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Graphene oxide (GO) and its derivatives such as graphene oxide frameworks (GOFs) are widely
used as supports in the field of catalysis due to their high specific surface area, and abundance of various
functional groups. Although properties of GO significantly influence the synthesis of their derivatives
and interaction with the supported metal nanoparticles (NPs), the relationship between the properties
of GO and the performance of the resultant nanocatalysts has not been systematically studied, which
corresponds to the aim of this thesis.

In Chapter 2, GOFs have great potential as supports for metal NPs, due to their well-defined and
engineerable pores. Since GOFs are prepared by bridging GO sheets with linker molecules, their
properties depend on those of GO as the starting material. However, the diversity in the
physicochemical properties of GO has prevented understanding key parameters for catalyst design. To
address this issue, in this chapter, GOFs and GOF-supported Pd NP catalysts (Pd@GOFs) were
synthesized from three GO samples with different properties. They were subjected to systematic
characterization and catalytic recyclability test in Suzuki-Miyaura cross-coupling. The major findings
are: The density of linker molecules in GOF is crucial for enhancing catalytic recyclability, which is
influenced by the abundance of reactive in-plane functional groups in the raw GO samples. The gallery
spaces between GO layers are important to maintain uniform dispersion of Pd NPs. GO with too small
sheets cannot create such gallery spaces, leading to significant aggregation of NPs. Although GOFs
have been demonstrated to be useful for various applications, the importance of the quality of the raw
material, GO, has sometimes been overlooked. The results presented in this chapter, which assess the
quality of GO samples using a multifaceted method, is valuable for fundamental research and design
of nanocatalysts.

In Chapter 3, the intellectual design of catalysts is pivotal for developing advanced materials and
enhancing various catalytic reactions, including electrochemical water splitting for sustainable energy
production. Among different catalysts, Pd on GO supports has shown promise for the hydrogen
evolution reaction (HER). Although numerous studies have utilized GO as a support material for HER
catalysts, research on which specific properties of GO affect catalytic performance remains relatively
scarce. Therefore, in this chapter, various GO materials with different characteristics were selected to
synthesize GO-supported Pd NP catalysts. The catalysts were evaluated in HER. The properties of the
GO materials were characterized using multiple techniques, and their catalytic performance was
evaluated through linear sweep voltammetry (LSV) and electrochemical surface area normalization.
The LSV results are shown in Figure 2. Firstly, the Pd NP catalyst supported on GOFs did not exhibit
promising performance (not shown), but those of GOs showed reasonable performance, which is
apparently an opposite trend compared to the Suzuki-Miyaura reaction discussed in Chapter 2,
suggesting the importance of diffusion resistance in HER. Among all the catalysts, Pd/GO-GNP (GO
prepared from graphene nanoplates (GNP)) exhibited the best HER performance, with the largest
electrochemically active.

In Chapter 4, GOFs using several different linkers with varying functional groups were
synthesized, aiming to investigate their effects on the structural and catalytic performance of GOF-
confined catalysts. FTIR and XRD analyses revealed that linker types and amounts influence GOF
properties, such as interlayer spacing and functional group retention. Pd@GOF catalysts, synthesized

by incorporating palladium NPs into GOFs, were tested for their performance in the Suzuki-Miyaura



coupling reaction. Catalytic tests demonstrated that the linker’s functional groups significantly affect
activity and durability, highlighting the importance of balanced functional group availability and
sufficient pillar density for retaining Pd NPs. Comparisons between GOF-confined and GO-supported
catalysts indicated that GOFs effectively prevent NP agglomeration while offering enhanced
recyclability. The study also noted that commercially sourced GO, with fewer in-plane functional
groups, impacted catalytic retention. These findings provide valuable insights into designing high-
performance GOF-based nanocatalysts by optimizing linkers and GO surface functionalization to meet
diverse catalytic requirements.

In conclusion, this thesis highlights the pivotal role of GO's physicochemical properties and linker
design in optimizing nanocatalyst performance. By systematically exploring the relationship between
GO characteristics, linker functionality, and catalytic behavior, the findings offer a comprehensive
understanding of material design strategies. This work provides a foundation for developing high-
performance GOF-based catalysts tailored for specific reactions, bridging fundamental research and

practical applications in sustainable catalysis and energy production.

Keywords: Graphene oxide; Nanocatalysts; Graphene oxide framework, Suzuki-Miyaura coupling
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Preface

The research thesis is submitted for the degree of doctor of philosophy at Japan
Advanced Institute of Science and Technology, Japan. The thesis is consolidation of
results of the research work on the topic “Maximizing Potential of Graphene Oxide
for Nanocatalysis” under the supervision of Prof. Toshiaki Taniike during April 2022—
March 2025 at Graduate School of Advanced Science and Technology, Japan
Advanced Institute of Science and Technology.

Chapter 1 introduces the research background and objectives of this thesis.

Chapter 2 investigated the impact of graphene oxide (GO) properties on the catalytic
performance of graphene oxide framework (GOF)-supported catalysts by preparing
various qualities of GO and characterizing them.

Chapter 3 explored the influence of different GO properties on the electrocatalytic
performance in hydrogenation reactions.

Chapter 4 investigated the impact of different crosslinking molecules on the catalytic
performance of GOFs.

Finally, Chapter 5 summarizes the findings and conclusions of the previous chapters

of the thesis.

Gao Ce
Graduate School of Advanced Science and Technology
Japan Advanced Institute of Science and Technology

March 2025
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1.1. Graphene oxide

Graphene is a single-atom-layer, two-dimensional (2D) material
composed of sp? hybridized carbon atoms arranged in a hexagonal
honeycomb lattice.!”” Graphene was fully isolated and characterized in 2004.
It potentially has widespread application in fields such as engineering,
electrochemistry, medicine, and energy due to its excellent electrical
conductivity, high thermal conductivity, exceptional mechanical strength,
good flexibility, and large specific surface area.® '° However, the high costs
associated with graphene, due to synthesis challenges, poor solubility, and
its tendency to re-aggregate into graphite because of strong van der Waals
interactions, limit its widespread application.!! 3

Therefore, graphene oxide (GO) is a more promising alternative
material, which is easier to synthesize and can retain certain properties of
graphene.! The most common method for synthesizing GO involves the
oxidation of graphite by the Hummers method.!* This strategy was initially
developed using various techniques by Brodie, Staudenmaier, Hummers, and
Offerman, among others.'*"!® Due to the Hummers method being safer, more
environmentally friendly, and offering greater potential for improvement, the

Hummers method or modified Hummers method has been the most

commonly employed for GO synthesis. !
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Similar to graphene, GO also is a 2D carbon-based nanomaterial.” As
shown in Figure 1.1, GO contains a large amount of oxygen-containing
functional groups, which can affect the GO preference.? In GO, the epoxy
and hydroxyl groups are primarily located on the lateral surfaces, while
carboxyl groups are mainly distributed along the edges of the graphene
sheets.!*2° Due to over-oxidation or exfoliation, defects are introduced into
the GO sheets, further affecting the performance of materials.! The
mechanical properties of GO are affected by the oxygen-containing
functional groups and the number of defects on its surface, causing GO
strength (276 + 23.4 GPa) which is slightly lower than graphene (1.0 TPa).?!
However, after annealing in a hydrogen atmosphere, GO can achieve an
exceptionally high strength (250 + 150 TPa).?? Also, the conductivity of GO
is affected by defects and the abundance of functional groups on its layers,
resulting in a wide conductivity range from 0.1 S/m to 29,800 S/m.*
Similarly, due to the effect of functional group content and defects, the

thermal conductivity of GO ranges from 0.5 to 1 W/mK.**
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HO

Figure 1.1 Structure and typical functional groups of GO.

Based on the easily adjustable properties and the ability for functional
modification, GO and its derivative materials are widely applied in various
fields. Due to the abundance of functional groups on GO and its
impermeability to gases, modified GO-based composites are widely applied
in high-selectivity small-molecule gas separation membranes.”> With
hydrophilicity driven by numerous oxygen-containing functional groups and
an easily adjustable interlayer spacing, GO and its derivatives are also
commonly used in water treatment membranes.?®?’ The presence of these
functional groups prevents the restacking of GO sheets, creating internal
porosity that shortens electronic transport distances, making GO and its
derivatives ideal for use in energy storage devices such as high-performance,

11

stable supercapacitors and lithium-ion batteries."” Moreover, their large
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specific surface area allows for more active site exposure as catalyst supports,
while abundant defects and functional groups serve as anchors to prevent the
leaching and agglomeration of nanoparticles (NPs). These properties make

GO and its derivatives valuable as supports for nanocatalysts.?3 3%

1.2. Graphene oxide framework

As mentioned in section 1.1, GO is rich in various oxygen-containing
functional groups, which can be utilized directly or modified to introduce
new functional groups, thereby enhancing its properties.! However, as a 2D
material, GO tends to lose some of its unique properties due to excessive
restacking, resulting in suboptimal performance in applications.?!
Therefore, leveraging the inherent functional groups and the easy
modifiability of GO to construct well-organized and interconnected 3D
framework structures is an effective strategy.>>* This approach helps retain
unique properties for GO while providing a stable structure.??

Common strategies for constructing graphene oxide frameworks
(GOFs) include the following methods. GO has strong chemical modification
capabilities due to its numerous oxygen-containing functional groups.' One

of the most common methods for constructing GOFs is using bifunctional

crosslinking agents.>** The interlayer spacing of GOFs can be adjusted
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according to the length of the crosslinking agents.?>*¢ Additionally, the
covalently crosslinked structure of GOFs provides a rigid framework,
offering enhanced stability in harsh environments. Compared to GO,
covalently crosslinked GOFs exhibit superior mechanical properties. GOFs
can also be constructed by coating GO with polymers. By embedding
polymer NPs into GO nanosheets, the interlayer spacing can be adjusted, and
the mechanical stability of the GOFs can be enhanced. GOFs can also be
effectively constructed by uniformly dispersing solid NPes on the GO
surface through methods such as in situ growth. However, GOFs prepared
using this method often face challenges such as uneven NP distribution and
difficulty in controlling the interlayer spacing.

GOFs retain GO's high surface area, excellent mechanical properties,
diverse functional groups, and some of its electrical and thermal properties,
while also allowing for the control and determination of pore sizes. As a
result, they are widely used in various fields such as water purification,

energy storage, gas storage, and catalyst support.

1.3. Supported nanocatalysts
With advancements of industrial production, environmental protection,

and the energy industry, catalyst technology has become increasingly
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important in these sectors. Catalysts are extensively studied for their ability
to lower reaction conditions, increase reaction rates, minimize side reactions,
and reduce industrial production costs while protecting the environment.
Catalysts dispersed in the same phase as the reactants are called
homogeneous catalysts, whereas those in a different phase are referred to as
heterogeneous catalysts. Although homogeneous catalysts generally exhibit
higher selectivity and catalytic activity, they are difficult to separate from the
products after the reaction. In contrast, heterogeneous catalysts are easier to
separate and reuse, making them more widely used in industrial applications.
However, as heterogeneous catalysts are typically solid, their catalytic
efficiency is often limited by the number of active sites exposed on their
surface, resulting in lower overall activity.

Therefore, using nanoscale catalysts with a larger specific surface area,
capable of exposing more active sites, is one effective way to enhance the
catalytic activity of heterogeneous catalysts. However, nanocatalysts tend to
agglomerate into larger particles with reduced surface area, leading to a
decrease in exposed active sites and a rapid loss of catalytic activity.
Anchoring nanocatalysts onto the surface of a support can effectively
mitigate NP agglomeration, thereby improving their stability and enhancing

their durability.
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Thus, developing suitable catalyst supports is essential for enhancing
the catalytic activity and durability of nanocatalysts. Currently, materials
such as zeolites, carbon, and silica are widely used as catalyst supports. Their
high porosity provides a large specific surface area for the dispersion of NPs,
thereby enhancing the catalyst's reactivity. Additionally, functional groups
and defects on these material surfaces act as anchoring sites for NPs, helping
to improve their resistance to sintering and enhancing the stability of the

nanocatalysts.

1.4. Aim of thesis

The development of industrial production activities has created the need
for high-performance catalysts and related materials increasingly urgent.
Although nanocatalysts exhibit high catalytic efficiency, they tend to
agglomerate, which reduces their durability and significantly increases their
usage costs, thereby limiting their application in industrial production.
Enhancing both the catalytic performance and durability of nanocatalysts
remains a key challenge. Therefore, developing superior support materials is
crucial for improving the performance and durability of nanocatalysts.

GO and its derivatives, with their large surface area and ease of

modification, hold significant potential as support materials for nanocatalysts.
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Maximizing the potential of GO in nanocatalysis is a promising solution to
the challenges associated with catalyst performance and stability.

