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Abstract

The catalytic properties of single atoms (SAs) have attracted growing attention due to their

unique electronic characteristics and their ability to maximize atomic efficiency compared

to nanoparticles. As particle size decreases, the coordination environment around the metal

atoms becomes increasingly unsaturated, which raises the surface free energy and enhances

the reactivity of the metal species toward supports and adsorbates—this underpins the well-

known size effects in metal nanocatalysts. In the extreme case of single-atom catalysts

(SACs), the combination of highly active valence electrons, quantum confinement effects,

and discrete energy levels leads to maximized surface free energy and distinct chemical be-

havior. Covalent organic frameworks (COFs), a class of porous and crystalline materials

composed of light elements (H, B, C, N, and O), are attractive supports for SACs due to

their designable periodic structures and stable covalent bonding. These frameworks offer

uniform and tunable binding sites ideal for anchoring metal atoms. Therefore, Single metal

atoms anchored on COFs offer a powerful platform for tailoring active sites, enabling the

optimization of catalytic activity, selectivity, and stability, with promising potential for use

in a wide range of industrial chemical processes.



Ethylene hydrogenation has long been used as a model reaction in heterogeneous catalysis

to better understand the mechanism of selective acetylene hydrogenation over metal cata-

lysts. Improving selectivity often depends on how strongly the reactants adsorb onto the

metal surface. When ethylene binds more weakly to the active sites, selectivity improves—

an insight that has led to growing interest in designing catalysts with isolated single metal

atoms. Pd single-atom catalysts are highly valued for their activity in ethylene and acetylene

hydrogenation under ambient conditions. In this work, we employed PdCl2-functionalized,

pyrene-based COFs that provide uniform binding sites ideal for stabilizing isolated palla-

dium atoms. In this study, we used X-ray photoelectron spectroscopy (XPS) and diffuse

reflectance infrared Fourier transform spectroscopy (DRIFTS) with CO as a probe molecule

along with catalytic performance evaluation through ethylene hydrogenation kinetics.

However, the pyrene-based COF inherently incorporates palladium impurities during syn-

thesis, and the observed catalytic activity of pristine COF can vary significantly depending

on the level of these residual Pd species. This makes it difficult to distinguish between

the intrinsic activity of the pristine COF and that of atomically dispersed Pd. To reduce

these impurities, we implemented two monomer purification methods prior to COF synthe-

sis: triphenylphosphine (PPh3) treatment and acid column purification. These approaches

lowered the Pd content from 0.35% to 0.23% and 0.04%, respectively. PPh3 purification

was not optimal, as it introduced structural defects in the COF, leading to higher catalytic

activity compared to the non-purified COF. Conversely, acid column purification preserved

the Pd and N coordination environment, revealing distinct activity differences between the

4% Pd-loaded sample and the pristine COF. Notably, even at a reduced 1% Pd loading—

critical for stability under reaction conditions—a significantly higher activity than that of

the pristine COF was observed. This work highlights the critical role of purification and its

underlying mechanisms in shaping the coordination environment and structural integrity of

COFs, which in turn significantly impacts their catalytic activity and selectivity in ethylene



and acetylene hydrogenation.

Bimetallic catalysts often outperform their monometallic counterparts and are widely used

in essential chemical transformations such as selective hydrogenation, reforming, coupling,

and oxidation. Among them, PdAu alloy catalysts have garnered particular interest due to

their ability to undergo dynamic surface restructuring, which plays a critical role in tuning

catalytic activity and selectivity. The extent of this restructuring is influenced by factors

such as the Pd-to-Au ratio, nanoparticle size, and the nature of adsorbates under reaction

conditions. This study investigates how surface structures in Au, Pd, and PdAu nanopar-

ticles evolve with variations in composition, particle size, and temperature. Results show

that larger and samller nanoparticles tend to form Au rich surface. Notably, increasing the

temperature from cryogenic levels induces Pd migration from the core to the surface, facili-

tating the formation of Pd trimers. These structural changes are reversible, with Pd atoms

re-segregating back into the bulk upon cooling, highlighting the temperature-sensitive and

reversible nature of surface restructuring in PdAu catalysts.
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General Audience Abstract

Catalysts are materials that help speed up chemical reactions without being used up. One

important reaction they assist with is hydrogenation, which is widely used in industrial pro-

cesses such as making fuels and plastics. Ethylene, a key component in polymer production,

is often made in steam crackers and usually contains about 1% acetylene as an impurity.

This acetylene must be selectively hydrogenated into ethylene so it doesn’t interfere with

the polymerization process. Achieving this requires highly optimized and selective catalysts.

In this study, we focused on a special type of catalyst made from single palladium atoms

supported on a material called a covalent organic framework (COF). These single-atom cat-

alysts are very efficient because they allow full exposure of active sites, making better use

of the metal. However, during the COF synthesis, small amounts of unwanted palladium

impurities can remain, which may affect the catalyst’s performance. To address this, we

applied two different purification methods to remove these impurities before constructing

the final COF. This allowed us to gain clearer insight into the role of palladium single atoms

in driving hydrogenation reactions when supported on the COF.



Acknowledgments

I would like to express my deepest gratitude to my advisor, Prof. Ayman M. Karim,

for his continuous support, guidance, and mentorship throughout my graduate journey. His

encouragement, insightful feedback, and high standards have shaped my growth as a re-

searcher and problem-solver. I am also sincerely thankful to my committee members, Prof.

Hongliang Xin and Prof. Sheema Khatib, for their guidance and support during the

course of my study.

I would like to acknowledge my collaborators Prof. Hani El-Kaderi from Virginia Com-

monwealth University and Ruby Deeter, as well as Prof. David Flaherty from Georgia

Tech and Suchi Vijayaraghavan, for their valuable scientific input and support in advanc-

ing my research. Thanks to my labmates and colleagues for their support, friendship, and

collaboration: Md Raian Yousuf, Hung-Ling Yu, Sara Haidar, Mohamed Mohamed

Eisa, Vishwas Akavaram, Abir Poddar, and Yuxin Li.

Finally, I would like to thank my parents for their unconditional love, endless encouragement,

and sacrifices. I am also deeply grateful to my husband for his constant support, patience,

and belief in me throughout this journey.

vi



Contents

List of Figures ix

List of Tables xii

1 Optimizing Pd Single-Atom Catalysts in Pyrene-Based COFs: Purification

Strategies and Catalytic Performance in Ethylene Hydrogenation 1

1.1 Introduction & Literature review . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Single-Atom Catalyst (SAC): Role in semi-hydrogenation reaction . . 2

1.1.2 Covalent Organic Framework (COF) . . . . . . . . . . . . . . . . . . 6

1.2 Objective of this project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.1 Catalyst Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.1.1 PyTTA Monomer Synthesis . . . . . . . . . . . . . . . . . . 10

1.3.1.2 PyTTA Monomer Purification . . . . . . . . . . . . . . . . 11

1.3.1.3 Py-1P COF Synthesis . . . . . . . . . . . . . . . . . . . . . 12

1.3.1.4 Pd@Py-COF Synthesis . . . . . . . . . . . . . . . . . . . . 13

1.3.2 Catalyst Characterization . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Results & Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4.1 Physical Properties of Py-COF & 4%Pd@Py-COF . . . . . . . . . . 17

vii



1.4.2 Local co-ordination and local properties of Pd . . . . . . . . . . . . . 19

1.4.3 Catalytic activity and kinetics of ethylene hydrogenation . . . . . . . 24

1.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.6 Future Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2 Nanoparticle Size Effects on the Kinetics and Adsorbate-Induced Restruc-

turing of Supported Pd1Aux Bimetallic Catalysts 32

2.1 Introduction & Literature review . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2 Objective of the project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3.1 Catalyst Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3.2 Catalyst Characterization . . . . . . . . . . . . . . . . . . . . . . . . 36

2.4 Results & Dicussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.1 Absorbates Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.2 Temperature Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Bibliography 44



