: catechol derivatives > phthalic acid derivatives > benzoic acid
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Figure 2.13. Adsorption amounts (/) of various organic compounds on (a) TiO; (6 nm anatase) and (b)
activated carbon (RB3) in DMF.

Adsorption condition: adsorbent (10 mg) in DMF solution (5 mL) of organic molecule (1.25 mM), 25°C, stirring,
1 h

derivatives. The adsorption behaviors of these molecules can be influenced by the following three factors:

1. Adsorption site availability: Catechol derivatives, having closely positioned hydroxyl groups, can
interact with more adsorption sites compared to phthalic acid derivatives, whose carboxyl groups are
more widely spaced. Similarly, the bifunctional SA exhibits much higher adsorption than the

monofunctional BA, and its adsorption level is comparable to CA.

ii. Solubility and bond strength: While benzoic acid derivatives are soluble in DMF, their single-carboxyl
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adsorption bond could be less stable, resulting in easier desorption and consequently lower adsorption

amounts than molecules possessing dual functional groups.

iii. Steric and/or electronic effects of functional group: Exceptionally low adsorption amounts were
observed for TR among the catechol derivatives and SS among the phthalic acid derivatives. Since both
TR and SS contain sulfonate functional groups, it is speculated that steric hindrance and/or electronic

repulsion from these groups suppresses adsorption.

Figure 2.13b shows the adsorption amounts of various organic molecules on activated carbon in DMF
solution. In general, the adsorption amounts of hydrophobic organic molecules such as DA, CD, and SA
were relatively high. In contrast, the adsorption of TR and SS is nearly negligible. As previously discussed,
this is likely due to strong repulsion between the hydrophilic functional groups of these molecules and

the activated carbon surface.

The adsorption amounts of various compounds on TiO; in aqueous solution are shown in Figure 2.14a.
The adsorption behavior is generally similar to that observed in DMF solution, suggesting a comparable
adsorption mechanism. However, the overall trend appears somewhat irregular and does not show a clear
correlation with the molecular structures. This variability is likely influenced by factors such as water
ionization and hydrolysis. For example, the adsorption amounts of DA and CD, both having carboxyl
groups, are significantly higher than those of other catechol derivatives. This may be attributed to
intermolecular hydrogen bonding and/or multilayer physical adsorption in water. Aromatic compounds
with multiple carboxyl and hydroxyl groups have been reported to more readily form intermolecular

hydrogen bonds or molecular associations in aqueous environments [15a].

Similarly, the adsorption amounts of various compounds on activated carbon in aqueous solution are
shown in Figure 2.14b. Most molecules, except for TR and SS, exhibited high adsorption rates, mostly
exceeding 80%. This highlights the effectiveness of activated carbon as a strong adsorbent in aqueous
solutions [7a, b, 14a, m, n, 15b]. Activated carbon is widely recognized as an effective adsorbent in
aqueous solutions and is frequently used for water purification and filtration in everyday applications.
This efficiency arises due to the low affinity between water and activated carbon, which allows dissolved
molecule in water to be easily adsorbed onto the carbon surface. Additionally, the high specific surface
area and various functional groups on the surface of activated carbon contribute to its strong adsorption
capacity. Since IA, AA, DD, and DC are insoluble in water, their adsorption experiments were not carried

out.

These experiments generally showed that the adsorption amounts of organic compounds on

hydrophobic activated carbon are higher in water, while the adsorption amounts on hydrophilic TiO, are
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higher in DMF solution.
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Figure 2.14. Adsorption amounts (/) of various organic compounds on (a) TiO> (6 nm anatase) and (b)
activated carbon (RB3) in water.

Experimental condition: adsorbent (10 mg) in aqueous solution (1.25 mM, 5 mL) of organic molecule, 25°C,
stirring, 1 h.

Some typical organic compounds, CA, IA, and BA, were analyzed by FT-IR to examine their adsorption
structures in DMF and aqueous solutions (FT-IR analysis of other compounds can be found in published
result 1) to help establish the adsorption models of TR and SS on TiOz. FT-IR analysis was not performed
with the activated carbon due to the low transmittance. The peak assignments of the FT-IR spectra were

conducted according to reference [12b, d, f, g, h], in Figure 2.15.
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In the spectra of CA on TiO> (CA-TiO: in Figure 2.15a), the peaks observed for free CA at 1359 and
1186 cm!, assigned to phenolic group §(C—OH), were observed while the new peak at 1259 cm™ in the
region of the adsorbed species of v(C—O-Ti) appeared. Moreover, the FT-IR spectra of TiO, after
adsorption in DMF and aqueous solution were similar. The adsorption structures of CA-TiO2 in both DMF
and water are presumed to be bidentate binuclear bridging of the two adjacent phenolic groups with two
Ti atoms as shown in Figure 2.15d (CA-TiO») [12f, g]. Furthermore, since CA-TiO> has a different
electronic distribution from that of free CA, the peaks of stretching vibrations of the aromatic ring were

observed at shifted wavenumbers [12f, g].
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Figure 2.15. FT-IR spectra (KBr) of (a) CA, (b) IA and (c¢) BA adsorbed on TiO> (6 nm anatase), along
with (d) their proposed adsorption structures in DMF and aqueous solutions.

The spectra were obtained after the materials were subjected to adsorption (as shown in Figures 2.13a and 2.14a),
followed by washing and drying.
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For IA-TiO; in Figure 2.15b, the peaks of stretching vibrations v(C—OH) and bending vibrations 6(C—
OH), and v(C=0) carboxylic group disappeared. In addition, the spectrum I[A-TiO> was analogous
structure that has two strong peaks in regions of hydroxylic groups 6(O—H) of TiO», v(C—C, C=C) and/or
vs(CO2"). Therefore, IA-TiO> could be in the structure in Figure 2.15d (IA-TiO») [12b, d, h].

In the spectra of BA-TiO: in Figure 2.15c, by contrast with IA-TiO», the peaks of stretching vibrations
v(C—OH) and bending vibrations 8(C—OH), and v(C=0) carboxylic group disappeared both in DMF and
aqueous solution. Therefore, it is presumed that BA is adsorbed on the surface of TiO> through a single
carboxylic group as shown in Figure 2.15d (BA-TiO»-1 and 2) [12f, h]. Another report stated that the
adsorption structure with binuclear and bidentate form shown in Figure 2.15d (BA-TiO;-1) is more

reasonable according to DFT studies [15d].

By comparing all the FT-IR spectra of the TiO> after adsorption with these aromatic organic compounds
(including TR and SS) having different hydroxylic and carboxylic substituents, it was found that these
molecules adsorb on the TiO2 surface via both phenolic and carboxylic groups. Furthermore, most of the
adsorption structures were found to be not dependent on the difference of the solvent and to be via

chemical adsorption.

2.3.4. Adsorption models of probe molecules on TiO,

In the previous adsorption experiments, the adsorption behaviors of TR and SS under various conditions,
involving different TiO> and carbon materials, were investigated (in Sections 2.3.1-2.3.3). The adsorption
of molecules with structures similar to TR and SS was also examined. Based on these fundamental
findings, and in conjunction with titanium oxide surface structure data from the literature, the next step is

to establish adsorption models for TR and SS on the TiO: surface to facilitate analysis at the atomic level.
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Figure 2.16. Crystal (ball-and-stick) structure of anatase, rutile and brookite [ 16a], reuse by license under
CC-BY; Copyright {2024} Encyclopedia.
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TiO; exists mainly in three crystal structures: anatase, rutile, and brookite (Figure 2.16) [16a]. Anatase
and rutile are the most common and extensively studied forms. It has been reported that the {101} surface
is the predominant exposed crystal plane in anatase, while the {110} surface is most common in rutile
[15¢, d, 16b-f]. In this work, the selective adsorption of TR and SS on TiO; is assumed to occur primarily

on these two surface structures.

Rutile {110} side view Rutile {110} top view

» /)
»
.’
-

Figure 2.17. Structure (ball-and-stick) of TiO» surfaces: rutile {110} and anatase {101} facet surfaces
[16]], Gray and red spheres represent Ti and O atoms, respectively; reuse by permission from Springer
Nature; Copyright {2019} Springer Nature.

Through the analysis in Section 3.3.2, SS exhibits a stable single adsorption site on the TiO> surface,
allowing for the development of a corresponding surface adsorption model. Based on adsorption energy
and site preferences, Tisc and Tisc atoms were identified as favorable adsorption sites on the anatase
{101} and rutile {110} surfaces (Figure 2.17) [16b, d, e]. Previous studies on pyrocatechol and benzoate
adsorption [15c, d] suggest that the SS molecule aligns at approximately 75° with the TiO> crystal plane.
Considering the interaction forces between SS molecules: Na* electrostatic interaction (0 to -0.2 eV in 0
to 0.2 nm intermolecular distance, calculated by Coulomb mechanics formula), van der Waals forces
between benzene rings (0 to -0.1 eV), and n-w interactions (0 to-0.02 eV) [7a, b], all these are significantly
lower than the adsorption energy of SS on TiO: (around -2.0 to -4.5 eV, based on Table 2.4). This suggests

that intermolecular interactions between adsorbed SS molecules have minimal impact on adsorption. On
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the other hand, SS could accept coordination of DMF solvent molecules to its sodium ion further
positively charged by the electron-withdrawing of the two carboxyl groups (as analyzed in Figure 2.7)
[16h]. This coordination can lead to have a larger apparent molecular volume. Adsorption at Tisc sites,

which are separated by vacancies, is more stable, thereby minimizing intermolecular steric interactions.

Using structural data from the literature [16e, g, 1] and molecular models of SS and TR constructed
with ChemDraw 3D, monolayer saturation adsorption models are proposed for the anatase {101} and
rutile {110} facet surfaces as shown in Figure 2.18. Coordination of DMF molecules to SS was considered

to make the adsorption models proposed here, whereas no consideration was given to the models for TR.

Anatase {101} Rl:tgiieA“ 10}

26.6 A

Tige

Ti i Ve D T . i Ti
s Tie Tige °° Tige Tloc Tisc Tige Tisc Tige Tisc Tige Isc Tigc

(b)

26.6 A

Tisc  Tige [ Tisc Tiee Tige Tiec

Tisc Tige
o T

Figure 2.18. Adsorption models (top view) of (a) SS (b) TR on TiO, anatase {101}and rutile {110}
surfaces (covalent radius).
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Based on the proposed adsorption models, the adsorption densities of SS on TiO> are estimated to be
0.60 molecules/nm? for anatase and 0.58 molecules/nm? for rutile (Figure 2.18a). In comparison, the
experimentally determined adsorption densities were 0.59 molecules/nm? under the standard adsorption
conditions in this study (based on Figures 2.3 and 2.4) and 0.77 molecules/nm? at maximum estimated by

the Langmuir adsorption model (based on Figure 2.10).

Similarly, the adsorption densities of TR on TiO; are estimated to be 1.63 molecules/nm? for anatase
and 1.74 molecules/nm? for rutile based on the proposed adsorption models (Figure 2.18b). The
experimentally determined values were 0.73 and 1.71 molecules/nm? for anatase and 1.28 and 1.95
molecules/nm? for rutile at an equilibrium estimated by a quasi-second-order kinetics adsorption model
from Figure 2.9 on TiO; of particle sizes 10 nm and 30 nm, respectively. The saturated adsorption amount
of TR on rutile is slightly higher than that on anatase, which aligns with the results obtained from the

pseudo-second-order adsorption kinetics model (Figure 2.9).

2.3.5. Adsorption of probe molecules on various metal oxides and SiO»

The results in Section 3.3.1 will show that the surface areas of titanium oxide in carbon-supported
catalysts can be determined through the selective adsorption of TR and SS. Additionally, this work
explored other catalysts, including Fe2O3, Fe3Os, CuO, ZrO> supported on carbon and SiO, materials
(Tables 1.7 and 1.9—1.11 in Chapter 1). The adsorption amounts of TR and SS on various metal oxides
under the same conditions as Figure 2.4 are shown in Figure 2.19. Similar to titanium dioxide, the
adsorption amounts of TR and/or SS on these metal oxides were proportional to their surface areas. Since
TiO2, Fe203, CuO and ZrO; have both Lewis acidic sites (metal cations) and Lewis basic sites (hydroxyl
groups bonded to metal cations via adsorbed water) [7a, b, 12n], chemisorption at the surface basic sites

could enable adsorption of TR and SS.

The correlation between the adsorption amount of ZrO- and its surface area was relatively low. However,
since the work did not proceed with the application of supported ZrO; catalysts, further discussion will
not be pursued. Nevertheless, within a specific range of error, it remains feasible to estimate the surface
area of ZrO; using adsorption of SS molecule. Adsorption models for SS on y and a-Fe;O3 surfaces are
also proposed (Appendix, Figure 2.22) [160-r]. In contrast, silica-based materials exhibited negligible
adsorption (Figure 2.19). This can be attributed to a lack of basic sites of the SiO» surface, dominated by

isolated silanol (Si—~OH) groups, which render it largely neutral or weakly acidic.
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Figure 2.19. Adsorption amounts of SS and TR on (a) FeOx, carbon and SiO»; (b) CuO; (c) ZrOs.

Adsorption condition: adsorbent (10 mg) in DMF solution (5 mL) of organic molecule (0.2 mM), 110°C, shaking,
1h.

FT-IR analyses of the adsorption structures of SS and TR on Fe>O3 are summarized in Figures 20a and
c. The peak assignments were conducted according to literature [12b, d-m, 13b, c]. The peaks at 1631 and
1384 cm™! of Fe,Os are assigned to bending and stretching vibrations of the hydroxylic groups §(FeO-H)
and v(Fe—OH), respectively [13Db, c]. Since similar spectra were obtained between SS-TiO; and SS- Fe> O3,
and also between TR-TiO; and SS- Fe;O3, the same adsorption structures of SS and TR on Fe>O3 surface
as those on TiO; surface are proposed as shown in Figures 20b and d, respectively. Similar FT-IR analyses
and proposal of the adsorption structures are possible for TR and SS on CuO and ZrO> surfaces (Appendix,
Figure 2.23).

52



—_—
Q
~

1440, 1390
V(C—C, C=C)+ v,(CO,")
1361
Vs(COy)

/

Transmittance (a.u.)

+V, CO*
1737, 1712 =(C02)
v(C=0)

1201, 1103
V(S(=0),)

1170, 1112
V(S(=0),)

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavelength (cm)

(c)

1

1635,1589 1469, 1436
V(C-C, C=C) v(C—C, C=C)

Transmittance (a.u.)

1271 1192, 1100
—O-Ti) V(S(=0
1465, 1308 V(C7O°T) VISEOR) ]
¥(C-C, C=C) ¥(S-0)
1379 1190, 1105
v(S(=0),)

292, 1237
vjc—om

|

u30)

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavelength (cm-

)

SO;Na

Figure 2.20. FT-IR spectra (KBr) of (a) SS and (c) TR on Fe,Os (y, 2040 nm, S=42 m? g'!), and expected
absorption structures of (b) SS and (d) TR on Fe;Os.

53



2.4 Conclusions

This chapter demonstrates that the organic molecules TR and SS exhibit selective adsorption on metal
oxide surfaces such as titanium oxide, iron oxide, and copper oxide under specific adsorption conditions,
while their adsorption on carbon and silicon oxide materials is negligible. The adsorption amounts on
metal oxides correlate with the BET surface areas of the metal oxides, indicating that this method can be
applied to measure the surface area of metal oxides in catalysts supported on carbon or silicon oxide

substrates.

The adsorption behaviors of TR and SS under various conditions and those of structurally related
compounds were examined. TR and SS show minimal adsorption on hydrophobic carbon and silicon
oxide surfaces due to their hydrophilic and acidic nature. SS exhibited stronger adsorption on TiO2
compared to TR. In addition, comparative analysis suggests that the primary driving forces for adsorption
of TR and SS are the hydroxyl and carboxyl functional groups, respectively. The adsorption models of
TR and SS on TiO; were proposed, and the estimated adsorption amounts were compared with the

experimental values.