In this research is aimed to clarify the key role that different
physicochemical properties of GO play in determining the performance and
stability of various supported nanocatalysts under catalytic reaction
conditions, as well as methods for controlling the synthesis of functional
groups to create highly recyclable supported catalysts. In this study, various
GO materials with different characteristics and their derivatives were
synthesized and compared, then applied to different catalytic reactions to
explore the relationship between the properties of GO and their catalytic
performance. My research consists of the following three chapters:

The primary objective of Chapter 2 is to elucidate the influence of GO
characteristics on GOF. Various precursors are used to synthesize GO, which
is then intercalated with 1,4-phenylenediboronic acid (PDBA) to obtain rigid
and well-defined GOFs. Multiple characterization techniques are employed
to analyze and compare both GO and GOF, aiming to discuss and determine
the specific GO properties required for GOF to function effectively as a
framework material.

Chapter 3 aims to investigate the physicochemical properties of a series

of GO-supported Pd nano catalysts derived from various graphite sources
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and to elucidate their hydrogen evolution reaction (HER) performance. The
results of this study will provide guidance for designing efficient HER
electrocatalysts based on the material properties and electrochemical
behavior.

Chapter 4 focuses on exploring the impact of different linker molecules
on the constructed GOFs. In this chapter, quality-assured GO was uniformly
used, and five linkers with different functional groups were employed to
create GOFs through various covalent reactions. The effects of these linkers
on the GOFs were then determined through multiple characterization
techniques and catalytic applications.

Based on this research, it is identified that the properties of GO and
certain GO derivatives, as well as their significance in influencing the
performance of supported catalysts under various catalytic conditions. I
believe that this study provides valuable guidance for the targeted design and

synthesis of high-quality GO and GO derivatives.
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Abstract

Graphene oxide frameworks (GOFs) have great potential as supports for
metal nanoparticle (NP) catalysts due to their advantageous properties such
as engineerable pores. Since GOFs are prepared by bridging graphene oxide
(GO) sheets with linker molecules, their properties depend on the GO raw
material, and thus designing guidelines for GOs is important but has not been
established yet. The most significant obstacle is the diversity of the
physicochemical properties of GOs, making it difficult to determine which
properties are linked to their performance as catalyst supports. To address
this issue, we synthesized GOFs from three GOs with different properties,
loaded them with Pd NPs, and evaluated their catalytic performance in
Suzuki-Miyaura reaction. Using a multifaceted characterization approach,
the following facts were found: The amount of linker molecules in the GOFs,
and thus the amount of reactive functional groups in the GOs to anchor the
linker molecules, are vital for the stabilization of Pd NPs. Therefore, to obtain
highly dispersed and recyclable Pd NP catalysts, it is important to synthesize
the raw GO materials at the site and convert them to GOFs as freshly as
possible and under mild conditions. Although GOFs have been demonstrated
to be useful for various applications, the importance of the quality of the raw

material, GO, has sometimes been overlooked. The approach presented in
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this study, which assesses the quality of GOs using a multifaceted method, is
likely to be valuable for fundamental research and the enhancement of
performance in all GOF materials.

Keywords: Graphene oxide framework; Pd nanoparticle; Suzuki-
Miyaura cross-coupling; Catalyst supports; Catalytic recyclability;

Multifaceted characterization
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2.1. Introduction

Metal nanoparticle (NP) catalysts have garnered significant attention
due to their unique catalytic properties arising from the high surface-to-
volume ratio, rich active surface atoms, and unique electronic structures as
compared with their bulk counterparts.!> However, the NPs easily aggregate
and decrease in activity during use, posing challenges in practical
implementation.® Thus, stabilizing NPs has been a vital aspect of NP catalyst
research. Graphene oxide frameworks (GOFs), a three-dimensional
graphene-based material, have emerged as promising catalyst supports due
to their high surface area, low mass density, engineerable pores, and high
mechanical strength.*® Particularly, their engineerable pores are promising
to stabilize metal NPs and control their growth, which are significant for
active catalysts. Compared to GOFs prepared by non-covalent interaction,””
! those covalently constructed by intercalating graphene oxide (GO) layers

with organic linkers are very important for durable catalytic processes.'>"!’

12,18,19

GOFs have often been employed in hydrogen storage, water

20-22 23-25

desalination, molecular sieves, and in the extraction of
herbicides.?®?’ Conceptually, utilizing GOFs as catalyst supports would
provide advantages, such as preventing direct exposure of NPs and

improving their structural and interfacial stability. Based on these
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characteristics, GOFs are expected to be promising supports for the
confinement and immobilization of NPs. Until recently, there have been
hardly any reports in the literature about successful employment of GOFs in
organic transformation reactions.>?® We have reported the successful
synthesis of GOF-confined Pd NP catalysts using a GOF as a support and

29

their application in Suzuki-Miyaura coupling reaction,” clarifying the

recyclability was superior to that of a commercial Pd/C catalyst. The same
concept was extended to Ru catalysts for hydrogenation application.>®
Furthermore, we have reported the synthesis of GOFs tailored with additional
organic ligands containing heteroatoms to enhance the stability of the
confined Pd NPs.?!

To enhance the stability of GOF itself, which is very essential for
maintaining the catalytic activity, significant efforts have been reported to
optimize synthetic parameters such as temperature to suppress reduction of
GOs, choice of solvent to achieve good dispersibility, and the concentration
of linker to produce a rigid framework.>?> However, the importance of GOs
and their precursors in improving the resulted GOFs quality remains an open
subject. It is well known that the size and morphology of graphite, as a source

of GOs, can significantly affect the size, morphology, and distribution of

reactive groups in the produced GOs. For example, several studies®*>¢ have

22



Chapter 2

successfully demonstrated that smaller graphite particles lead to the
formation of highly dispersed GOs with more oxidized groups.?*3¢
Moreover, the abundance of functional groups and their distribution (in-
plane or edge) on GO is crucial for synthesizing covalently linked GOF using
1,4-phenylenediboronic acid (PDBA), in which the hydroxyl (-OH), epoxy
(-O-), and carboxyl (-COOH) groups present on GOs serve as reactive sites
for cross-linking with PDBA. Specifically, the hydroxyl and carboxyl groups
can directly react with the phenylboronic acid moieties of PDBA to form
ester linkages, resulting in the covalent attachment of the linker to the GO
sheets. The presence of moisture in GOs facilitates the ring-opening reaction
of epoxy with boronic acid at a moderate temperature, leading to additional
cross-linking within the GOF structure.®**72% Therefore, fundamental
understanding of the reactive groups of GOs and their contribution in
establishing stable GOF is necessary for enhancing catalytic performance.
To the best of our knowledge, there are no literature reports on how the
physicochemical properties of GOs could effectively influence the structure
of GOF and, in turn, its utility as a catalyst support for achieving higher
stability.

Our focus in this research is elucidating the impact of the properties of

GOs on the resulting GOFs. In addition to a commercial GO, we synthesized
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various GOs using different precursors, and then GO layers were intercalated
with PDBA to afford a rigid and well-defined GOF. Finally, supported Pd
NP catalysts were obtained through the thermal decomposition of PdCl» in
the presence of synthesized GOFs and dried toluene, avoiding the use of any
supplementary reductants and stabilizers such as polymers or surfactants.?’
The catalytic activity was investigated in the Suzuki-Miyaura cross-coupling
reaction, which is the most widely employed organic transformation for
constructing carbon-carbon bonds. The encapsulation effectively prevented
sintering and leaching of Pd NPs. Because GOs have multifaceted properties
from both chemical and physical perspectives, systematic and multifaceted
characterization 1is vital. Here, we applied Raman spectroscopy,
thermogravimetric-differential analysis (TG-DTA), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) at each synthetic stage. This
comprehensive approach allowed us to thoroughly investigate properties
such as defects, interlayer spacing, elemental composition, functional groups,
and morphology. By comparing the multifaceted characterization results

with the catalytic properties, particularly recyclability, we identified and
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discussed the critical properties of GO required for constructing GOF as a

catalyst support.

2.2. Experimental section
2.2.1. Materials

Three sources of GOs, including one purchased from a commercial
source, and two synthesized from different carbon sources, were used for the
synthesis of GOFs. Table 2.1 summarizes the sample codes and the carbon

sources used to synthesize GOs.

Table 2.1 Sample code.

Carbon material GO code GOF code

N.A. ¢ GO-commercial ~ GOF-commercial
Graphite (> 45 pum) GO-graphite GOF-graphite
Graphene nanoplatelets (< 2 pm) GO-GNP GOF-GNP

a The GO was purchased from a commercial source.

GO-commercial (dry powder, 50—100 mesh) was obtained from Layer
One — Advanced Materials. Graphene nanoplatelets (particle size < 2 pum)
were sourced from Strem Chemicals. Graphite (particle size > 45 um, purity
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> 98%), diethyl ether, and potassium carbonate were acquired from Wako
Pure Chemical Industries. Graphite (particle size < 150 um), PDBA (purity
> 95.0%), and palladium (II) chloride (PdCl;) were supplied by Sigma
Aldrich. Hydrogen peroxide (35% aqueous solution), bromobenzene, and
phenylboronic acid were provided by Tokyo Chemical Industry Co., Ltd.
Sulfuric acid, potassium permanganate, toluene, methanol, ethanol were
purchased from Kanto Chemical Co., Inc. All the materials were used as

received without further purification.

2.2.2. Synthesis of GOs

GOs were prepared based on the modified Hummers method as reported
in the literature.>®* A carbon material (3.0 g) and concentrated sulfuric acid
(69 mL) were mixed in an ice bath at 0 °C. Then, potassium permanganate
(9.0 g) was slowly added to the mixture under stirring, and the solution was
kept stirred at r.t. for 30 min. Deionized (DI) water (69 mL) was added
dropwise into the mixture, ensuring that the temperature did not exceed 98 °C.
After stirring for 15 min, the mixture was diluted with 420 mL of DI water
and thoroughly mixed. Finally, hydrogen peroxide (30 mL) was added, and

the mixture was further stirred at r.t. for 24 h. The obtained GO dispersion
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was repeatedly washed by centrifugation (10,000 rpm, 10 min) with DI water

until the pH became 7, and then freeze-dried.

2.2.3. Synthesis of GOFs

GOFs were synthesized by a solvothermal method as reported by Buress
et al.'®* A GO (300 mg) and PDBA (600 mg) were added to methanol (60
mL) in an autoclave under an N atmosphere. The mixture was treated at
90 °C for 48 h and stirred occasionally. After completion of the reaction, the
sample was washed with methanol three times by decantation, and then the

remaining powder was vacuum-dried at 60 °C for 12 h.

2.2.4. Synthesis of Pd NP catalysts

Pd NP catalysts were synthesized through the reduction of PdCl: in the
presence of GOFs in toluene.?’ In this method, the reactive functional groups
present on the support were exploited as a reductant for NPs formation. PdCl»
(18 mg) with a GOF (90 mg) in toluene (45 mL) was heated at 80 °C with
stirring for 4 h under an N> atmosphere. After the reaction, the solution was
cooled down to r.t. The solvent was removed using a syringe equipped with
a 0.22 um PES membrane (EMD Millipore) filter. The solid part was washed

with diethyl ether (60 mL). Finally, the sample was vacuum-dried at 60 °C
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for 12 h. For comparison, reference catalysts were also prepared using GOs
instead of GOFs, following the same procedure. The catalysts confined
within GOFs and supported on GOs are referred to as Pd@GOF and Pd/GO,

respectively.

2.2.5. Characterization

In order to investigate the thermal behaviors, TG-DTA was performed
on Thermo plus EVO2 (Rigaku) under a N> atmosphere. A sample contained
in an alumina pan was heated from 30 to 800 °C at a ramping rate of 5 °C/min.
The decomposition of functional groups can be assessed through mass loss
and heat release. The interlayer distance (d-spacing) between GO sheets was
determined based on powder XRD. The XRD patterns were recorded in the
20 range of 3-60° at a speed of 10°/min and a step size of 0.01° on
MiniFlexC600 (Rigaku) with Cu Ko radiation (A= 1.5418 A). Raman spectra
of powder samples dispersed on a glass plate were recorded using a laser
Raman spectrometer, NRS-4100 (JASCO) with an excitation wavelength of
532 nm and an exposure time of 25 s with 10 acquisitions. The FT-IR spectra
were acquired using JASCO 6100 (JASCO) in the range of 4,000—400 cm™!
with a resolution of 4 cm™! by 16 scans. Sample powder was ground with

dried KBr at a weight ratio of 1:50 and then pressed into a pellet. To get more
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insights into the surface functional groups, in-situ FT-IR measurements with
temperature ramping were conducted. A KBr diluted pellet was placed in a
Harrick cell equipped with KBr windows and connected to a vacuum line.
Then the pellet was heated from 30 to 200 °C at a ramping rate of 1 °C/min
under vacuum. XPS was used to investigate the chemical composition and
the chemical state of individual elements. The spectra were recorded on
Kratos AXIS Ultra DLD (Shimadzu) equipped with an Al-Ka anode. Powder
samples were loaded onto a sample holder using double-sided adhesive
copper tape. The survey spectrum was recorded with a 1 eV step size and a
pass energy of 80 eV. Narrow scans were recorded with a 0.1 eV step size
and a pass energy of 160 eV. The binding energies were calibrated using the
C 1s peak of graphitic carbon at 284.6 eV. The sample powder was spread
evenly on copper tape and measurement positions were determined by
adjusting the stage position to the location where the C 1s peak of the sample
exhibited the highest intensity. The spectra were analyzed using XPSpeak
4.1 software, with baseline correction performed using the Shirley method.
The elemental composition was calculated by the area ratio of the detected
peaks. Note that the Cu peak was not detected in any of the samples, ruling
out the possibility that the observed C and oxygen-containing functional

group originated from the copper tape. The amount of PDBA linkers and Pd

29



Chapter 2

NPs loading were estimated by the contents of B and Pd, respectively. The
morphology, particle size, and particle size distribution of the Pd NPs were
investigated by TEM using H-7650 (Hitachi) operating at an acceleration
voltage of 100 kV. A sample is dispersed in ethanol with ultrasonication for
15 min, then dropped onto a carbon-coated copper grid and naturally dried
overnight. The surface morphology was observed by SEM using TM-3030-
plus (Hitachi), with an accelerating voltage of 15 kV. The sample was spread
onto a copper tape for the measurement.