List of Figures

1.1 Reaction network for acetylene hydrogenation. . . . . . . . . . . . . . . . . . 3

1.2 Illustration of supported nanocatalysts (a), modified nanocatalysts (b), and

single-atom catalysts (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Adsorption patterns of ethylene on Pd catalysts with different geometric

structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 PyTTA monomer synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Acid purification method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.6 Py-1P COF synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.7 Physical properties of the Py-COF and PdCl2@Py-COF catalyst: (a) Unpuri-

fied Pristine COF; (b) PPh3-Purified Pristine COF; (c) Acid-Purified Pristine

COF. Pristine Pyrene COF (Red); 4% Pd@Py-COF (Blue). . . . . . . . . . 18

1.8 Powder X-ray Diffraction Studies of (a) Pristine COFs (Red) (b) 4% Pd@Py-

COF (Blue) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.9 XPS results for Py-1P COF and its commercially available monomer for pal-

ladium from the survey scans . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.10 XPS results for Py-1P COF and its commercially available monomer for pal-

ladium from the survey scans . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.11 Comparison of Pd3d XPS spectra for (a) 4% Pd Unpurified Py-COF (b)4%

Pd PPh3 purified Py-COF (c) 4% Pd Acid Py-COF . . . . . . . . . . . . . 23

ix



1.12 DRIFTS spectra of CO adsorption on the 4% Pd@Py-COF catalyst for dif-

ferent purification process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.13 Comparison of reaction rate for different purification processes . . . . . . . . 25

1.14 Normalized CO-DRIFTS spectra showing peak position at 2129 cm−1 and

additional low-intensity features indicating Pd clustering. . . . . . . . . . . . 26

1.15 Kinetics of ethylene hydrogenation catalyzed by 1% Pd@Py-COF (a) Depen-

dence of TOF on C2H4 partial pressure at a constant H2 partial pressure of 5

kPa (the reaction order in ethylene is 1.01). (b) Dependence of TOF on H2

partial pressure at a constant ethylene partial pressure of 5 kPa (the reaction

order in H2 is 0.57). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.16 Reaction Rate comparsion between Pd single-atom and Pd nanoparticle . . . 28

1.17 Future plan of this project . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1 Size effects on PdAu bimetallic alloy . . . . . . . . . . . . . . . . . . . . . . 34

2.2 Synthesis process of PdAu bimetallic catalyst with different Pd loading . . . 36

2.3 IR spectra for PdAu alloy under different adsorbates. All measurements were

performed at −112 ◦C after a 5-minute N2 flush, followed by 2 kPa CO ad-

sorption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.4 Restructuring behavior of PdAu alloy under H2, O2 . . . . . . . . . . . . . . 39

2.5 DRIFTS spectra showing CO adsorption on Pd1Au15/SiO2 and Pd1Au150/SiO2

at –120 ◦C (left), and their temperature-dependent evolution (right). . . . . . 41

2.6 DRIFTS spectra showing CO adsorption on Pd1Au15/SiO2 and Pd1Au150/SiO2

at 25 ◦C (left), under 0.5-10 kPa CO partial paressure . . . . . . . . . . . . . 41



2.7 Reversible CO adsorption behavior on Pd1Au150 and Pd1Au15 observed via

DRIFTS during temperature cycling between –120 ◦C and 25 ◦C. . . . . . . . 42



List of Tables

1.1 Pd content and purification efficiency for Py-1P COFs under different monomer

purification methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.2 Surface Area, Pore Size for Pristine and Pd-Loaded Py-1P COFs . . . . . . . 17

xii



1

Chapter 1:

Optimizing Pd Single-Atom Catalysts in Pyrene-Based

COFs: Purification Strategies and Catalytic Performance

in Ethylene Hydrogenation

Attribution:

This project was conducted in collaboration with Professor Hani El-Kaderi and graduate

student Ruby Deeter from Virginia Commonwealth University (VCU). R.D. was responsible

for synthesizing the catalyst and performing XPS, XRD, and BET measurements. H.P.S.

carried out the DRIFTS and kinetic experiments. Professors Ayman Karim and Hani El-

Kaderi jointly conceived the research idea, planned the experimental strategy, and directed

the overall project.



1.1 Introduction & Literature review

1.1.1 Single-Atom Catalyst (SAC): Role in semi-hydrogenation re-

action

Hydrogenation is a fundamental process in petrochemical, coal chemical, fine chemical, and

environmental industries. Among various hydrogenation transformations, selective hydro-

genation stands out as a critical and highly valued reaction. Chemoselective hydrogenation

occurs when multiple functional groups coexist within a single substrate, or when different

unsaturated substrates are present in the catalytic system, allowing one functional group

(or substrate) to undergo preferential hydrogenation while leaving others unaffected.[1] A

key example is the selective hydrogenation of acetylene in an ethylene-rich environment.

In this process, acetylene must be exclusively hydrogenated to ethylene, while preventing

the over-hydrogenation of ethylene to ethane. This reaction is particularly crucial in the

production of polymer-grade ethylene, which is obtained from steam crackers and typically

contains approximately 1% acetylene as an impurity.[2, 3] To ensure efficient polymerization,

the acetylene concentration must be reduced to just a few parts per million (ppm),[4, 5] as

even trace amounts can negatively impact the polymerization process. Achieving this level

of selectivity requires highly optimized catalysts capable of discriminating between acety-

lene and ethylene, ensuring that acetylene is fully converted while minimizing ethylene losses.

The development of such catalysts is essential for enhancing efficiency and yield in industrial

hydrogenation processes.



Figure 1.1: Reaction network for acetylene hydrogenation.
[1]

The efficiency of selective hydrogenation depends on the development of highly selective and

stable catalysts.[6] Heterogeneous catalysts are particularly advantageous due to their ease

of separation and reusability.[7, 8] The first-generation catalysts, metal complexes immobi-

lized on oxides or resins, offer high selectivity but suffer from metal and ligand leaching.

The second-generation catalysts, supported metal nanoparticles (Figure:1.1(a)),[9] improve

stability but often lead to over-hydrogenation, reducing chemoselectivity. To address this,

bimetallic catalysts (Sn, Pb, Bi) and organic modifiers (mercaptans, amines) have been in-

troduced (Figure:2.1(b)),[10, 11] as seen in Lindlar catalysts (Pd/CaCO�-Pb).[11, 12, 13]

However, these modifications often reduce catalytic activity by blocking active sites. On

this ground, a new generation of catalysts for selective hydrogenation reactions—single-atom

catalysts (SACs)—was developed (Figure 1c). Owing to the ultimate dispersion of active

metals and the homogeneous composition of the active species, SACs have demonstrated

excellent catalytic activity and selectivity in various chemical, electrochemical, and photo-

chemical transformations, including selective hydrogenation reactions. Moreover, they offer

a valuable platform for investigating the structure–performance relationship in catalysis.

Understanding the mechanism of Pd-catalyzed semihydrogenation of trace acetylene in ethylene-

rich feedstocks is crucial from both scientific and industrial standpoints, particularly for the



development and optimization of improved catalyst systems [14, 15, 16, 17]. This reac-

tion is well known for its pronounced structure sensitivity, with catalytic performance being

strongly influenced by the size of Pd particles [18, 19, 20]. Studies have shown that the

Pd(111) surface facilitates acetylene conversion and the formation of C4 byproducts, while

edge sites are primarily responsible for ethane formation[21]. These observations highlight

the significant role of particle size in determining both the activity and selectivity of Pd-based

catalysts[19, 21].

Figure 1.2: Illustration of supported nanocatalysts (a), modified nanocatalysts (b), and
single-atom catalysts (c).

[1]

Beyond particle size effects, the nature of the catalyst support also plays a vital role in mod-

ulating catalytic behavior[22, 23, 24]. In many cases, changes in support material lead to

simultaneous variations in Pd nanoparticle size and electronic properties. When reducible or



acidic metal oxides are employed as supports, metal-support interactions and the acidity of

the support can influence catalyst stability and coke formation. To mitigate these complica-

tions, chemically inert and weakly interactive supports such as α-Al2O3 are commonly used

in commercial applications[25, 26]. Alternative supports like carbon materials have demon-

strated beneficial effects on catalyst performance. The weak acidity of carbon has shown

minimal influence on deactivation[27], while the use of carbon-supported Pd catalysts has led

to improved activity in acetylene semihydrogenation compared to their alumina-supported

counterparts[28]. Additionally, carbon offers several advantageous characteristics, includ-

ing high surface area for metal dispersion, tunable surface chemistry, and efficient electron

transfer at the metal–support interface. These unique properties underscore the importance

of further investigating the structural and kinetic aspects of support effects to guide rational

catalyst design.