This chapter establishes a novel surface evaluation method in organic media. The chapter includes
comparisons of the adsorption amounts estimated by the proposed hypothesis and those obtained by
experiments. The findings are expected to contribute to advancements in catalysis and surface chemistry.
The results also offer valuable insights into macromolecular adsorption, purification processes,

photocatalysis, and related areas of research.
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Figure 2.21. UV-Vis spectra before and after absorption of (a) TR and (b) SS on TiO; (particle size 30
and 100 nm, crystal phase anatase and rutile, S =49-14 m? g’!, data-based on Figure 2.3); TR on activated
carbon (RB3, S =855 m? g'!) under (c) stirring (data for Figure 2.3) and (d) shaking (data for Figure 2.4).
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Figure 2.22. Adsorption models of SS on (a) y-Fe2Os3 (111) and (001) surfaces, (b) a-Fe>O3 (0001) surface
with Fel and O3-terminations. The structures of y-Fe2O3 (111) [16n] and (001) [160], a-Fe>O3 (0001)
surface with Fel and O3-terminations [16p, q] were prepared based on the reference. The Fe atom acting
as an adsorption site was highlighted in purple.
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Figure 2.23. FT-IR (KBr) spectra of (a) TR, (c) SS-CuO (CuO, particle size < 50, crystallite size = 22
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proposed adsorption structures. (based on Figure 2.19b, c).
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(b)

Figure 2.24. SEM images of TiO; (a) 30 nm rutile; (b) 100 nm anatase (after adsorption of TR based on
Figure 2.3)
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Chapter 3. TiO2/carbon Catalysts for Hydrogen Fuel Cell
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3.1. Introduction: TiOz/carbon catalysts and hydrogen fuel cell

3.1.1. Introduction: Hydrogen fuel cell and catalysts

As society advances into the 21st century, the depletion of traditional fossil fuel reserves (e.g., coal, oil,
natural gas) has become increasingly evident, accompanied by rising levels of environmental pollution.
Moreover, the global distribution of fossil fuels is highly uneven and vulnerable to geopolitical disruptions.
Oil crises resulting from conflicts such as the Israeli-Palestinian tensions, the Iran-Iraq War, and natural
gas shortages during the Russia-Ukraine conflict exemplify this fragility. These challenges underscore the

urgent need for environmentally friendly, efficient, and sustainable alternative energy sources.

Nuclear energy, which is widespread throughout the universe (e.g., solar nuclear fusion), is considered
abundant and has been widely adopted in power generation. However, its inherent risks—highlighted by

catastrophic accidents such as Chernobyl and Fukushima—remain a significant concern.

Renewable energy sources, including solar, biomass, wind, and geothermal energy, are abundant and
environmentally advantageous. However, to meet the demands of modern society, they must first be
converted into electrical or chemical forms. For instance, solar panels and wind turbines generate
electricity for the power grid, while biomass-derived fuels (e.g., methane, ethanol) and lithium-ion
batteries serve as energy storage and transportation solutions. Among chemical energy sources, hydrogen

stands out due to its high energy density and minimal environmental impact.

Hydrogen can be produced from solar energy, fossil fuels, or water electrolysis and then transported to
hydrogen refueling stations or residential areas, where it is converted into electricity using fuel cells and
other technologies [17a]. Despite its promising features, hydrogen energy faces substantial challenges.
These include the need for environmentally benign and cost-effective production methods that do not rely
on fossil fuels, the high costs and risks associated with hydrogen transport and storage infrastructure, and
the relatively low efficiency and high expense of fuel cells. Nevertheless, hydrogen energy remains a vital

avenue for developing future energy systems.

The Japanese government has identified hydrogen energy as a priority in its future energy strategy [17b,
c], in alignment with similar initiatives in the United States, Europe, and China [17d]. This global
momentum has accelerated the commercialization of hydrogen-powered technologies, including vehicles
such as cars, trucks, trains, and buses. An example is Toyota’s deployment of a hydrogen-powered bus

(Figure 3.1).

At present, most hydrogen fuel cells employ platinum/carbon catalysts, where platinum facilitates the

oxygen reduction to form water [17e, f]. While platinum is an exceptionally efficient catalyst, its scarcity,
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high cost, and tendency to detach from carbon supports present significant obstacles. To address these
issues, alternative catalysts—such as Fe-N-C materials [17f, g] and metal oxide/carbon composites [6a,

18], are being actively investigated as potential substitutes for the platinum-based systems.

Figure 3.1. Toyota SORA school bus in Tokyo University of Technology.

The Ishihara research group at Yokohama National University has made significant progress in
developing oxide/carbon-based catalysts [18]. Their strategy involves depositing metal precursors—
typically organometallic compounds—onto carbon supports, followed by pyrolysis in a mixed gas
atmosphere of oxygen, hydrogen, and nitrogen (or argon). Various carbon materials, such as carbon
nanotubes, graphene, and carbon black, are commonly employed as supports due to their excellent
electrical conductivity. During pyrolysis, metal oxides are formed on the carbon surface and are partially
reduced, resulting in the emergence of catalytic activity. These active sites are primarily located at the
partially reduced regions of the metal oxides on the catalyst surface [18], as illustrated in Figure 3.2 for

the Nb-TiOz/carbon catalyst.

Catalyst layers

Electrolyte membranes

Nb-TiO, Carbon

Carbon

Figure 3.2. Nb-TiO»/carbon catalyst for hydrogen fuel cell [18b, e-g].
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To identify these active sites and evaluate the surface areas of catalytic materials, it is essential to
quantitatively assess the surface area of metal oxides supported on carbon. In Chapter 2, a novel technique
was introduced for determining the surface area of carbon-supported metal oxides via the selective
adsorption of probe organic molecules. In the present chapter, this method is applied to TiO/carbon
catalysts developed for hydrogen fuel cell applications. The goal here in this study is to investigate the
correlation between the surface area of titanium oxide and its catalytic performance in fuel cell systems

through the selective adsorption of probe molecules.

3.1.2. Nb-TiO,/CSCNT catalysts

Although titanium oxide (TiOz) inherently exhibits low catalytic activity, niobium (Nb) doping
significantly enhances its catalytic properties. Nb incorporation promotes the generation of Ti** active
sites, enhances the electrical conductivity of TiO», increases its specific surface area and durability, and
introduces new catalytic sites associated with niobium oxides [ 18b, e-f]. Additionally, cup-stacked carbon
nanotubes (CSCNTs) possess excellent conductivity and facilitate the formation of nanoscale oxides
along their edges [18g]. Building on these advantages, the Ishihara group developed Nb-doped TiO:
supported on CSCNTs (Nb-TiO2/CSCNT) as an electrocatalyst.

The catalyst precursors were synthesized by mixing Ti (titanium(IV) tetraisopropoxide, Ci12H18O4Ti)
and Nb (niobium(V) ethoxide, CioH2505Nb) compounds with CSCNTs, followed by hydrolysis. The
resulting precursors were heat-treated at 600—1000°C for 10 min in an Ar atmosphere containing 4% Ho,
producing the Nb-TiO2/CSCNT catalysts. The catalysts were characterized by field-emission scanning
electron microscopy (FE-SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS),

and their oxygen reduction reaction (ORR) activity was evaluated [18g].

The XRD patterns and mean particle sizes of the Nb-TiO2/CSCNT catalysts are presented in Figure 3.3
[18g]. The crystal phase transformation of TiO2 depends on various factors, including synthetic procedure,
heat-treatment temperature, pressure, atmosphere, and dopants [19a-c]. Under ambient conditions,
anatase begins to transform into rutile above 600°C [19a]. This transformation is governed by crystal size,
as the surface Gibbs free energy determines the most stable crystal structure. Specifically, anatase is more
stable for particle sizes below 11 nm, while rutile becomes more stable for sizes exceeding 35 nm [19b,
c]. In line with these observations, the experimental results show the appearance of rutile (grain size
11.7 nm) at 800°C, and coexistence of anatase and rutile phases at 900°C with a grain size of 26.1 nm.
The CSCNT support may contribute to stabilizing the anatase phase by limiting crystal growth, with rutile
appearing only above 700°C. Notably, Nb diffraction peaks were not observed in XRD, likely due to their
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low content or high dispersion.
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Figure 3.3. (a) XRD pattern and (b) mean particle size (by FE-SEM) of Nb-TiO2/CSCNT catalysts [18g].

In this work, the exposed surface areas of Nb-TiO2 on Nb-TiO2/CSCNT catalysts were quantified using
the selective adsorption of TR, and the correlation between surface areas of Nb-TiO and the ORR activity
was investigated. The Brunauer—-Emmett-Teller (BET) surface areas were also measured (Appendix,

Figure 3.14).

3.1.3. N-TiO2/MWCNT catalysts prepared with different annealing times

Nitrogen-doped TiO2 (N-TiO2) supported on multi-walled carbon nanotubes (MWCNTs), synthesized
from Ti-, N-, and C-containing precursors. Nitrogen doping has been shown to stabilize specific
crystalline phases of TiO2 [18c, d]. MWCNTs, known for their high specific surface area and excellent

conductivity, serve as effective support materials.

The Ishihara group synthesized and investigated the N-TiO2/MWCNT catalysts [18d]. To prepare the
catalysts, titanium-based organic compounds (oxytitanium(IV) tetrapyrazinoporphyrazine, C24HgN160T1)
and MWCNTs were mixed, then heat-treated at 900°C in Ar atmosphere containing 2% H»> and 0.05% O,
and subsequently annealed for 0—10 h. During this process, carbon deposition from C24HgN160Ti occurred
on the catalyst surface, improving electrical conductivity [18c]. The Ishihara group conducted
characterization (XPS, TEM, and X-ray pair distribution function (PDF) structural analysis) and evaluated
the catalytic activity for the oxygen reduction reaction (ORR) [18d].

The evolution of the titania crystal structure and particle size with annealing time (0-10 h) is
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summarized in Figure 3.4 [18d]. Due to the extremely small crystal size (below the detection limit of
XRD), direct analysis using XRD was not feasible. At annealing times of 0 and 1 h, a relatively rare
lepidocrocite-type layered titanate structure was observed. Although reports on this structure are limited,
lepidocrocite-like TiO; is recognized as a unique form of titanium oxide, featuring a layered arrangement
similar to the mineral lepidocrocite (an iron oxide) [19d-f]. Nitrogen doping appears to stabilize this
lepidocrocite structure [18d, 19¢]. After 3 h of annealing, the brookite phase appeared. Brookite is
generally considered a metastable intermediate phase during the transformation of anatase to rutile [19b,
c]. Prolonged annealing (5 and 10 h) resulted in the formation of TiO» particles, most likely due to the
reduction of brookite under the H> atmosphere, as indicated by changes in mass fractions (Figure 3.4).
During this stage, the rutile phase also began to form, although its crystal size remained below the
expected thermodynamic threshold for rutile formation (which typically occurs when particle sizes exceed

11 nm) [19Db, c].

Mass fraction

Annealingtime/h

m Lepidocrocite mRutile mBrookite-lke =TiO-like

Figure 3.4. Summary of phase composition. Numbers above bars represent domain sizes obtained by
PDF analysis or TEM for the N-TiO2/MWCNT catalysts [ 18d], reuse by license under CC-BY; Copyright
{2017} American Chemical Society.

Phase transitions in TiO2 are influenced by impurities and atmospheric conditions. Impurities such as
Li, K, Na, Fe, Ce and Mn oxides promote phase transitions by increasing oxygen vacancies, while S, P,
and W oxides inhibit transitions by stabilizing the existing structure [19¢]. A reducing atmosphere (e.g.,
H>) facilitates phase transitions by creating Ti interstitials, whereas oxidizing conditions tend to suppress
them [19c]. The nitrogen doping may have further promoted rutile formation even below its

thermodynamic particle size threshold [18d, 19c¢].
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Although XPS analysis confirmed the presence of TiN and Ti** species in the catalyst, these were found
to have only a minimal impact on catalytic activity, as demonstrated by comparisons of XPS spectra

between HF-treated and untreated samples after removing oxide components [ 18d].

In this work, the TiO» surface areas were determined using the selective adsorption of SS, and the BET

surface areas were also measured (Appendix, Figure 3.15a).

3.1.4. N-Fe-TiO,/carbon catalysts

The Ishihara group reported that carbon derived from the Co4HgN16OTi precursor formed a conductive
network on the catalyst surface. Notably, even without MWCNT support, the introduction of Fe and Zn
enabled the formation of highly dispersed titanium oxide [18].

The Ishihara group employed a similar catalyst preparation method. A titanium-based organic complex,
oxytitanium(IV) tetrapyrazine porphyrazine, C24HsN1sOTi, was mixed with trace amounts of Fe (ferric
acetate) and Zn (zinc acetate) salts, without the use of any external support material. The atomic ratios of
Fe or Zn to Ti were varied from 0 to 0.3 or 0.5. The resulting N-Fe-TiO»/carbon catalysts (with carbon
derived from the organic precursor) were synthesized via pyrolysis and/or calcination at 900°C for 3 h
under an Ar atmosphere containing 2% H> and 0.05% O [18h]. During the pyrolysis process, the low
boiling point of Zn led to its volatilization, resulting in negligible Zn content in the final catalyst [19m)].
The catalysts were characterized by X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), and Brunauer—-Emmett-Teller (BET) surface area analysis. Their oxygen

reduction reaction (ORR) current densities were evaluated in hydrogen fuel cell [19m].

Figure 3.5 shows the XRD patterns of two samples with Zn/Ti ratios of 0 and 0.3, each with varying
Fe/Ti ratios (0 to 0.5). In the absence of Fe, no distinct TiO; diffraction peaks were detected, likely due
to the titanium oxide nanocrystals being too small for XRD detection. As the Fe content increased (Fe/Ti
=0.05-0.3), diffraction peaks corresponding to rutile TiO> and Fe and/or Fe3C phases gradually appeared,
suggesting that Fe addition promoted the formation of stable rutile TiO> [19c]. Moreover, Fe may have
competed with Ti in rutile formation by interacting with C and N, possibly resulting in the generation of

Fes3C species.

No significant differences in XRD-detected crystal phases were observed between the Zn/Ti = 0 and
Zn/Ti = 0.3 samples. However, the diffraction peaks became sharper with increased Zn content (Zn/Ti =
0.3), indicating the formation of larger crystallites. This could be attributed to Zn volatilization during

thermal treatment, which may have generated voids and facilitated crystal growth [18l].
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Figure 3.5. XRD patterns of the N-Fe-TiO»/carbon catalysts with (a) Zn/Ti = 0 and (b) Zn/Ti = 0.3
[181].

In the present work, the TiO2 surface areas of the catalysts were determined using the selective

adsorption of SS.

3.1.5. N-TiO2/MWCNT catalysts prepared with different oxygen contents

The previous section discussed the effects of Fe and Zn doping on catalyst activity. The Ishihara group
next focused on the influence of oxygen concentration during thermal decomposition. To isolate the
variable of oxygen content, the catalysts were prepared without Fe and Zn doping using multi-walled
carbon nanotubes (MWCNTs) as the support. The N-TiOo/MWCNT catalysts were synthesized following
a procedure similar to that described in Section 3.1.3, with the primary difference being the calcination
atmosphere. The catalysts were calcined at 900°C in a 2% H>/Ar mixture, with oxygen concentrations
ranging from 0 to 2%. The Ishihara group evaluated oxygen reduction reaction (ORR) activity by reaction
in hydrogen fuel cells, as well as BET surface area and TiO» loading using N adsorption and

thermogravimetric (TG) analysis, respectively.

In this work, the structural properties of the catalysts were analyzed through XRD measurements and

quantitative evaluation of the TiO» surface areas by the selective adsorption of SS.
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3.2. Experimental

In the typical procedure (performed at half of the scale described in Chapter 2), TiO/carbon catalyst
powder material (5.0 mg) was added into a solution (2.5 mL) of TR or SS in DMF in a vial. The mixture

was stirred or shaken at 110°C for 1 h in air.

The adsorption ratios or amounts of TR or SS on the TiO»/carbon catalysts were quantified by liquid
UV-Vis analysis. The adsorption of TR and SS in DMF solution on the carbon support materials and
deposited carbon (produced during catalyst preparation) was assumed to be neglected. The relationship
between the adsorption amounts and the surface area of the metal oxide was referred to the data in Figures

2.3 and 2.4 and Formula 3.1 below:

S = e (Formula 3.1)
Ws

In this formula, S is the estimated surface area of metal oxide (m* g!), W is the adsorption amount (mol) of TR
or SS, Ws is adsorption amounts per unit surface area (mol m).