The dispersion of Pd NPs were evaluated through dispersion index (D),
which calculated wusing the Delaunay—Voronoi tessellation method,
implemented via the Delaunay—Voronoi plugin in ImageJ.***? This method
constructs a network of triangles by connecting neighboring particles in such
a way that no other point lies within the circumcircle of any triangle. It
effectively captures the spatial relationships and uniformity of particle
distribution across the support.

To quantify the uniformity of particle dispersion, we calculated a

dispersion index (D) using the following formula:

D = ( 0.2 ) Avarage distance

= (1),

Standard deviation

In this expression, the average distance refers to the mean edge length

in the Delaunay triangulation, while the standard deviation represents the
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variation in these distances. A higher value of D indicates a more uniform

and evenly spaced distribution of particles.

2.2.6. Catalytic test

Pd@GOF and Pd/GO catalysts were used in the Suzuki-Miyaura
coupling reaction of bromobenzene and phenylboronic acid to form biphenyl.
Under a N> atmosphere, a catalyst (17.5 mg), phenylboronic acid (67.6 mg),
bromobenzene (52.6 L), and potassium carbonate (193.5 mg) were mixed
in toluene (2.0 mL). The mixture was heated at 80 °C and stirred under N2
for 6 h. After the reaction, the liquid part was separated by decantation
following centrifugation (10,000 rpm, 5 min). The separated liquid was
analyzed using an 7890A (Agilent) equipped with a flame ionization detector

(GC-FID). The yield was calculated using the following equation:

[biphenyl]

yield = - X 100% ),

bromobenzene]y

where the [bromobenzene]o is the initial concentration of bromobenzene
and the [biphenyl] is the concentration of biphenyl after the reaction. The
concentration was determined using GC-FID employing an external standard
method.

To evaluate recyclability, the solid part was washed 5 times with toluene

(5 mL) through decantation and centrifugation (10,000 rpm, 5 min). The
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washed catalyst was employed for the subsequent cycle of the reaction. The

catalytic recyclability was assessed by determining the reduction in the yield.

2.3. Results and discussion
2.3.1. Characterization of GOs

The structural characteristics of GOs are multifaceted in terms of the
following three perspectives: 1) The types, numbers, and distribution of
functional groups. Generally, the most abundant functional groups in GO are
epoxide and hydroxyl groups. Additionally, carbonyl and carboxyl groups,
which arise from the cleavage of C=C bonds due to over-oxidation, are found
at the edges of the GO sheet.>® Other functional groups identified so far
include C-H, lactol, peroxide, dioxolane, ether, and anhydride.*® ii) Defects
in the GO sheets such as sp® hybridized carbon atoms resulting from
functionalization, edges, and vacancies. iii) Physical properties such as the
interlayer distance, number of stacking sheets, lateral size of the sheets, and
the morphology as well as pore architecture of the secondary particles formed
by aggregation. Here, we utilized a combination of multiple characterization
methods to figure out key properties of GO that determine the performance

of the final Pd@GOF.
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Figure 2.1 summarizes the result of multifaceted characterization for
the three GO samples: The two GOs (GO-GNP and GO-graphite)
synthesized from different sources, whose chemical and structural properties
differ, and the commercially available GO (GO-commercial). Figure 2.1A
shows the FT-IR spectra. GO-graphite exhibited a broad peak centered
around 3,450 cm™ !, attributed to the stretching of OH groups, indicating the
presence of adsorbed water and surface OH groups. The broad peak at 1,747
cm ! is attributed to ketone and carboxyl groups, while the other broad peak
at 1,626 cm™! is from sp? hybridized C=C (in-plane stretching) or adsorbed
water. The two broad absorption bands observed for GO-graphite at 1,232
cm ! and 876 cm™! can be attributed to in-plane epoxy (C-O-C), which is

known to appear at 1,230 cm™ ! (asymmetric stretching) and around 850 cm™!

(bending motion). The peak at 1,060 cm™!

, observed between the epoxy
peaks, is attributed to C-OH.** GO-GNP exhibited weaker and broader peaks
at similar positions to those for GO-graphite. On the other hand, the in-plane
epoxy absorption bands could not be observed in GO-commercial due to the
overlapping of intense absorption bands at 1,263 cm™!, 1,105 cm™!, and 1,024
cm . The clear assignment of these peaks is difficult due to the overlapping

of peaks from many candidates,* but the appearance of similar peaks during

the conversion of GO-graphite to GOF (discussed in Figure 2.3) suggests
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that they are derived from some functional groups produced by reduction
through hydrothermal treatment. GO-commercial also exhibited a sharp peak
at 803 cm™!, which is known to originate from aggregated edge esters.*> The
other peak observed at 2,964 cm™! is attributed to the C-H of sp® hybridized
carbon, which is often observed in reduced GO.*** These IR observations
indicate the types and quantities of the functional groups vary depending on
the GO samples.

In the XRD patterns shown in Figure 2.1B, GO-graphite and GO-
commercial exhibited intense single peaks corresponding to the separation of
GO sheets at 8.3° (d = 10.7 A) and 11.0° (d = 8.0 A), respectively. The
expansion of the d-spacing can be attributed to the loss of the strong n-n
interaction among the sheets and the distortion within a GO sheet due to the
formation of sp’ hybridized carbons by functionalization,*®** and the
interlayer insertion of functional groups**#? or residual water.*® GO-GNP
only had a broad and small hump at 11.6° (d = 7.6 A), indicating that the
number of stacked GO sheets is quite small compared to the other samples.

Figure 2.1C shows the Raman spectra of the GO samples. Raman
spectra of graphene-like carbonous materials are generally characterized by
the intensity ratio of the G-band peak at 1,581 cm™!, which is derived from

in-plane bond-stretching motion of sp? carbon pairs (E2; symmetry), and the
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D-band peak at 1,355 cm™! (4, symmetry). The D mode is forbidden in
perfect graphite and only becomes active in the presence of disorder causing
disconnection of the fused aromatic rings. The disorder includes atomic
defects such as a carbon vacancy/edges and the presence of sp’ carbon due
to in-plane functionalization.*’ The relatively high Ip/I ratio of GO-GNP,
despite the low functionalization confirmed by FT-IR, can be attributed to
the presence of many edges. GO-commercial showed the lowest Ip//c ratio,
suggesting the largest lateral size of the sheets and the least in-plane
functionalization.

The TG-DTA analyses under a N> atmosphere shown in Figure 2.1D
provide further insights into the differences in functional groups. Each GO
sample displayed two distinct weight losses: An initial minor loss with
endotherm below 100 °C and a 40-50% weight loss with exotherm above
100 °C. The extent of the second weight loss and the temperature of its
occurrence differed significantly among the samples: GO-GNP exhibited a
broad and weak exothermic peak at 160 °C with a gradual weight loss, while
GO-graphite showed a more prominent exothermic peak at 142 °C with a
distinct weight loss, which was followed by further weight loss without
exothermic over around 200 °C. On the other hand, GO-commercial

exhibited a more intense exothermic peak at 214 °C. It is believed that such
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differences in thermal behavior are indicative of variations in the types and
quantity of surface functional groups.

To ascertain the origins of the thermal behaviors, the temperature-
dependent transitions in the FT-IR spectra of GO-graphite and GO-
commercial were monitored (Figure 2.2). Note that the in-situ FT-IR
measurements were executed under vacuum, and molecular release events
happened at lower temperature compared to the TG-DTA under an ambient
pressure. Figure 2.2A and 2.2B show the transient of fingerprint region. It is
obvious that the in-plane epoxy groups observed in GO-graphite decreased
with increasing temperature and disappeared at 80 °C, while GO-commercial

showed no change.
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Figure 2.1. Summary of the multifaceted analysis for the three GOs. A) FT-IR
spectra. B) Powder XRD patterns. The numbers in the parentheses are d-spacing.
The broad feature appeared over 15-35° arises from the silicate-glass sample
holder. C) Raman spectra. D) TG-DTA curves. The solid lines describe the
weight loss, while the dotted lines correspond to DTA. Positive peaks indicate the

occurrence of exothermic reaction.
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To investigate the origin of the difference in the thermal behavior,
differential spectra were plotted by subtracting a spectrum measured at a
lower temperature from one measured at a higher temperature (Figure 2.2C
and 2.2D). Thus, a downward feature indicates a decrease in intensity, and
vice versa. The different spectrum between 60 °C and r.t. showed losses
around 3,500 cm! (O-H stretching) and 1,650 cm™! (H-O-H bending) for
both GO-graphite and GO-commercial, indicating the desorption of water.
Additionally, GO-graphite exhibited other losses in the fingerprint region
(1,232 cm™!, 1,060 cm™!, and 876 cm™!), likely due to the decomposition of
epoxy groups as well as C-OH. For the temperature range of 60 to 80 °C in
GO-graphite, water desorption and decomposition of epoxy and hydroxyl
groups continued, and the baseline curvature steepened significantly. This
steepening is attributed to the scattering of the IR beam as the sample became
less transparent, likely due to void formation from the release of gaseous
byproducts such as CO2, which might be the cause of the second weight loss
at 142 °C in TG-DTA. On the other hand, GO-commercial showed no
significant changes between 60 and 80 °C and only showed slight baseline
steepening between 80 and 100 °C, which is 20 °C higher compared to GO-
graphite. Such differences may correlate to the differences in the weight loss

temperatures observed in TG-DTA. Furthermore, the sharp peaks observed
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! and 1,024 cm™!) in Figure

in the fingerprint region (1,263 cm™!, 1,105 cm™
2.1A did not decrease at all even at 200 °C. These observations indicate that
GO-graphite contains a greater quantity of unstable functional groups, which
start to decompose below 60 °C, most likely in-plane epoxy, whereas GO-
commercial contains a smaller amount of such unstable functional groups.
The weight loss at 214 °C and the presence of many sharp peaks at the
fingerprint region in the FT-IR spectrum suggest that GO-commercial has a
certain quantity of functional groups, which are stable over 200 °C. In fact,
it is known that aggregated cyclic esters are much more stable than in-plane
epoxy.*’ The Ip/lg ratio also suggests that GO-graphite contains a larger
amount of in-plane functional groups. The presence of more in-plane
functional groups increases wrinkling and reduces interlayer n-m interactions,
which leads to increasing d-spacing. This is consistent with the trends
observed in XRD.

On the other hand, GO-GNP exhibited weaker absorption peaks in the
FT-IR spectrum for reactive functional groups and displayed a smaller
weight loss in TG-DTA from 100 °C to 300 °C, which suggests minimal
functionalization despite the expected high surface area of GNP. This

minimal functionalization is likely due to particle aggregation. Among the

GO samples tested, GO-GNP had the smallest particle size, making it more
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prone to aggregation in the highly hydrophilic environment used during the
synthesis. This aggregation appears to be random rather than ordered
stacking, as indicated by the absence of a 002 peak in the XRD analysis.
Consequently, only the outer surfaces of secondary particles were oxidized.
This consideration was consistent with the SEM observation (Figure 2.3),
where GO-GNP particles aggregated into a brick-like morphology, as well
as the elemental composition determined by XPS as shown in Table 2.2,
where GO-GNP had the lowest oxygen content compared to the other two

GO samples.
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Figure 2.2 In-situ FT-IR spectra with temperature ramping from r.t. to

200 °C under vacuum for A) GO-graphite and B) GO-commercial. All the

spectra are offset vertically for clarity. The applied temperature is given

in °C on the right side of each spectrum. C) and D) are differential spectra,
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where a spectrum measured at a lower temperature was subtracted from
that at a higher temperature; thus, a downward feature indicates a
decrease in the intensity, and vice versa. The temperature range is shown

on the right side of each spectrum.
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Figure 2.3. SEM images of the prepared samples. A) Carbon materials used for
preparation of GO samples, B) GO samples, C) GOF materials, and D) Pd@GOF

catalysts.

