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Abstract 

The rational design of metal-doped bifunctional porous materials has emerged as a 

prominent subject in heterogeneous catalysis due to their potential for synergistic 

cooperativity and scalability in tandem or cascade reactions. Various metal catalysts, 

such as isolated single atoms, clusters, and nanoparticles supported on different 

matrices, have been developed. By employing the aforementioned catalyst strategies, it 

is possible to create tailor-made bifunctional catalysts suitable for diverse applications. 

This thesis aims to concentrate on the precise synthesis of bifunctional catalysts falling 

into two primary categories: (1) bimetallic catalysts and (2) dual active site catalysts 

incorporated within the porous supports of zeolites and metal-organic frameworks 

(MOFs). The preparation of desirable bifunctional catalysts will involve employing 

diverse synthesis and modification strategies for the porous materials. By utilizing 

cutting-edge techniques for structural elucidation, the electronic and geometric 

structure of the active species confined within the porous materials can be unveiled, 

facilitating a comprehensive discussion on the atomic-level structure-activity 

relationship. Chapter 1 will introduce the strategies for the synthesis and modification 

of metal-doped catalysts, as well as the recent advances in bifunctional catalysts. In 

Chapter 2, the raw materials, catalyst preparation strategies, and characterization 

techniques employed in this thesis will be provided. Chapter 3 presents the preparation 

of atomic dispersed 3d metal bimetallic dual-atom catalysts. By utilizing a di-basic 

imidazole linker, a linker-bridged 3d bimetallic dual atom can be assembled within the 

zeolite support. Three distinct synergistic advantages have been revealed in a probe 

superoxide dismutation reaction: (1) neighboring bimetallic active motifs, (2) tertiary 

structure around the zeolite support, and (3) the local coordination environment. These 

findings unravel a reliable approach for the precise engineering of novel bimetallic 

catalysts. In Chapter 4, the preparation of Cu-Fe dual-atom catalysts (DACs) on the 

Zr6O4 secondary building unit (SBU) of UiO-66-NH2 is presented. The Cu-Fe DACs 

are initially positioned on the framework linker using the strategies mentioned in 

Chapter 3, and further immobilized on the SBU through O2 activation. The peroxyl 

group bridged Cu-Fe DACs facilitate the selective oxidation of styrene, achieving a 

selectivity of higher than 92% towards benzaldehyde, based on the well-balanced 

synergy between the electronic and steric characteristics. Chapter 5 reports the 

preparation of a bifunctional metal/Brønsted acid zeolite catalyst through one-pot 

hydrothermal synthesis. By performing systematic investigations of the strength of the 

active species (Lewis acidity of metal species and Brønsted acidity) using two probe 

reactions, namely styrene oxidation and GVL decarboxylation, the synergistic 

cooperativity between the two active species is revealed.  
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Chapter 1 Introduction 

1.0. The importance of studying bifunctional catalysts  

The investigation of bifunctional catalysts holds significant importance in the field of 

catalysis. Crystalline porous materials like zeolites and metal-organic frameworks 

(MOFs) find widespread application in gas adsorption, separation, and catalysis due to 

their consistent pore size distribution, diverse framework structures, and chemical 

adaptability 1–4. These materials, with their uniform framework structure and high 

surface area, not only serve as catalysts based on their functionality but also as carriers 

for catalytic species 5–12. When combined with doped active sites, crystalline porous 

materials offer abundant active sites that enhance catalytic reactions. 

Porous materials, recognized for their exceptional stability and high surface area, act as 

supports that create a secure environment for immobilizing active species on their 

surfaces or within their pores. This immobilization prevents the loss or undesirable 

aggregation of active species, thereby enhancing stability, resistance to poisoning, and 

prolonging the lifespan of the catalyst. The unique channel and adjustable pore 

structures enable favorable reaction kinetics and selectivity. Modifying the channel and 

pore structures of porous materials allows for selective adsorption of substrate 

molecules and spatial confinement of catalytic reactions, ultimately improving catalytic 

efficiency and selectivity. 

Active species anchored on porous materials play a pivotal role in catalytic processes, 

encompassing a diverse array of entities such as metal nanoparticles, organic molecules, 

solid acids, and other catalysts. The integration of active species not only enhances 

catalytic performance based on their individual properties but also introduces additional 

functionality in catalysis. This includes the modulation of intermediate formation, 

activation of molecules, and the selection of reaction pathways based on the interaction 

between the supported active species and the electrons or spatial structures of the porous 

support, culminating in heightened catalytic efficiency and selectivity. A bifunctional 

catalyst can be prepared by combining the porous support and active species. 

The coexistence of two active species in bifunctional catalysts engenders a unique 

synergistic interaction that imparts distinctive catalytic reactivity. This interaction 

facilitates substrate co-activation and the progression of tandem or cascade steps within 

catalysis. Furthermore, the carrier's distinctive properties and pore structures establish 

an environment conducive to optimal performance by the supported catalytic species, 

thereby enabling the observation of a synergistic effect in active species-doped supports. 

Leveraging these benefits, the utilization of bifunctional catalysts enhances catalytic 
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performance through functional regulation, thereby yielding augmented catalytic 

efficiency and selectivity. 

In catalytic processes, the synergistic interplay between carrier materials and supported 

catalytic species is pivotal for enhancing catalytic performance. Bimetallic synergistic 

catalytic systems, wherein two metal species immobilized through different strategies 

interact, represent a prevalent form of synergistic catalytic system. This interaction 

engenders various forms of synergistic effects. Initially, the metal species on the carrier 

furnish abundant active sites, heightening reactivity and selectivity in reactions. 