This work was conducted in collaboration with the Ishihara group at Yokohama National University.
Four series of catalysts, Nb-TiO2/CSCNT [18g], N-TiO2/MWCNT [18d], N-Fe-TiO»/carbon [181], and N-
TiO2/MWCNT, were prepared under various conditions by the Ishihara group. Most of the catalyst
characterizations and all of the catalytic activity evaluations were performed by the Ishihara group. In this
study, the exposed TiO» surface areas of these catalysts were determined to investigate the correlation

between catalytic activity and TiO> surface area.

3.3. Results and discussion

3.3.1. Surface area analysis of Nb-TiO,/CSCNT catalysts

The surface areas of Nb-TiO2> on the Nb-TiOo/CSCNT catalysts were evaluated using the selective
adsorption of TR as shown in Figure 3.6a. The exposed surface area decreases from 600°C to 800°C, then
increases from 800°C to 1000°C. This trend reflects the increasing Nb-TiO; particle size with heat-
treatment temperature, which generally reduces surface area. However, partial decomposition of the
CSCNT support and deposited carbon at elevated temperatures may increase metal oxide exposure,
thereby offsetting the impact of particle growth. These competing processes contribute to the nonlinear
variation (a basin-shaped plot) observed in the Nb-TiO, surface area as a function of heat-treatment
temperature. Additionally, the BET surface area may influence the Nb-TiO> surface area to some extent

(Appendix, Figure 3.14b).

70



(a) (b) T 40 - .
h=}
=30 - ® 3 ] .
o D 30
o ® <L } L
£ 20 - £
o~ >
Q e © ] .
=10 ° S 10
2 ® |
%) [
O T T T T T T T T T T T % 0 T T T T T T T T T T T
500 600 700 800 900 1000 1100 = 500 600 700 800 900 1000 1100
Heat-treatment temperature (°C) Heat-treatment temperature (°C)

Figure 3.6. Dependence of a) the exposed Nb-TiO> surface area, and (b) the catalytic activity of ORR
current at 0.6 V of Nb-TiO2/CSCNT catalysts [18g] on heat-treatment temperature.

Figure 3.6b illustrates the relationship between the specific oxygen reduction reaction current density
(iorr) and the heat treatment temperature of the Nb-TiOo/CSCNT catalyst [18g]. The iorr increases from
600°C to 800°C, then decreases from 800°C to 1000°C, forming a volcano-shaped plot with heat-
treatment temperature, which is inversely correlated with the surface area of Nb-TiO; (Appendix, Figure
3.14a). Since the carbon component contributes to electrical conductivity, active catalytic sites are likely
to form at the interface between Nb-TiO: and the carbon support [18a, ¢, e, f, n]. Furthermore, the current
density at 0.6V, an indicator of catalytic activity, exhibits a positive correlation with the Ti**/(Ti*" + Ti*")
ratio (Figure 3.7) [18h]. The presence of Ti**, owing to its lower oxidation state relative to Ti*", likely

promotes oxygen adsorption and functions as an active site for the oxygen reduction reaction [18c, e, f,

gl.
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Figure 3.7. Relationship between the ratio of Ti**/(Ti*" + Ti*") and the catalytic activity of ORR current

of Nb-TiOo/CSCNT catalysts. The oxide current represents the current density per unit Nb-TiO»,
calculated by subtracting the carbon-derived current from the total current density [18f].
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3.3.2. Surface area analysis of N-TiOo/MWCNT catalysts prepared with
different annealing times

Since TiN was detected in the N-TiOo/MWCNT catalyst by XPS, the adsorption characteristics of
titanium carbonitride (TiCN) were first investigated, assuming that TiCN, a continuous solid solution of
TiC and TiN, exhibits the surface properties of both components [19h, 1]. Adsorption tests using TiCN
(Aldrich, BET surface area: 172 m? g!) revealed only minor adsorption (adsorption rates: 3% for SS and
5% for TR), suggesting that these Ti—-N compounds do not significantly interfere with the adsorption

behavior on titanium oxides.

Attempts to measure the TiO, surface area on the N-TiO/MWCNT catalysts using the selective
adsorption of TR were unsuccessful. A new UV peak appeared at approximately 520 nm (Appendix,
Figure 3.13b), implying that TR may form complexes with trace Ti ions released from the catalysts
because TR forms stable complexes with Ti and Fe ions [19h]. Interestingly, no such UV peaks were
observed in the catalysts discussed in Section 3.3.1, suggesting that nitrogen doping in the N-

TiO2/MWCNT catalyst may be responsible for the observed spectral changes.

Fortunately, we could successfully quantify the surface area of titanium dioxide using the selective
adsorption of SS. As shown in Figure 3.8a, the TiO» surface area initially increased and then decreased
with prolonged annealing at 1000°C (0—10 h). This trend is attributed to TiO> particle growth and
concurrent carbon decomposition. A moderate annealing time (e.g., 3 h) promoted slight TiO2 growth and
carbon loss, increasing the exposed TiO2 surface. However, after 10 h, excessive sintering reduced the
accessible surface area. Notably, this surface area trend differs from that observed in BET measurements

(Appendix, Figure 3.15a).
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Figure 3.8. Dependence of (a) the exposed TiO» surface area; and (b) the catalytic activity of ORR current
of N-TiO2/MWCNT catalysts [18d] on annealing time.
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Figure 3.8b [18d] illustrates the relationship between iORR catalytic activity and annealing time.
Catalytic activity correlates positively with the surface area of TiO,. The unannealed catalyst (0 h) shows
the lowest activity, consistent with its relatively small TiO» surface area. The highest catalytic
performance is observed after 3 h of annealing, corresponding to a moderate increase in surface area.
However, despite only a slight decrease in surface area after 10 h of annealing, catalytic activity drops
markedly. This decline may be attributed to a significant loss of nitrogen dopants [18d], which is key in

enhancing conductivity.

Interestingly, the catalytic performance did not directly correlate with Ti** density [18d]. According to
Ishihara et al., the active sites for the ORR are primarily located on the surface of brookite and/or rutile
TiO2 (Appendix, Figure 3.15b) [18d]. These results indicate that the electrocatalytic activity of N-
TiO2/MWCNT catalysts annealed for different durations is influenced by a combination of factors,
including exposed surface area, crystalline phase composition, and conductive pathways within the

composite TiOz catalysts.

3.3.3. Surface area analysis of N-Fe-TiO»/carbon catalysts

The surface areas of titanium oxide on carbon were determined using the selective adsorption of SS, as
shown in Figure 3.9a. As previously discussed, SS does not adsorb onto metal nitrides or carbides such
as TiCo.3No.7. in the absence of a Fe precursor. It has been reported that adding Zn to the catalyst precursor,
followed by its volatilization during pyrolysis, can enhance catalyst porosity [19m]. However, the present
results show that while the oxide surface area initially increases with rising Zn content, it slightly
decreases at higher Zn levels. This decrease may be attributed to excessive Zn volatilization, which could
induce the formation of larger pores, promote crystal growth, or collapse fine pores, thereby reducing the

exposed oxide surface area.

Interestingly, variations in the Fe content of the precursor appear to have minimal influence on the
oxide surface area, likely because Fe is not significantly converted to its oxide form. Generally, the surface
area of metal oxides tends to increase with increasing Zn content. Moreover, no clear correlation was

observed between the TiO» surface area and the BET surface area of the catalysts (Appendix, Figure 3.16).

Figure 3.9b illustrates the catalytic activity for the ORR reaction. Although some fluctuations were
observed, the overall trend indicates a positive correlation between catalytic activity and the surface area
of metal oxide. This suggests that under similar calcination conditions, tuning the Fe/Ti and Zn/Ti ratios
results in a uniform distribution of active sites on the oxide surface of the N-Fe-TiO»/carbon catalyst. This
uniformity likely contributes to the observed correlation between surface area and catalytic performance.
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In addition, the increase in rutile XRD peak intensity (Figure 3.5) correlates with enhanced catalytic

activity, further supporting the hypothesis that the rutile TiO2 surface acts as an active site for catalysis.
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Figure 3.9. (a) Exposed TiO; surface area and (b) ORR catalytic activity of the N-Fe-TiO2/carbon
catalysts [181].
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Figure 3.10. Dependence of double layer capacitance (Cdl) and Ti oxide surface area on Zn/Ti ratio of
N-Fe-TiO»/carbon catalysts [18]].

In hydrogen fuel cells, the electrical double layer refers to the charge separation that forms at the
interface between the electrode (e.g., Pt) and the electrolyte. The capacitance of this double layer (Ca) 1s
influenced by factors such as electrode material, surface area, and electrolyte composition. Porous or
nanostructured electrodes typically exhibit higher capacitance due to their large surface areas. Figure 3.10
illustrates the dependence of the Zn/Ti ratio on the double-layer capacitance and on the metal oxide

surface area. For Zn/Ti ratios from 0 to 0.3, both Ca and the oxide surface area increase with increasing
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Zn content. However, at a Zn/Ti ratio of 0.5, the surface area decreases while the capacitance continues
to increase. This discrepancy could be attributed to the growth of Ti oxide crystallites at higher Zn

concentrations, which reduces the exposed surface area despite the increase in total electrical interface.

3.3.4. XRD and surface area analyses of N-TiOo/MWCNT catalysts
prepared with different oxygen contents

The XRD patterns of the N-TiOo/MWCNT catalysts are shown in Figure 3.11. With increasing O>
concentration in the pyrolysis atmosphere, the formation of TiO> crystals became more pronounced. At
0.05% O, no distinct diffraction peaks were observed besides those of the MWCNT support. In contrast,
when the oxygen concentration was increased to 2%, pronounced peaks corresponding to anatase and
rutile TiO2 phases were observed, with crystallite sizes estimated at 9—10 nm. Notably, despite the
presence of nitrogen in the catalyst precursor, no TiN or TiC phases were detected, unlike in the previous

reports [18m, 1].
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Figure 3.11. XRD patterns of the N-TiOo/MWCNT catalysts synthesized under 0.05% and 2.0% O>
atmospheres.

The titanium oxide surface area was determined using the selective adsorption of SS, as shown in
Figure 3.12a. The results indicate that the TiO> surface area increased with oxygen concentration in the
Ar atmosphere up to a certain point. This trend is attributed to enhanced decomposition of the carbon
support, facilitating the formation of titanium oxide phases and exposing more surface area. However, at
higher O, concentrations, sintering and agglomeration of TiO» occurred, leading to particle growth and a

decrease in surface area. Moreover, no direct correlation was observed between the TiO» surface area and
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either the BET surface area or TiO; loading (Appendix, Figure 3.17).

A similar trend was observed in ORR catalytic activity (Figure 3.12b), which increased initially and
then declined. However, the peak positions in the volcano plots of surface area and catalytic activity did
not coincide. This discrepancy could be due to the rapid loss of active sites caused by over-oxidation of

titanium oxide, which precedes the decline in surface area resulting from sintering.
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Figure 3.12. Dependence of (a) the exposed TiO; surface area and (b) the ORR current (provided by the
Ishihara group) of N-TiO2/MWCNT catalysts on Oz concentration.

3.4. Conclusions

In this chapter, the selective adsorption method established in Chapter 2, the selective adsorption of TR
and SS on titanium dioxide over the carbon support, was employed. Using this method, the TiO, surface
areas on four different carbon-supported TiO; catalysts synthesized under inert atmospheres (Ar or N)
containing H> and Oz were evaluated. Furthermore, the relationships between the TiO> surface area on

the support and the electrocatalytic activity toward hydrogen fuel cell reactions were investigated.

For Nb-TiO2/CSCNT catalysts prepared at different heat-treatment temperatures, the TiO surface area
initially decreased and then increased with increasing heat-treatment temperature. An inverse correlation

was observed between the TiO; surface area and the catalytic activity for Nb-TiO»/CSCNT.

In contrast, for the N-TiO2/MWCNT catalysts prepared with different annealing times, the TiO2 surface
area initially rose and then declined with increasing annealing time. Additionally, a positive correlation

between surface area and catalytic activity was observed across these N-TiOo/MWCNT catalysts.

When carbon-supported N-TiO: catalysts were synthesized with different Fe and Zn doping levels (i.e.,
N-Fe-TiO,/C catalysts), and without the use of CNTs as a support, the TiO> surface area increased

significantly with increasing the Fe and Zn doping levels. A noticeable positive correlation between TiO:
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surface area and catalytic activity was identified.

Moreover, for N-TiOo/MWCNT catalysts prepared under atmospheres with different oxygen
concentrations, the TiO; surface area initially increased and then decreased with rising oxygen
concentration. A partial positive correlation between surface area and catalytic activity was also observed

in this case.

The surface area, crystal structure, and particle size of TiO; are influenced by synthesis conditions and
the nature of dopants. A weak but consistent positive correlation between TiO» surface area and catalytic
activity was observed for N-TiO2/MWCNT, N-Fe-TiO>/C, and N-TiOo/MWCNT catalysts across
different annealing times, Fe doping levels, and oxygen concentrations. Assuming that the active sites are
similar in nature and uniformly distributed across the TiO surface, catalytic activity is expected to scale
with surface area. An exception was noted for Nb-TiO2/CSCNT catalysts, where an inverse correlation
was observed with varying heat treatment temperatures. This deviation may be attributed to differences
in nitrogen doping, which influences the formation of conductive pathways. In the N-doped TiO> catalysts

with enhanced conductivity, catalytic activity generally correlates positively with surface area.

Although the findings presented here provide valuable insights, the relationship between the TiO2
surface area and catalytic activity in these electrocatalysts remains inherently complex. Factors such as
particle size, crystal phase, elemental doping, and electrical conductivity are also likely to play significant
roles in determining catalytic performance. Understanding the interplay among these variables remains

an important direction for future research.

It is hoped that these results will aid in the rational design of carbon-supported TiO: catalysts, not only
for electrocatalytic applications in hydrogen fuel cells but also for broader applications such as

photocatalysis, acid—base catalysis, and related catalytic processes.
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3.6. Appendix
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Figure 3.13. UV-Vis spectra (examples of before and after absorption) of (a) SS and (b) TR on N-
TiO2/MWCNT (different annealing time 0—10 h) catalysts. The all data is for Figure 3.7.
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Chapter 4. Fe:0s/graphene Catalysts for Imine
Synthesis
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4.1. Introduction: Iron oxide -catalysts and imine
synthesis

Iron (Fe), the second most abundant metal in the Earth's crust, has played a foundational
role in the advancement of human civilization. The emergence of iron-making
technologies marked a pivotal historical milestone, with the earliest known iron artifacts
traced back to around 3500 BC in Central Asia. Iron's enduring significance spans from
its critical roles in construction and machinery to its presence in the composition of rocky

planets and human hemoglobin [20a].

In the field of catalysis, iron also occupies a central position. Applications range from
traditional iron-based catalysts used in ammonia synthesis via the Haber—Bosch process
(as noted in Chapter 1) to modern molecular iron catalysts for C—H bond activation [20b].
This chapter highlights the catalytic properties of iron oxides, which hold promise for a
wide range of applications, including photocatalysis [20c], electrocatalytic hydrogen

evolution [20d], and organic synthesis [20c].

Iron can exist in various oxidation states, including Fe;O3, Fe3O4, and FeO. Among
them, Fe O3 has demonstrated notable catalytic activity in a range of organic
transformations, such as the direct borylation of aromatic compounds [20e], the
Sonogashira—Hagihara cross-coupling reaction [20f], the Diels—Alder reaction [20f], and
imine synthesis [20g]. The synthesis of imine from alcohols and amines is particularly
attractive due to its high atom economy, generating only water as a byproduct. This
reaction is both cost-effective and environmentally benign, as it employs inexpensive,
readily available feedstock and proceeds under mild conditions. Moreover, imines with
Schiff base structures, are widely found in biological systems and possess considerable
pharmacological relevance due to their bioactivity. Representative examples of
biologically active compounds and pharmaceuticals are shown in Figure 4.1 [21a-c]. In

addition, imines serve as valuable intermediates in various synthetic pathways [21d, e].