2.3.2. Characterization of GOFs

GOFs were synthesized by reacting the GOs with PDBA via a
solvothermal method. The majority of the reactive functional groups on GO
are hydroxyl and epoxy groups, and PDBA is immobilized by the
esterification reaction between the boronic acid and the hydroxyl groups.*® It
was reported that the direct ring-opening addition with boronic acid requires
a strong acid catalyst such as sulfonic acid*’; therefore, in the current reaction
condition, majority of epoxy groups are believed to react with PDBA after
hydrolysis mediated by the residual water.

In order to investigate the extent of functionalization and the structural
changes, multifaceted characterization was applied to the GOFs (Figure 2.4).
Figure 2.4A shows the FT-IR spectra. GOF-graphite exhibited an intense
absorption peak at 1,320 cm ™! due to B-O bonds and at 1,120 cm™! due to O-
C bond of boronic ester groups (B-O-C), indicating successful reaction with
PDBA. The FT-IR spectrum of GOF-commercial also exhibited the peak of

B-O bonds with a lower intensity, and that of GOF-GNP had almost no peak,
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which probably reflects lower quantities of PDBA linkers. This qualitative
observation matched with the XPS elemental analysis results, showing that
the GOF-graphite had a higher B content (2.4 wt%) than GOF-commercial
and GOF-GNP (1.9 and 0.8 wt%) (Table 2.2). The disappearance of the
epoxy peaks in the FT-IR spectrum of GOF-graphite indicates that the epoxy
groups were decomposed and/or consumed by PDBA functionalization. On
the other hand, GOF-commercial still exhibited the same sharp peaks in the
fingerprint region as GO-commercial at 1,263 cm™!, 1,105 cm™!, and 1,024
cm !, suggesting that these chemical moieties were not involved in the PDBA
functionalization. Interestingly, GOF-graphite also exhibited these peaks at
lower intensity, which were not present in GO-graphite. This fact suggests
that the solvothermal process converted the highly reactive in-plane epoxy
groups to more stable functional groups such as ether, which was abundant
in GO-commercial. In summary, since such highly reactive functional groups
were already lost or hardly formed, GO-GNP and GO-commercial are
considered to have a smaller number of PDBA linkers than GO-graphite.

In the XRD patterns (Figure 2.4B), both GOF-graphite and GOF-
commercial exhibited an expansion of d-spacing by about 0.8 A, which
should be due to the intercalation of PDBA. The GOF-GNP also showed a

d-spacing expansion of about 2 A, but the intensity of the peak was very
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weak. As no B-O peak was observed in FT-IR, this expansion suggests
further exfoliation of GO sheets. In the Raman spectra shown in Figure 2.4C,
all the GOFs showed an increase in the /p//g ratio compared to the GOs. This
increase 1is attributed to the formation of defects induced by the
functionalization or removal of functional groups, which is common in
reduced GO.>%>2

Figure 2.4D shows the TG-DTA curves for GOFs. For GOF-graphite,
the weight loss with an exothermic peak at 142 °C observed for GO-graphite
(Figure 2.1D) was no longer present. On the other hand, a weight loss above
200°C was still observed, but it was accompanied by an exotherm. Similarly,
for GOF-commercial, the weight loss with a prominent exothermic peak at
214 °C observed for GO-commercial (Figure 2.1D) was disappeared, but
another weight loss appeared at 243 °C, similar to GOF-graphite. The
disappearance of the 142 °C peak in GO-graphite is attributed to the loss of
unstable in-plane epoxy groups, while the peak at around 240 °C in GOF-
graphite could be attributed to the formation of relatively more stable
functional groups, as discussed in the FT-IR results above. The thermal
behavior change observed in GOF-commercial from GO-commercial may be
due to the functional group consumption by the solvothermal process. GOF-

GNP exhibited almost no exothermic weight loss below 300 °C, which is
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likely due to the smaller quantity of reactive functional groups compared to

the others.
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Figure 2.4. Summary of the multifaceted analysis for the three GOFs. A) FT-IR

spectra. B) Powder XRD patterns. C) Raman spectra. D) TG-DTA curves.

Table 2.2 Elemental composition determined by XPS.
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C o B Cl Pd
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

GO-GNP 65.5 34.5

GO-graphite 61.4 38.6

GO-commercial 62.1 37.9

GOF-GNP 71.8 273 0.84

GOF-graphite 65.8 31.7 2.41

GOF-commercial 66.7 31.4 1.91

Pd@GOF-GNP 54.6 25.6 0.67 5.96 13.2(12.2/0.95) *
Pd@GOF-graphite 60.3 30.8 1.34 2.66 4.9 (4.5/0.38) ®
Pd@GOF-commercial 52.7 304 1.04 5.53 10.3 (9.3/1.00) ?

“ The content of Pd(0) and Pd(II) are shown in the parentheses as (Pd(0)/Pd(II)).

2.3.3. Synthesis of supported Pd NP catalysts and performance test
Pd NP catalysts were synthesized using the prepared GOs and GOFs as
supports. The Pd NP formation was observed by TEM (Figure 2.5). The bar
graph shown on the right side of each image is the particle size distribution
of Pd NPs calculated from the TEM image. Among the Pd/GOs (Figures
2.5A-C), Pd/GO-GNP showed a significantly larger particle size (average
diameter = 20.1 = 8.61 nm) compared to Pd/GO-graphite and Pd/GO-
commercial (6.61 +=2.23 nm and 6.31 = 2.49 nm). This better dispersion was

achieved by the formation of Pd NPs in between the GO sheets. On the other
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hand, GO-GNP had almost no such space due to the severe exfoliation, and
resulted in the formation of significantly coarse Pd NPs.

Pd@GOFs (Figure 2.5A°—C’) tended to exhibit smaller and highly
distributed Pd NPs compared to Pd/GOs. Specifically, the median diameter
of Pd NPs in Pd@GOF-graphite was about 2 nm smaller than those in
Pd/GO-graphite, and Pd@GOF-commercial also exhibited Pd NPs with a
smaller diameter than Pd/GO-commercial. This is because the covalently
bonded PDBA pillars made the gallery space more rigid, controlling the
growth of Pd NPs. Pd@GOF-GNP also showed better Pd NP dispersion than
Pd/GO-GNP even though it has almost no gallery spaces. It can be speculated
that exfoliation occurred in the formation of GOF-GNP to create a
confinement space in which the Pd NPs are entrapped.

To quantify the uniformity of Pd NP dispersion, we calculated a
dispersion index (D) using the Delaunay—Voronoi tessellation method,
implemented via the Delaunay—Voronoi plugin in Imagel.**** The
calculated values are given in Figure 2.5. A higher value of D indicates a
more uniform and evenly spaced distribution of particles. Among the
analyzed samples, most exhibited relatively uniform dispersion, as reflected

by similar D values. However, Pd/GO-GNP and Pd@GO-GNP showed
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noticeably lower dispersion uniformity, suggesting a more heterogeneous
distribution of Pd NPs on these supports.

As shown in Table 2.2, The Pd loading of Pd@GOF-graphite is
consistent with the previous reports,?®*! but the other two catalysts exhibited
2.1-2.7 times higher loading. This difference in Pd loading is expected to be
due to coarse Pd particles deposited on the outer surface. The presence of
such coarse Pd particles can be confirmed by SEM images as white spots
(Figure 2.3). The results of XRD and Raman analysis after Pd NP formation
are shown in Figure 2.6. The XPS elemental analysis (Table 2.2) showed a
decrease in B content in Pd@GOF-graphite and Pd@GOF-commercial,

indicating that some of the linkers were lost in the process of PACl; reduction.
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Figure 2.5 TEM images for the A-C) Pd/GOs and A’-C’) Pd@GOFs. The
particle size distribution of Pd NPs is shown on the right side of each image. The
particle size was determined by analyzing randomly selected 200 particles at the
fixed magnification using ImageJ software.*> The dispersion index (D) given in
each figure is calculated by the Delaunay—Voronoi plugin in ImageJ software.*-
42 See the Experimental Section for calculation details. The images and graphes
A-C) were reproduced from ref 53. Available under a CC-BY 4.0 license.

Copyright 2024 Sathiyan et al.
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Figure 2.6. XRD patterns and Raman spectra of Pd@GOF catalyst samples.

Figure 2.7 displays the catalytic performance and recyclability results
of Pd/GOs and Pd@GOFs in the Suzuki-Miyaura coupling reaction. For the
initial reaction with fresh catalysts, all the Pd/GOs achieved a 70-80% yield
but showed a significant reduction to approximately 30% in the second cycle,
and showed further decrease to 20% by the fifth cycle. As previously
reported,?”! the yield reduction is most likely due to sintering and leaching
of Pd NPs. On the other hand, Pd@GOFs showed a higher initial yield of
over 90%, with PA@GOF-GNP and Pd@GOF-graphite retaining yields of
55% and 45% at the fifth cycle of the reaction, respectively. Note that

Pd@GOF-graphite exhibited the superior recyclability despite having the
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lower Pd loading among the Pd@GOFs. Interestingly, Pd@GOF-
commercial showed a much greater yield reduction, reaching approximately
5% by the fifth cycle, which is even lower than Pd/GO-commercial.

In consideration of the possibility that the GOF itself might influence
the catalytic properties, three GOFs without Pd loading were subjected to the
same reaction conditions. In all cases, no reaction proceeded at all. Therefore,
it was confirmed that Pd is clearly involved in the coupling reaction, and that
the aggregation and leaching of Pd NPs are the main causes of the loss in

catalytic activity.
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Figure 2.7 Catalytic performance and recyclability of the Pd NP catalysts in

Suzuki-Miyaura coupling reaction of bromobenzene and phenylboronic acid.

To understand the cause of the yield reduction, TEM observation of the
Pd@GOFs after the fifth cycle reaction was conducted (Figure 2,8A-C). It
can be seen that Pd@GOF-graphite retained its initial dispersion state well.
Conversely, Pd@GOF-commercial experienced a significant deterioration in
dispersion, where Pd NPs, which are smaller than 10 nm, became nearly
undetectable, indicating that both sintering and leaching occurred. The
difference in the NP retention is very likely attributed to the difference in the
density of PDBA linkers. The rigid confined spaces formed by the covalently
linked PDBA linkers suppressed the leaching and sintering of Pd NPs. As
discussed earlier, GOF-graphite had the largest amount of PDBA linkers
among the GOFs, driven by the largest amount of in-plane reactive functional
groups in GO-graphite. This leads us to conclude that the most critical
property of GO as a material for metal NP catalysts support is the amount of
in-plane reactive functional groups that serve as anchor points for linker
molecules. For PA@GOF-GNP, numerous coarse Pd NPs were observed,
indicating significant sintering of Pd NPs; however, the resulting coarse Pd

NPs were not leached out, being entrapped in the random aggregation of
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GOF-GNP particles. Although NP leaching might be prevented, sintering
was not suppressed due to the larger confinement spaces compared to GO-
graphite, which is disadvantageous from the viewpoint of surface area

reduction.
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Figure 2.8 TEM images for the Pd@GOFs after 5 cycle reactions.

In order to investigate the impact of the lateral dimension of the GO

sheets, an additional Pd@GOF was prepared from graphite powder with a
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larger particle size (< 150 um), which will be referred to Pd@GOF-graphite-
larger. As shown in the Figure 2.9, the GO and GOF are almost identical in
thermal characteristics and functional groups, and thus only difference is the
lateral dimension. Its catalytic recyclability was almost the same as that of
Pd@GOF-graphite (Figure 2.10). Thus, it was concluded that at least this
degree of difference (45 to 150 um) in lateral dimension only makes a
negligible difference for the diffusion of reactants and products.

Finally, to explicitly demonstrate the excellent confinement effect of the
Pd@GOF catalyst, we compared its performance with that of a commercially
available Pd catalyst supported on activated carbon (Pd/C), as shown in
Figure 2.10. The commercial Pd/C catalyst exhibited a significant decline in
yield, dropping to 17% after five reaction cycles. These results indicate that
a properly prepared GOF support can effectively suppress Pd leaching while

maintaining sufficient accessibility to the Pd NPs.
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Figure 2.9. Characterization for GO-graphite-larger and GOF-graphite-larger.

A) FT-IR spectra. B) Powder XRD patterns. C) Raman spectra.
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Figure 2.10. Catalytic recyclability of Pd@GOF-graphite and Pd@GOF-

graphite-larger.