Additionally, the two metal species can interact to form alloys or cooperative catalysts 

that govern the reaction pathway and intermediate generation in catalytic reactions. 

Secondly, the distinct electronic properties and catalytic activities of the two metal 

species in bimetallic synergistic catalytic systems foster electron transfer and 

redistribution, thereby amplifying the efficiency and selectivity of catalytic reactions. 

Furthermore, bimetallic synergistic catalytic systems bolster the stability and resistance 

to poisoning of catalysts through the synergistic effect, thereby prolonging the catalyst’s 

functional lifespan. 

Beyond bimetallic synergistic catalytic systems, various other types of synergistic 

catalytic systems have been extensively explored. For instance, supported metal species 

can interact with non-metal species on the carrier, culminating in dual active site 

synergistic catalytic systems. The non-metal species can provide ancillary sites or 

electron transfer pathways to modulate the catalytic activity and selectivity of the metal 

species. Moreover, metal-functionalized group synergistic catalytic systems can be 

established through the interaction between supported metal species and functional 

groups on the porous support. These functional groups can furnish additional reaction 

sites or the specialized environment essential for substrate adsorption and activation, 

thereby augmenting the efficiency and selectivity of catalytic reactions. 

In essence, crystalline porous materials stand as pivotal carriers in catalytic processes. 

Their interaction with supported active species not only furnishes a stable environment 

and regulates reaction dynamics and selectivity but also engenders synergistic effects 

to enhance catalytic performance. While bimetallic synergistic catalytic systems remain 

a focal point of the study, the exploration and application of other forms of dual active 

site synergistic catalytic systems present promising avenues. These investigations hold 

substantial importance in shaping the design and advancement of efficient catalysts, 

propelling the evolution of catalytic science.  
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1.1. Support for bifunctional catalyst 

Porous materials serve as excellent raw materials for crafting bifunctional catalysts, 

acting not only as the catalyst itself but also as a supportive structure for other doped 

active species. Among the array of materials available, zeolites and metal-organic 

frameworks (MOFs) stand out as popular examples due to their attributes such as high 

surface area, remarkable stability, and versatile applications. This section delves into 

the exploration of bifunctional catalyst preparation using zeolites and MOFs, shedding 

light on the background information and strategies for synthesizing and modifying 

these materials. 

Zeolite 

Zeolites, being crystalline materials primarily comprised of interconnected silica and 

alumina tetrahedra bridged by oxygen atoms, form the backbone of bifunctional 

catalysts 13. These tetrahedra, made up of silicon (Si4+) and aluminum (Al3+) ions, act 

as the primary building units (PBUs) within the zeolite's unit cell. Represented as TO4 

units, where T signifies the silicon or aluminum ions and O4 denotes the bridging 

oxygen connecting two T atoms 14. A general equation is employed to represent the 

crystalline unit cell of zeolite:  

𝑀𝑦
𝑎
[𝐴𝑙𝑦𝑆𝑖𝑥−𝑦𝑂2𝑥] · 𝑏𝐻2𝑂 

Here, ‘M’ represents the cation, encompassing protons, alkali metal cations, or alkali 

earth metal cations. The variables ‘a’ and ‘b’ denote the oxidation state of these cations 

and the quantity of water molecules within a unit cell, respectively. Additionally, ‘x’ 

and ‘y’ correspond to the total number of T atoms and the number of Al atoms. 

Incorporating heteroatoms and diverse combinations of primary components not only 

enhances the catalytic activity but also introduces shape selectivity within the zeolite 

structure. This customization allows for the tailored design of zeolite catalysts for 

bifunctional catalyst synthesis. To lay the groundwork for the synthesis of a desired 

zeolite support for bifunctional catalyst production, the subsequent paragraph will delve 

into the background and critical factors involved in zeolite synthesis. 

As mentioned above, the Si/Al ratio in zeolites can vary from 10 to 50 or even higher. 

However, managing the abundance of Al is crucial to prevent excessive defects within 

the zeolite framework, which can compromise its crystallinity. Zeolite frameworks 

consist of infinite unit cells, each constructed from secondary building units (SBUs) 

composed of TO4 tetrahedra. These SBUs typically assemble into cage-like structures 

known as cage-building units (CBUs), which give rise to diverse morphologies such as 

cubic, tetrahedral, hexagonal, and other complex structures, depending on the 
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configuration of the TO4 tetrahedra 14. An example of a cage-building unit is depicted 

in Figure 1.1. By combining different CBUs, channels of various shapes and pore sizes 

are created, influencing the adsorption properties of the zeolite. Each zeolite framework 

is identified by a three-letter code determined by the Si/Al ratio and the basic unit’s 

morphology, with notable examples being MFI (e.g., ZSM-5) and FAU (e.g., zeolite Y). 

The International Zeolite Association (IZA) has classified over 250 framework types, 

each designated by a unique code 15.  

 

Figure 1.1. Example of the cage building units in zeolites. Reprinted with permission from ref. 14. 

Copyright (2017) Int. Res. J. Environmental Sci.  

To attain the desired morphology or framework type of zeolite, meticulous control over 

various parameters during the synthesis process is essential. These parameters include 

the component ratio, pH value, reaction temperature, and the addition of substances like 

mineralizers, templates, and structure-directing agents 16,17.  