One prerequisite for designing chemoselective catalysts is a clear understanding of the re-

action mechanism that governs selectivity. It is widely accepted that chemoselectivity is

largely determined by the adsorption strength and configuration of reactants or intermedi-

ates on the catalyst surface, which, in turn, is influenced by the electronic and geometric

structures of the active sites.[29, 30] For instance, on a Pd surface, ethylene can adopt three

distinct adsorption modes depending on the local Pd atomic configuration: ethylidyne mode

on three-fold sites, di-σ mode on two-fold sites, and π-bonded mode on isolated Pd single

atoms. The adsorption strength follows the trend: ethylidyne > di-σ > π-bonded.[29, 31]

In the semihydrogenation of acetylene, the weakest adsorption mode (π-bonded) facilitates

ethylene desorption, preventing further hydrogenation to ethane.



Figure 1.3: Adsorption patterns of ethylene on Pd catalysts with different geometric struc-
tures.

[1]

Similarly, when two or multiple functional groups coexist in the substrate and each of them

can be adsorbed on the catalyst, there will be multiple adsorption patterns and consequently

various products and poor chemoselectivity. Therefore, to achieve excellent chemoselectivity,

it is highly desirable to allow only the target functional group to be adsorbed on the catalyst

in a proper pattern. Consequently, isolation of Pd as single atoms is essential for achiev-

ing high ethylene selectivity. This requires catalytic active sites with uniform geometric

and electronic structures, minimizing unwanted adsorption patterns and ensuring selective

transformation.

1.1.2 Covalent Organic Framework (COF)

Nanoporous materials have garnered significant attention due to their exceptional proper-

ties and diverse applications across multiple disciplines, including physics, chemistry, and

biology.[32, 33, 34, 35, 36, 37], Recently, covalent organic frameworks (COFs) have emerged

as a novel class of covalent crystalline polymers characterized by high porosity and low crys-

tal density. Since their first successful synthesis by Yaghi and colleagues in 2005, COFs have

generated considerable interest in the field of porous materials. The pioneering structures,

COF-1 [C3H2BO)6 ·(C9H12)1] and COF-5 [C9H4BO2], were synthesized via a straightforward

one-pot reaction.[38]

COFs can be broadly categorized into two-dimensional (2D) and three-dimensional (3D)



frameworks, depending on the geometries of their building blocks. In 2D COFs, covalently

bonded frameworks assemble into atomic layers that stack through π–π interactions, forming

ordered layered structures. The presence of template-directed polymerization in their synthe-

sis facilitates their formation, while their extended π-conjugated skeletons provide a robust

platform for structural modifications. Conversely, 3D COFs are composed of covalently inter-

connected building units that create extended three-dimensional networks. These materials

exhibit ultra-low densities (as low as 0.17 g/cm3)[39], large surface areas, and numerous open

sites, making them highly suitable for applications such as gas storage, separation, cataly-

sis, and optoelectronics.[40, 41, 42] Based on the structural characteristics of their building

blocks, covalent organic frameworks (COFs) synthesized to date can be broadly classified

into three main categories: boron-containing COFs, nitrogen-containing COFs, and silicon-

containing COFs.[43] Notably, compared to boron- and silicon-based COFs, the recently

developed nitrogen-containing COFs, constructed through C–N bond formation, exhibit su-

perior chemical stability, making them well-suited for catalytic applications. Among these,

imine-linked COFs, which feature C=N bonds with polarized electron distribution—resulting

in partially positive carbon and partially negative nitrogen—demonstrate high crystallinity

and remarkable resistance to water, acidic, and basic conditions [39].

COFs have also demonstrated significant promise in catalysis. Their well-defined porous

channels and tunable pore sizes allow efficient access to active sites and facilitate rapid mass

transport during catalytic reactions.[44] The large surface areas of COFs enable the disper-

sion of catalytic sites, thereby enhancing reaction efficiency and selectivity. Furthermore,

their polymeric frameworks, composed of modular organic building blocks linked via strong

covalent bonds, exhibit remarkable thermal and chemical stability. The periodic and ordered

arrangement of these frameworks, achieved with atomic precision, provides an ideal platform

for the rational design of functional catalysts. By incorporating diverse catalytic sites, such

as metal centers or chiral molecules, COFs can be tailored to enhance catalytic activity and

significantly improve turnover numbers, making them highly versatile materials for advanced



catalytic applications. Wang et al. first demonstrated the catalytic application of COFs in

2011 by preparing Pd/COF-LZU1 via post-metalation of a 2D imine-linked COF and testing

it in the Suzuki-Miyaura coupling reaction.[45] After that, several examples highlight the

promising catalytic performance of metal-functionalized COFs. For instance, Pd/COF-LZU1

containing singly dispersed palladium acetate has demonstrated excellent activity in cross-

coupling reactions [45, 46, 47]. Similarly, COF-367-Co with isolated cobalt atoms embedded

in an extended COF framework has shown remarkable efficiency and selectivity for electro-

catalytic CO2 reduction to CO [48]. Additionally, tuning the spin state of cobalt within

this framework can significantly influence its photocatalytic behavior [49]. Other metal-

coordinated COFs, such as Co-TpBpy, Ni-TpBpy, and Cu-TpBpy, utilize bipyridine units as

anchoring sites and have been developed for robust water oxidation, CO2 photoreduction,

and cycloaddition reactions, respectively [50, 51, 52]. Triazine-based building units, com-

monly used in the design of two-dimensional COFs, are also widely employed for catalysis as

well as gas adsorption and separation applications [53, 54]. Recent studies have shown that

�-� interactions between COF linkers and metal nanoparticles can enhance catalytic activity,

exhibiting up to tenfold higher performance in selective hydrogenation reactions.[55]

1.2 Objective of this project

In this work, we utilized PdCl2-functionalized, pyrene-based COFs, which offer uniform bind-

ing sites crucial for immobilizing metal single atoms. The simple Py-1P ILCOF was chosen

for this study due to the high crystallinity and rigid structure of the 1,3,6,8-tetrakis(4-

aminophenyl)pyrene (PyTTA) monomer, where the only heteroatoms present in the system

are the imine nitrogen atoms linking the COF structure together. It was observed dur-

ing the synthesis of the PyTTA monomer that a palladium catalyst is used in the Suzuki

cross-coupling reaction, introducing palladium contamination into the monomer. Cross-

coupling reactions are common methods for synthesizing aldehyde and amine derivatives of

pyrene, and they are most efficient when a palladium catalyst is employed. An alternative



route to synthesize pyrene-amine derivatives involves reducing nitro groups to amines. How-

ever, reduction using Pd/C and a hydrogen source is the most effective and safest method.

Therefore, both synthetic pathways for functionalized pyrene derivatives allow for palladium

contamination, which can interfere with and impact the catalytic activity of COF supports.

No study has been reported on the role of Pd impurities in pristine COFs, complicating

the distinction between the activity of Pd single atoms and the pristine COF itself. To

reduce these impurities prior to COF synthesis, we applied PPh3 treatment and acid col-

umn purification, significantly lowering Pd impurities in the pristine monomer. The PPh3

and acid treatments reduced the Pd content in the COF from 0.35% to 0.23% and 0.04%,

respectively. The PdCl2@Py-1P COF catalyst was characterized using various spectroscopic

techniques, including X-ray photoelectron spectroscopy (XPS) and Fourier transform in-

frared spectroscopy (FTIR) of adsorbed CO, and its catalytic performance was evaluated for

ethylene hydrogenation. This study highlights the critical role of monomer purification in

optimizing the activity of Pd single atoms within the COF structure and demonstrates the

impact of purification processes on COF properties and catalytic performance.

1.3 Experimental Procedures

1.3.1 Catalyst Preparation

All starting materials were used without further purification unless otherwise specified.

1,3,6,8-tetrabromopyrene (95%), 4-aminophenylboronic acid pinacol ester (98%) and

tetrakis(triphenylphosphine)palladium(0) (98%) were purchased from AmBeed. Potassium

carbonate (99%), terephthalaldehyde (98%), and triphenylphosphine (99+%) were pur-

chased from Alfa Aesar. 1,2-dichlorobenzene (99%), bis(benzonitrile)palladium(II) dichlo-

ride (99+%), and Celite® 545 were purchased from Acros Chemicals. 1,4-dioxane (99+%)

was purchased from Thermo Scientific. Toluene (Certified ACS, 99.9%) and hydrochloric

acid (Certified ACS Plus, 36.5–38.0% w/w) were purchased from Fisher Scientific. Finally,



n-butanol (99.9%) and anhydrous chloroform (≥99%) were purchased from Sigma Aldrich.