2.4. Conclusions

This study identified key properties of GO that determine the
performance of GOFs as supports for Pd NP catalysts. We found that the
density of in-plane reactive functional groups in GO critically affects the
recyclability of Pd@GOF catalysts. These functional groups are prone to
decomposition even under mild conditions, emphasizing the importance of

using freshly prepared GO and optimizing reaction conditions to preserve
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reactivity. In contrast, GOs from commercial sources may lose reactivity
during storage or transport. Additionally, while the lateral size of GO sheets
showed limited impact on performance, sufficient gallery spacing is essential
for effective Pd dispersion. These findings highlight the critical role of GO
quality in determining GOF performance and suggest that multifaceted
characterization of GO is essential for advancing both fundamental studies

and practical applications.
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Abstract

Graphene oxide (GO) has recently gained significant attention in
electrocatalysis as a promising electrode material owing to its unique
physiochemical properties, such as enhanced electron transfers due to a
conjugated m-electron system, high surface area, and stable support for
loading electroactive species, including metal nanoparticles. However, only
a few studies have been directed toward the structural characteristics of GO,
elaborating on the roles of oxygen-containing functional groups, the presence
of defects, interlayer spacing between the layered structure, and
nonuniformity in the carbon skeleton along with their influence on
electrochemical performance. In this work, I aim to understand these
properties in various GO materials derived from different graphitic sources.
Both physiochemical and electrochemical characterization were employed to
correlate the above-mentioned features and explore the effect of palladium
nanoparticles (Pd NPs) location on various GO supports for hydrogen
evolution reaction (HER). The inter-action of the functional groups has a
crucial role in the Pd dispersion and its electrochemical performance. Among
the different GO samples, Pd supported on GO derived from graphene
nanoplate (GNP), Pd/GO-GNP, exhibits superior HER performance. It could

be attributed to the optimal balance among particle size, defect density, less
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inplane functionalities, and higher electro-chemical surface area. This study
thus helps to identify the optimal conditions that lead to the best performance
of Pd-loaded GO, contributing to the design of more effective HER
electrocatalysts.

Keywords: Graphene oxide; Functional groups; Pd nanoparticle;

Electrocatalysts; Hydrogen evolution reaction

72



Chapter 3

3.1. Introduction
The intellectual catalyst design approach is critical for developing
advanced materials and accelerating various catalytic reactions, including

those in industrial applications.!

Among various techniques, particular
importance is given to electrochemical water splitting reactions, which create
clean, sustainable alternative energy to support the hydrogen economy.??
Water splitting reaction proceeds via two half-cell reactions: H' ions get
reduced at the cathode (hydrogen evolution reaction, HER), and the water
gets oxidized at the anode (oxygen evolution reaction, OER).** While
molecular hydrogen (Hz) is not available naturally, the energy produced is
clean and environmentally friendly, gaining its interest in fuel cell
technology and prompting researchers to necessitate its production on a large
scale.® Moreover, hydrogen generated by the electrochemical approach
appears to be greener and more sustainable.” Platinum (Pt) is considered the

8 However, the limited

benchmark catalyst for HER in acidic media.
abundance and high cost limit its practical applications.®!! To reduce
pressure on sole Pt, palladium (Pd), having a good affinity for hydrogen can
be an alternative.!?!3 However, the catalytic activity of Pd is lower compared

to that of Pt since the Pd-hydrogen system tends to have an internal damage

phenomenon due to hydrogen embrittlement that causes microstructural
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changes and cracking, thus reducing its mechanical integrity.'* It requires
inert support materials that could stabilize the Pd electrodes. In that direction,
if the desired performance is achieved, efforts should still be made to reduce
the metal content and maximize the HER performance to compensate for the
cost to a techno-economic level and facilitate real-time applications. One of
the strategies to address this issue is reducing the nanoparticles (NPs) size
and then further decorating them on a high surface area substrate.!”
Graphene oxide (GO), a derivative of graphene, has various oxygen-
containing functional groups, such as hydroxyl, epoxy, carbonyl, and
carboxylic groups.!® These functional groups act as binding sites for the
reactants and allow transition metal ions to coordinate, making GO an
excellent support candidate.!”-!® The utilization of Pd in its NPs form has the
superior benefits of minimal usage while maintaining high -catalytic
efficiency when supported on GO.! This, in turn, makes the catalyst
synthesis cost-effective. Electrochemical processes like HER benefit from
binding Pd NPs on GO support not only due to uniform coverage of the metal
nanoparticle (M-NPs) but also by improving stability.?®2! GO supports have
special advantages over other carbon supports for dispersing M-NPs. For
example, typically existing carboxyl groups at the edges of GO sheets can

efficiently serve as nucleation sites for Pd.”> Hence, Pd NPs at higher
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concentrations are prone to attach at edge positions. If these groups distribute
uniformly on the surface, their interaction can facilitate the anchoring of the
Pd NPs, thereby providing a more homogeneous distribution. Likewise,
epoxy groups lying on the basal plane of the GO sheet may also act as Pd
binding sites.?> GO supports also allow controlling the degree of oxidation to
maintain a balance be-tween the sp? hybridized carbon domains (related to
conductivity and gas diffusion) and the functional groups introduced during
oxidation (for dispersibility and functionalization). In general, the sp?
hybridized regions of GO are less functionalized and may not provide strong
anchoring sites for Pd NPs, resulting in sparser Pd distribution in these areas.
Benefitting from the different functional groups attached, the GO has distinct
merits: capable of controlling the particle dispersion and morphology,
creating more catalytic active sites, and improving the binding between Pd
NPs and GO supports for better HER kinetics.>* However, the actual roles of
the functional group, their location (on the edges and/or basal plane), their
influence on M-NPs dispersion, and catalytic performance are insufficiently
explored, with more focus given to the M-NPs. Besides functional groups,
other structural features, like interlayer spacing between the GO sheets and

defects (distortion or vacancy), demand careful consideration.
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This work aims to investigate the physiochemical characteristics of a
wide series of Pd-loaded GO catalysts resulting from various graphitic
sources and explain their HER performance. The results from this research
will evidently show a clearer direction in designing effective HER
electrocatalysts based on material characteristics and electrochemical

behavior.

3.2. Experimental section
3.2.1. Materials

Four variations of GO materials were studied in the current research,
among which three of them were reported in my previous publication. The
sample codes of the GO materials are summarized in Table 3.1. GO-GNP,
GO-graphite45, and GO-graphite1 50 were prepared from graphite sources
with different particle sizes. GO-commercial (dry powder, 50-100 mesh)
was purchased from Layer One — Advanced Materials. Graphene
nanoplatelets (particle size <2 um) were purchased from Strem Chemicals.
Graphite (particle size > 45 um, purity > 98%) was purchased from Wako
Pure Chemical Industries. Graphite (particle size >150 pum) was supplied by
Sigma Aldrich. The details of the synthetic protocols for GO materials are

available in the previous publication.?®
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Table 3.1 Sample codes for GO samples.

Carbon material Sample code
N.A. ¢ GO-commercial
Graphite (> 45 pum) GO-graphite45

Graphene nanoplatelets (< 2 um) GO-GNP

Graphite (> 150 um) GO-graphitel50

“ The GO was purchased from a commercial source.

Additionally, a graphene oxide framework (GOF) support was prepared
from GO-GNP as a reference sample in the expectation of better dispersion
and stabilization of Pd NPs in the confined spaces created by the covalently
bonded linker molecules.?*2® The GOF sample is referred to as GOF-GNP.

A Pd catalyst was synthesized by reducing PdCl» in the presence of GO
and GOF materials in toluene.?® In this method, the reactive functional
groups present on the support were exploited as a reductant. For further
details about the protocol, refer to my previous publication.?> The catalyst
where Pd was supported on a GO material is referred to as Pd/GO, and that
for GOF-GNP is referred to as PA@GOF-GNP.

Other reagents including diethyl ether (Wako Pure Chemical Industries),

palladium (II) chloride (PdCI2, Sigma Aldrich), 1,4-phenylenediboronic acid
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(purity > 95.0%, Sigma Aldrich), hydrogen peroxide (35% aqueous solution,
Tokyo Chemical Industry Co., Ltd.), sulfuric acid (H2SO4) (Kanto Chemical
Co., Inc.), potassium permanganate (Kanto Chemical Co., Inc.), toluene
(Kanto Chemical Co., Inc.), methanol (Kanto Chemical Co., Inc.), ethanol
(Kanto Chemical Co., Inc.), propanol (Fujifilm Wako Pure Chemical Co.,),
5% Nafion TM dispersion solution DE520 CS type (Fujifilm Wako Pure
Chemical Co.,) and 0.3 pm and 0.05 pm alumina (Al2O3-Baikowski Co.,

Inc.), were used without further purification.

3.2.2. Characterization

The FT-IR spectra were acquired using JASCO 6100 (JASCO) in the
range of 4,000-400 cm ! with a resolution of 4 cm™! by 16 scans. The sample
powder was ground with dried KBr at a weight ratio of 1:50 and then pressed
into a pellet. Raman spectra of powder samples dispersed on a glass plate
were recorded using a laser Raman spectrometer, NRS-4100 (JASCO), with
an excitation wavelength of 532 nm and an expo-sure time of 25 s with 10
acquisitions.

The morphology, particle size, and particle size distribution of the Pd
NPs were investigated by TEM using H-7650 (Hitachi) operating at an

acceleration voltage of 100 kV. The samples are dispersed in ethanol with
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ultrasonication for 15 min, then dropped onto a carbon-coated copper grid
and naturally dried overnight. The surface morphology was observed by
SEM using TM-3030-plus (Hitachi), with an accelerating voltage of 15 kV.
The sample was spread onto a copper tape for the measurement.

XPS was used to investigate the chemical composition and the oxidation
state of individual elements. The spectra were recorded on Kratos AXIS Ultra
DLD (Shimadzu) equipped with an Al-Ka anode. Powder samples were
loaded onto a sample holder using double-sided adhesive copper tape. The
survey spectrum was recorded with a 1 eV step size and a pass energy of 80
eV. Narrow scans were recorded with a 0.1 eV step size and a pass energy of
160 eV. The binding energies were calibrated using the C 1s peak of graphitic
carbon at 284.6 eV. The sample powder was spread evenly on copper tape,
and measurement positions were determined by adjusting the stage position
to the location where the C 1s peak of the sample exhibited the highest
intensity. The spectra were analyzed using XPSpeak 4.1 software, with
baseline correction performed using the Shirley method. The elemental
composition was calculated by the area ratio of the detected peaks. Note that
the Cu peak was not detected in any of the samples, ruling out the possibility
that the observed C and oxygen-containing functional group originated from

the copper tape.
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3.2.3. Electrochemical measurements

Electrochemical = measurements were  performed with an
electrochemical work-station, HZ-7000, from Meiden Hokuto. The rotation
speed was controlled with a rotating electrode device, HR series HR-500,
connected to the workstation. A three-electrode cell was used, with a rotating
disk electrode (RDE, diameter 5.0 mm and 0.196 cm? surface area) as the
working electrode, an Ag/AgCl electrode (3.0 M KCl) as the reference, and
a graphite rod as the counter electrode. All the experiments were performed
at room temperature. Before the electrochemical measurements, the RDE
working electrode was polished with 0.3 um Al>O3 to remove any deposited
materials, followed by polishing with 0.05 pm Al203 to make a smooth
surface. Then, it was sonicated in water for 30 s using an ultrasonic bath to
remove any deposited particles from the surface. 10 mg of catalyst powder
was initially dispersed in a mixture containing 1.50 mL of H>0O, Milli-Q
water (ultrapure water produced by a Milli-Q purification system, Millipore),
480 pL propanol, and 20 pL. Nafion TM binder (5.0 wt%). The solution was
ultrasonicated with a bath sonicator for 45 minutes to attain a uniform
dispersion, followed by 5 minutes of probe sonication. Finally, 10 pL of the

prepared ink was dropcasted on the RDE surface, covered with a vial, and
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naturally dried at room temperature. The catalyst loading was set to 0.255

mg cm 2.

3.3. Results and discussion
3.3.1. Characterization
All the GO and Pd/GO samples other than Pd/GO-graphite150 and its

> so their

support were already characterized in the previous publication,?
differences are briefly explained here. The IR and Raman spectra of the GO
samples are shown in Figure 3.1a, b. The GO samples prepared in-house
(GO-GNP, GO-graphite45, and GO-graphite150) had in-plane functional
groups such as epoxy (C-O-C) and hydroxyl (C-OH), while GO-commercial
possessed less number of in-plane functional groups but many aggregated
cyclic esters. GO-GNP was the most defective due to the presence of many
edges and GO-commercial was the least defective due to the largest lateral
size of the sheets and the least in-plane functionalization.

Figure 3.1c shows the TEM images of the prepared Pd/GO catalysts
together with the particle size distribution of Pd NPs calculated from the
image. Pd/GO-GNP showed the largest particle size (average diameter = 20.1

+ 8.6 nm) among the catalyst samples. The reason for the smaller Pd NPs of

Pd/GO-graphite45 (6.61 = 2.2 nm) and Pd/GO-commercial (6.31 £ 2.5 nm)
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is probably the formation of Pd NPs in between stacked GO sheets. GO-GNP
had almost no such space due to the severe exfoliation, which resulted in the
formation of significantly coarse Pd NPs.