Despite their potential, iron oxides face inherent limitations such as low electrical
conductivity and a tendency to agglomerate under reaction conditions, which often leads
to grain growth and reduced catalytic efficiency. One promising approach to mitigating

these drawbacks is the use of supported iron oxide systems.
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Figure 4.1. (a) Examples of biologically active compounds [21a, b]; (b) Tericox capsules
(terizidone as the active ingredient), used for tuberculosis treatment [21c¢].

Carbon-based supports have been widely employed to enhance catalytic performance
by improving the dispersion and conductivity of metal and metal oxide catalysts, as well
as by modulating the local reaction environment. This strategy has proven effective in a
variety of catalytic applications, including organic synthesis [6c, 22a], the Fischer—
Tropsch reaction [6d, 22b, c], photodegradation of organic pollutants [6e], and the water—
gas shift reaction [22d]. Among carbon materials, graphene has attracted particular
interest due to its high specific surface area, two-dimensional structure, excellent
electrical conductivity, and both thermal and chemical stability. These properties make
graphene an ideal support for metal or metal oxide catalysts [22e, f]. Accordingly, this

chapter explores graphene as a support for iron oxide catalysts.

While Fe;O3 catalysts have been studied for imine synthesis [20g], other graphene-
based systems such as MnO/graphene oxide [22g] and reduced graphene oxide
composites [22h] have also been reported in previous research. In contrast,
Fe,Os/graphene catalysts remain relatively underexplored in imine synthesis. Further

investigation of this system could help develop high-performance catalysts.
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In this chapter, graphene-supported Fe>Os catalysts were prepared using a modified
method based on a previously reported protocol [23c] and applied to the synthesis of
imines from alcohols and amines (Figure 4.2). The exposed Fe>O3 surfaces areas of the
prepared catalysts were assessed via the selective adsorption of SS molecules, and the
catalysts were characterized by XRD, TEM, and TG-DTA. By examining the relationship
between the Fe,Os3 surface area and catalytic activity in imine formation, this study aims
to provide new insights into the rational design and optimization of efficient iron oxide

catalysts.

Fe,O5

graphene

Figure 4.2. Fe;Os/graphene catalysts used for imine synthesis.

4.2. Experimental

4.2.1. Preparation of supported Fe,Os catalysts

Metal-organic gels (MOGs) are emerging as promising materials due to their large
specific surface area, high porosity, and unique three-dimensional structures, offering
potential applications in gas separation, catalysis, and drug delivery [23a]. Pyrolyzing
MOGs to obtain metal oxide/carbon-supported catalysts has recently attracted attention

as a versatile strategy for catalyst design and development [23b-d].

The standard synthesis procedure, adapted from a previously reported method [23c], is
illustrated in Figure 4.3 and described as follows: Graphene (0.50 g) was first dispersed
in a solution of isophthalic acid (0.10 mmol L™! in ethanol) and stirred thoroughly at 70°C.
Subsequently, an ethanolic solution of Fe(NO3)3 (0.20 mmol L") was slowly added under

continuous stirring at 70°C. The mixture became increasingly viscous upon the addition
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of Fe(NOs3)3, indicating the formation of Fe-based MOGs. After 30 min of stirring, the
reaction mixture was cooled to room temperature (approximately 25°C) and further
stirred for 12 h. The resulting solid was collected by centrifugation, washed three times

with ethanol, and dried under reduced pressure.

For pyrolysis, the dried precursor was finely ground and heated in ambient air at a ramp
rate of 10°C min™' to 350°C, then held at this temperature for 1 h. The resulting black

magnetic powder was used directly as the catalyst for imine synthesis.

Theoretical FeoO3 loadings, assuming complete conversion of Fe-MOGs to Fe,O3 and
no loss of graphene and Fe during processing, were 12, 25, 40, and 57 wt%. Actual
loading amounts were confirmed via thermogravimetric (TG) analysis. The same
preparation method was employed for catalysts using other support materials. The
catalyst prepared with a 25 wt% Fe2O3 loading on graphene, calcined at 350°C in air, is
designated as the standard catalyst throughout this chapter and referred to as “25 wt%
Fe>Os/graphene (350°C)”. Other Fe>Os/graphene catalysts were synthesized under varied
conditions, including different MOG ligands (primarily isophthalic acid; trimesic acid for
one variant), FecO3 loadings (12-57 wt%), supports (graphene, activated carbon,
spherical silica, and mesoporous silica), calcination temperatures (300400 °C), and

atmospheres (air or N»).

Ligands: COOH EtOH

@ 70°C,0.5h
HooC COOH (OLOOC cOOH ) )
Metal: Fe(NO,); @25°C,12h

(regents) (precursor synthesis
MOG

~—

pyrolysis Fe,0;

wash, d
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Deposited carbon

graphene

graphene
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Figure 4.3. Preparation scheme of the Fe;Os/graphene catalyst.
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4.2.2. Catalyst characterization

The prepared supported Fe>Os catalysts were characterized using various analytical
techniques. The nitrogen (N») adsorption was employed to determine BET surface area,
pore size, and pore volume. Fourier-transform infrared (FT-IR) spectra of the
Fe;Os/graphene catalysts were recorded using the KBr pellet method. Transmission
electron microscopy (TEM) was used to observe the morphology of the Fe,Os/graphene

catalysts.

Thermogravimetric—differential thermal analysis (TG-DTA) was performed to analyze
all supported Fe>O3 catalysts under the following conditions: heating from 40 °C at a rate
of 10°C min™! to 800°C with a holding time of 0.5 h in an air atmosphere. TG analysis of
the catalysts prepared on silica materials was conducted with the subtraction of the weight

of absorbed water.

X-ray diffraction (XRD) analysis was conducted on all supported Fe>O3 catalysts using
CuKao radiation (A = 1.5405 A) with a scan rate of 2° min™' and the prefocusing method.
The crystallite size of Fe;O3; was estimated using the Scherrer equation. The mass ratio
of a-Fe>O3 to y-Fe,O3 phases was calculated based on XRD peak intensities using the

simplified direct derivation method (DDM) (Formula 4.2), as described in literature [23e].
Wy = apSk / Z’;,zl Qi Sy *ovorerereer e ensneeenns (Formula 4.1)

For Fe;O3 with a and vy crystal structures, the composition can be further simplified as

follows:

w, = S /leg’=1 Spep trre e (Formula 4.2)

In these formulas 4.1 and 4.2, wy is the weight fraction (o or y-Fe»O3), ax is a parameter determined
by the chemical formula, and S; is the integrated intensity of the peak.

For two phases containing only a- and y-Fe>O3, the respective mass ratios a- and y can be
obtained by Formula 4.3. The weight can be further calculated by the volume and density
of the a and y-Fe>O3 spheres, and the number of particles o and y can be further obtained
by considering the loading amount. The total surface area of each a and y phase can be

obtained by the exposed ratio of the particles and the surface area of the sphere.
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3
ng = lwy/ [gn (%) pk] ............................... (Formula 4.3)

Se = femy [4,, (%)2] .................................... (Formula 4.4)

In these formulas 4.3 and 4.4, n is the number of particle, / is the loading amount determined by
TG analysis, d is the particle size determined by XRD analysis (Scherrer Equation), px is density
of a- (5.27 gem™) [23f] or y- (4.90 g-cm™) [23g] phase of Fe,Os. Sk is the surface area of each
phase (a or y-Fe»>O3), and f is the exposed ratio.

The surface area of each a and y-Fe>O3 can be obtained from XRD by using Formulas

4.2-4.4.

4.2.3. Catalytic performance for imine synthesis

The standard reaction procedure was conducted as follows: catalyst (0.15 g), benzyl
alcohol (0.50 mmol), aniline (1.0 mmol), and toluene (5.0 mL) were added into a 50 mL
round-bottom flask. The reaction mixture was stirred magnetically at 90°C for 20 h in air.
After completion, the catalyst was removed by centrifugation, followed by filtration, and
the solvent (toluene) was evaporated under reduced pressure. The resulting crude product
was analyzed either by '"H NMR (using dimethyl sulfoxide as an internal standard) or by
gas chromatography (GC) after adding toluene (5 mL) with naphthalene as an internal

standard.

The selectivity (%) was calculated using the following formula:

yield (%) of imine

selectivity (%) — S LQQ v vveererree e (Formula 4.5)

conversion of alcohol (%)

The standard procedure for reuse of the catalyst is as follows: after the reaction, the
spent catalyst was collected and washed with toluene 4-5 times. The washed catalyst was
dried under reduced pressure, followed by thermal treatment at a heating rate of 10°C min
!in air, maintaining 315°C for 20 min. This regenerated catalyst was then directly utilized

in the subsequent reaction.
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4.2.4. Measurement of Fe,Os surface area

In the typical procedure (similar to the method described in Chapter 3), the prepared
supported FeoO3 catalyst powder (10 mg) was added to an SS solution (5.0 mL) in DMF

in a brown sealed vial. The mixture was shaken at 110°C for 1 h in air.

The adsorption ratios or amounts were calculated by UV-Vis analysis. It was assumed
that the adsorption of SS in DMF on graphene, other supports (e.g., activated carbon,

Si02), and any deposited carbon (formed during catalyst preparation) was negligible.

The Fe>O; surface area was calculated based on the correlation shown in Figure 2.19a

by using the formula below:

S — K ........................................ (Formula 4.6)
Ws

In this Formula 4.6, S is the Fe,Os surface area (m? g'!). W is the adsorption amount (mol) of
organic compounds. Ws is the adsorption amount per unit surface area (mol m?) in Figure 2.19a.

4.3. Results and discussion

4.3.1. Characterization of supported Fe,Os3 catalysts

Figure 4.4 presents the XRD patterns of representative catalysts: (a) several typical
supported Fe2Os catalysts; (b) two Fe2O3/S10; catalysts. The XRD patterns for all samples
are provided in Figure 4.14 in Appendix. The standard catalyst exhibits diffraction peaks
corresponding to both a and y phases of Fe2Os. All FeoOs/graphene catalysts calcined at
350°C in air showed these phases, regardless of the Fe>O3 loading amounts (Figure 4.14a).
This observation aligns with a report on unsupported Fe>Os3, where the coexistence of o
and y phases occurs when Fe(NO3);3 is pyrolyzed in air at 220-400°C [24a]. Notably, the
variation in Fe>Os loading did not affect the crystal structure observed. When the catalyst
was prepared under a nitrogen (N2) atmosphere, only the y phase was detected. This may
be because N: inhibits the transformation of the y phase into the o phase, which is
consistent with previous studies [24b]. Additionally, the Fe>Os/graphene catalyst prepared
at 300°C showed no discernible Fe>O3 diffraction peaks. This absence could be attributed
to the formation of ultrafine Fe;Os3 crystallites or amorphous iron oxide on the graphene

surface, which are below the detection limit of XRD. When the support material is
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changed from graphene to activated carbon, the XRD pattern of Fe,O3 remains almost
unchanged (Figure 4.14c¢ in Appendix). On the other hand, for silica-supported catalysts,
including spherical silica (SIO-10, particle size: 70—150 um, pore size: 10 nm) and
mesoporous silica (TMPS-2, pore size: 2 nm), only the a phase of Fe;O3 was observed.
As shown in the magnified portion of Figure 4.4b (and Figure 4.14c in Appendix), the
peak of the y phase is less prominent. By using different precursor compounds (from
isophthalic acid to trimesic acid), the corresponding peaks became relatively weak
(Appendix Figure 4.14b); this may be due to insufficient pyrolysis of different precursors.
The low Fe>O3 concentration, combined with the shielding effect of the support material,
complicates the detection of small Fe>O3 crystallites by XRD, suggesting that further

discussion of the XRD results is necessary.

a ® :y-Fe,O
( ) [ ] A A oa-Fezgos3 (b)
W : graphene

25 wt% Fe 5/grap ( ) (: )
2 @7. raphene (350°c standard
[ 4

40 Wt% Fe,0,/
2Us/graphene (3507
PR * (350°¢)

A A 4 A

25 Fe,O graphene ) N\
o wt9% 205/ p (35 °C )
3 s N

[ ]
[ JX
] Sy,
25 wit% Fegoslgraphene (300oc) 0‘70)
A A A
A

25 wty o/Si ‘
At % iegojfs;og (TMPS-2) (350°¢)

A A A A T T T T T
—————— Ty 27 29 31 33

10 20 30 40 50 60 70 80 26 (degree)
20 (degree)

Intensity (a. u.)

Intensity (a. u.)

Figure 4.4. XRD patterns of (a) various supported Fe,Os catalysts and (b) a magnified
view of Fe203/S10; catalysts.

Figure 4.5 presents the TEM images and particle size distribution of 25 wt% and 40
wt% Fe>Os/graphene catalysts calcined at 350°C in air. The observed Fe>Os3 particles have
an average particle size of approximately 19 nm, consistent with the crystallite size of
16—-17 nm determined by XRD. However, in certain observation areas, extremely small

Fe;0s3 particles, approximately 3 nm in size, were also identified (Figures 4.5¢, d). These
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tiny particles are embedded within the graphene layers and appear slightly blurred in the
TEM images due to background noise from the graphene support and magnetic
interference caused by Fe>Os. Similar TEM observations have been reported for Fe/CNTs
[24d] and Fe>Os/graphene systems [24¢], further confirming that the faint spots visible in
the TEM images correspond to very small Fe,O3 particles. This finding supports the
earlier assumption that ultra-small Fe;O3 particles, undetectable by XRD, are present.
Additionally, support materials such as activated carbon and SiO2, which have highly

porous structures, are also speculated to contain these small Fe;Oj3 particles.

Figure 4.5. TEM images of (a, b, ¢) 25 wt% Fe>Os/graphene (350°C)and (d) 40 wt%
Fe>Os/graphene (350°C) catalysts (original data by co-worker Naomiti Ando).

Due to the limited number of TEM images, a particle size distribution histogram was not
generated.

Figure 4.6 shows the spectra of the 25% Fe2Os/graphene (350°C) and 25% Fe203/Si102
(TMPS-2) (350°C) catalysts. Both catalysts exhibit strong y-Fe2O3 peaks, while a-Fe;Os
is less pronounced. Although FT-IR is rarely employed for analyzing the crystal structure
of FexOs, previous studies [24f, g] have demonstrated its capability to distinguish
different crystalline phases effectively. The absorption intensity of the FT-IR peak is often

proportional to the concentration. Therefore, regardless of whether the catalyst is
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supported on graphene or SiO2, y-Fe;Os is expected to be the predominant crystalline

phase.
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Figure 4.6. FT-IR (KBr) the 25% Fe,Os/graphene (350°C) and 25% Fe>03/Si0, (TMPS-
2) (350°C) catalysts.

Figure 4.7 presents the TG-DTA profiles of the 25 wt% and 40 wt% Fe>Os/graphene
catalysts calcined at 350°C. A sharp peak was observed in the DTA spectrum at
approximately 400°C, occurring significantly before the decomposition peak of the
graphene support. This peak is likely attributed to the presence of deposited carbon [18a],
which is derived from the pyrolysis of the Fe-MOG precursor during calcination.
Consequently, the catalyst is inferred to contain two types of carbon: the supported
graphene and deposited carbon formed from the thermal decomposition of the precursor.
In addition, based on the TG analysis described above, the actual loading of Fe>O3 in the

carbon-supported catalyst was determined (Table 4.3b in Appendix)

The BET surface area, average pore size, pore volume, a- and y-Fe>Os crystallite size,

and iron oxide loading of the supported Fe>Os catalyst samples were summarized in Table
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4.3 in Appendix. Catalysts using graphene as a support (S = 750 m? g'!') exhibited surface
areas in the range of approximately 100-350 m? g'!, whereas those supported on activated
carbons (S =975 (RB3), 886 (1240W) m? g!) or mesoporous silica (TMPS) (S = 845 m?
g!) showed significantly higher specific surface areas exceeding 700 m? g'. This
observation suggests that the 2D planar structure of the graphene support may undergo
partial stacking, leading to a substantial reduction in its accessible surface area, which is
consistent with the TEM observation.
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Figure 4.7. TG-DTA profiles (under air) of the 25 and 40 wt% Fe>Os/graphene (350°C)
catalysts (dotted lines are temperature).