Most zeolites are synthesized using a hydrothermal method within a temperature range 

of 333 K to 473 K. The crystallization rate, particle size, and morphology of zeolites 

are significantly influenced by the chosen crystallization temperature and time. Higher 

temperatures expedite crystallization, reducing the time needed for nucleation and 

crystal growth. For instance, in ZSM-5 synthesis, lowering the crystallization 

temperature from 180 °C to 150 °C extends the crystallization time from around 12 

hours to approximately 28 hours 18. The reaction temperature also dictates the particle 

size of the zeolite, with lower temperatures favoring nucleus formation and smaller 

crystal production. For instance, zeolite A crystals have a diameter of about 2 μm at 333 

K, but at 473 K, the diameter increases to around 4 μm with a wider size distribution 19. 

Similarly, for ZSM-5, the particle size grows from 10-20 nm to 40-60 nm as the 

temperature increases from 363 K to 443 K 20.   
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In the realm of zeolite synthesis, achieving high-quality crystallization is contingent 

upon various factors such as temperature, duration, and notably, the pH of the precursor 

solution. The pH of the solution plays a pivotal role in determining the successful 

crystallization of zeolites, alongside temperature and duration. The synthesis process 

typically begins with an amorphous gel, the solubility of which is directly influenced 

by the alkalinity of the solution. Lechert’s findings underscore the critical nature of 

maintaining a specific pH range for the successful preparation of zeolites with distinct 

framework types 21. For instance, faujasites (FAU) crystallize optimally within a pH 

range of 12.3 to 13.8, mordenite (MOR) thrives between 11.3 and 12.7, and a lower pH 

is necessary for the synthesis of ZSM-5. Moreover, variations in pH within the 

precursor solution significantly impact the coordination species of the T atom. Elevated 

pH values, particularly above 12, lead to the generation of more condensed silicate 

species, while reduced pH levels increase dimer and four-membered ring species. This 

pH dependency extends to zeolites containing other T atoms like P, Ge, and Sn. The 

adjustment of the pH environment is crucial for preparing bifunctional catalysts as it 

influences the successful introduction of active species, with the heteroatom typically 

requiring a specific pH for dissolution in the precursor solution. 

In the intricate design of zeolite frameworks, additives play a pivotal role, with 

mineralizers and structure-directing agents standing out as crucial factors. Mineralizers, 

instrumental in controlling the solubility and mobility of framework-forming atoms, 

establish an optimal pH environment for crystallization while structure-directing agents 

dictate the zeolite’s structure and pore dimensions. This includes managing the 

distribution of framework atoms like Al, Zn, and Ge 22,23. Mineralizers, like hydroxide 

(OH-) and fluoride ions (F-), modulate solubility during crystallization, affecting 

dissolution rates and the final composition of the zeolite by altering the concentration 

of framework species. 

Hydroxide ions (OH-) are instrumental in enhancing the dissolution of essential 

framework constituents such as aluminum and silicon, leading to their presence as 

silicate and aluminosilicate anions in alkaline solutions. The behavior of silicate and 

alumina differs in the presence of OH- ions. OH- ions ionize the silanol groups and 

cleave the siloxane bonds, which increases the solubility of silicate species. In contrast, 

OH- ions solubilize alumina by forming Al(OH)4
- anions, without inducing further 

ionization or oligomerization. Given these characteristics, the concentration of OH- ions 

is of considerable importance in the synthesis of aluminum-rich zeolites. As the 

concentration of OH- ions rises, the stability of silicate species is reduced, inhibiting 

the self-condensation of silicate units. Nonetheless, the propensity to condense with 

aluminate species remains unaffected, promoting the condensation reaction between 

silicate and aluminate to construct aluminosilicate frameworks 22.  
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Analogous to the hydroxide ion (OH-), the fluoride ion (F-) also can enhance the 

solubility of framework atoms, such as aluminum (Al) and silicon (Si), by substituting 

the hydroxyl group and forming a fluoride complex. This fluoride complex creates a 

relatively neutral crystallization environment, which facilitates the use of organic 

additives that are unstable under highly alkaline conditions 16. Similarly, the 

concentration of the F- ion influences the composition of the zeolite due to its role in 

stability control. Among the various framework atoms (T atoms), there is a hierarchy 

of stability within the fluoride complex, with the order being AlIII > FeIII > GaIII > SiIV 
22. Owing to the lower stability of the silicon fluoride complex, the synthesis of silicon-

rich zeolites is more feasible when a higher concentration of fluoride ions is used, as 

the least stable fluoride complex demonstrates increased reactivity in condensation 

reactions. 

The template, also referred to as a structure-directing agent (SDA), plays a pivotal role, 

surpassing that of the mineralizer, in controlling the framework structure (framework 

type) of zeolites, as previously discussed. The evolution of zeolite framework types is 

fundamentally dependent on the advancement of structure-directing agents 24,25. 