The PYREX tubes used were of inner diameter 9.7mm, outer diameter 12mm, and length

26.5cm. 1,3,6,8-tetrakis(4-aminophenyl)pyrene and Py-1P COF were synthesized according

to modified literature methods.

1.3.1.1 PyTTA Monomer Synthesis

To synthesize Py-1P COF, the 1,3,6,8-tetrakis(4-aminophenyl)pyrene (PyTTA) monomer

must first be prepared via a Suzuki-Miyaura cross-coupling reaction. This process begins by

combining 1,3,6,8-tetrabromopyrene (1 g, 1.94 mmol), 4-(4,5-dimethyl-1,3,2-dioxaborolan-

2-yl)aniline (2 g, 9.10 mmol), and potassium carbonate (1.44 g, 10.4 mmol) in a solution

of 1,4-dioxane and water (80 mL:16 mL). The system is purged by bubbling nitrogen gas

for at least 30 minutes while the catalyst system is prepared. In an argon-filled glovebox,

tetrakis(triphenylphosphine)palladium(0) (0.2 g, 0.18 mmol) is dissolved in 1,4-dioxane (10

mL) and stirred for 10 minutes. The catalyst solution is then transferred via cannula to the

reaction system, which is fitted with a condenser and maintained under continuous nitrogen

flow at 105 °C for 72 hours.

After completion, the reaction mixture is cooled to room temperature and filtered through

celite. Water is added to the filtrate to induce precipitation of the monomer, followed by a

second filtration to collect the solid product. The monomer is then dried under vacuum at

80 °C. This synthesis introduces palladium contamination of 0.46 weight percent from the

catalyst, necessitating further purification.



Figure 1.4: PyTTA monomer synthesis

1.3.1.2 PyTTA Monomer Purification

Triphenylphosphine Method:

The PyTTA monomer (613.1mg) was suspended in 100mL toluene in a Schlenk flask while

being purged with nitrogen for 30 minutes. Triphenylphosphine (601.4mg) was massed and

added to the flask. The system was then flushed with nitrogen before being sealed and

allowed to stir at room temperature for 12 hours. The solution was then filtered and the

monomer dried under vacuum at 80. This method reduced the palladium contamination to

0.36 wt.% by ICP (472.0mg, 77% yield).

Acid column method:

To find a method to remove the palladium contamination, the synthesized monomer (500mg)

was placed in a beaker with 125mL of deionized water. Hydrochloric acid (2 M) was dropped

into the water in a minimal amount until the monomer dissolved (5.5mL acid). The monomer

was sonicated, as needed, to disperse larger chunks while dissolving. The solution was then

placed into a column (16.5 cm L, 28.1 mm D) filled with 5 inches of celite and allowed to pass

through. After collecting the filtrate, the monomer was precipitated with 0.25 M sodium

hydroxide until the pH tested to 14 via indicator paper (~ 50mL). The monomer was then

filtered through a medium porosity glass frit and freeze dried. This method reduced the



palladium contamination to 0.05 wt.% based on ICP (447.1mg, 89% yield).

Figure 1.5: Acid purification method

1.3.1.3 Py-1P COF Synthesis

The Py-1P COF was synthesized via a solvothermal PYREX tube method, as illustrated

in Figure: 1.5. Each PYREX tube was charged with 45.2 mg of the dried, synthesized

PyTTA monomer and 21.5 mg of terephthalaldehyde. Then, 2 mL of n-butanol and 2 mL

of o-dichlorobenzene were added and the mixture was sonicated for 10 minutes to create a

uniform suspension. After the suspension was achieved, 0.4 mL of acetic acid (6 M) was

added, and the tube was flash frozen in liquid nitrogen. This marked the beginning of the

first of three freeze-pump-thaw cycles to degas the system. Following the third cycle, the

tube was flame-sealed and placed in an oven at 120 °C for 72 hours.

Upon completion of the reaction, the tubes were broken, and the contents were filtered and

washed with acetone until the filtrate ran clear. The material was then placed in a Soxhlet

extractor with tetrahydrofuran (THF) for 24 hours. Finally, the product was dried under

vacuum at 80 °C for 12 hours to yield a golden powder.



Figure 1.6: Py-1P COF synthesis

1.3.1.4 Pd@Py-COF Synthesis

The preparation of Pd@Py-1P COF is shown in Figure: 1.5 and was performed in an inert

argon-filled glovebox. Anhydrous chloroform (20 mL) was used to suspend 150 mg of the

COF in a Schlenk flask. A solution of bis(benzonitrile)palladium(II)chloride in anhydrous

chloroform (5.5 mg: 18 mL) was made according to the targeted weight loading. The palla-

dium solution was then added to the COF suspension dropwise to guarantee even dispersion

of the single atoms. The solution was then filtered and washed in a chloroform Soxhlet

extractor for 12 hours. The sample was dried under vacuum.

1.3.2 Catalyst Characterization

Surface area analyses and pore size distributions were collected on a Micromeritics 3Flex with

a Smart VacPrep degassing chamber. All samples were degassed at 90 ◦C for 300 minutes

and 120 ◦C for 600 minutes before undergoing analysis. Powder X-ray diffraction spectra



were collected on a Panalytical X’Pert Pro multipurpose diffractometer (Cu Kα radiation).

Samples were mounted on a zero-background sample holder and measured with a 2θ range of

0–70◦. A Thermo Scientific ESCALAB 250 microprobe was used to collect the XPS spectra.

ICP-OES data was collected on an Agilent Technologies 5110 ICP-OES equipped with an

SPS 4 autosampler.

DRIFTS of CO adsorption was conducted using a Thermo Fisher Scientific Nicolet iS50 FTIR

spectrometer equipped with a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) in-

frared detector. The catalyst was loaded into the sample cup of an in situ Praying Mantis

diffuse reflection cell (Harrick Scientific Products). Prior to CO chemisorption, the catalyst

was dried under a 100 sccm N2 flow at 120 °C for 2 hours. Following the N2 treatment,

the sample was cooled to –120 °C using liquid nitrogen under a continuous N2 flow. A

background spectrum was collected at –120 °C under N2 and subtracted from all subsequent

spectra.

The catalytic performance of the PdCl2@Py-1P COF catalyst and its respective pristine COF

was evaluated for ethylene hydrogenation in a quartz packed-bed reactor under differential

conditions:

C2H4 +H2− > C2H6

(
∆H◦ = −137

kJ
mol

)

To minimize transport limitations, the 4.0 wt% PdCl2@Py-1P COF catalyst was diluted

intrapellet with silica gel (SiO2, 0.075–0.250 mm, 150 Å, ACROS Organics), which was

calcined in air at 800 °C prior to use. The catalyst-SiO2 mixture was prepared to achieve a

final Pd loading of 0.08 wt%. The materials were ground using an agate mortar and pestle,

pelletized, and sieved to obtain 180–300 µm pellets. A total of 0.075 g of the diluted catalyst

mixture was loaded into a 0.75-inch OD glass packed-bed reactor. Before catalytic testing,

the catalyst was dried at 120 °C under a 100 sccm He flow for 2 hours and subsequently



cooled to 22 °C.

All catalytic activity measurements were conducted at atmospheric pressure. The gas com-

position of the reactor effluent was analyzed using an online gas chromatograph (MicroGC

Fusion Gas Analyzer, Inficon). Ethylene (C2H4) and ethane (C2H6) were separated using

an Rt-Alumina Na2SO4 packed column and quantified with a thermal conductivity detec-

tor (TCD). High-purity feed gases—H2 (UHP, 99.999%), 20% C2H4 (certified gas, Airgas),

and He (UHP, 99.999%)—were obtained from Airgas. H2 and He were further purified us-

ing high-capacity moisture and oxygen traps (Restek catalog #20600). All gas flows were

regulated by mass flow controllers (5850EM, Brooks Instrument).

Ethylene conversion and reaction rate were assessed based on the rate of reaction per gram

of COF per second to distinctly compare the catalytic activity of the pristine COF and the

Pd-loaded sample. This normalization to the total COF mass enables a direct evaluation of

catalytic performance, providing insight into the contribution of Pd impurities in the pristine

COF to its inherent activity.