Catalytic performance for imine synthesis

Catalytic performance of the various materials including the prepared supported Fe,;Os
catalysts were preliminarily tested in the imine synthesis reaction (Table 4.1). Standard
catalyst 25 wt% Fe>Os/graphene (350°C) demonstrated over 80% yield, while the real

loading amount was only 32% by TG analysis (Table 4.3b in Appendix). The y-Fe>O3
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exhibited the catalytic activities (entries 3 and 4), which are consistent with the previous
reports [20g]. y-Fe>O3 with higher surface areas led to high catalytic activities (entries 3
and 4). In addition, a-Fe>O3; and Fe3;O4 with low surface area showed no or low activity
(entries 5-9), which is also consistent with a report [20g]. Notably, Fe>O3 partially withy
phase exhibited apparently higher catalytic activity by comparison of entries 6 with 7. Fe
powder, carbon and SiO> support (used in catalyst preparation) showed no catalytic

activity (entries 10 and 11).

Table 4.1. Imine synthesis reactions catalyzed by various materials.

NH, /@
©/\OH © catalyst (0.15 g) ©/%N
+ .
toluene (5 mL)

air, 90°C, 20 h
Entry Catalyst BET S Yield Selectivity
(crystal structure, particle size) (m2g™) (%) (%)
0, o

1 ?g;tdﬂavl’zﬁzg%rﬁ)raphene (350°C) 317 82 91
2 none - 0 -
3  Fe,Os5(y, <50 nm) 59 94 94
4 Fe,0O5(y, 20~40 nm) 41 38 75
5 Fey,O5(a, 0.3 pm) 17 9 31
6 Fe,O5 (a, <5 um) 10 0 -
7 Fe,Oj (aand y) 10 4 13
8§ Fe;0,(50~100 nm) 13 7 21
9 Fe;O4 (1 um) 8 0 -
10 Fe (1 um) 5 0 -
11 support (5 carbon and SiO.) 300~900 <01 -

Reaction conditions: benzyl alcohol (0.50 mmol) and aniline (1.0 mmol),
catalyst (0.15 g), 5.0 mL toluene, air, 90°C, 20 h. Imine yield and
selectivity were determined by GC analysis of crude product (naphthalene
as an internal standard).

Table 4.2 summarizes the catalytic activities of all supported Fe2Oj3 catalysts for imine
synthesis. Under standard preparation conditions, the iron oxide catalyst supported on
graphene exhibited the highest catalytic activity, achieving a yield of approximately 80%
(entry 2). Most catalysts demonstrated selectivity in the range of 60-85% for imine

synthesis. In contrast, the yield of the 25 wt% Fe2Os/graphene (350°C, N») catalyst was
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merely 7% (entry 7). Additionally, despite the high BET surface area of the Fe,Os3, the
catalytic activities of the catalysts supported on activated carbon were significantly low,

with a yield of only about 40% (entries 9 and 10).

Table 4.2. Imine synthesis reaction catalyzed by supported Fe;Os; catalysts.

Entry Catalyst Yield (%) Selectivity (%)
1 12 wt% Fe,Os/graphene (350°C) 75 85
2 25 wt% Fe,;Os/graphene (350°C) 82 91
3 40 wt% Fe,Os/graphene (350°C) 56 91
4 57 wt% Fe,;Os/graphene (350°C) 35 80
5 25 wt% Fe,Os/graphene (300°C) 23 78
6 25 wt% Fe,Os/graphene (400°C) o4 72
7 25 wt% Fe,Os/graphene (350°C, Nj) 7 24
8 25 wt% Fe?Oa/g raphene (350°C,

trimesic acid) 70 82
9 25 wit% Fe,04/1240W (350°C) 38 70
10 25 wit% Fe,04/RB3 (350°C) 40 75
11 25 wit% Fe,0,/S10-10 (350°C) 38 62
12 25 wit% Fe,O5/TMPS-2 (350°C) 73 84
13* 12 wt% Fe,Os/graphene (350°C) 70 80
14* 25 wt% Fe,;04/graphene (350°C) 75 93

Reaction conditions: benzyl alcohol (0.50 mmol), aniline (1.0 mmol), catalyst
(0.15 g), and toluene (5.0 mL), open to air, 90°C, 20 h. Selectivity and yield of
imine were determined by GC analysis (naphthalene as an internal standard).
*Reaction for 16 h.

4.3.3. Fe,>Os surface area and catalytic activity

The surface area of the catalytically active y-Fe>Os phase is likely a key determinant of
catalytic performance. This section describes the investigation of Fe;O3 surface area by
using the previously established selective adsorption method in conjunction with XRD

analysis.

To determine the surface area of Fe>Os3, the author used the selective adsorption of SS,
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as using TR for the other iron oxides/activated carbon (in other experiments not included
in this thesis) resulted in additional peaks that interfered with the determination. Figure

4.8 illustrates the relationship between the FeoO3 surface area and imine yield.
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Figure 4.8 Relationship between the Fe2O; surface area and yield in imine synthesis.

Adsorption condition of SS on the supported Fe,Os catalysts for measuring Fe,Os surface area:
catalysts (10 mg) in DMF solution (5.0 mL) of organic molecule (0.20 mM), shaking, 110°C, 1 h.
The adsorption amounts were determined by UV-Vis analysis. Reaction condition: benzyl alcohol
(0.50 mmol), aniline (1.0 mmol), catalyst (0.15 g), and toluene (5.0 mL), in air, stirring, 90°C, 20
h. GC analysis (naphthalene as an internal standard). The standard catalyst: 25 wt%
Fe,Os/graphene (350°C, air). The other catalysts were prepared by changing the conditions of
loading amount, support, pyrolysis temperature, atmosphere (N>), or precursor.

Regardless of variations in preparation conditions, such as loading, support, calcination
temperature, and atmosphere, the catalytic activity shows a positive correlation with the
Fe,Os surface area. Previous studies [20g], as well as the results of this work, indicate
that only the y-Fe,Os phase is catalytically active, while the commonly observed a-Fe>O3
and Fe3O4 phases exhibit lower catalytic activity. Additionally, it is reported that even
amorphous Fe,Os with a surface area larger than 200 m? g is almost inactive under
conditions of 60°C, 3 h, and atmospheric pressure [25a, b]. Apparently, under the
extended reaction time and elevated temperatures in this study, it is reasonable to

conclude that the amorphous FeoO3 would also have low catalytic activity.

However, XRD analysis revealed the prepared catalysts with mixed phases, including
a and y-Fe>Os, or the absence of clear FeoO3 peaks, depending on the preparation

conditions. This observation contradicts the positive correlation between Fe,Os surface
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area and imine yield, requiring further discussion.

Amorphous Fe,Os3 generally crystallizes upon heating [25¢-¢], typically around at 300°C
in both air and nitrogen atmospheres [25c, d]. Thus, it can be inferred that the catalysts
prepared by thermal decomposition at 350°C contain negligible amorphous Fe;Os, while

those prepared at 300°C may retain small amounts.

a and y-Fe>Os phases are predominantly reported and studied [25f-h]. In contrast, other
phases such as € and B are typically formed only under specific conditions including high-
energy deposition, sol-gel methods, or heating y-Fe>O3 above 800°C [25g, h], which
should not be the case in this study. The transition from y- to a-Fe2Os is influenced by
particle size, with a critical range of approximately 10-25 nm. Below this range, y-Fe2O3
is more stable, while larger particles tend to adopt a phase more preferentially [25g]. The
particle sizes of most Fe,O3 samples prepared in this study are around 18 nm, which
would likely contain both o and y phases during the phase transition. The extremely small
Fe;0Os3 particles seen in TEM, but not detected by XRD, are more likely the catalytically

active y phase without amorphous or a-Fe>Os.

On the other hand, analyzing each surface area of a- and y-Fe>Os3 phase in mixed-phase
samples only by using the adsorption of SS is not feasible. Therefore, another method for
estimating the surface area of each phase is also employed here. First, the ratio of a- and
v phases can be calculated by the direct derivation method (DDM) through the integrated
peak area of XRD using Formulas 4.2 [23e] on the assumption that the crystallite size
from XRD corresponds to the particle diameter (as supported by the previous TEM
observations), and that the shape of the particles is an ideal, non-interacting and
contacting sphere. If it is further assumed that the XRD peaks observed by XRD
correspond to all a- and y-Fe2O3 in a sample, considering that the presence of extremely
small y-Fe;O3 nanoparticles is ignored, an estimated portion of the y-phase becomes a
minimum. On the contrary, if it is assumed that the presence of extremely small a-Fe>O3
nanoparticles is neglected, an estimated portion of the y-phase becomes a maximum. Next,
each surface area of a- and y- phases can be estimated using Formulas 4.3-4 and Fe>03
loading obtained by TG on the assumption that half of a Fe,O3 particle on the catalyst

surface is exposed due to half coverage by deposited carbon.
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The correlation between the calculated surface areas of y-Fe;O3; (maximum, average
and minimum values) and the yield is shown in Figure 4.9. The surface area of y-Fe>O3
shows a strong positive correlation with catalytic activity. This relationship indicates that

the y phase dominates in the graphene-supported Fe,Os catalyst.

The XRD patterns in Figures 4.4 and 4.14 indicate that o phase is more dominant in
the catalysts supported on activated carbon or SiO», probably because the particles on
theses support surfaces tend to aggregate into a-Fe>Os [251]. At a lower calcination
temperature of 300°C, no peaks were observed, likely because y-FeoO3 had not yet
reached the temperature threshold for phase transition, and remained as smaller particles
of y-Fe2O3 [25f]. The presence of a small amount of inactive amorphous Fe>O3s, inferred
by comparing the lower amount of a-Fe>Os3 in other catalysts, contributes to the overall

positive correlation between the FeoO3 surface area and catalytic activity (Figure 4.9).
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Figure 4.9. Relationship between y-Fe>O3 surface area (maximum, average and minimum
values from left to right) and yield in imine synthesis.

Due to the small XRD peaks, the y-Fe;O3 surface areas of several supported Fe,Os catalysts were
not calculated.

For catalysts prepared at 400°C, the graphene support can help limit particle size
growth due to agglomeration (graphene stacking), which prevents further formation of a-
Fe;0s. Although catalysts synthesized in an N2 atmosphere consist solely of y-Fe>Os, the
carbon derived from Fe-MOG precursors under nitrogen can coat much of the y-Fe>Os3,

reducing its surface area. Although the y-Fe>O3 surface area of a catalyst from a different
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precursor wasn't calculated due to weak XRD peaks, their y-FeoO3 surface areas are likely
similar to that of the standard catalyst, considering the similar thermal decomposition

conditions and catalytic activities.

On the other hand, the relationships between the catalytic activity and both the y-Fe>Os
crystallite size (determined by XRD) and BET surface area were examined (Figure 4.10).
No direct correlation between the catalytic activity and the y-Fe.Os crystallite size
determined by XRD, probably because very small y-phase particles could not be detected
by XRD (Figure 4.10a). The correlation between catalytic activity and BET surface area
appears weak (Figure 4.10b).
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Figure 4.10. Relationships between (a) y-Fe2Os crystallite size and yield, (a) BET surface
area and yield in imine synthesis for the prepared supported Fe,Os catalysts (experimental
condition was the same as that in Figure 4.9).

4.3.4. Substrate scope and reusability of Fe,Os/graphene
catalyst

To confirm the versatility of the prepared supported Fe,Os catalyst, synthesis of various
imine derivatives by the standard catalyst, 25 wt% Fe>Os/graphene (350°C, air), was
conducted (Figure 4.11). A variety of aromatic imines with different substituted groups
including halogen (3ab, 3ac and 3ba), methyl (3ad and 3ca), and carbomethoxy (3ae and
3da) were obtained in high yields. However, the reactions with an amine having two

carbomethoxy groups and alkyl amine resulted in low yields (3af and 3ah).
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Figure 4.11. Imine synthesis catalyzed by the Fe.Os/graphene catalyst.

Reaction condition: alcohol (0.50 mmol), amine (1.0 mmol), catalyst: 25 wt% Fe,Os/graphene
(350°C, air) (0.15 g), and toluene (5.0 mL), open to air, stirring, 90°C, 20 h. Yield was determined
by 'H NMR (Dimethyl sulfoxide as an internal standard) or (JGC analysis (naphthalene as an
internal standard).

In the 'H NMR spectra, a peak corresponding to benzaldehyde (at 10.0 ppm) was
identified (Figure 4.12). Benzyl alcohol adsorbs onto the y- Fe>O3 surface of the catalyst
[20g], where it undergoes dehydrogenation and oxidation to produce benzaldehyde. The
resulting benzaldehyde then reacts with amines, forming imines through a subsequent

dehydration process.
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Figure 4.12. '"H NMR spectra of crude imine product (3aa in Figure 4.11).
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Since the reusability of heterogeneous catalysts is crucial, recycle experiments of the
standard catalyst, 25 wt% Fe;Os/graphene (350°C, air), were conducted by 6 different
procedures (Figure 4.13). In the first procedure, the catalyst was washed with toluene and
dried under reduced pressure after use, demonstrating a gradual decline in catalytic
activity (Figure 4.13a). A study in literature has also reported the similar activity losses
[26b]. The FT-IR and XRD analyses of the spent catalyst were performed after 6 cycles
of washing with toluene and reuse (Figures 4.15a, b in Appendix). The FT-IR spectrum
shows a decrease in the absorption band attributed to the hydroxyl groups on the Fe>O3
surface, while the XRD peak intensity also diminished accordingly. These results suggest

that the substrates adsorbed on the Fe,O3 surface cover the catalytic sites.

In the second procedure, the recovered catalyst was treated with extra heating at 315°C
for 20 min in air, which afforded high recyclability (Figure 4.15b). Treating the catalyst
at high temperatures in air can remove adsorbed substrates and regenerate the exposed
Fe;0s surface, which was confirmed by the FT-IR measurement showing an increase in
peak intensity for surface hydroxyl groups (Figure 4.15a). XRD measurement showed
that the crystallite size of Fe2Os on the catalyst increased slightly from 16 nm of the fresh
catalyst to 18 nm of the spent catalyst (Figure 4.15b). The exposed Fe>O3 surface area on
the spent catalyst after its 6th use was determined by selective adsorption of SS to be
approximately 27 m* g'!, while the fresh catalyst has 31 m? g''. In addition, the weights
of the catalyst over the recycling processes were measured as shown in Figure 4.15¢. It

was found that the weight of the catalyst gradually decreased.

In the third reuse method, compared to the second method, the heating temperature was
changed to 215°C, resulting in almost complete loss of catalytic activity, probably due to
surface coverage with the substrates and/or materials from their decomposition (Figure

4.13¢).

Although a previous study has suggested that aqueous K>COs3 solution can effectively
clean adsorbed substrates and enhance reusability [26b], no noticeable improvement in
catalytic activities was obtained by washing with aqueous K>COs3 solution, and also with
MeCN and MeOH (Figures 4.13d-f). This may be due to strong chemical adsorption of

the substrate on the catalyst surface.
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Figure 4.13. Reusability of FeoOs/graphene for imine synthesis.

Reaction conditions: benzyl alcohol (0.50 mmol), aniline (1.0 mmol), catalyst: 25 wt%
Fe,Os/graphene (350°C, air) (0.15 g), and toluene (5.0 mL), in air, stirring, 90°C, 20 h. Yield was
determined by GC analysis (naphthalene as an internal standard). Catalyst reuse conditions: after
use, the catalyst was washed with toluene and dried under reduced pressure; (a) no additional
treatment; further heating at (b) 315°C or (c) 215°C for 20 min in air; further washing with (d)
aqueous K»>COs solution, (¢) MeCN, or (f) MeOH, followed by drying.
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4.4. Conclusions

A series of supported Fe,Oj3 catalysts was prepared by pyrolyzing mixtures of iron-based
metal-organic gels (Fe-MOGs) with graphene, activated carbon, or SiO; under various
conditions. These catalysts were subsequently applied to the synthesis of imines from
alcohols and amines. The Fe,Os/graphene catalyst prepared under the standard conditions
(pyrolysis at 350°C under ambient pressure for 1 h) exhibited both o- and y-Fe>O3
crystalline phases and achieved an imine yield exceeding 80%. TEM analysis revealed
the presence of both small y-Fe>Oj3 particles and larger Fe,Os particles. The Fe,Os surface
area was estimated using the selective adsorption of SS molecule, and the exposed surface
area of y-Fe2O3 was subsequently estimated based on XRD analysis and TG analysis. The
results suggests that the exposed Fe2O3 surface predominantly consists of the catalytically
active y-FeoO3 phase, which was also confirmed by FT-IR analysis. A positive correlation
was observed between the surface area of the y-Fe;O3 phase and the catalytic activity for

imine synthesis.