Structure-directing agents are broadly categorized into two groups: inorganic templates 

and organic templates. The former generally comprises alkali or alkaline earth metal 

cations, whereas the latter includes bulky organic molecules such as quaternary 

ammonium or certain amine compounds. The mechanism through which SDAs 

facilitate zeolite crystallization involves neutralizing the lattice charge of the 

framework. The zeolite precursor (T atom) encapsulates the SDA cation, forming the 

primary building block, which then aggregates into the secondary building unit (SBU), 

culminating in the formation of the complete zeolite structure 17,23. The choice of SDA, 

influenced by the disparity in size and bulkiness between inorganic and organic SDAs, 

enables control over the zeolite’s chemical composition (e.g., Si/Al ratio, content of 

heteroatoms). As previously mentioned, the mechanism of the SDA neutralizes the 

lattice charge and fosters the crystallization of the zeolite framework. Owing to the 

smaller dimensions of inorganic SDAs compared to organic ones, a greater number of 

inorganic SDAs can be accommodated within the cages of the zeolite precursor’s 

building blocks. Given that the negative charge is predominantly associated with the Al 

tetrahedra, zeolites synthesized with inorganic SDAs exhibit a low Si/Al ratio due to 

the lattice charge neutralization by the inorganic SDA. Conversely, the substantial size 

of organic SDAs limits the insertion of positive charges into the building blocks, leading 

to a decreased presence of Al atoms in the structure and the synthesis of zeolites with 

high Si/Al ratios. 

The positioning of T atoms near mineralizers and SDAs is influenced by bonding 

interactions with additives, impacting the reactivity of bifunctional catalysts. The 
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quantity and ratio of additives play a crucial role in determining the distribution of 

active species within the framework 26. Mineralizers, being smaller, typically occupy 

internal positions within channels or small pores, while SDAs localize at the 

intersection of channels and larger pores due to their bulkier nature. Additives further 

influence the positioning of active species by interacting with active components. 

Adjusting the mineralizer to SDA ratio can modify this distribution, affecting the 

synergistic activity between active species. Maintaining an optimal distance between 

these species is vital for fostering effective catalysis, underscoring the importance of 

carefully adjusting these ratios. 

The substitution of a framework silicon atom (Si4+) with a trivalent aluminum atom 

(Al3+) introduces an anionic charge, which can be neutralized by a compensating cation 

(e.g., H+, Na+, NH4+), positioned on the bridging oxygen atoms (Si–O(H)–Al). This 

incorporation of an H+ ion creates a Brønsted acid site within the zeolite framework, 

thereby endowing it with acid properties and enabling it to function as a solid acid 27. 

The acidity of the zeolite can be modulated by the presence and concentration of various 

trivalent atoms (B, Al, Ga). Shirazi et al. conducted a study on the impact of the Si/Al 

ratio on the acidity of ZSM-5 zeolite, finding that a lower Si/Al ratio led to increased 

acidity, as determined through NH3-TPD analysis 28. Furthermore, Jones et al. explored 

how the acid strength of MFI zeolite could be altered by replacing Al with other 

trivalent atoms (e.g., B, Ga, and Fe) 29. In their research, methods such as methanol 

dehydration, chemical titration with pyridine, and DFT calculations of deprotonation 

energy were utilized to assess the acidity of the zeolite samples. The findings suggest 

that the acid strength of zeolites doped with trivalent atoms follows the sequence Al > 

Ga > Fe >> B. By introducing different trivalent atoms, the Brønsted acid strength can 

be modified without changing the number of trivalent atoms, ensuring the number of 

acid sites can be controlled precisely for preparing the bifunctional catalyst.  

In addition to Brønsted acidity, the porous structure of zeolites provides a large surface 

area for the dispersion of active species, offering high shape selectivity during catalysis. 

Wang et al. conducted research aimed at optimizing shape selectivity in the synthesis 

of p-xylene from toluene by modifying ZSM-5 zeolite 30. The modified ZSM-5 zeolite, 

featuring an effective channel system, demonstrated a selective production of p-xylene 

with a selectivity of 99.3 %, in contrast to the standard ZSM-5, which exhibited only a 

50.1 % selectivity towards p-xylene. Furthermore, Rastegar et al. explored the impact 

of zeolite topology on selectivity in the alkylation of benzene with ethylene. They 

employed BEA, MOR, and FAU zeolites, which possess similar framework 

compositions, for the catalytic alkylation of benzene to produce ethylbenzene. The BEA 

zeolite showed a markedly higher benzene conversion compared to the other two 

zeolites, attributable to its greater acid strength and relatively large internal cavities 
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derived from the BEA topology, which promoted activity in benzene alkylation. 

Moreover, the BEA zeolite exhibited enhanced selectivity towards ethylbenzene, while 

the other zeolite samples generated heavier side products (C>9) due to a lack of shape 

selectivity within their supercages, resulting in the formation of diethylbenzene and 

heavier byproducts. These studies underscore the significance of zeolite topology in 

influencing the shape selectivity of catalytic products. 

This section lays the groundwork for understanding zeolites and introduces strategies 

for designing zeolites to customize morphology, acidity, and active site distribution 

within the framework. Subsequent sections will delve into background information on 

metal-organic frameworks (MOFs) to further broaden the scope of materials for 

catalytic applications.  
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Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs), also referred to as porous coordination polymers 

(PCPs) or porous coordination networks (PCNs), constitute a distinctive category of 

porous materials incorporating metal atoms or clusters as nodes and organic ligands as 

linkers 31,32. The morphology, porosity, and functionality of MOFs can be tailored by 

adjusting the metal nodes and organic linkers. Leveraging the diverse chemical and 

physical properties of MOFs, these materials exhibit immense potential across various 

domains, including gas storage, gas separation, sensing, and catalysis 3,4,33. The pivotal 

roles of functionality and porosity in MOF chemistry significantly shape their 

properties, thereby enhancing their performance in diverse applications.  

The inherent advantages of MOFs position them as promising materials for catalyst 

support. To elucidate the process of preparing a suitable MOF for bifunctional catalyst 

synthesis, the subsequent discussion will introduce the foundational elements and 

considerations governing MOF synthesis and design.  