The XPS elemental analysis results (Table 3.2) show that GO-GNP was
less functionalized compared to the other GO supports as it exhibited ca. 3—
4 wt% lower oxygen content. This tendency is maintained even after Pd
loading. The higher Pd loading of Pd/GO-GNP and Pd/GO-commercial is
attributed to the presence of coarse Pd particles deposited on the outer

surface.?
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Figure 3.1 Characterization of the GO supports and the relevant Pd catalysts. (a)
FT-IR and (b) Raman spectra of the supports. (c) TEM images for the supported
Pd catalysts in two different magnifications. The particle size distribution of Pd
NPs is shown on the right side of each image. The particle size was determined
by analyzing randomly selected 200 particles at the fixed magnification using
ImageJ software.’! The IR and Raman spectra, as well as the TEM images for
GO-GNP, GO-graphite45, GO-commercial, and the relevant Pd catalysts, are

from my previous publication.?®
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Table 3.2. Elemental composition determined by XPS.

C O Cl Pd

(Wt%) (Wt%) (Wt%) (Wt%)
GO-GNP ? 65.5 34.5
GO-graphite45 ? 61.4 38.6
GO-graphitel50 55.9 44.1
GO-commercial ? 62.1 37.9
Pd/GO-GNP ?# 49.7 25.1 8.6 16.7 (16.0/0.6) ®
Pd/GO-graphite45 * 57.1 29.3 4.0 9.7 (8.9/0.7) ®
Pd/GO-graphite150 45.8 39.6 3.33 11.3(7.5/3.8)°
Pd/GO-commercial *  44.1 30.1 8.4 17.5(15.7/1.7)®

a These data are from my previous publication.?

b The content of Pd(0) and Pd(II) are shown in the parentheses as (Pd(0)/Pd(Il)).

3.3.2. Electrochemical Performance

The HER performances of Pd/GO catalysts were evaluated using the

LSV technique with a 1600 rpm rotation speed. The catalytic current at 10

mA cm ? was fixed as the benchmark for comparing the performance of

different catalysts. Among all the catalysts, Pd/GO-GNP showed the best

catalytic performance for HER with a lower over-potential (143 mV(@10mA

cm?2) than the others, Figure 3.2a. The activity trend followed in the order
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of Pd/GO-GNP > Pd/GO-graphite45 > Pd/GO-graphite150 > Pd/GO-

commercial. Control experiments were performed using GOs without the Pd

loading under identical conditions (Figure 3.3). The resultant LSV curves

confirmed that no significant activity was brought by GO alone, suggesting

that GO itself is less conductive. The improved activity may arise from the

combined benefits of Pd NPs and GO support. It can be anticipated that when

supported on GO, Pd/GO catalysts exhibit enhanced catalytic performance

because of better Pd dispersion and electronic inter-actions with GO and by

offering high surface-to-volume ratios, with an increased number of catalytic

sites available for reactions.
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Figure 3.2 Electrocatalytic activity of synthesized catalysts (a) HER polarization

curves measured in 0.5 M H2SO4 at 1600 rpm rotation, its corresponding (b)
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Tafel plots, (¢) Cal plot obtained from the CV (Figure 3.5), (d) durability test:
polarization curves obtained before and after 1000 CV cycles at 5 mV s 'scan

rate.
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Figure 3.3. HER polarization curves of various GO samples (without Pd)

measured in 0.5 M H2SO4 at 1600 rpm rotation.

The Tafel slopes obtained from the polarization curves were used to
analyze the intrinsic nature of the catalysts. The Pd/GO-GNP had a lower
Tafel value (147 mV dec ) compared to Pd/GO-graphite45 (162 mV dec™!)
and Pd/GO-graphite150 (200 mV dec™!), which indicates its faster HER
kinetics, Figure 3.2b. This, in turn, suggests that electron transfer is more
facilitated in Pd/GO-GNP than in other catalysts. Compared to other forms

of GO, GO-GNP generally contains fewer in-plane defects, thereby retaining
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higher structural integrity, allowing the electron pathways to remain less
disrupted and electron transfer to occur more smoothly and efficiently across
the material. One possibility is that the interactions between Pd NPs and the
GNP surface create an electronically favorable environment, modifying the
electronic structure of Pd and thus enhancing its catalytic property to
facilitate faster electron transfer. To validate this claim, the EIS technique
was used to probe the interfacial electron transfer kinetics of the catalysts.
The impedance spectra were represented in a Nyquist plot, Figure 3.4a, and
fitted with a Randles circuit, R(QR), shown schematically in Figure 3.4b.
The elements used for fitting and its summarized results were tabulated in
Table 3.3. The solution resistance (Rs) remains the same for all the catalysts.
The charge transfer resistance (R¢t) can be easily visualized in Figure 3.4a.
The smaller the semicircle, the smaller the R, and the higher the charge
transfer. In other words, R is inversely proportional to the current density.
Pd/GO-GNP exhibited the lowest Rct value, con-firming the highest
conductivity among the tested catalysts. The results are thus consistent with
the Tafel plot. The larger particle size of GO and stacking of GO sheets
together hinder the electron transfer process in all the Pd-loaded GO catalysts

except for PA/GO-GNP.
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Table 3.3. The fitted electrochemical results of the EIS parameters for different

catalysts.
Electrocatalysts R Q Ret
Pd/GO-GNP 16.56  0.8636 4555
Pd/GO-commercial 16.57  0.8657 6104
Pd/GO-graphite150 16.76  0.8637 5720
Pd/GO-graphite45  16.46  0.8639 4880

Rs is the uncompensated solution resistance.

Q is the constant phase element (CPE) associated with the electrochemical double-layer

capacitance at the catalyst | electrolyte interface.

Ret is the charge transfer resistance between the interface of the electrode and
electrolyte.

Note: The impedance measurements were performed using a 1 x 1 ¢cm? carbon paper substrate as the

working electrode with the same catalyst loading normalized relative to the electrode surface area.
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Figure 3.4. (a) Nyquist plot of all the catalysts, and (b) the equivalent circuit

model used for the fitting.

The Caq was determined to shed deeper insight into improved
performance, giving better knowledge about electrochemically active sites of
samples. Figure 3.2¢ shows the Ca values obtained by performing CV at
various scan rates (Figure 3.5). Among them, Pd/GO-GNP had the largest
Cal value of 16.66 mF cm 2 compared with Pd/GO-commercial (0.15 mF
cm ?), Pd/GO-graphite45 (6.59 mF cm?2), and Pd/GO-graphite150 (2.31 mF
cm 2). Since electrochemical surface area (ECSA) is proportional to the Ca
values, the ECSA values were calculated and displayed in Table 3.4. In
general, the presence of functional groups on GO can facilitate the uniform
dispersion and anchoring of Pd NPs with a large number of accessible active
sites for catalytic reaction by acting as nucleation sites. It should be
highlighted that Pd loading on Pd/GO-GNP, as evidenced by the TEM image,
is onto the surface of GO-GNPs, unlike any other type of GO material
wherein Pd NPs are stacked between the layers. Besides, the size of the GO-
GNP is noteworthy, as it is smaller—higher in surface area—compared to
other GOs, making them more accessible for electrochemical reactions.

Since the surface topology can influence the HER performance, the obtained

89



Chapter 3

LSV results were normalized by the ECSA value to determine the actual

source of activity. The obtained ECSA normalized HER plot (Figure 3.6)

revealed that the HER activity trend is different while normalized with ECSA

values. The HER activity followed the order: Pd/GO-commercial > Pd/GO-

graphite150 > Pd/GO-GNP > Pd/GO-graphite45. These observations support

the fact that the electrochemical activity obtained is mainly due to the

enhanced electrochemical surface area of the catalyst, for which one cannot

rule out the role of functional groups, which indirectly contribute to

achieving a high electrochemical surface area.

Table 3.4. Double-layer capacitance (Ca) value and its derived ECSA values for

different catalysts.

Electrocatalysts Ca (mF/cm?) ECSA (cm?)
Pd/GO-GNP 16.66 416.50
Pd/GO-commercial 0.15 3.75
Pd/GO-graphite150 2.31 57.75
Pd/GO-graphite45 6.59 164.75
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Summarizing all the electrochemical measurements, it is reasonable to
conclude that poorer functionality generates faster charge transfer kinetics.
However, to validate this hypothesis, I further expanded my studies to
evaluate the electrochemical performance of two types of GO-GNP, i.e.,
Pd/GNP and Pd@GOF-GNP. The extent of functionalization in GOF is
usually higher than in GO due to the introduction of cross-linkers or other
functional groups, providing a porous or extended network. As expected
from the electrochemical HER results (Figure 3.7), a better activity of
Pd/GO-GNP compared to Pd/GNP and Pd@GOF-GNP is determined.
Although Pd@GOF-GNP has well-dispersed Pd NPs, their confinement
between the GO layers makes it less accessible for the catalytic reaction. This
is further evident from the obtained Cgq values in Figure 3.8. The lower Cq
value of PA@GOF-GNP compared to Pd@GO-GNP could be attributed to
its fewer exposed electrochemically active sites. CV measurements (Figure
3.9) were performed to identify the distinct role of Pd NPs. The palladium
peak at +0.1 V vs RHE reflects that PA/GO-GNP has more exposed active
sites than Pd/GO-graphite45 and other catalysts. This finding correlates well
with the TEM results. Altogether, it could be concluded that the Pd NPs
distribution on or in between the GO layers has a critical role in determining

HER performance, suggesting that tailoring the functional groups for more
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exposure to the active surface might show better electrochemical

performance.
0 N
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Figure 3.7. HER polarization curves of Pd with GNP material: Pd/GNP (without
GO oxidation), Pd/GO-GNP (after GO oxidation), and Pd@GOF-GNP (forming

graphene oxide framework) measured in 0.5 M H2SO4 at 1600 rpm rotation.
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Figure 3.9. Cyclic voltammogram of various Pd-GO catalysts measured in 0.5 M

H2S04 solution at a scan rate of 50 mV s
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Stability is an important criterion when proposing an electrocatalyst for
practical applications. To analyze it, the HER polarization curves were
measured before and after 1000 CV cycles. Figure 3.2d shows the HER
polarization curves of Pd/GO-GNP measured before the 1st CV cycle (solid
line) and after (dotted line) the 1000th CV cycle. The result reveals only an
increase of 13 mV in overpotential, which implies reasonable stability. Such
activity loss could be related to bubble formation that may lead to the catalyst
leaching during the HER process. To rule out this, the catalyst with the same
catalyst loading was coated on carbon paper, and the stability test was carried
out. Figure 3.10 shows almost no change in the polarization curve, thus
confirming excellent durability. The interaction of the Pd NPs with GO's
functional groups prevents their sintering or aggregation during catalytic
reactions, therefore remaining at a high sur-face area over time. No
characteristic changes were observed in Pd NPs, which was further
corroborated by the TEM images shown in Figure 3.11, making Pd/GO-

GNP a better electrocatalyst.
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Figure 3.10. Durability test: HER polarization curves obtained before and after
1000 CV cycles at 5 mV s! (Pd/GO-GNP catalyst coated on carbon paper

substrate).

Figure 3.11 TEM images for the Pd/GO-GNP catalysts (a) before and (b) after

1000 CV cycles.
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3.4. Conclusions

In summary, I state the critical role of functional groups and other
structural features of graphitic-material-supported catalysts—Pd/GO—in
electrochemical HER performance. Some key findings of this study are
summarized as follows: 1. GO support in-plane functionalities have a
significant role in Pd dispersion and anchoring. While the surface of Pd NPs
is exposed on lower functionality GO-GNP support, for other GOs—
although Pd NPs are smaller and homogeneous—they are entrapped be-
tween the layers, making them less accessible. 2. Apparently, the lateral
dimensions of GO are very important in deciding its catalytic performance.
While small GO/GNP sheets form a well-connected (sturdy) network with
high electrochemically active surface area for fast electron transfer, larger
sheets in GO-graphite45 and GO-graphitel 50 hinder this. The Pd/GO-GNP,
having the highest activity of 143 mV@10mA cm 2, benefits from the
coincidental balance of optimal particle size, less inplane functionalities,
defect density, and higher electrochemical surface area. The present work
outlines the possibility of using GO supports in the rational design of HER

electrocatalysts by tailoring their physiochemical properties.
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Abstract

Catalyst supports play a critical role in metal nanoparticle (NP) catalysts.
Traditional methods, such as impregnation, are commonly used to confine
NPs within porous materials to prevent sintering. Graphene oxide
frameworks (GOFs), which are porous materials formed by the crosslinking
of graphene oxide (GO) with linker molecules, are widely investigated for
various applications such as water treatment and gas storage, while also
holding potential as supports for NP catalysts. The properties of GOF is
highly depends on the types of linker molecule; however, the impact of linker
molecules with different functional groups on the performance of GOF-
confined nanocatalysts has not been systematically investigated. In this study,
various linker molecules were used to synthesize GOFs and their capability
as nanocatalyst supports were investigated. By comparing the properties and
catalytic performance of different GOFs, the significance of linker molecules
on catalytic performance was highlighted. The findings contribute valuable
insights for designing high-performance GOF-confined catalysts tailored for
different environments.
Keywords: Graphene oxide, graphene oxide framework, Suzuki-Miyaura

coupling raction, nano catalysts
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4.1. Introduction

In heterogeneous catalysis, the number of exposed active sites has long
been regarded as one of the most important concepts.! The confined
environment around the active sites can help to stabilize active sites and
modulate chemistry at the sites, which has a significant effect on catalytic
performance, similar to the role of globular proteins in an enzyme.? The
reactants and metal/metal-oxide nanoparticles (NPs) have been known to
exhibit modified behaviors and properties compared to their unconfined
counterparts.“’5

A significant effect on the adsorption energies of molecules confined in
porous materials like zeolites and metal-organic framework (MOF) materials
has been established.® The spatial restriction of metal NPs within nano-sized
spaces can inhibit their sintering, aggregation, detachment, and poisoning,
thus enhancing activity.” Most conventional methods involve tedious
preparation processes, including impregnation, self-assembly, ligand
template approach, and covalent anchoring of metal precursors followed by
the reducing and capping agents.® Therefore, advanced technologies for the

preparation of confined NPs are needed to overcome the existing limitations.
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Synthesis of graphene oxide frameworks (GOFs), in which graphene
oxide (GO) sheets are crosslinked by linker molecules, has produced a new
class of porous materials with a wide range of applications.’