Conversion =
mol of C2H6 (outlet)
mol of C2H4 (inlet) (1.1)

Reaction Rate =
C2H6 formation rate (mol s−1)

Weight of COF (before dilution, mg) (1.2)

The hydrogenation reaction was performed at 22 °C with a partial pressure of C2H4 at 5 kPa

and H2 at 5 kPa. Ethane was the sole detected product, and no measurable conversion of

C2H4 or H2 was observed in the absence of the catalyst.



1.4 Results & Discussion

The effect of monomer purification on the final palladium (Pd) content and structural qual-

ity of the synthesized Py-1P COFs was systematically investigated. Table 1.1 summarizes

the Pd content of pristine and Pd-loaded COFs, as well as the Pd levels in purified and

unpurified monomers and the associated percent removal. Among the purification meth-

ods tested, acid column purification was the most effective, reducing the Pd content in

the monomer from 0.46 wt% to 0.05 wt%, corresponding to an 89% removal efficiency. In

contrast, PPh3 purification achieved only a 22% removal. The acid purification method

is believed to remove palladium impurities by dissolving the monomer, while the insoluble

palladium species are retained on the Celite stationary phase during column filtration. In

contrast, the PPh3 purification method is believed to improve the solubility of Pd contam-

inants by facilitating coordination between PPh3 and Pd species present on the suspended

PyTTA monomer. However, this approach may be less effective at removing palladium if

the resulting Pd(PPh3) complexes are not efficiently separated from the monomer during the

filtration process. The PdCl2@Py-1P COF catalyst was characterized using various spectro-

scopic techniques, including X-ray photoelectron spectroscopy (XPS) and Fourier transform

infrared spectroscopy (FTIR) of adsorbed CO, and its catalytic performance was evaluated

for ethylene hydrogenation.

Table 1.1: Pd content and purification efficiency for Py-1P COFs under different monomer
purification methods.

Purification
Method Sample Sample Pd

Content (wt%)
Purified Monomer
Pd Content (wt%)

Initial Monomer
Pd Content (wt%)

Percent
Removal

Acid Column
Pristine 0.04

0.05 0.46 89Pd Loaded 4.92

PPh3
Pristine 0.23 0.36 0.46 22Pd Loaded 3.40

Unpurified
Pristine 0.35

0.45 N/A N/APd Loaded 4.19



1.4.1 Physical Properties of Py-COF & 4%Pd@Py-COF

Analysis was performed before and after the samples were loaded with palladium, and a post-

loading decrease in surface area was observed consistently across all samples. However, the

extent of the decrease varies depending on the purification method. For the unpurified COF

sample, the pristine surface area was 2294 m2/g, which dropped to 1813 m2/g after palladium

loading (Figure 1.7 (A)). This corresponds to a 21% decrease. The effect is less pronounced

when the PyTTA monomer is purified prior to COF synthesis. In the sample purified with

PPh3, the surface area decreased by 12%, from 1887 m2/g to 1666 m2/g (Figure 1.7(B)).

The acid column purification method resulted in the smallest reduction, with a 6% decrease

from 1936 m2/g to 1812 m2/g (Figure 1.7(C)). These results indicate that purification of the

PyTTA monomer is important for preserving surface area in the final COF structure. Pore

size distribution was calculated according to nonlocal density functional theory (NLDFT;

N2@77 K – Carb Cyl Pores, SWNT) and was found to be consistent across pristine and Pd-

loaded samples. The pore size distributions exhibit a pore width of approximately 2.3 nm,

confirming the mesoporosity of the COF samples.

Table 1.2: Surface Area, Pore Size for Pristine and Pd-Loaded Py-1P COFs

Purification
Method Sample Surface Area

(m2/g)
Percent

Decrease
Pore Size

(nm)

Unpurified Pristine 2294 21 2.3
4% Pd Loaded 1813 2.3

Acid Purified Pristine 1936 6 2.3
4% Pd Loaded 1812 2.3

PPh3 Purified Pristine 1887 12 2.3
4% Pd Loaded 1666 2.3



Figure 1.7: Physical properties of the Py-COF and PdCl2@Py-COF catalyst: (a) Unpurified
Pristine COF; (b) PPh3-Purified Pristine COF; (c) Acid-Purified Pristine COF. Pristine
Pyrene COF (Red); 4% Pd@Py-COF (Blue).

All powder X-ray diffraction (PXRD) patterns were collected using a Panalytical X’Pert Pro

multipurpose diffractometer with Cu Kα radiation. All samples exhibit the characteristic

diffraction peaks of Py-1P COF, corresponding to the (110), (200), (220), (310), (330), (420),

(440), and (001) planes.[56] Notably, the Pd-loaded samples display enhanced crystallinity

compared to their pristine counterparts, as evidenced by the increased intensity of all peaks—

most prominently the (001) reflection at 2θ = 24°, which corresponds to the stacking of COF

layers along the z-axis. This enhancement suggests potential coordination of Pd single atoms

between COF layers via imine nitrogen atoms.

This peak varies in intensity across samples and is most pronounced in the non-purified pris-

tine COF. The XRD patterns also indicate the presence of Pd clusters in the pristine COF,

which are significantly reduced in intensity after purification, suggesting effective removal of

Pd impurities. Maintaining high crystallinity and similar pore size are both very important



Figure 1.8: Powder X-ray Diffraction Studies of (a) Pristine COFs (Red) (b) 4% Pd@Py-
COF (Blue)

in terms of catalytic applications in order to maintain full accessibility to the palladium cat-

alytic centers aligned along the channels of the framework and to allow rapid mass transport

of reactants and products.

1.4.2 Local co-ordination and local properties of Pd

X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive technique used to

analyze the elemental composition and chemical states of materials. In this study, XPS was

employed to investigate the presence and chemical nature of Pd contamination in the pristine

Py-1P COF.



Figure 1.9: XPS results for Py-1P COF and its commercially available monomer for palla-
dium from the survey scans

Figure 1.9 shows the survey scans of the Py-1P COF and the commercial PyTTA monomer.

Both spectra exhibit no distinct palladium peaks, indicating that Pd is present only in trace

amounts. Figure 1.9(B) and Figure 1.9(C) present the high-resolution scans in the Pd 3d re-

gion for the COF and the monomer, respectively. The spectrum of the COF (Figure 1.9 (B))

displays a high noise level with no resolvable Pd peaks, suggesting that the Pd concentration

is below the detection limit relative to the dominant carbon and nitrogen signals.

In contrast, the monomer spectrum (Figure 1.9(C)) reveals low-intensity peaks at binding

energies of 338.5 eV and 343.9 eV, corresponding to the Pd 3d5/2 and Pd 3d3/2 orbitals.

These binding energies indicate that Pd is present in a coordinated form rather than as PdO

or metallic Pd. This confirms that palladium is introduced during monomer synthesis and

is present in a chemically bound state.

The high-resolution N1s XPS spectra for the pristine Py-1P COF samples (Figure 1.10)

show a consistent peak at approximately 399.2 eV across all purification conditions—acid



purified, PPh3 purified, and unpurified—indicating that the nitrogen environment in the

imine linkage remains structurally similar regardless of the monomer purification method.

This peak corresponds to the nitrogen in the C=N imine bond, which is the dominant nitro-

gen species in the COF framework. The palladium-loaded sample exhibits a single nitrogen

peak, which appears broadened due to the presence of two distinct binding environments:

one corresponding to uncoordinated imine nitrogen (�399 eV) and the other to imine nitrogen

coordinated to palladium (�400 eV). This shift confirms the successful coordination of Pd(II)

species to the nitrogen atoms of the COF. Interestingly, among the Pd loaded samples, the

PPh3-purified COF shows a noticeably broader N1s peak compared to the acid-purified and

unpurified samples. This broadening may be attributed to a more heterogeneous nitrogen

environment, possibly arising from defect sites or varying local bonding environments intro-

duced during the purification process. These subtle spectral differences offer further insight

into how monomer purification impacts the structural uniformity of the resulting COFs and

their capacity to host atomically dispersed metal sites.