The International Union of Pure and Applied Chemistry (IUPAC) categorizes porous 

materials like zeolites, metal-organic frameworks (MOFs), and activated carbon into 

three pore-size classifications: microporous (<2 nm), mesoporous (2 nm-50 nm), and 

macroporous (>50 nm). As previously mentioned, the morphology and porosity of 

MOFs can be altered through variations in metal nodes and organic linkers. An 

illustrative instance is the creation of isoreticular MOFs through linker modifications. 

For example, MOF-5 (IRMOF-1) exemplifies a classic MOF comprising Zn4O clusters 

and dicarboxylate linkers, showcasing isoreticular MOFs with different pore sizes 

achieved via linker adjustments. Eddaoudi et al. conducted a porosity analysis of 

isoreticular MOFs for methane storage 34, demonstrating that replacing 1,4-

benzenedicarboxylic acid (the linker in IRMOF-1) with [1,1’:4’,1’’-terphenyl]-4,4’’-

dicarboxylic acid (the linker in IRMOF-16) increased the free volume from 79.2 % to 

91.1 %, while reducing the density from 0.61 g/cm3 to 0.21 cm3, yielding significant 

implications for gas storage applications.  

In addition to porosity modulation, functionalizing MOFs presents an effective 

approach to broaden their potential applications. Functionalization can occur through 

alterations at two key positions: the metal node and the organic linker. During MOF 

formation, the metal node can interact with non-framework ligands such as solvent 

molecules (e.g., water, carboxylic acid), which can be easily removed during 

subsequent post-treatment procedures. This removal exposes coordination unsaturated 

sites (CUS) at the metal node, capable of acting as Lewis acid catalysts. However, the 

formation of CUS introduces defects into the MOF structure. Intentionally inducing 

defects in MOFs can be achieved through bottom-up synthesis or post-synthetic 
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treatment methods. In bottom-up synthesis, the addition of a modulator can expedite 

crystallization, inducing defects in the MOFs. The modulation can enhance crystallinity 

but excessive amounts can lead to defect formation by blocking metal node 

coordination sites. Microwave-assisted synthesis and sonication are techniques that can 

accelerate crystallization, but rapid crystallization may result in incomplete binding 

between the metal node and organic linker, causing missing linker defects. 

Post-synthetic treatments can also be employed to introduce defects in MOFs by 

removing framework linkers. Techniques such as heat treatment and acid/base 

treatment facilitate linker removal. Heat treatment involves decomposing framework 

linkers at high temperatures to selectively expose the metal node after treatment. By 

controlling the decomposition temperature, partial removal of the linker can be 

achieved, allowing controlled exposure of the metal node 35,36. Hybrid linkers can be 

utilized in synthesis prior to heat treatment to enhance control over defect generation 

by using linkers with varying decomposition temperatures 37. Acid/base treatment, 

similar to heat treatment, breaks the bond between the metal node and the framework 

linker for linker removal. Functionalizing organic linkers in MOFs can also be 

accomplished through bottom-up synthesis or post-synthetic treatment. However, direct 

synthesis of MOFs with specific functional groups may be challenging due to thermal 

sensitivity or solubility issues, making post-synthetic treatment a viable alternative for 

organic linker functionalization.  

Post-synthetic modification (PSM) is a fundamental method for enhancing the physical 

properties of MOFs through linker functionalization, enabling the introduction of 

diverse functional groups or active species into the framework. PSM facilitates the 

incorporation of various functional groups like organic functional groups, Brønsted 

acids, and metal sites, thereby expanding the scope of applications without altering the 

framework structure significantly 38–40. Introducing acid sites in MOFs through post-

synthetic treatment represents a desirable option for creating heterogeneous acid 

catalysts. Functionalized Brønsted acid MOFs, with their porous structure and tunable 

pore size, are well-suited for diverse acid catalytic reactions. Fracaroli et al. reported 

the insertion of a peptide chain via PSM into MOF-74-III to introduce enzyme-like 

complexity 41. The stepwise synthesis approach of the tripeptide chain within the 

framework involved the use of Boc-protected primary amine to prevent the auto-

polymerization of the amine source into a peptide (Figure 1.2). The synergistic effect 

between MOF-74 and the peptide chain resulted in an increase in the selectivity of α-

chlorination products of butyraldehyde from 2 % ee to 20 % ee compared to the 

reference proline catalyst. Zhang et al. reported the functionalization of UiO-66-N3 with 

phenylacetylene via PSM for selective mercury detection 42. Through the click reaction 

between UiO and phenylacetylene, a triazole unit formed within the UiO framework 
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for metal binding. Among various transition metals, only mercury exhibited a 

remarkable fluorescence signal reduction upon binding with the triazole group. The 

incorporation of Hg2+ caused a significant quenching effect on the fluorescence 

intensity of UiO-66 compared to other transition metal ions. In addition to introducing 

extra functional groups, the introduction of acid sites is also a desirable option, as 

heterogeneous acid catalysts serve as alternatives to traditional homogeneous acid 

catalysts. Leveraging the advantages of porous structure, large surface area, and tunable 

pore size, functionalized Brønsted acid MOFs are suitable for various acid catalytic 

reactions. Britt et al. reported the synthesis of Brønsted acid-derived IR-MOF-3 through 

the ring-opening reaction of 1,3-propane-sultone and subsequent coupling reaction with 

the amine group on IR-MOF-3, achieving 57 % successful functionalization 43. Apart 

from introducing acid sites via coupling reactions, the oxidation of functional groups 

on the framework linker is also a feasible approach for acid site introduction. Phang et 

al. reported the synthesis of UiO-66 with sulfonic acid groups by oxidizing thiol groups 

with hydrogen peroxide into sulfonic acid groups 44. Leveraging the strong acid 

properties of sulfonic acid groups, the proton conductivity of UiO-66-(SO3H)2 

increased to 1.4×10-2 S cm-1 at 25 °C and 90 % RH (3.5×10-7 S cm-1 for UiO-66 and 

6.3×10-6 S cm-1 for UiO-66-(SH)2. 