Several research groups have reported the successful applications of
GOFs. For instance, Nicolai et al. reported GOFs as a potential material for
high-performance desalination membranes based on classical molecular
dynamics simulations.!® The GOFs have also been successfully applied in
gas storage as a superior adsorbent for H, and CO>."'"!3 It has also been
demonstrated that a covalently linked GOF is a promising support for hosting
metal NPs in a catalytically recyclable fashion. Additionally, covalently
linked GOFs show great potential as recyclable supports for metal
nanocatalysts. Reports indicate that confined Pd and Ru NPs exhibit
excellent dispersion and uniform size distribution inside the GOF gallery
space, which afforded superior activity and recyclability compared to the
unconfined catalysts.!*'® Due to its diverse functional groups, GO can be
linked with molecules having different functional groups to synthesize GOFs
with various characteristics. This is significant for designing the high-
performance catalysts that can adapt to different catalytic environments.
Therefore, it is crucial to understand how linker molecules with different

functional groups affect the catalytic performance of GOFs. However, to the
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best of my knowledge, there has been no systematic discussion on how
different covalent crosslinking molecules affect the catalytic performance of
catalysts supported by GOFs to date.

In this research, I focused on how linker molecules with different
functional groups affect the catalytic performance of the synthesized GOFs.
T'used 2 different GO sources and five different linker molecules with various
functional groups and commercial GO to synthesize different GOFs. These
GOFs were then used to support palladium catalysts (Pd@GOF) for catalytic
reactions. The GOFs and Pd@GOFs were characterized using multiple
techniques, and by comparing the characterization results and catalytic
performance of different GOFs, I elucidated the impact of linker molecules

on GOFs.

4.2. Experimental section
4.2.1. Materials

GO (dry powder, 50-100 mesh), was purchased from Layer One—
Advanced Materials. Benzene-1,4-diboronic acid (PDBA, > 95.0%),
palladium (II) chloride (PdCl, > 99.9%), were purchased from Sigma
Aldrich. Graphite (particle size > 45 pm, purity > 98%), N,N-

dimethylformamide (DMF, > 99.5%), p-phenylenediamine (pPDA, > 97.0%),

109



Chapter 4

diethyl ether (= 99.5%), were supplied by Wako Pure Chemical Industries,
Ltd. Terephthalaldehyde (TPA, > 98.0%), terephthalic acid (PDCA, >
99.0%), 1,4-phenylene diisocyanate (PDIC, > 98.0%), obtained from Tokyo
Chemical Industry Co., Ltd. Toluene (= 99.7%), methanol (= 99.8%), ethanol
(= 99.5%), were obtained from Kanto Chemical Co., Inc. Silicon (VI) oxide
(a-quartz powder, 0.8 pum, > 99.9%) was purchased from Koujundo
Chemical Laboratory CO., Ltd. All chemicals were of research grade and

used without further purification.

4.2.2. Sample preparation

The GO sources was used the commercial GO and GO which
synthesized by modified Hummers method. The GOF was synthesized by
solvent thermal method!”. The GO powder (300 mg) was dispersed in a
solution where linker dissolved (5.4 mmol) in a solvent (60 mL). The solvent
was chosen based on the used linkers and the details are given in Table 4.1,
The GO slurry was then heated at 60 or 80 °C for 24 or 48 h under an N>
atmosphere. The suspension is stirred every few hours. After the reaction, the
slurry is washed with methanol and centrifugated several times. Finally, the
separated powder is vacuum dried at 60 °C for 12 hours to obtain GOF-yyy-

xxX: yyy is the name of GO sources and xxx is the name of the used linker.
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Table 4.1. Reaction condition for preparation of GOFs

Linker  Solvent Time (h) Temperature (°C)
pPDA  HxO 24 60
PDCA  DMF 24 60
TPA Methanol 24 60
PDIC DMF 24 60
PDBA  Methanol 48 80

To understand the correlation of the linker amount and the structural
characteristic of the GOF, I prepared GOF-PDBA and GOF-PDIC with
varying the charge amount of the linker (3, 6, 9, 12, 15 and 18 mmol/g-GO)

with the same basic preparation protocol.

4.2.3. Synthesis of Pd@GOF
The Pd@GOF was synthesized through the reduction of PdCl; in the

presence of a GOF in toluene.!* PdCl; (12 mg) and a GOF (60 mg) were
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mixed under an N> atmosphere in a glove bag. Then, toluene (30 ml) was
added to the mixture. The solvent was heated at 80 °C and stirred for 4 h
under N>. After the reaction, the dispersion was allowed to settle and cool to
room temperature. Finally, the slurry was filtered and washed with diethyl
ether using a 0.22 pm PES membrane (EMD Millipore) filter. The resulting

catalyst was vacuum-dried at 60 °C for 12 h.

4.2.5. Characterization

The interlayer distance (d-spacing) between GO sheets was determined
based on powder XRD. The XRD patterns were recorded in the 26 range of
5-90° at a speed of 2°/min and a step size of 0.01° on MiniFlexC600
(Rigaku) with Cu Ko radiation (A = 1.5418 A). Measurements were
performed 3 times for each sample to calculate the error range. To quantify
the peak intensity, SiO2 (a-quartz) powder was chosen as a standard as the
most intense peak (101 at 26.6°) is well separated from those of GOFs. The
SiO; standard was mixed with the sample with the weight ratio of 1:3. Raman
spectra of powder samples dispersed on a glass plate were recorded using a
laser Raman spectrometer, NRS-4100 (JASCO) with an excitation
wavelength of 532 nm and an exposure time of 25 s with 10 acquisitions.

Measurements were performed 3 times for each sample to calculate the error
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range. The covalent functionalization of GO was confirmed using Fourier
transform infrared spectroscopy (FT-IR). The FT-IR spectra were acquired
using JASCO 6100 (JASCO) in the range of 4,000-400 cm™' with a
resolution of 1 cm™! by 16 scans. Sample powder was ground with dried KBr
at a weight ratio of 1:50 and then pressed into a pellet. The morphology,
particle size, and particle size distribution of the Pd NPs were investigated
by TEM using H-7650 (Hitachi) operating at an acceleration voltage of 100
kV. A sample is dispersed in ethanol with ultrasonication for 15 min, then

dropped onto a carbon-coated copper grid and naturally dried overnight.

4.2.6. Catalytic test

Pd@GOF and Pd/GO catalysts were used in the Suzuki-Miyaura
coupling reaction of bromobenzene and phenylboronic acid to form biphenyl.
Under an N> atmosphere, a catalyst (17.5 mg), phenylboronic acid (67.6 mg),
bromobenzene (52.6 pL), and potassium carbonate (193.5 mg) were mixed
in toluene (2.0 mL). The mixture was heated at 80 °C and stirred under N2
for 6 h. After the reaction, the liquid part was separated by decantation
following centrifugation (10,000 rpm, 5 min). The separated liquid was
analyzed using an 7890A (Agilent) equipped with a flame ionization detector

(GC-FID). The yield was calculated using the following equation:
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[biphenyl]

yield = - X 100% (1)

bromobenzene),
where the [bromobenzene]o is the initial concentration of bromobenzene and
the [biphenyl] is the concentration of biphenyl after the reaction. The
concentration was determined using GC-FID employing an external standard
method.

To evaluate recyclability, the solid part was washed 5 times with toluene
(5 mL) through decantation and centrifugation (10,000 rpm, 5 min). The

washed catalyst was employed for the subsequent cycle of reaction. The

catalytic recyclability was assessed by determining the reduction in the yield.

4.3. Results and discussion
4.3.1. Characterization of GOFs
Figure 4.2 and Table 4.2 summarize the XRD and Raman results of all
GOFs and GO starting material. In the XRD patterns (Figure 4.2a), GO
showed a single diffraction peak at 26 of 26.7°, corresponding to the (001)
plane with the d-spacing of 8.3 A. After reacting with linkers, the position of
the (001) peak shifted to the lower angle side with keeping its sharpness in
GOF-PDCA, TPA, PDBA. The corresponding d-spacing was 9.1, 9.0, and
11.2, respectively. This expansion should be arisen from the intercalation of

likers into GO sheets. It is also worth noting that the GOF samples did not
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show any clear sign of unreacted GO or graphite formation at 11.4° and 26.5°.
On the other hand, GOF-pPDA and PDIC almost completely loose the (001)
peak. This is likely due to the destruction of the GO structure, e.g., exfoliation
etc. Compared the GO, almost all of the peak areas of GOFs materials have
decreased, that’s probably caused by lower density which is because of the
expansion of d-spacing All the GOFs showed a similar /Ip//G ratio than the
GO. It has already been reported that there is about +0.1 deviation after GOF
synthesis.'® In the Raman spectra shown in Figure 4.2b, all the GOF shown
a higher Ip/IG ratio than GO, that is because of the increasing defects which

caused by the consuming function groups.!®2!

(@) (b)
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4 \, / \GOF-TPA

| e |

GOF-PDIC
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o | A"

T ™ T TTTTTT TTTTTT TTTTTT TTTTTT TrTTTT

T
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Intensity (a.u.)

Figure 4.2 XRD patterns (a) and Raman spectra (b) of GO and GOFs with

different linkers.
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Table 4.2 Characterization of GOFs with different linkers

Area ratio
Sample code d-spacing Iv/IG ratio
(GOF001/Si02,101)
GOF-pPDA 134+02A -~ 0.79 + 0.01
GOF-PDCA 9.1+02A 3.2+0.2 0.86 + 0.02
GOF-TPA 9.0+0.2A 3.2+0.0 0.73 £0.02
GOF-PDIC 100+£03A  -* 0.80 + 0.02
GOF-PDBA 112+02A 22+0.1 0.80 + 0.01
GOl 83+0.0A 43+0.1 0.67 +0.01

" The peak area was not determined precisely due to poor fitting of the extremely
broad (001) diffraction peak.

The validation of covalent bonds of GOFs was confirmed by FT-IR
(Figure 4.3). GO showed the peaks of C=O stretch, C=C stretch, C-OR
stretch, and C-O-C stretch as already reported in literature.”!"?> For GOF-
pPDA, if it was successfully synthesized, it should show the C-H stretch,
which is appear between 1650-1580 cm™!, and C-N stretch which is shown
between 1350-1280 cm!, but both the adsorption did not show up. The

absence of these two characteristic peaks means that GOF-pPDA is probably
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not successfully synthesized. At the same time, the disappearance of the
peaks corresponding to stretching of C=0 and C=C from GO suggests that
the surface functional groups of GO may also be partly consumed. Regarding
GOF-PDCA, the intensity of the peaks corresponding to C=0O and C=C
phenyl stretch have increased. This is because of the benzene ring with a
carboxyl group of the PDCA linker. The appearance of CHpheny1 also supports
the presence of PDCA molecule. The appearance of C-O-C stretch suggests
the formation of ester bonds. These observations prove the formation of
covalent link between PDCA and GO layers. As for GOF-TPA, the
appearance of C=0 stretch peak suggests the presence of unreacted aldehyde
groups of TPA linker. The increment of C=C stretch peak and the appearance
of C-H stretch peak should be due to the insertion of the benzene ring. The
emergence of the C-O-C stretch peak suggests the formation of ether bonds.
Thus, the successful covalent link formation was proved. In the GOF-PDIC,
the C=0 stretch peak has slightly shifted from that of GO because of the
formation of carbamate group. The increment of C=C stretch peak and the
appearance of the C-H stretch peak should be attributed to the insertion of
benzene ring. The peaks attributed to C-N stretch and C-O stretch suggest
the formation of carbamate group, indicating that the covalent link is

established in between the PDIC and GO layers. Similar to the other GOFs,
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GOF-PDBA also showed an increment of C=C stretch peak intensity, and
the appearance of C-H stretch peak. And the appearance of narrow B-O and
B-C stretches suggests the formation of a boronic ester bond. Both
observations suggest that the PDBA linker was inserted in between GO

layers with the formation of direct covalent linkers.