Figure1.11 shows the Pd 3d XPS spectra of 4% Pd-loaded Py-1P COF under three differ-

ent purification conditions: unpurified, PPh3 purified, and acid purified. Each spectrum

features two distinct Pd spin-orbit doublets, corresponding to palladium in different chemi-

cal environments—PdO and PdN. The PdO signals appear at lower binding energies, with

Pd 3d5/2 and Pd 3d3/2 peaks around 336.5–337.1 eV and 341.8–342.1 eV, respectively. In

contrast, the PdN signals are shifted to higher binding energies, near 338.2–338.4 eV and

343.4–343.5 eV.



Figure 1.10: XPS results for Py-1P COF and its commercially available monomer for palla-
dium from the survey scans



In both the unpurified and acid purified samples, the PdN peaks are more intense, suggest-

ing a greater extent of palladium coordination with nitrogen within the COF framework.

Conversely, the PPh3 purified sample exhibits a diminished PdN signal, indicating a lower

degree of Pd–N interaction. These results demonstrate that the purification method signifi-

cantly influences the local chemical environment of palladium, which may in turn affect the

catalyst’s performance.

(a) (b) (c)

Figure 1.11: Comparison of Pd3d XPS spectra for (a) 4% Pd Unpurified Py-COF (b)4% Pd
PPh3 purified Py-COF (c) 4% Pd Acid Py-COF

To evaluate the homogeneity of the local coordination environment of Pd atoms in the

PdCl2@Py-1P COF catalyst, CO adsorption experiments were conducted at –120◦C using

diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS). A symmetric and rela-

tively narrow band was observed at 2,129 cm−1, with a full width at half maximum (FWHM)

of approximately 20 cm−1 Figure:1.12. No additional CO adsorption bands were detected

in the 1,800–2,200 cm−1 region, where vibrational modes associated with linear, bridge, and

hollow site adsorption on Pd typically appear. This absence indicates that Pd is present

predominantly as isolated single atoms. Moreover, the consistent peak position and band-

width across samples prepared with different monomer purification protocols suggest that

these treatments have minimal influence on the post-synthetic modification strategy used to

achieve a 4 wt% Pd single-atom loading. A minor shoulder at higher wavenumbers is at-

tributed to the presence of small oxidized Pd species, likely introduced during the filtration



process conducted under ambient conditions.

Figure 1.12: DRIFTS spectra of CO adsorption on the 4% Pd@Py-COF catalyst for different
purification process

1.4.3 Catalytic activity and kinetics of ethylene hydrogenation

Ethylene hydrogenation is a crucial catalytic reaction that can be conducted under mild con-

ditions and is widely employed as a probe reaction for extended metal surfaces and supported

metal catalysts, including Pt, Ir, Rh, and Au. In this study, the catalytic performance of the

4 wt% PdCl2@Py-1P COF catalyst and its respective pristine COF support was evaluated

for ethylene hydrogenation at atmospheric pressure and a constant temperature of 22 ◦C.

Notably, in both the non-purified (0.35 wt% Pd impurity) and PPh3-purified (0.23 wt% Pd

impurity) samples, no significant difference in activity was observed between the Pd-loaded

catalysts and their corresponding pristine COF supports. These findings suggest that, in

the absence of complete purification, the majority of the observed activity originates from



Figure 1.13: Comparison of reaction rate for different purification processes

the pristine COF, making it challenging to distinguish the catalytic contribution of inherent

Pd impurities from that of the intentionally introduced Pd catalyst. However, despite the

lower Pd impurity content in the PPh3-purified COF compared to the non-purified COF,

the former exhibited higher catalytic activity. This suggests that PPh3 purification may

reduce the size of Pd impurity clusters, thereby enhancing their catalytic performance. Acid

purification, which effectively removes the majority of Pd impurities, led to a remarkable

∼100-fold enhancement in catalytic activity for the 4 wt% Pd@Py-1P COF relative to the

acid-purified pristine COF.

However, at higher Pd loadings, there is a possibility of single atoms aggregating under

reaction conditions. To probe the catalyst structure during reaction, diffuse reflectance

infrared Fourier transform spectroscopy (DRIFTS) of CO adsorption was performed following

in situ ethylene hydrogenation (5 kPa C2H4 and 5 kPa H2 in N2 balance at 22 ◦C), as shown

in Figure 1.14. A CO band at 1920 cm−1 [gray area] observed for the higher loading is

attributed to bridge-bound CO on Pd clusters, suggesting that single atoms tend to form



clusters under reaction conditions. In contrast, at lower Pd loading, the CO adsorption

feature indicated the presence of only atomically dispersed Pd sites under reaction conditions,

highlighting the importance of monomer purification prior to COF synthesis and subsequent

metal incorporation. Notably, even at 1 wt% Pd loading, acid-purified samples showed

enhanced activity compared to the pristine COF, further confirming the effectiveness of the

purification strategy.

Figure 1.14: Normalized CO-DRIFTS spectra showing peak position at 2129 cm−1 and
additional low-intensity features indicating Pd clustering.

The catalytic hydrogenation of ethylene has been extensively studied, with a well-established

reaction pathway involving the sequential addition of atomic hydrogen across the carbon–

carbon double bond [57]. Figure: 1.15 illustrates the dependence of turnover frequency

(TOF) on the partial pressures of hydrogen and ethylene. The slopes of the best linear

fits to the kinetic data under steady-state conditions reveal a reaction order of 0.57 with

respect to hydrogen and approximately zero (1.00) with respect to ethylene. Similar kinetic

behavior has been reported for ethylene hydrogenation over supported metal single atoms[58],

subnanometer clusters[59, 60], and nanoparticles[57, 61]. Catalysts based on supported Ir[60,



62] and Rh [59, 63]have demonstrated activity under 353 K and atmospheric pressure, with

hydrogen exhibiting a typical reaction order of approximately 0.5, and ethylene approaching

zero. This trend suggests that ethylene adsorption is not rate-limiting, while hydrogen

undergoes dissociative adsorption on the metal surface [64].

(a)

(b)

Figure 1.15: Kinetics of ethylene hydrogenation catalyzed by 1% Pd@Py-COF (a) Depen-
dence of TOF on C2H4 partial pressure at a constant H2 partial pressure of 5 kPa (the
reaction order in ethylene is 1.01). (b) Dependence of TOF on H2 partial pressure at a
constant ethylene partial pressure of 5 kPa (the reaction order in H2 is 0.57).

In the present study, the observed slightly positive reaction order with respect to ethy-



lene may indicate comparatively weaker ethylene adsorption on isolated Pd single atoms.

The half-order dependence on hydrogen pressure at lower temperatures further implies that

hydrogen adsorption is likely equilibrated under these conditions[65]. These findings sug-

gest that at lower Pd loadings, where single atoms remain stable under reaction conditions,

ethylene hydrogenation may proceed via a distinct reaction mechanism. However, a deeper

understanding of the active site structure and the influence of chloride ligands is necessary

to fully elucidate the catalytic behavior.

Figure 1.16: Reaction Rate comparsion between Pd single-atom and Pd nanoparticle

Figure 1.17 presents a comparison of ethylene hydrogenation rates over three different Pd-

based catalyst systems—Pd single atoms supported on a COF, Pd nanoparticles on COF,

and 1.9 nm Pd nanoparticles on SiO2—as a function of ethylene partial pressure (3–5 kPa),

under constant temperature and hydrogen pressure. The Pd single-atom catalyst exhibits

significantly lower activity than both nanoparticle-based systems, which is attributed to the



weaker adsorption of ethylene on isolated Pd sites. The observed reaction kinetics suggest

distinct mechanistic pathways for each catalyst. While the Pd single-atom system shows a

slightly positive reaction order with respect to ethylene, the Pd nanoparticles on COF and

SiO2 exhibit near-zero and negative orders, respectively. The weak binding of ethylene on

single atoms implies reduced surface coverage and minimal inhibition, suggesting that such

sites may offer enhanced selectivity for acetylene semi-hydrogenation reactions.

1.5 Conclusion

The presence of palladium contamination originating from the synthesis of the PyTTA

monomer significantly influences the performance of Pd single-atom catalysts (SACs) sup-

ported on the imine-linked Py-1P COF, highlighting the necessity of monomer purification.

However, the choice of purification method not only affects impurity removal but also alters

the physical properties of the resulting COF. These structural changes are evident in XRD

patterns, SEM morphology, and pore size distributions. Both purification methods eliminate

the characteristic XRD peak at 40◦, which is attributed to Pd agglomeration in the unpuri-

fied Py-1P COF. SEM imaging reveals that acid column purification produces cleaner and

more well-defined COF sheets compared to both the unpurified and PPh3-purified samples.