 

Figure 1.2. Seven Post-synthetic Reactions to Achieve Enzyme-like Complexity in the Pores of MTV-

IRMOF-74-III- (CH3)0.6(CH2NHBoc)0.4. Reprinted with permission from ref. 41. Copyright © 2016 

American Chemical Society.  

Post-synthetic exchange (PSE) stands out as an advanced method for functionalizing 

MOFs, involving the modification of not only the organic linker but also the alteration 

of the MOFs lattice through the replacement of the organic linker 45,46. This approach 

allows for the introduction of ligands with specific functional groups or even linkers 

doped with metals, especially when certain functional groups are unsuitable for the 

MOF synthesis environment (e.g., acids, aldehydes, or amino acids), or when achieving 

the desired MOF preparation through post-ligand modification (PSM) is not feasible 
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(e.g., metal doping on the ligand). To delve into the potential applications of PSE, Kim 

et al. investigated MOF functionalization through PSE, considering different aspects, 

including PSE between two MOFs, PSE from the liquid phase, and (3) diversity of PSE 

with linkers possessing different functional groups 39. Regarding PSE between two 

MOFs, UiO-66-Br and UiO-66-NH2 were selected for PSE using various parameters 

such as temperature and solvent. Among the polar solvents tested (CHCl3, MeOH, DMF, 

and water), water exhibited the highest exchange rate of 97 % at 85 °C. Subsequently, 

stability tests were conducted on the MOFs after PSE. XRD and TGA results indicated 

that the crystallinity of the MOFs remained intact after PSE, and their thermal stability 

was comparable to other UiO-66 derivatives. For PSE from the liquid phase, UiO-66-

Br and NH2-BDC were utilized for PSE in water at different temperatures. The 

incorporation of NH2-BDC into MOF increased from approximately 9 % to 76 % as the 

reaction temperature rose from room temperature to 85 °C, demonstrating the feasibility 

of MOF functionalization through PSE. Furthermore, PSE trials were performed on 

MOFs using BDC with different functional groups. Azido-, hydroxyl-, and dihydroxyl-

BDC linkers were selected for this experiment. Azido- and hydroxyl-BDC resulted in a 

degree of incorporation of around 50% after a 2-day reaction in water at room 

temperature. However, dihydroxyl-BDC exhibited lower incorporation of only 

approximately 15 %, which increased to 42 % when 10 equivalents of the ligand were 

used. To achieve highly efficient PSE, Razavi and Morsali reported a novel approach 

called ultrasonic-assisted linker exchange (USALE) for PSE 47. In the sonochemical 

method, acoustic cavitation provides substantial energy to accelerate the activation of 

PSE. In their experiment, TMU-4 was selected for PSE with H2DPT ligand, resulting 

in the conversion to TMU-34 through PSE. When comparing solvent-assisted linker 

exchange (SALE) and ultrasonic-assisted linker exchange (USALE) for PSE between 

TMU-4 and H2DPT, the time required for complete PSE was 52 hours (3120 minutes) 

and 120 minutes, respectively, with similar exchange ratios for both methods. Moreover, 

MOF samples prepared via USALE exhibited better performance in gas adsorption 

experiments compared to samples prepared through SALE, as USALE facilitated 

higher exchange kinetics of the linker, resulting in a more robust structure and improved 

porosity and surface area. 

This chapter provides a comprehensive background on MOFs, emphasizing key 

components such as the SBU and framework linkers which can be modified to tailor 

various aspects of MOFs, including their morphology, pore size, and functionality. After 

introducing porous materials like zeolites and MOFs, the subsequent chapter will 

explore strategies for incorporating metals into these materials.  
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1.2. Metal introduction approach in zeolites 

Metals play a pivotal role as active species in the creation of bifunctional catalysts when 

integrated with zeolites and MOFs as supporting materials. This chapter delves into the 

strategies for incorporating doped metal species into zeolite.  

Within zeolites, metal species can be categorized into two groups based on the method 

of introduction: extra-framework species and framework species. Extra-framework 

species are typically located on the surface or within the pores and channels of the 

zeolite framework. Introducing these species usually involves two common methods: 

ion exchange and impregnation process 48. On the other hand, framework species refer 

to metals that become an intrinsic part of the zeolite framework. The incorporation of 

framework species can be achieved through two primary approaches: bottom-up 

synthesis and isomorphous substitution. In the bottom-up synthesis method, the doped 

metal becomes part of the growing zeolite framework during its formation. Conversely, 

isomorphous substitution entails replacing framework atoms with metal atoms of 

similar size, resulting in a modified zeolite structure. The illustration of the position of 

the metal introduced to the zeolite framework is shown in Figure 1.3. 