The standard Fe,Os/graphene catalyst also demonstrated a wide range of substrate
scope in the imine synthesis reactions. In addition, heating the spent catalyst to 315°Cin

air effectively restored its catalytic performance.

The successful application of the selective adsorption of SS molecule to estimate the
Fe>Os surface area further validated its utility and provided valuable guidance for catalyst
design. The findings of this chapter are expected to promote the development of supported
catalysts, advance the organic synthesis of pharmaceutical imines, and contribute to the

improvement of characterization methods for solid composite materials.
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Figure 4.14. XRD patterns of (a) 12-57 wt% Fe;Os/graphene (350°C, air); (b) 25 wt%
Fe;Os/graphene (different precursor and pyrolysis conditions in atmosphere or
temperature); (¢) 12-57 wt% Fe»Os/different support (350°C, air); (d) various supports
(graphene, activated carbon 1240W and RB3, SiO; namely JRC-SIO-10 and TMPS-2).
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Table 4.3. Summary of characterization of all supported Fe,O3 catalysts.

@ Catalyst BET S Pore size (nm) Pore volume
(m?g™) (em®g™)

12 wi% Fe;0-/graphene (350°C) 339 74 0.56
25 wt% Fe,0-/graphene (350°C) 317 6.1 0.42
40 wi% Fe;0/graphene (350°C) 197 52 0.22
57 wi% Fe,0./graphene (350°C) 124 4.6 0.13
25 wt% Fe,04/graphene (300°C) 211 5.4 0.23
25 wi% Fe;0./graphene (400°C) 252 76 0.42
25 wi% Fe;0/graphene (350°C, N,) 160 7.3 0.27
25 wi% Fe;0-/graphene (350°C, trimesic acid) 313 77 056
25 wi% Fez0:/1240W (350°C) 764 2.3 0.32
25 wi% Fe;0:/RB3 (350°C) 872 2.1 0.26
25 wt% Fe,04/Si0, (350°C) 214 147 0.79
25 wi% Fe:0-TMPS-2 (350°C) 753 3.7 0.77

(b) Loading Crystallite Crystallite

ey amount (wit%) size a (nm) size y (nm)
12 wt% Fe-0-/graphene (350°C) 19 17 n. d.
25 wt% Fe,0/graphene (350°C) 32 19 16
40 wit% Fe,0/graphene (350°C) 38 17 17
57 wit% Fe.0i/graphene (350°C) 46 17 17
25 wt% Fe,0./graphene (300°C) 27 n d n d
25 wit% Fe,O./graphene (400°C) 45 29 18
25 wit% Fe,0/graphene (350°C, N3) 19 n. d. 24
25 wt% Fey0./graphene (350°C, trimesic acid) 33 18 nd
25 Wt% Fe,04/1240W (350°C) 30 18 12
25 wi% Fe;0:/RB3 (350°C) 23 20 17
25 wi% Fez04/Si0; (350°C) n. d. 21 n.d.
25 wt% Fe-0./TMPS-2 (350°C) n. d. 19 n.d.

The BET surface area, pore size (BJH method), and pore volume (BJH method) were
determined using nitrogen adsorption analysis. The sizes of o and y-Fe,O; crystallite
were obtained via XRD analysis. The loading amount was measured using TG analysis.
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Figure 4.15. (a) FT-IR (KBr) spectra and (b) XRD pattern of fresh, spent catalyst (reused
by washing and further heating at 315°C in Figure 4.13a, b); (c) weight changes with
reuse (heating at 315°C in Figure 4.13b).
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5.1. Introduction: Carbon-supported Fe:O3 catalysts and
direct oxidation of benzene to phenol

Activated carbon is a widely used porous material, distinguished by its highly developed
pore structure and large specific surface area. These characteristics make it indispensable
in various applications, including gas and liquid-phase adsorption, purification processes,
and even medical treatments [27]. In catalysis, activated carbon serves extensively both

as a catalyst [27d, e; 28a, b] and as a support material for catalysts [27d, e; 28c, d].

The direct conversion of benzene to phenol is a significant and challenging reaction in
the chemical industry. Conventionally, phenol is produced via the three-step cumene
(isopropylbenzene) process, commonly known as the Hock process, which also generates
acetone as a by-product [29a, b]. Although economically viable, this method suffers from
several inherent drawbacks, including low raw material efficiency, high energy
consumption due to elevated reaction temperatures, and complex operational procedures
[29c, d]. These limitations have motivated substantial efforts toward developing
alternative routes, particularly those enabling the one-step synthesis of phenol from

benzene under mild reaction conditions.

Carbon-supported Fe.O3 heterogeneous catalysts have emerged as promising
candidates for the selective oxidation of benzene to phenol, drawing increasing attention
in recent years [30]. While extensive research has been conducted on carbon-supported
iron oxide materials, most studies have centered on a narrow range of catalysts [30]. In

particular, the effect of preparation temperature, an important factor influencing

catalytic performance, has not been investigated systematically.
OH

activated carbon

Figure 5.1. FeoOs/activated carbon catalyst for oxidation of benzene to phenol.
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Chapter 4 presents a detailed investigation of supported Fe>Os catalysts prepared at
various temperatures, with particular emphasis on Fe>Os catalyst supported on activated
carbon for the oxidation of benzene to phenol. In addition to the synthesis and
characterization of these catalysts, this chapter employs the selective adsorption method

developed in Chapter 2 to quantify the FeoO3 surface area dispersed on activated carbon.

5.2. Experimental

5.2.1. Preparation of Fe;Os/activated carbon catalysts

The dried activated carbon (Norit GAC 1240W, hereafter referred to as AC, BET surface
area=917 m? g’!, Table 1.6 in Chapter 1) and ferric nitrate (Fe(NOs)s, purity > 99%) were

purchased for catalyst preparation.

The catalysts were synthesized via the impregnation method as described in the
literature [30a]. To modify the surface functional groups of the activated carbon, AC was
treated with 5 M nitric acid at 90°C for 3 h, thoroughly rinsed with distilled water, dried
under reduced pressure, and subsequently heated at 600°C for 3 h under a N> atmosphere.

The nitric acid-treated activated carbon thus obtained is designated as AC-H.

The activated carbon-supported Fe>O3 catalyst was prepared by adding AC-H to an
aqueous solution of Fe(NO3); (36 g L) with an Fe : C weight ratio of 5 wt%. The mixture
was stirred magnetically at 70°C for 30 min and dried under reduced pressure to remove
residual moisture. The dried material, referred to as 5 wt% Fe/AC-H catalyst, was initially
heated at 100°C in air and subsequently calcined at various temperatures (150, 350, 550,
and 750°C) for 5 h under N, (example of Fe/AC-H-550 catalyst in Figure 5.2). These
samples were labeled as 5 wt% Fe/AC-H-150, 5 wt% Fe/AC-H-350, 5 wt% Fe/AC-H-
550, and 5 wt% Fe/AC-H-750, respectively.

For comparison, catalysts with 1 wt% and 10 wt% Fe loading were prepared using the
same method, followed by calcination at 550°C under N». These samples were designated

as 1 wt% Fe/AC-H-550 and 10 wt% Fe/AC-H-550, respectively.
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Figure 5.2. Preparation of the Fe;Os/activated carbon catalysts.

5.2.2. Catalyst characterization and measurement of Fe,Os
surface area

The BET surface area and the pore volume of the catalysts were measured using nitrogen
adsorption-desorption isotherms. The crystallinity of the catalysts was analyzed using X-
ray diffraction (XRD), while surface functional groups were characterized by Fourier-
transform infrared spectroscopy with attenuated total reflectance FT-IR (ATR). The
morphological features of the catalysts were examined using scanning electron

microscopy (SEM).

Additionally, the surface areas of Fe:O3 on the prepared catalysts were determined
through the selective adsorption of TR (see Chapter 4 for details of the methodology, and
the adsorption on the activated carbon support (adsorption ratio as 3%, as discussed in

Chapter 1) was subtracted.

5.2.3. Catalytic performance for oxidation of benzene

The oxidation of benzene to phenol was conducted in a 10 mL vial. Benzene (0.40 mL,
4.5 mmol) and the prepared catalyst (20 mg) were sequentially added to the vial, using
acetonitrile (4.0 mL) as the solvent. Hydrogen peroxide (H20, 30 wt% aqueous solution,
1.0 mL, 10 mmol) was added in a single portion as the oxidant. The reaction was carried

out at 25°C with shaking for 12 h in air.
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After completion, the catalyst was separated from the reaction mixture by
centrifugation. The resulting solution was sampled, mixed with p-xylene as an internal
standard, and quantitatively analyzed using '"H NMR spectroscopy in acetone-d (see
Figure 5.9 in Appendix). Hydroquinone was identified as the sole byproduct. Based on
the methodology outlined in the references [30b, 31a, b, d, f, g-1], the yield and selectivity

of phenol were calculated using the formulas 5.1 and 5.2, respectively.

phenol (mol)

yleld (%) — X 100 .......................... (Formula 5.1)

initial benzene (mol)

phenol (mol)
phenol (mol) + hydroquinone (mol)

selectivity (%) = X 100-----(Formula 5.2)

The spent catalyst was washed alternately with water and acetonitrile several times,
and then dried under reduced pressure. The catalyst was reused directly in subsequent

catalytic reactions.

5.3. Results and Discussion

5.3.1. Characterization of Fe;Os/activated carbon catalysts

Figure 5.3 shows the XRD spectra of commercial activated carbon (AC), nitric acid-
treated activated carbon (AC-H), and the 5 wt% Fe/AC-H catalysts calcined at various
temperatures. No significant differences were observed between the XRD spectra of AC
and AC-H, indicating that nitric acid treatment did not alter the crystal structure of the

activated carbon.

For the 5 wt% Fe/AC-H catalyst, no peaks corresponding to Fe or its oxides were
detected in either the uncalcined sample or the samples calcined at temperatures below
350°C. However, a weak peak near 36°, consistent with the reference spectrum of y-Fe;O3
(PDF 039-1346), was observed in the sample calcined at 550°C. A distinct peak attributed
to y-Fe>O3 was clearly detected only in the sample calcined at 750°C. The precursor,
Fe(NO:s)s, typically begins to decompose in air to form Fe>O3 at temperatures above 80°C,
and is fully converted to Fe2Os at approximately 150°C [32a-c]. Therefore, it is expected
that Fe;Os3 should be present in all Fe/AC-H catalysts. Nevertheless, the absence of
discernible Fe;O3 peaks in the XRD patterns of samples calcined below 550°C suggests
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the formation of amorphous or fine crystalline FeoO3 particles on the activated carbon
surface [32d], whose crystallite size is below the detection limit of XRD [24c]. Using the
Scherrer equation, the crystallite size of y-Fe2O3 in the 5 wt% Fe/AC-H-750 catalyst was

estimated to be approximately 16 nm.
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Figure 5.3. XRD patterns of the Fe;Os/activated carbon catalysts.

Figure 5.4 illustrates the BET surface area and the average pore volume of AC, AC-H,
and Fe/AC-H catalysts. The surface area and the pore volume of activated carbon remain
almost unchanged after nitric acid treatment, indicating that the treatment does not
significantly affect the physical properties of the support. In contrast, the surface area and
the pore volume of the catalyst decrease sharply after Fe loading, suggesting that Fe
deposition occurs primarily on the surface of the activated carbon. As the calcination
temperature increases, the surface area and pore volume of the Fe/AC-H catalyst
gradually increase. Notably, at a calcination temperature of 750°C, the surface area and
the pore volume of the Fe/AC-H catalyst exceed those of the original AC support. This
phenomenon can be attributed to the slight decomposition of the activated carbon support

at high temperatures, which likely results in the enlargement of pores. Additionally, some
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Fe»Os particles may migrate from micropores to the outer surface, as inferred from the

XRD analysis.
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Figure 5.4. (a) BET surface area and (b) average pore volume of Fe/AC-H catalysts.

Figure 5.5 presents the SEM images of the carbon support (AC-H) and the Fe;Os-
supported catalyst (Fe/AC-H-550). The images reveal that, although the Fe>O3-supported
catalyst consists of smaller particles compared to the original carbon support, the flat
surface characteristic of the carbon support is largely preserved. XRD analysis suggests
that these smaller particles are not directly attributed to the deposited Fe2Os. On the other
hand, the reduction in particle size of the catalyst may result from Fe loading and the

grinding process involved in catalyst preparation.

(a) 1pm

Figure 5.5. SEM images of (a) support AC-H and (b) Fe/AC-H-550 catalyst.

Figure 5.6 shows the FT-IR spectra of GAC, GAC-H, and 5 wt% Fe/GAC-H catalysts,
with peak assignments based on a previous report [33]. After nitric acid treatment, the
GAC-H catalyst exhibits a distinct v(C=0) stretching vibration band at 1730 cm,

attributed to the oxidation of the activated carbon surface. In the 5 wt% Fe/GAC-H
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catalyst, the v(C=0) stretching vibration band at 1730 cm™! and the v(C—O—C in lactones
or ester etc.) stretching vibration band at 1215 cm™! (which is very weak or possibly absent
for activated carbon) disappear. This disappearance can be attributed to the adsorption of
the Fe(NOs); precursor onto these functional groups during catalyst preparation.
Subsequently, the formation of Fe;Os; likely masks these functional groups, a

phenomenon consistent with reports on graphene-supported Fe catalysts [33a-c].
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Figure 5.6. FT-IR (ATR) spectra of support activated carbon and Fe/AC-H catalysts.

5.3.2. Catalytic performance and Fe;Os surface area

Table 5.1 summarizes the catalytic activities of the prepared catalysts for the direct
oxidation of benzene to phenol. As shown in entry 1, the untreated activated carbon
exhibited low catalytic activity. However, as indicated in entry 2, the catalytic activity
significantly improved after nitric acid treatment (AC-H), likely due to the oxidation of
functional groups on the activated carbon surface [30a-c, 31a]. Nonetheless, as shown in
Figure 5.6, the disappearance of oxygen-containing functional groups (v(C=0) and v(C—
0-C) stretching vibration bands) suggests that the contribution of the support material
(AC-H) to the catalytic performance of the Fe/AC-H catalyst is minimal. In entries 3—6
and 9, the catalytic activity decreased as the calcination temperature increased during
catalyst preparation, highlighting the strong influence of calcination temperature on
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catalytic performance. This trend will be discussed further later. Additionally, entries 6—
8 demonstrate that increasing the Fe loading for Fe/AC-H-550 significantly enhanced
catalytic activity, confirming that Fe species (primarily Fe>O3) serve as the main active
component. Entry 10 shows that no catalytic activity was observed in the absence of a
catalyst. Meanwhile, entries 11—14 reveal that catalytic activity increased as the reaction
temperature was raised from 25°C to 65°C, with trace amounts of phenol detected even
without a catalyst. The highest phenol yield (14.4%) was achieved using the 5 wt%
Fe/AC-H-550 catalyst, as shown in entry 13. However, increasing the reaction
temperature also promoted the formation of byproducts due to the overoxidation of

phenol, consistent with previous reports [30c, 31b-e].

Table 5.1. Catalytic performance of the various catalysts for phenol synthesis.®

catalyst (20 mg) OH
© H,05 (3 equiv.) @
—>
CH3CN (4 mL)
25°C12h
Entry Catalysts Yield (%) Selectivity (%)
1 AC 04 100
2 AC-H 26 100
3 5 wt% Fe/AC-H 6.9 29
4 5 wt% Fe/AC-H-150 5.5 98
5 5 wt% Fe/AC-H-350 5.3 100
6 5 wt% Fe/AC-H-550 5.2 100
7 1 wt% Fe/AC-H-550 4.0 100
8 10 wt% Fe/AC-H-550 9.5 100
9 5 wt% Fe/AC-H-750 44 100
10 none 0 -
1110l AC 7.5 100
1201 AC-H 8.8 929
1301 5 wt% Fe/AC-H-550 14.4 81
1401 none 0.3 100

[{IReaction condition: benzene (0.40 mL, 4.5 mmol), catalyst (20 mg)
and H>O; (1.0 mL, 10 mmol) in CH3CN (4.0 mL), 25°C, 12 h. Yield
and selectivity of phenol were determined by '"H NMR analysis, p-
xylene as an internal standard. ®'Temperature at 65°C.