Although PPh3 purification introduces structural defects, as detected by XPS, it also en-

hances catalytic activity relative to the unpurified COF, likely due to changes in the cluster

size of residual Pd impurities. In contrast, acid purification preserves the original Pd–N

coordination environment, allowing clear differentiation in activity between the 4 wt% Pd-

loaded sample and the pristine COF. Notably, even at a reduced Pd loading of 1 wt%, which

is important for maintaining catalyst stability under reaction conditions, the acid-purified

sample exhibited significantly higher activity compared to the pristine COF. These findings

underscore the critical role of purification in modulating the COF framework and the Pd

coordination environment, both of which have a direct impact on catalyst performance and

selectivity in ethylene and acetylene hydrogenation.



1.6 Future Plan

Figure 1.17: Future plan of this project

To further tune the catalytic performance of Pd-based single-atom catalysts supported on

COFs, future efforts will focus on rationally modifying the framework structure by altering

both the monomer and linker components. These modifications aim to systematically vary

the coordination environment of the active sites, thereby changing the nature of the binding

sites and metal ligands surrounding the Pd centers. Such changes are expected to directly

influence the electron density at the Pd active site, which in turn could impact the catalyst’s

activity, stability, and selectivity, particularly for acetylene semi-hydrogenation.

A key question that arises is how the electronic structure of Pd—governed by its coor-

dination environment—affects its interaction with reactants and intermediates, and how

these interactions dictate the overall catalytic performance. Investigating these effects will

involve exploring possible reaction mechanisms for acetylene semi-hydrogenation over dif-

ferently coordinated Pd sites. This understanding will be essential to guide the design of

next-generation COF-supported catalysts with enhanced selectivity and performance for in-



dustrially relevant hydrogenation processes.
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2.1 Introduction & Literature review

Catalysts composed of alloyed nanoparticles often demonstrate enhanced activity or selectiv-

ity compared to their monometallic counterparts. Notable examples of industrially relevant

alloy catalysts include PdAg[66, 67] and PdPb[68] for alkyne semihydrogenation, PtSn for

alkane dehydrogenation[69], PdAu for vinyl acetate monomer synthesis[70], and PtRh for

simultaneous NOx reduction and CO/hydrocarbon oxidation[71]. The improved catalytic

performance of alloyed systems is frequently attributed to both electronic and geometric

effects.[72] Electronic effects arise from changes in the electronic structure—such as d-band

shifts—due to orbital rehybridization, charge transfer, or lattice strain induced by heteronu-

clear metal bonding.[73] Geometric effects, on the other hand, result from modifications

to the atomic arrangement of active sites when a second metal disrupts the ensembles of

contiguous atoms found in pure metals. These alterations can significantly influence the

adsorption strength and configuration of catalytic intermediates.

Moreover, alloy surfaces typically expose multiple metallic elements with distinct binding

affinities for reactants and intermediates. These differences in adsorption energetics can

influence surface coverage and catalytic turnover. In some cases, disparities in adsorbate

binding between alloy components can even lead to environment-induced restructuring. For

example, Pd binds oxygen more strongly than Au, leading to Pd surface enrichment in PdAu

nanoparticles under oxidative conditions[74], whereas inert or vacuum environments favor a

more Au-rich surface composition. The size of PdAu bimetallic nanoparticles plays a crucial

role in determining their surface structure and catalytic properties. As particle size decreases,

the proportion of surface atoms increases dramatically. This increase in surface atom frac-

tion enhances the availability of active sites for catalytic reactions. Smaller clusters not only

exhibit a higher density of surface atoms but also interact with adsorbates differently, often

leading to altered binding configurations and reactivity. These effects collectively facilitate

dynamic surface restructuring, which is highly sensitive to changes in cluster size, compo-



Figure 2.1: Size effects on PdAu bimetallic alloy

sition, and reaction conditions. Such restructuring can significantly influence the activity,

selectivity, and stability of PdAu catalysts, emphasizing the importance of nanoscale control

in catalyst design.

Alloy surfaces are inherently dynamic under reaction-relevant temperatures, and their sur-

face composition and morphology can deviate significantly from the as-synthesized state.

Such transformations may occur during annealing[75], pretreatment procedures[76], or even

in situ under reaction conditions. For dilute Pd-in-Au systems, maintaining catalytically

active Pd at the surface of an otherwise inert Au matrix is highly desirable. However, due

to the higher surface free energy of Pd (2.05 J/m2) relative to Au (1.63 J/m2)[77], Pd tends

to diffuse into the bulk under reducing environments, leading to surface depletion. Scanning

tunneling microscopy (STM) studies have demonstrated that the distribution of Pd species

on Au surfaces can be tuned through temperature-controlled deposition.[78] For instance,

deposition of 1 atom % Pd on Au(111) at ∼300 K yields a mixture of Pd islands and smaller

ensembles, whereas subsequent annealing at 450 K causes Pd to dissolve into the Au bulk.

Notably, under reactive conditions, Pd can segregate back to the surface in the presence

of strongly binding adsorbates such as CO and O2.[76] These species preferentially adsorb

onto Pd sites, effectively stabilizing Pd at the surface by lowering the overall surface free



energy.[79] CO-induced reverse segregation has been reported across several bimetallic sys-

tems, including Pd/Au(111)[80], Au/Pd(100)[81], and AuPt nanoparticles[82], highlighting

the dynamic interplay between adsorbates and surface composition in alloy catalysts.

CO adsorption measured by DRIFTS (diffuse reflectance infrared Fourier transform spec-

troscopy) is a useful technique to characterize the surface of supported metal catalysts and

has also been employed to study AuPd bimetallic catalysts. On pure Pd surfaces, CO pref-

erentially adsorbs at bridge (µ2-CO) and hollow (µ3-CO) sites. However, in PdAu alloys,

the disruption of these Pd ensembles shifts CO adsorption to atop (η1-CO) sites, reflect-

ing the significant influence of ensemble geometry on adsorbate binding.[83] Such behavior

highlights how the interplay between electronic structure and atomic arrangement in alloy

nanoparticles governs their catalytic performance.

2.2 Objective of the project

The overall objective of this project is to elucidate the structure–property relationships in

Pd1Aux alloy nanoparticles by systematically varying nanoparticle size and palladium com-

position. The study aims to (1) develop controlled synthetic strategies for preparing PdAu

bimetallic systems, (2) characterize their structural and electronic properties under reactive

environments using advanced techniques such as transmission electron microscopy (TEM),

CO-FTIR spectroscopy, and X-ray absorption spectroscopy (XAS), and (3) correlate these

structural features with catalytic activity and thermodynamic behavior during hydrogen

peroxide production.

Within this broader framework, the main focus of the thesis is on utilizing carbon monox-

ide diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS) to investigate

the structural evolution of PdAu bimetallic catalysts under different adsorbates. Particu-

lar attention is given to how these structural changes vary as a function of particle size,

composition, and temperature.



2.3 Experimental Procedures

2.3.1 Catalyst Preparation

The synthesis of Pd1Aux–SiO2 catalysts begins with the preparation of the Au–bis(ethylenediamine)

complex from a gold chloride precursor. This organometallic complexation step enables im-

proved dispersion and charge control for subsequent adsorption. The resulting complex is

then deposited onto a silica support via the Strong Electrostatic Adsorption (SEA) method,

which relies on pH-tuned electrostatic interactions to anchor the gold species uniformly onto

the surface. Following adsorption, the material is dried and reduced to form well-dispersed

Au nanoparticles. Subsequently, palladium is introduced using an electroless deposition

technique, allowing precise control over Pd loading and enabling the formation of Pd1Aux

alloy nanoparticles. By varying the Pd precursor concentration during electroless deposi-

tion, a range of Pd compositions can be achieved, facilitating a systematic investigation of

structure–property relationships as a function of particle size and alloying.