Ion exchange approach 

In the ion exchange approach, the introduced metal typically resides at the Brønsted 

acid site (BAS) and is immobilized through metal-BAS interactions. The bonding types 

vary depending on the cation present on the BAS. The uniform structure of the zeolite 

framework ensures the consistent location of the BAS, facilitating the uniform 

distribution of the doped metal within the channels and pores of the zeolite. However, 

the amount of doped metal is limited by the availability of BAS, and the solid acid's 

capacity diminishes as BAS is consumed during metal doping 49.  

Impregnation approach 

The impregnation approach can be classified into two methods: wet impregnation and 

wetness impregnation. Wet impregnation involves using a minimal amount of solvent 

to dissolve the metal salt, which is then absorbed by the zeolite through capillary action. 

In wetness impregnation, the metal salt is mixed with the zeolite material without 

solvent dissolution. After adding the metal source, the precursor undergoes calcination 

to remove the solvent and facilitate the doping process 50. Unlike the ion exchange 

method, the doped metal in the impregnation approach is typically located on the 

material’s surface rather than within the pores and channels, potentially leading to metal 

aggregation. Since the immobilization of the metal species is based on the bond 

formation during the calcination step, the presence of binding sites such as Brønsted 

acid sites (BAS) is no longer crucial for the introduction process.  
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Ion exchange vs. Impregnation 

By comparing the introduction methods, the ion exchange approach offers a 

significantly uniform distribution of active species, leveraging the presence of BAS. 

Achieving precise introduction of active species is easier with this method than with 

the impregnation approach. In contrast, the impregnation method can introduce a higher 

quantity of metal since only a minimal amount of the doped metal would be extracted 

during post-treatment. Additionally, there are fewer restrictions on the type of metal 

that can be incorporated into the support compared to the ion exchange technique. To 

compensate for the limitation of metal introduction by ion exchange method, the 

modification of the cation may be able to solve. Changing the cation from H+ ion into 

NH4
+ ion may promote the encapsulation of metal ions by complex formation rather 

than ion exchange reaction to broaden the type of metal able to be introduced via the 

ion exchange approach.  

Bottom-up synthesis approach 

In the bottom-up synthesis approach, the metal salt is added to the silica precursor 

solution and becomes incorporated into the framework during crystallization. To 

prevent aggregation of the metal salt, various solutions are employed, such as pH 

adjustment, multidentate ligands, and organic templates 51. During the crystallization 

process, the metal will occupy the most stable positions with minimal impact on the 

framework’s structural integrity. Additionally, the location of the doped metal can be 

influenced by additives like structure-directing agents and mineralizers 26,52,53. Due to 

the significant differences in size and oxidation state between the metal species and 

framework atoms (Al and Si), the amount of framework metal is limited by the stability 

of the framework, as the presence of framework metals introduces defects into the 

zeolite framework.  

Isomorphous substitution approach 

In the isomorphous substitution approach, the process involves two steps: 

dealumination/desilication of the framework atoms (tetrahedral sites) and subsequent 

substitution by the metal atom in the gas phase. The removal of framework atoms 

(dealumination: Al, desilication: Si) typically occurs prior to the insertion of 

heteroatoms, resulting in the formation of “silanol nests” 54. Dealumination, often 

achieved through steaming or treatment with mineral acids, leads to a decrease in the 

number of Brønsted acid sites due to the removal of Al from the zeolite framework. 

Desilication is commonly performed in an alkali medium and does not significantly 

impact the number of acid sites or cause significant changes in the Si/Al ratio. 

Depending on the extent of framework atom removal, mesopores may be generated, 
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and the Al concentration influences the size of the mesoporous texture. Silica-rich 

domains are prone to leaching, resulting in the formation of larger mesopores.  

Bottom-up synthesis vs. Isomorphous substitution 

The bottom-up synthesis method offers the advantage of easily controlling the amount 

of metal by adjusting the precursor solution, enabling the simultaneous introduction of 

various active species into the framework. However, achieving precise control over the 

positioning of these active species can be challenging, as they tend to settle in specific 

locations to maintain the framework’s stability. This necessitates intricate adjustments 

to synthesis parameters, such as the addition of additives and manipulation of the pH 

environment. On the other hand, isomorphous substitution ensures precise control over 

the positioning of active species, leveraging the regular variation of aluminum locations 

in the zeolite framework with specific Si/Al ratios. Despite this advantage, limitations 

exist regarding the control of metal quantity and the potential structural damage to the 

framework. Metal substitution relies on dealumination/desilication processes, where 

the amount of integrated metal depends on the extent of these processes. This 

dependence makes precise control challenging, and excessive desilication can result in 

the formation of hierarchical and mesoporous structures due to the breakdown of 

building units. Additionally, dealumination can lead to a decrease in the number of 

Brønsted acid sites (BAS). 

This chapter serves to present the strategies employed in the preparation of metal-doped 

zeolite catalysts. By implementing distinct approaches to introduce metals, the doped 

species can be categorized as framework species and extra-framework species. Extra-

framework species are situated on the zeolite framework’s surface or within its pores 

and can be introduced through ion exchange or impregnation processes. Conversely, 

framework species become an integral component of the zeolite framework and can be 

incorporated via bottom-up synthesis or isomorphous substitution. The chapter 

comprehensively explores diverse methodologies and techniques for metal introduction 

into zeolites, thereby providing valuable insights into the distribution, stability, and 

characteristics of the doped materials. 
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Figure 1.3. the illustration of the location of the metal species doped by (a) ion exchange approach, (b) 

impregnation approach, (c) bottom-up synthesis, and (d) isomorphous substitution. Reprinted with 

permission from ref. 48. Copyright © 2022 American Chemical Society. 
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1.3. Metal introduction approach in MOFs 

In the realm of metal introduction approaches within metal-organic frameworks 

(MOFs), akin to zeolites, incorporating additional metals stands as a viable method for 

crafting bifunctional catalysts. Within MOFs, three primary types of active centers 

facilitate metal introduction: those located on the framework linker, the secondary 

building unit (SBU), and within the pores, the corresponding scheme of the active 

center is shown in Figure 1.4. These active centers secure the metal atom through 

interactions such as acid-base and metal-ligand bonding. The key distinctions among 

these active centers lie in the positioning of the doped active species within the MOFs 

framework, the parameters governing MOFs preparation, and the impact on the 

framework structure. The subsequent discussion will delve into the preparation 

procedures and characteristics of these active centers. 