120



The Fe>Os surface areas on the Fe/AC-H catalysts were determined using the selective
adsorption of TR. For the uncalcined Fe/AC-H samples, the Fe(NO3); precursor had not
been fully converted to Fe,Os3 [32], and a significant amount of residual species, such as
Fe(NOs3); or FeOOH, may remain. These residual precursors can dissolve in DMF or
partially interact with TR, thereby interfering with the UV spectroscopy measurements.
Moreover, due to the considerable retention of these precursors, the selective adsorption
of SS molecules may fail to assess the FeoO3 surface area accurately. Fortunately, after
calcination, the FeoOs surface area of the Fe/AC-H catalysts could be successfully

measured by TR selective adsorption.
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Figure 5.7. Relationship between the Fe,Os surface area and yield in oxidation of benzene.

It was found that the Fe;Os surface area on the Fe/AC-H catalyst is slightly inversely
proportional to its catalytic activity (Figure 5.7). As shown in Figure 5.10 (Appendix),
the Fe2Os surface area increases with the calcination temperature, which is not a general
trend that higher temperatures promote the aggregation and growth of metal oxide
particles and reduce their surface area. The unique phenomenon found in this work can
be explained by the presence of ultrafine Fe>Os particles dispersed within the micropores
of the activated carbon and the inaccessibility of TR probe molecule inside the micropore.
The Fe>O3 particles can remain very small below 550°C due to confinement within the
micropores, the anchoring effect of surface functional groups, and the protective
environment of nitrogen gas during calcination (consistent with XRD analysis) [25¢, e, g,

h]. The relatively large TR probe molecules (>1 nm, estimated by ChemDraw 3D) may
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not access these small micropores. Additionally, extremely small Fe;Os3 particles
embedded between the surface functional groups of the activated carbon might be
shielded by neighboring groups, making them less accessible for binding with TR. For
Fe/AC-H catalysts with higher Fe loadings (e.g., 10 wt%), the Fe,Os surface area
measured by TR decreased significantly, likely because TR molecules could not access

the pores blocked by excessive Fe deposits.

In this work, H>O», used as the oxidant, generates reactive oxygen species on the
surface of Fe>Os3 particles, which oxidize benzene to phenol [30, 31]. While the reactants
and products might adsorb onto the activated carbon surface [30, 31], they do not directly
participate in surface reactions on the Fe;Os particles. The smaller H>O> molecules are
less affected by pore size variations, allowing efficient utilization of Fe,Os particles
within even the smallest pores. However, as Fe>O3 particles grow and become detectable
by TR, the actual surface area accessible to H2O2 decreases, leading to reduced catalytic
activity. For uncalcined Fe/AC-H, significant amounts of Fe(NOs)s; or FEOOH may exist
on the catalyst surface [32], and these compounds could also exhibit catalytic activity

[34a, b].

Moreover, as a side reaction, H>O> decomposes on the surface of Fe;Os particles to
produce Oz [34c-e]. The generation of Oz was suggested by the observation of pressure
when opening a sealed reaction vial. With increasing calcination temperatures, Fe2Os
particles grow larger, reducing their dispersion on the carbon support and altering the
local hydrophilic/hydrophobic microenvironment of the catalyst surface. In addition, the
larger Fe2Os3 particles are distributed within larger pores or on the outer surface,
facilitating efficient substance transfer. On these particles, H>O»> is activated to generate
reactive oxygen species, which subsequently decompose rapidly to produce O». This
process occurs instead of the reactive oxygen species interacting with benzene adsorbed
on the adjacent carbon support. This hypothesis is further supported by the observation
of the higher pressure upon opening the sealed reaction vials with the higher calcination
temperature, indicating the more O> generation on Fe;Os/activated carbon catalysts

calcined at the higher temperature.
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5.3.3. Reusability and comparison with literature

The reusability of heterogeneous catalysts is critically important for industrial
applications. As shown in Figure 5.8, the catalytic reusability of three Fe/AC-H catalysts
was evaluated. All three catalysts exhibited high reusability. However, while the 5 wt%
Fe/AC-H-0 catalyst (uncalcined) demonstrated high initial catalytic activity, its
reusability was inferior to those of the 5 wt% Fe/AC-H-350 and 5 wt% Fe/AC-H-550
catalysts. This difference can be attributed to the detachment of the Fe.Os precursor,
Fe(NOs)3, from the catalyst surface. Without calcination, this precursor contributed

partially to the catalytic activity but lacked the stability needed for sustained reuse.

8
u Fe/AC-H-0
7 1 B Fe/AC-H-350
5 u Fe/AC-H-550
S5
T 4
2Q
> 3
2
1
0

1 2 3 4
Recycling run

Figure 5.8. Reusability of several Fe/AC-H catalysts for oxidation of benzene.

Reaction condition: benzene (0.40 mL, 4.5 mmol), catalyst (20 mg) and H,O, (1.0 mL, 10
mmol) in acetonitrile (4.0 mL), 25°C, 12 h.

Table 5.2 compares the catalytic performance of the Fe/AC-H-550 catalyst in this work
with those of reported Fe-based catalysts. Although the Fe/AC-H-550 catalyst was not
optimized under ideal conditions (e.g., oxidant dosage, Fe loading, or catalyst amount),
its catalytic activity with 10 wt%Fe loading at room temperature is comparable to those
reported in the literature under heated reaction conditions. The direct catalytic oxidation
of benzene to phenol remains a highly challenging reaction [29¢c, d, 30, 31, 34b]. For
instance, while a high phenol yield of 78.4% has been reported [311], it required a 13-fold
excess of H>O». In contrast, this work offers a cost-effective catalyst that does not require

a high excess of H>02, highlighting its potential for industrial applications.
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Table 5.2. Comparison with recent reports on Fe-based catalysts.[?!

Feloading Woiatayst Noenzene  Mizo2 T t Yield

Catalysts (Wt%) (ma) (mmol) (mmol) (C) (h) (%) Reference
Fe/AC-H-550 5 20 4.5 10 25 12 5.2  this study
Fe/AC-H-550 10 20 4.5 10 25 12 9.5  this study
Fe/AC-H-550 5 20 4.5 10 65 12 14.4  this study
Fe;0,/CMK-3 55 40 1.2 20 63 65 12.8 [31€]
Fe/GOM 12.5 40 1.2 35 65 3 15.0 [311]
Fe/MWCNTs 5 50 1.3 13.5 60 35 144 [30c]
Fe-oxide CNC 271 1 39 46 60 48 16.1 [30e]
Fe,05-TiO; 5 50 10 30 70 10 308 [31d]
Fe/SBA-16["] 10 100 1.2 48.5 65 8 1.7 [31b]
Fe@NCE d 10.7 30 25 20 60 4 16.0 [31¢c]
FSD15M 4 50 50 10 60 6 5.7 [31g]
FeN,/GN-2.7[] 2.7 50 45 60 25 24 187 [31h]
Fe-N,C, SAs/N-Cl] 3.1 50 45 60 30 24 784 [311]

[))Reaction condition: iron oxide catalyst (Fe/support wt%), acetonitrile as a solvent, H,O as an
oxidant. ®!Acetic acid as a solvent. [lTron atom catalyst. [/ Acetonitrile / water (1:1) as a solvent.

5.4. Conclusions

A series of FeoOs catalysts supported on nitric acid-treated activated carbon (Fe/AC-H)
were prepared by a simple impregnation method and subsequent calcination at various
temperatures. These catalysts were applied for the direct oxidation of benzene to phenol

using H>O» as the oxidant.

The prepared Fe/AC-H catalysts were characterized by various techniques, including
XRD, N2 adsorption, and FT-IR analysis, which suggested that Fe>Os particles were
dispersed within the micropores of the activated carbon support and grew in size with
increasing calcination temperature. The AC-H support treated with nitric acid contains
abundant oxygen-containing functional groups that may contribute to catalytic activity,

whereas these groups are largely absent in the FeoOs-loaded Fe/AC-H catalysts.

A slightly negative correlation was observed between the Fe;Os surface area measured

by TR adsorption and the catalytic activity, which may be attributed to the fact that larger
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Fe;0Os3 surface areas promote the side reaction of H>O> decomposition to oxygen and that
the Fe,Os surface areas are underestimated due to the inaccessibility of the TR molecules
into small Fe>O3 particles withn the micropores. The small Fe,Os particles confined
within the micropores of the activated carbon could promote the generation of reactive

oxygen species from H>O», leading to more selective phenol formation.

In addition, the relationship among the sizes of H>O», benzene, and TR molecules, the
distribution of Fe>Os particles, and the pore structure of the activated carbon is highly

complex, which may also affect the catalytic activity from another perspective.

Although the catalysts and synthesis conditions have not yet been fully optimized, a
maximum phenol yield of 14.4% was achieved, which is comparable to recently reported
Fe-based catalysts. Furthermore, the catalysts demonstrated good reusability and showed
potential for industrial application. The work in this chapter is expected to promote the
development of supported iron catalysts and their application in the direct oxidation of

benzene to phenol.
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5.6. Appendix
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Figure 5.9. '"H NMR spectra of the crude product in acetone-d6, over the 5 wt% Fe/AC-
H-550 catalyst under reaction conditions at 25°C (see entry 6 in Table 5.1).

The peak assignments in "H NMR (400 MHz, acetone-ds) analysis of the reaction mixtures was
conducted as follows: benzene: & 7.36 (s, 6H); phenol: 6 8.23 (or 8.13 with water) (s, 1H), 7.16—
7.20 (m, 2H), 6.79-6.84 (m, 3H); p-xylene (an internal standard): & 7.05 (s, 4H), 2.26 (s, 6H).
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6.1. Introduction: Copper oxide catalysts and oxidative
dehydrogenation of alcohols

Historically, copper (Cu) was one of the first metals utilized by humans, playing a crucial
role in the development of human society. Before the widespread use of iron, copper was
the primary metal in use. Even today, due to its abundant reserves, copper remains an
essential metal, with applications ranging from electrical wiring, machines and electronic

components to currency production [35a].

In catalysis, copper-based catalysts are similarly significant in the chemical industry.
For example, Cu/ZnO catalysts are widely utilized for hydrogen production via reforming
processes [35b], Cu/SiO; catalysts facilitate the conversion of esters to alcohols [35c],
and molecular copper catalysts are employed in alcohol oxidation [35d]. Recent studies
have also explored various Cu-based catalysts [36a], such as homogeneous molecular
catalysts for organic transformations such as aerobic Csp>~H oxidation [36b], asymmetric
synthesis [36¢], and C—N and C—O bond formation [36d]. Heterogeneous copper catalysts
have also been investigated, such as CuO for CO; electroreduction [37a], CuS for
nonaqueous rechargeable lithium—oxygen batteries [37b], and Cu/C or SiO2 for the

hydrogenation of 1,3-butadiene [37c] and other organic transformations [37d].

Among the various copper-based catalysts discussed earlier, CuO stands out due to its
stability, low cost, and high catalytic potential. However, its catalytic performance is
significantly limited by its low dispersibility and the lack of uniformity in its catalytic
environment. To address these challenges, this chapter focuses on the development of
CuO/graphene catalysts, utilizing graphene as a support material (as discussed in Chapter
4). This strategy aims to enhance the dispersibility of CuO and diversify its catalytic

environment, thereby improving its overall catalytic activity.

CuO/graphene catalysts have been applied in various reactions, including lithium—
oxygen (Li-O2) batteries [38a], nitrogen reduction for ammonia synthesis [38b],
photocatalytic degradation of organic pollutants [38c], and alcohol oxidation [38d].
Among these, the catalytic oxidation of alcohols using heterogeneous catalysts is a
cornerstone reaction in the chemical industry [35d]. CuO-based catalysts exhibit

substantial promise in alcohol oxidation, with notable examples including nano-CuO
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[38e], CuO/graphene oxide [38d], Au/CuO-ZnO [38f], and CuO/SiO> [38g] catalysts.
However, most of these systems face severe limitations. For example, while nano-CuO
exhibits high catalytic activity, its synthesis is complex, and the particles tend to
agglomerate [38e]; the reported CuO/graphene oxide catalyst requires high
concentrations of oxygen as a reaction condition [38d]. Similarly, other catalysts often
rely on oxygen or expensive noble metals such as gold (Au) to achieve high performance.
To overcome these drawbacks, there is a need to develop environmentally friendly,
supported CuO catalysts that maintain high activity without requiring noble metals or

additional oxidants.

In this chapter, preparation of CuO/graphene catalysts and evaluation of their
performance in the oxidation of benzyl alcohol to synthesize benzaldehyde are described
(Figure 6.1). The incorporation of graphene was expected to enhance the catalytic activity
of the CuO catalyst. Additionally, the CuO surface area on the supported catalyst was
measured using the previously developed selective adsorption method described in
Chapter 2, allowing for further exploration of the correlation between the catalytic activity

and the CuO surface area.

Sl (Y

CuO
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Figure 6.1. CuO/graphene catalyst for oxidation of benzyl alcohol.

6.2. Experimental

6.2.1. Preparation of CuO/graphene catalysts

CuO/graphene catalysts were prepared by the impregnation method, as shown in Figure
6.2. Graphene and Cu(NO3)2 were dispersed in water with a CuO/carbon ratio of 30 wt%
and stirred at room temperature for 20 h. The resulting mixtures were centrifuged to
remove the supernatant and then dried under reduced pressure overnight to obtain the

precursor. The catalysts were then prepared by pyrolyzing the precursor at 200—400°C for
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1 h in air. The resulting black solids (catalysts) were designated as "CuO/graphene-
temperature (200—400)". Additionally, another catalyst was prepared using EtOH as the
impregnation solvent and pyrolyzed at 250°C for 1 h in air, labeled as "CuO/graphene-
250-EtOH".

Metal: Cu(NO5), water
25°C, 20 h
Support: graphene )
(regents)
precursor synthesis
( hesis)
remove pyronS|s
graphene
(precursor)

(catalyst)

Figure 6.2. Preparation of CuO/graphene catalysts.

6.2.2. Catalyst characterization and measurement of CuO
surface area

First, the prepared CuO/graphene catalyst was characterized using standard techniques,
including XRD, TEM, TG, and BET surface area analysis (by N> adsorption). The CuO
surface area on the graphene support was then determined by the selective adsorption of
TR and SS, following the procedure described in Chapter 2. It was assumed that the
selective adsorption of TR and SS on graphene in DMF was negligible. The CuO surface

area was calculated based on the calibration curve shown in Figure 2.19b (Chapter 2).

6.2.3. Catalytic performance for oxidation of benzyl alcohols

In a typical reaction procedure, a 50 mL flask was charged with the catalyst (0.12 g),

benzyl alcohol (0.50 mmol), and toluene (3.0 mL). The reaction mixture was magnetically
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stirred at 95°C for 22-24 h under air. After the reaction, the catalyst mixture was washed
with toluene, and the crude product solution was collected. The crude product was then

analyzed by gas chromatography (GC) using naphthalene as an internal standard.

For the oxidation of various alcohols, the crude products were analyzed by '"H NMR,
using dimethyl sulfoxide as the internal standard. In the standard reuse procedure, the
spent catalyst, was reused in the next cycle after washing with toluene, and drying under

reduced pressure.

6.3. Results and discussion

6.3.1. Characterization of CuO/graphene catalysts

Typically, copper nitrate decomposes into CuO at around 180°C [39a], as indicated by the

reaction formula: 2 Cu(NO3)2 —2 CuO + 4 NO; + O . Similar conditions have been

reported for the preparation of CuO catalysts [39b]. In this work, CuO/graphene catalysts

were prepared by impregnating graphene with copper nitrate, followed by pyrolysis.