Figure 2.2: Synthesis process of PdAu bimetallic catalyst with different Pd loading

2.3.2 Catalyst Characterization

DRIFTS measurements of CO adsorption were carried out using a Thermo Fisher Scientific

Nicolet iS50 FTIR spectrometer equipped with a liquid nitrogen-cooled mercury-cadmium-

telluride (MCT) infrared detector. Carbon monoxide (CO) was used as a probe molecule

due to its well-defined and sensitive vibrational features, which reflect the electronic and ge-



ometric structure of surface-active sites. Cryogenic temperatures were employed to suppress

thermal motion and prevent CO-induced surface restructuring, ensuring reliable characteri-

zation of the catalyst’s surface. Catalyst samples were loaded into an in situ Praying Mantis

diffuse reflectance cell (Harrick Scientific Products) for analysis. Prior to CO exposure, all

samples were reduced under 20 kPa of H2 at 200 ◦C to generate a metallic state. The reduced

samples were then cooled to –120 ◦C under different gas environments, including N2, H2, or

O2, depending on the pretreatment protocol. CO adsorption spectra were collected under

2 kPa CO, enabling evaluation of the structural dynamics of Pd-containing active sites under

varying adsorbate conditions.

2.4 Results & Dicussions

2.4.1 Absorbates Effect

The DRIFTS spectra presented in the first row of Figure 2.3 illustrate CO adsorption on

Au/SiO2 following different pretreatment conditions. When the sample was cooled under N2,

a relatively broad peak centered at 2105 cm-1 was observed, accompanied by a minor shoulder

at 2112 cm-1. The broadness of the signal suggests the presence of multiple adsorption

environments. According to literature, CO bands in the 2120–2080 cm-1 range are typically

associated with adsorption on low-coordinated Au sites, such as steps or defects[84, 85],

whereas bands in the 2080–2000 cm-1 region correspond to CO adsorption on negatively

charged Au clusters [86, 87, 88, 89]. Higher-frequency bands (above 2120 cm-1) are indicative

of CO adsorption on positively charged Au species (Au+), with bands beyond 2140 cm-1

corresponding to CO adsorbed on highly oxidized Aun+ (n ≥ 1) sites [90, 91, 92, 93]. Upon

cooling the Au/SiO2 sample under H2, the shoulder at 2112 cm-1 became the dominant

feature, indicating subtle restructuring of the surface. In contrast, O2 pretreatment resulted

in a distinct blue shift of the CO stretching band to 2129 cm-1. This shift suggests the

formation of new adsorption sites due to interaction between the gold surface and pre-



adsorbed oxygen species. The emergence of this higher-frequency band is attributed to

CO bound at gold step sites modified by reactive oxygen species such as superoxides or

peroxides. These interactions likely result in structures such as O2–Au+–CO or Oδ−–Auδ+–

CO, consistent with electron transfer from the gold to the adsorbed oxygen[94].

Figure 2.3: IR spectra for PdAu alloy under different adsorbates. All measurements were
performed at −112 ◦C after a 5-minute N2 flush, followed by 2 kPa CO adsorption.

The DRIFTS spectra of CO adsorption on Pd/SiO2 (1.9 nm) reveal distinct features de-

pending on the gas environment used during cooling. When cooled under N2 and H2, three

prominent peaks are observed at 2158, 2131, and 2103 cm-1. These can be assigned to CO

adsorbed on Pd2+, Pd+, and metallic Pd0 sites, respectively [95]. Notably, cooling under

O2 leads to a significant reduction in overall CO adsorption intensity, suggesting the pre-

adsorbed oxygen may induce competitive adsorption, blocking CO access to active sites. A

comparison of the peak positions between pure Pd and pure Au reveals that they are rela-

tively close, making it challenging to confidently assign specific peaks in the PdAu bimetallic

alloy.



For the PdAu bimetallic catalysts, the CO stretching frequencies remain relatively unchanged

under N2 and H2 cooling conditions, indicating minimal structural or electronic alterations.

However, under O2 cooling, a noticeable reduction in peak intensity is observed. This behav-

ior can be attributed to the stronger binding affinity of oxygen to Pd compared to Au, which

results in surface enrichment of Pd atoms under oxidative conditions, especially relative to

inert or vacuum environments [74]. In the case of the PdAu15/SiO2, a distinct feature in

the 1900–2000 cm-1 region is observed, corresponding to bridge-bound CO on contiguous

Pd sites. This feature is absent in the PdAu150/SiO2, suggesting a higher degree of Pd site

isolation due to dilution by Au atoms.

Figure 2.4: Restructuring behavior of PdAu alloy under H2, O2

2.4.2 Temperature Effect

Alloy surfaces are known to exhibit dynamic structural behavior under reaction-relevant tem-

peratures. Compared to their as-synthesized state, significant changes in surface composition

and morphology can occur as the temperature varies. Previous studies have reported such

transformations at elevated temperatures, where, under CO-rich environments, Pd atoms



migrate to the surface of PdAu alloys (≤ 150 ◦C), replacing Au atoms and forming Pd–CO

complexes [96]. Upon heating above 150 °C, CO desorbs, allowing Pd to reincorporate into

the bulk, restoring the Pd–Au alloy structure [96]. However, observation of such structural

rearrangements at cryogenic temperatures remains uncommon, making such findings par-

ticularly intriguing and significant since cryogenic temperature minimizes thermal mobility,

preventing any CO-induced restructuring.

In this study, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was

employed to monitor these structural changes. As the temperature was increased from

cryogenic conditions, an enhanced absorption band emerged in the 1900–2000 cm–1 region,

suggesting the formation of Pd ensembles species due to surface atom rearrangement Fig:2.5.

This restructuring is primarily induced by the high CO coverage on Au, which facilitates

the migration of subsurface Pd to the surface as the temperature increases from cryogenic

conditions. A similar trend is observed at room temperature (25 ◦C), where low CO coverage

on Au has minimal effect on Pd migration 2.6. In contrast, high CO coverage enhances the

interaction with Au, promoting the emergence of Pd from the subsurface to the surface.



Figure 2.5: DRIFTS spectra showing CO adsorption on Pd1Au15/SiO2 and Pd1Au150/SiO2
at –120 ◦C (left), and their temperature-dependent evolution (right).

Figure 2.6: DRIFTS spectra showing CO adsorption on Pd1Au15/SiO2 and Pd1Au150/SiO2
at 25 ◦C (left), under 0.5-10 kPa CO partial paressure



Figure:2.7 illustrates the structural reversibility of PdAu alloys with different compositions

as a function of temperature. At cryogenic temperature (−120 ◦C), a distinct CO absorption

band appears at 2094 cm–1 (blue), characteristic of CO linearly adsorbed on isolated Au

atoms. Upon heating to room temperature (25 ◦C), this band shifts to 2052 cm–1 (orange),

indicating the formation of metallic Pd ensembles due to CO-induced Pd surface segrega-

tion. When the sample is re-cooled to cryogenic temperature (2nd run), the original CO

band reappears at 2095 cm–1 (green), signifying that Pd atoms migrate back into the bulk,

restoring the initial single-atom dispersion. This reversible transformation highlights the

dynamic nature of Pd surface distribution under varying thermal conditions and the role of

CO in driving alloy restructuring.

Figure 2.7: Reversible CO adsorption behavior on Pd1Au150 and Pd1Au15 observed via
DRIFTS during temperature cycling between –120 ◦C and 25 ◦C.

2.5 Conclusion

This study offers a detailed investigation into the structural dynamics of PdAu bimetallic

nanoparticles, examining how particle size, composition, adsorbate environment, and tem-

perature collectively influence surface structure. Through the use of carbon monoxide as a

probe molecule in DRIFTS analysis, we demonstrated that the degree and nature of Pd–

Au surface restructuring are highly responsive to these variables. Our findings reveal that



strongly binding adsorbates, such as CO and O2, promote Pd surface enrichment, whereas in-

ert and reducing environments tend to stabilize Au-rich surfaces. Both large and small PdAu

nanoparticles exhibit predominantly Au-rich surfaces. Importantly, we observed reversible

structural changes in PdAu alloys at cryogenic temperatures—an uncommon finding in pre-

vious studies. This suggests that Pd surface segregation and re-incorporation are thermally

driven and reversible, offering new insights into the dynamic nature of alloy surfaces under

varying conditions. Overall, this work enhances the understanding of structure–property

relationships in PdAu systems and highlights the effectiveness of operando spectroscopic

techniques in probing active site environments. These insights are crucial for the ratio-

nal design of bimetallic catalysts with improved stability, selectivity, and responsiveness in

structure-sensitive reactions such as selective hydrogenation.
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