V(CHl 4 subs)

V(Cchhenyl) V(Cthenyl) {

v(C=0)

V(C'O'Cphenvl)

GOF-PDCA

GOF-TPA

(C-N)
m I
v(C=0)
v(B-0) y(B-C)
GOF-PDBA

v(C=0) v(C-OR) o)
V - -

Transmittance (%)
< j

GO
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Wavenumber (cm)

Figure 4.3 FT-IR of GO and GOFs with different linkers.
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4.3.2. Characterization of catalysts

Figure 4.4 and Table 4.3 summarize the Raman and XRD results of the

catalysts supported on GOFs or GO. The (001) diffraction peaks shifted by

the catalyst preparation. The differences of d-spacing before and after

catalyst preparation are as follows: Pd@w GOF-pPDA: —0.4, Pd@ GOF-

PDCA: 0.2, Pd@ GOF-TPA: —0.3, Pd@ GOF-PDIC: —1.9, Pd@ GOF-

PDBA: —2.2, Pd/GO: —0.8. One can consider the GOF structure itself has

been affected by the reduction process, but all the Pd supported catalysts

showed similar Raman spectra to those of the original materials except for

Pd@ GOF-pPDA.

Intensity (a.u.)

(a)
\\L_L_,L‘.

Pd@GOF-PDCA
Pd@GOF-TPA
Pd@GOF-PDIC

Pd@GOF-PDBA
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u.)
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1 T 1 T 1
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Pd@GOF-PDCA

Pd@GOF-TPA

Pd@GOF-PDIC

Pd@GOF-PDBA

Pd/GO

Figure 4.4 XRD patterns (a) and Raman spectra (b) of Pd@GOFs and Pd/GO.
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Table 4.3 Characterization of Pd@GOFs or Pd/GO.

Area ratio

Sample code d-spacing I /1 ratio
(GOF/Si0,)

Pd@ GOF-pPDA  13.8A -7 -

Pd@ GOF-PDCA 89 A 2.8 0.88

Pd@ GOF-TPA 8.7A 33 0.78

Pd@ GOF-PDIC 8.1A - 0.93

Pd@ GOF-PDBA 9.0 A 3.4 0.76

Pd/GO 7.5A 2.3 0.63

" The peak area was not determined precisely due to poor fitting of the extremely
broad (001) diffraction peak.

The Pd NP particle dispersion of all the catalysts were observed by TEM.
The TEM images and particle size statistics are shown in Figures 4.5-4.10,
respectively. The Pd NPs were observed in all the catalyst samples as darker
spots. All the Pd@GOF catalysts showed a comparable size and a particle
size distribution compared to those of the previous research (Pd@ GOF-
PDBA: 3.9 + 2.1 nm).'®?*? The narrow particle size distribution indicates the

controlled growth of Pd NPs inside the gallery space of the GOFs, which
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suppressed excessive growth and agglomeration. The difference in d-spacing
and types of linkers did not seem to have much effect on the formation of

NPs.
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Figure 4.6 TEM images for Pd@ GOF-PDCA.
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Figure 4.9 TEM images for Pd@ GOF-PDBA.
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Figure 4.10 TEM images for Pd/GO.

4.3.3. Variation of the linker amount

Figure 4.11 and Table 4.4 summarize the Raman and XRD results of
all GOF-PDBA materials which were synthesized with different linker ratio.
It is obvious that the d-spacing increased by increasing the amount of linker.
It is interesting that even if a small amount of linkers were applied (GOF-
PDBA-5), the (001) diffraction peak of the original GO was not observed,
indicating that the linker molecules were well dispersed in the GOF structure.
It is also worth noting that the (001) diffraction peak in GOF-PDBA became
sharper compared to that of GO, which is suggestive of that the orderliness
in the c-direction increased. Either crystalline dimension increment or

narrowing in the distribution of d-spacing among the GO layers is possible.
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On the other hand, the peak area decreases with increasing the linker amount.

This may involve a decrease in density due to increased d-spacing.

(a) (b)
% 1 GOF-
PDBA
3 5
S @
o PDBA-2°3
8 J\ A GOF- 5 _—l'/\ /\
]
= PDBA-3 €
A A GOF- e N Mo
PDBA-4 | o~ N
J ‘ 1 GOF- —/\‘-‘/\“—“
PDBA-5
A N |
'"'I'"'I""I""I""I""GO L DL L B LA AL L A
5 10 15 25 30 35 1200 1350 1500 1650 1800

20
20

(°)

Raman shift (cm™)

Figure 4.11 XRD (a) and Raman (b) of GOF-PDBA with different linker ratio.

Table 4.4 Characterization of GOF-PDBA with different linkers ratio.

PDBA/GO Area ratio .
Sample code d-spacing I/I ratio
(mmol/g) (GOF/Si0,)
GOF-PDBA 18 103+0.1A 22+0.1 0.80+0.01
GOF-PDBA-1 15 10.0+£0.0 A 2.7+0.1 0.83 £0.01
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GOF-PDBA-2

GOF-PDBA-3

GOF-PDBA-4

GOF-PDBA-5

GO

10.1+0.1 A

9.7+0.0A

9.6+02A

94+02A

8.0+0.0A

2.5+0.1

2.4+0.0

32+0.0

34+0.1

43+0.1

0.76 = 0.03

0.80 £ 0.00

0.57+0.02

0.58 £0.01

0.67+£0.01

The FT-IR spectra of the GOF-PDBA samples are shown in Figure 4.12.

The basic discussion has already been made in Section 4.3.1, Figure 4.3.

With the increasing PDBA, the peak of C=C stretch which is of GO is

decreased and the peaks of B-O and B-C stretches are increasing. Naturally,

the number of inserted linkers increased with the loading amount. It was

suggested that the number of pillars can be controlled by linker/GO ratio.
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Figure 4.12 FT-IR of GO and GOF-PDBA with different linker ratio.

Figure 4.13 and Table 4.5 summarize the Raman and XRD results of
all GOF-PDIC samples which was synthesized with different linker ratio.
Similar to the case of GOF-PDBA, increasing the linker amount led to a
larger d-spacing. It is interesting that (002) diffraction peak became broader

compared to that of GO, giving different effects from the PDBA.
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Figure 4.13 XRD (a) and Raman (b) of GOF-PDIC with different linker ratio.

Table 4.5 Characterization of GOF-PDIC with different linkers ratio.

PDIC/GO Area ratio
Sample code d-spacing I /I, ratio
(mmol/g) (GOF/Si0,)
GOF-PDIC 18 100£0.0A 3.1+0.3 0.80 £ 0.02
GOF-PDIC-1 15 133£02A 57+0.2 0.78 £ 0.03
GOF-PDIC-2 12 11.1£0.0A 3.0+0.3 0.74 £ 0.06
GOF-PDIC-3 9 10.4+0.0A 25+0.3 0.76 £0.12
GOF-PDIC-4 6 102+0.0A 24+02 0.80 + 0.04
GOF-PDIC-5 3 102£0.0A 26+0.2 0.75+£0.05

127



Chapter 4

GO - 80=+0.0A 43+0.1 0.67 +0.01

The FT-IR spectra of all the GOF-PDIC samples are shown in Figure
4.14. The basic discussion was already provided in Section 4.3.1, Figure 4.3.
The formation of carbamate was confirmed by the appearance of the peaks
corresponding to NH, C-N, and C-O stretching. The increase of the C=C and
C-H stretching peaks suggests PDIC insertion. The fact that the absence of a
peak corresponding to N=C=0 was observed after reaction also suggests the
formation of direct bonds between linker and GO layer. Compared to the
GOF-PDBA, the GOF-PDIC does not show a clear tendency to change the
linker/GO ratio. That is probably because the number of functional groups
reactive or accessible to PDIC is very limited so even a small amount of

PDIC was already in excess.
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Figure 4.14 FT-IR of GO and GOF-PDIC with different linker ratio.

4.3.4 Catalytic test
Figure 4.15 shows the catalytic test and recyclability results for
Pd@GOFs. In the first cycle, Pd@ GOF-PDBA exhibited the highest
catalytic activity, while GOF-TPA showed the lowest. In the second cycle,
the catalytic activity of almost all the catalysts significantly decreased. Pd@

GOF-PDBA experienced the most severe drop in performance, whereas the
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other four PA@GOF catalysts relatively maintained their activity, with Pd@
GOF-TPA and Pd@ GOF-PDIC demonstrating better performance.

It should be noted that commercially available GO, rather than in-house
synthesized GO, was used in these experiments for reasons of scalability and
accessibility. While Pd@ GOF-PDBA had the best performance in the first
cycle, it exhibited the poorest performance in the second cycle. Since TEM
analysis revealed no significant differences in particle size, the observed drop
in activity cannot be attributed to differences in the surface area of the Pd
NPs. Therefore, it is inferred that while Pd@ GOF-PDBA initially had a
higher Pd loading, most of the Pd NPs were released during the first cycle.
As discussed in Chapter 2, this is likely due to the limited number of in-plane
functional groups in commercially available GO that can react with PDBA,
resulting in insufficient linkers to retain the Pd NPs.

In contrast, the other PA@GOFs, while exhibiting lower initial activity,
retained their activity relatively well. This is likely because the other linker
molecules reacted more efficiently with the functional groups on the GO
surface compared to PDBA, thus maintaining a sufficient number of linkers.

In the case of GOF-pPDA, where the GO sheets were completely
exfoliated, irregular aggregated structures might have formed. These

structures could trap Pd NPs in the inter-particle spaces rather than on
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terraces, similar to the behavior observed for GO-GNP in Chapters 2 and 3,
thereby retaining some level of reactivity.

Although there is insufficient experimental evidence to fully elucidate
why Pd@ GOF-TPA and Pd@ GOF-PDIC exhibited superior activity
retention compared to other linkers, it is hypothesized that factors such as the
compatibility between the linker and the functional groups on GO, as well as
the affinity of the linkers for GO, play a role.

In summary, the critical factor in selecting linkers is their ability to
balance the availability of polar functional groups necessary for the reduction
and immobilization of PdCl., while maintaining a sufficient number of pillars
to prevent the detachment of the formed Pd NPs. By employing linkers that
selectively react with specific functional groups and appropriately tuning the
functional groups on the GO surface, it may be possible to design superior

support materials for catalytic applications.
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Figure 4.15 Catalytic test for Pd@GOFs and Pd/GO.
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4.4. Conclusions

In this research, I have successfully synthesized and characterized
several kinds of GOFs, which were covalently linked by five different
organic linkers. This enabled me to explore the construction of GOFs by
reacting various functional groups of GO with linkers. I also investigated the
structural effects by varying the amount of linker. It was found that more
linkers have an expansion effect on the layer spacing of GOFs. FTIR results
suggest that the maximum amount of linker that can be covalently bonded
depends on the number of reactive functional groups on the GO surface. |
also successfully synthesized and characterized Pd@GOF catalysts. It was
demonstrated that the confinement of NPs is independent of the covalent
reaction between the linker and GO. These catalysts were applied to the
Suzuki-Miyaura coupling reaction, where their activity and durability
exhibited significant differences. This implies that linker molecules with
different functional groups have a substantial impact on the catalytic

performance of the synthesized GOFs.
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Graphene oxide (GO) and its derivatives possess high surface area,
excellent properties, and easy modifiability, making them promising
candidates for a wide range of applications in the catalytic field. The
properties of GO significantly influence the performance of its derivatives
and corresponding catalysts. However, research on the relationship between
the characteristics of GO, its derivatives, and catalyst performance is still
lacking. This paper aims to clarify the impact of GO and its derivatives'
properties on catalytic reactions. The main work is as follows:

In Chapter 2, by synthesizing graphene oxide frameworks (GOFs) and
catalysts based on GO of different qualities and characterizing them through
various methods, this study elucidated how the properties of GO influence
catalytic performance. The research revealed that the oxygen-containing
functional groups and the lateral size of GO sheets significantly impact their
catalytic performance.

In Chapter 3, by comparing the performance of various GO-supported
palladium nanocatalysts in the hydrogen evolution reaction (HER), we
examined how different properties of GO affect electrocatalytic performance.
This study found that the functional groups on GO and the lateral size of GO

sheets significantly influence electrocatalytic performance.
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In Chapter 4, using various linker molecules with different functional
groups, we synthesized GOFs to explore their impact on catalytic
performance. This study found that while the linker's functional groups did
not affect particle confinement, they had a significant influence on the
catalytic performance.

In conclusion, the research investigates the influence of different
physicochemical properties of GO on performance and stability in various
catalytic reactions from three distinct perspectives. This study highlights the
importance of GO characteristics in designing high-performance
nanocatalysts and provides valuable insights for synthesizing high-quality

GO-based nanocatalysts.
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