Several typical CuO/graphene catalysts prepared in this study, along with
commercially available CuO (particle size: 10—-50 nm, crystallite size: 14 nm, S = 26 m?
g!) were analyzed by XRD measurements (Figure 6.3). The CuO/graphene-250,
CuO/graphene-400, and CuO/graphene-250-EtOH catalysts exhibit the characteristic
crystal structure of CuO. The crystallite sizes were calculated using the Scherrer formula
from the XRD patterns (Figure 6.9a in Appendix). Notably, the diffraction patterns of
CuO/graphene-200 and CuO/graphene-250 catalysts were extremely weak, falling below
the XRD detection limit [24c]. This observation suggests that CuO/graphene catalysts
prepared in this study achieved significantly reduced crystallite sizes, likely due to

enhanced dispersion of CuO on the graphene support.

Furthermore, a comparison between the CuO/graphene-250 and CuO/graphene-400
catalysts revealed that lower calcination temperatures favored the formation of smaller
CuO crystals. Differences in the adsorption behavior of the copper nitrate precursor on

the graphene support, depending on the choice of ethanol or water as the impregnation
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solvent, may also influence the resulting crystallite sizes. CuO/graphene-250 catalysts
prepared using ethanol (EtOH) exhibited slightly larger CuO crystals compared to those
prepared with water. These results highlight the critical roles of both the calcination
temperature and the solvent choice in controlling the crystallite size of the CuO/graphene

catalysts.

Although copper oxides include CuO, Cu,0 and Cu40O3, the latter two are metastable
phases and are typically not formed during pyrolysis of copper nitrate in air [31a].

Consistently, no peaks corresponding to Cu2O or CusO; were observed in the XRD

patterns (Figure 6.3).
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Figure 6.3. XRD patterns of several CuO/graphene catalysts and a commercial CuO
(particles size: 10-50 nm).

Figure 6.4 shows the TEM images of CuO/graphene-250 and CuO/graphene-400
catalysts. Consistent with the results from the XRD analysis, CuO/graphene-250 catalyst
exhibited smaller CuO particles, with an average size of approximately 3.9 nm. In contrast,
increasing the calcination temperature led to significant particle growth in CuO/graphene-

400 catalyst, where the average CuO particle size reached 16.7 nm.
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(a) Cu0:39nm (b)

Figure 6.4. TEM images of (a) CuO/graphene-250, (b) CuO/graphene-400 catalysts
(original data by co-worker Naomiti Ando).

6.3.2. Catalytic performance and CuO surface area

Table 6.1 summarizes the catalytic performance of commercially available CuO materials
and the prepared CuO/graphene catalysts for benzyl alcohol oxidation, along with their
corresponding BET surface areas. In general, commercial CuO with smaller grain sizes
exhibits a larger BET surface area, which enhances its catalytic activity for benzyl alcohol
oxidation. The inconsistencies between catalytic activity and BET surface area (e.g.,
entries 2 and 3) may be attributed to potential differences in the preparation methods of

commercial CuO.

Among the commercial CuO samples, the highest yield was approximately 30%. In
contrast, the CuO/graphene catalysts prepared in this study exhibited substantially
increased surface areas compared to commercial CuO. Notably, the maximum yield
reached nearly 80% (entry 7), representing a remarkable enhancement in catalytic activity
compared to the commercial CuO samples. CuO/graphene-250 catalyst, which achieved
the highest yield, contained only around 12 wt% CuO (Figure 6.10 in Appendix),

underscoring the superior catalytic performance of the materials prepared in this work.
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Table 6.1. Oxidation of benzyl alcohol catalyzed by commercial CuO and CuO/graphene

catalysts.
©/\OH catalyst 120 mg - @O
air, 95°C, 22~24 h
toluene 3 mL
Entry Catalyst (BET S m2 g) Yield (%) Conversion (%)
1 CuO (26) 27 (24%) 41 (32%)
2 CuO (24) 20 (20%) 31 (22%)
3 CuO (24) 12 (14%) 17 (15%)
4  CuO (14) 8 9
5 CuO (5) 04 2
6 CuOl/graphene-200 (552) 66 93
7  CuOlgraphene-250 (467) 77 83
8  CuO/graphene-300 (383) 44 45
9  CuOl/graphene-350 (347) 32 45
10 CuOl/graphene-400 (496) 25 27
11 CuO/graphene-250-EtOH (500) 65 80
12  graphene (750) <1 —

Reaction conditions: benzyl alcohol (0.50 mmol), catalyst (0.12 g), and toluene (3.0
mL), in air, 95°C, 22~24 h. *Double experimental scales. Conversion and yield of
benzaldehyde were determined by GC analysis (naphthalene as an internal standard).
BET surface area was determined by N, adsorption.

Figure 6.5 illustrates the relationship between the CuO surface area determined via the
selective adsorption of TR and SS, and the yield of benzaldehyde using the CuO/graphene
catalysts. In contrast to the behavior observed in Chapters 3—5, TR (tiron) may not, or
only weakly, interacted with copper ions, thereby allowing for the successful
determination of the CuO surface area. On the other hand, the surface areas measured
using TR and SS are not consistent, with TR giving relatively higher values. This can be
attributed to the slightly stronger adsorption equilibrium and higher affinity of TR toward
carbon materials compared to SS, as observed for titanium oxide (see Section 2.3.1 and
2.3.2, Chapter 2). Furthermore, under the standard adsorption conditions used in this study,
SS exhibited slightly better selectivity than TR for carbon-supported metal oxides (refer

to Chapter 2). As a result, the adsoption of TR may underestimate the surface area of CuO.

Despite these differences, the CuO surface areas determined by both TR and SS show

a positive correlation with catalytic activity, indicating that the catalytic active sites are
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located on the CuO surface. This finding emphasizes the effectiveness of the selective
adsorption method used in this study for accurately determining the surface area of
supported metal oxides. Moreover, the observed differences in surface area measured by

TR and SS do not affect the analysis of catalytic activity.
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Figure 6.5. The relationship between CuO surface area (by adsorption of SS and TR) and
yield in oxidations of benzyl alcohol (yield based on Table 6.1).

Previous studies suggest that the CuO {001} plane is likely the primary catalytically
active crystal plane [38e, g]. While the specific crystal planes were not identified in this
chapter, all the prepared CuO/graphene catalysts were synthesized under comparable
conditions, suggesting the formation of similar crystal plane structures. The observed
correlation between catalytic activity and CuO surface area further supports the

hypothesis that analogous crystal plane structures are present in CuO/graphene catalysts

examined in this work.
Figure 6.6 shows the dependence of the yield of benzaldehyde on the CuO crystallite
size and BET surface area. While the yield is inversely proportional to the CuO

crystallite size, it is noteworthy that smaller crystals fall below the detection limit of
XRD. Additionally, no discernible correlation between the BET surface area and the

benzaldehyde yield was observed.
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Figure 6.6. Dependence of the yield on (a) CuO crystallite size and (a) BET surface area
in oxidation of benzyl alcohol.

6.3.3. Substrate scope and reusability of CuO/graphene
catalyst

The catalytic versatility of the catalyst toward various derivatives is a critical aspect of its
performance. Accordingly, CuO/graphene-250 was evaluated for the oxidation of
different alcohols under standard experimental conditions (Figure 6.7). The yields of
products 2b—d were similar or slightly lower than that of 2a, likely due to steric hindrance
or electronic effects. Similarly, the lower yields observed for 2e and 2f can be attributed
to the higher activation energies required for aliphatic alcohols. In the oxidation of
substrates leading to 2g and 2h, several unidentified by-products were detected, which
affected the overall yields of the desired products. Despite these challenges with certain
substrates, CuO/graphene-250 catalyst exhibited significant versatility in the oxidation of

a range of alcohols.
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Figure 6.7. Oxidation of alcohol catalyzed by CuO/graphene catalyst.

Reaction conditions: alcohol (0.50 mmol), catalyst (CuO/graphene-250, 0.12 g), and toluene (3.0
mL), in air, 95°C, 22-24 h.

To evaluate the reusability of the catalyst, the spent CuO/graphene-250 catalyst was
washed exclusively with toluene and dried under reduced pressure before being used in
subsequent reaction cycles. The catalyst treated by this method demonstrated excellent
reusability and sustained the catalytic activity (Figure 6.8). With the iron oxide catalysts
described in the previous chapter, it was noted that washing with solvent alone was
insufficient to remove adsorbed substrates effectively. However, the spent CuO catalyst
retained high activity by simply washing with toluene. This discrepancy may arise from
weaker adsorption of benzyl alcohol compared to stronger adsorption of aniline. The
crystallite size of the spent catalyst remained nearly unchanged after four reaction cycles
as shown in Figure 6.12 (Appendix). These findings highlight the potential of the

CuO/graphene catalyst developed in this work for industrial applications.
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Figure 6.8. Reusability of the CuO/graphene-250 catalyst for oxidation of benzyl alcohol.

Reaction condition: benzyl alcohol (0.50 mmol), catalyst (0.12 g), and toluene (3.0 mL), in air,
95°C, 22-24 h. Catalyst reuse condition: the spent catalyst was washed with toluene and dried
using reduced pressure for next run.

6.4. Conclusions

In this chapter, a series of CuO/graphene catalysts were synthesized by the impregnation
using copper nitrate and graphene, followed by pyrolysis at various temperatures. The
prepared catalysts were characterized by several techniques including XRD, TEM, and

Nz adsorption analysis, and evaluated for the oxidation of alcohols to aldehydes.

It was found that increasing the pyrolysis temperature led to the growth of CuO
particles, which correspondingly resulted in a decrease in catalytic activity. Compared to
commercial CuO, the synthesized CuO/graphene catalysts exhibited significantly

enhanced catalytic performance.

The selective adsorption of TR and SS revealed a strong positive correlation between
the catalytic activity for benzyl alcohol oxidation and the CuO surface area. Moreover,
the CuO/graphene catalysts demonstrated excellent activity across various alcohol

oxidation reactions and could be reused after simple washing and drying.

These findings validate the feasibility of using selective adsorption-based surface area

measurements of metal oxides as reliable predictors of catalytic performance.
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Furthermore, the development of CuO/graphene catalysts offers valuable insights and
approaches for the design of Cu-based catalysts and their application in alcohol oxidation

reactions.
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Figure 6.9. Dependence of (a) crystallite size (by XRD analysis) and (b) BET surface
area on the pyrolysis temperature of the CuO/graphene catalysts.
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Figure 6.10. Relationship between loading amount (by TG analysis in air) of CuO and
pyrolysis temperature for the CuO/graphene catalysts.
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Figure 6.11. FT-IR (KBr) spectra of the CuO/graphene-250 catalysts and graphene.
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Figure 6.7).
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Chapter 7. Conclusions and Challenges
In this thesis, a method for determining the surface area of supported metal oxides was
developed using the selective adsorption of organic molecules in solution. This approach

was subsequently applied to the several supported metal oxide catalysts.

In Chapter 1, the importance of catalyst development in the chemical industry is
highlighted with focus on supported metal oxide catalysts due to their practical
application and promising potential. Conventional methods for evaluating surface area
often struggle with accurate measurement of the surface area of metal oxides in supported
catalysts (e.g., TiOz surface area on TiO2/MWCNT catalysts). Thus, this study was aimed
to develop a method for determining the metal oxide surface area using molecular
adsorption in solution, which is applicable specifically to supported metal oxide catalysts.
This work included widely used carbon and SiO; supports, focusing on titanium, iron,

and copper oxide catalysts.

Chapter 2 describes the development of a method to evaluate the surface area of various
metal oxide catalysts on carbon and silica supports. It was observed that Tiron (TR) and
Monosodium 5-Sulfoisophthalate (SS) molecules selectively adsorbed onto metal oxides
in DMF solution, while adsorption on carbon and silica supports was minimal. This
selectivity was attributed to differences in hydrophilicity, hydrophobicity, and surface
acidity or basicity. The selective adsorption of TR and SS was applied to determine the
surface area of metal oxides in the subsequent chapters. The adsorption experiments under
various conditions, using different molecules and structures, and examined microscopic
adsorption models were conducted to understand the adsorption behaviors of TR and SS.
Besides developing methods for evaluating the surface area of metal oxide catalysts, these

findings can also contribute to the broader understanding of adsorption theory.

Chapter 3 shows a series of examinations of the surface areas of various carbon-
supported titanium oxide (TiO2/carbon) catalysts for hydrogen fuel by using the newly
developed TR and SS selective adsorption methods. For N-doped TiO» catalysts, a
positive correlation was observed between the surface area of titania and catalytic activity
when parameters such as trace metal content, annealing time, and oxygen concentration

during pyrolysis or annealing were varied. In contrast, Nb-doped TiO: exhibited an
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inverse correlation between surface area and catalytic activity with changes in preparation
temperature. This indicates that nitrogen doping significantly improves electrical
conductivity, while the effect of niobium doping, which results in lower conductivity, is
more dependent on structural changes that influence conductivity and thus catalytic
performance. These findings offer important insights into the development of titania-

based catalysts for hydrogen fuel cell applications.

Chapter 4 focused on a series of iron oxide catalysts supported by graphene
(Fe2Os/graphene), prepared by pyrolysis of the precursors of Fe-MOG with graphene
supports. These catalysts were characterized using several measurements including XRD,
TEM, and TG. The Fe.Os/graphene catalysts were applied for the synthesis of imines,
and demonstrated high catalytic performance, with yields exceeding 80%. The surface
area of iron oxide on the supported catalysts was determined through the selective
adsorption of SS, revealing a positive correlation between Fe2O3 surface area and catalytic
activity. This work also investigated and estimated the surface area of y-Fe;O3 using XRD
analysis, revealing that y-Fe>O3 predominates in these catalysts and is responsible for the
catalytic activity. The catalysts were also tested for their versatility and reusability in
synthesizing various imines. These findings contribute to advancements in iron oxide

catalysts and imine synthesis.

Chapter 5 deals with a series of FexOzs/activated carbon catalysts synthesized via an
impregnation method, followed by calcination under an N> atmosphere. These catalysts
were characterized by various techniques and applied in the direct oxidation of benzene
to synthesize phenol using H>O> as the oxidant. The catalytic activity and recyclability
were comparable to those reported in the literature. The FeoO3 surface area measured by
TR selective adsorption exhibited a slight inverse correlation with catalytic activity,
possibly due to inaccessibility of the probe molecules (e.g., TR) into the small micropores
of activated carbon. These results contribute to the development of supported iron
catalysts and provide valuable insights for advancing the one-step synthesis of phenol

from benzene.

In Chapter 6, the focus shifted toward CuO/graphene catalysts. A series of

CuO/graphene catalysts were synthesized using an impregnation method, followed by
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calcination at various temperatures in air. These catalysts were characterized by various
techniques and evaluated for their performance in the oxidation of benzyl alcohol to
benzaldehyde. The synthesized catalysts demonstrated significantly higher catalytic
activity compared to commercial copper oxide powder. A positive correlation between
the CuO surface area (measured via selective adsorption of SS) and catalytic activity was
observed. Furthermore, the CuO/graphene catalysts exhibited excellent reusability,
maintaining activity after simple washing. These findings not only enhance our
understanding of copper oxide-based catalytic systems but also provide valuable insights

into alcohol oxidation reactions, with potential implications for industrial applications.

This work established a method for measuring the surface area of supported metal
oxides through adsorption of probe organic molecules, and applied this method to
titanium oxide, iron oxide, and copper oxide catalysts. The positive correlation between
catalytic activity and surface area validated the method's effectiveness. This approach
could be extended to evaluate the surface area of various carbon and silica-supported
metal oxides, aiding in the understanding of surface and catalytic processes for supported

metal oxides.

The method developed in this study may also be applicable to other materials like
polymers or zeolites. For instance, in alumina-supported gold catalysts, the probe
molecule could adsorb on alumina (oxide) instead of gold (metal), allowing the
measurement of the support's surface area, with subsequent calculations for the gold
surface area. This approach can enable the determination of surface areas in metal
oxide/metal catalysts, offering a simpler alternative to the method based on the adsorption

of hydrogen or CO.

The development of this specific surface area evaluation method fosters innovative
approaches for supported catalysts and has potential applications across various industries.
By enhancing the understanding of hydrogen fuel cells, imine synthesis, and alcohol
oxidation reactions, this research contributes to advancements in these fields.
Furthermore, the adsorption phenomena and the established metal oxide surface area
measurement method explored in this study could support applications in other sectors,

such as electronic sensors [40a] and medical applications [40b], where composite metal
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oxide materials are essential. Based on these findings and their potential applications, this

work aims to contribute to the development of a sustainable society.
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