Active center on framework linker 

When it comes to metal doping on the framework linker, common methods include 

post-synthetic modification (PSM) and post-synthetic exchange (PSE). In PSM, diverse 

functional groups on the framework linker like amine, sulfonic acid, and carboxylic 

acid facilitate metal atom integration through complex formation. However, certain 

metals necessitate specific conditions for complex formation, prompting the utilization 

of the PSE method. In PSE, preassembled MOFs undergo a framework linker 

replacement. During the creation of metal-doped MOFs, the target metal initially forms 

a complex with the functionalized framework linker under specific conditions. 

Subsequently, the metal-doped linker exchanges with the framework linker aided by a 

solvent or specific conditions 56,57. The PSE method proves useful when the linker is 

unsuitable for direct synthesis due to solubility challenges. 
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Active center on SBU 

Regarding metal doping on the SBU, successful integration hinges largely on defects 

within the MOFs. The SBU’s structure is dictated by the number of metal centers, while 

the MOFs’ symmetry and morphology are influenced by the SBUs due to the SBU’s 

geometry and its maximum number of linkers for binding 58. When introducing the 

metal species on the SBU, it occupies positions meant for linker binding, potentially 

generating defects in the MOFs framework. However, not all metal introductions 

impact framework stability, especially if the SBU of certain MOFs morphologies isn’t 

fully saturated. Since the SBU chiefly comprises the metal atom and bridging ligands 

like oxo groups and hydroxyl groups, integrating the metal atom on the SBU typically 

involves forming bonds with the bridging ligand, akin to the framework linker. 

Therefore, ligands with functional groups resembling those of the framework linker are 

selected for preparing the metal complex precursor. 

Active center within pores 

Metal doping within the pores of MOFs entails two primary steps: precursor 

introduction and nano-particle/cluster formation through heat treatment. Various 

methods, including chemical vapor deposition (CVD), solid grinding, liquid 

impregnation, and encapsulation, can be employed for metal precursor introduction 59–

61. The CVD method, a solvent-free approach, allows for the simultaneous synthesis of 

multiple raw materials in the reaction chamber, ideal for volatile metal precursors with 

high thermostability. The solid grinding method, also solvent-free, facilitates 

nanoparticle introduction, with the gold complex serving as a common example. Liquid 

impregnation techniques, akin to ion exchange processes in zeolites, involve dissolving 

the metal precursor in a solvent before adding the support for doping. The double 

solution method, similar to liquid impregnation but utilizing multiple solvents, offers a 

unique approach. Finally, the encapsulation method involves mixing metal 

nanoparticles/clusters with the support precursor, surrounded by the as-synthesized 

MOFs support. 
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Comparison between three active centers 

Comparing the characteristics of the three active centers reveals that introducing the 

metal on the framework linker exerts the least impact on framework stability. 

Nevertheless, this approach necessitates additional preparation for MOF support 

synthesis due to the requirement of specific linkers for different metals. Placing the 

metal on the SBU may lead to framework defects as the metal occupies the linker’s 

position. However, this approach allows for more modifications and the introduction of 

additional active species at the linker level. Conversely, positioning the active center in 

the pores of MOFs results in a higher metal content loaded in the support compared to 

the other two methods. Additionally, a broader range of metals can be incorporated into 

the framework relative to zeolites. Nonetheless, as the metal occupies the MOF’s pores, 

the advantages of MOFs such as shape selectivity and control over pore size diffusion 

are compromised. 

This chapter has elucidated the strategies for preparing metal-doped MOF catalysts, 

showcasing how the position of the doped metal species can influence the SBU, the 

framework linker, and the framework’s pores. By amalgamating various strategies, 

modifications in distribution, stability, and functionality within the MOF material can 

be achieved. Subsequent to detailing the strategies for introducing metals into MOF 

materials, the forthcoming chapter will furnish examples of bifunctional catalysts. 

 

Figure 1.4. the illustration of the location of the active centers at (a) framework linker, (b) SBU, (c) pores 

of framwork, and (d) MOFs treated as carbon support (this part will not discuss in this thesis). Reprinted 

with permission from ref. 55. Copyright © 2020 American Chemical Society.  
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1.4. Bifunctional catalyst utilizing two metal active species 

Bifunctional catalysts with bimetallic systems, consisting of two different metal 

elements in forms such as nanoparticles, clusters, and alloys, exhibit distinct catalytic 

properties compared to monometallic catalysts, as the two metal elements 

synergistically interact. The exploration of bimetallic catalysts dates back to the 1960s, 

initiated by J.H. Sinfelt 62, and the study of combinations between two 3d transition 

metal elements has since sparked intense research interest worldwide. Unlike 

traditional bimetallic heterogeneous catalysts, the development of bimetallic catalysts 

combined with porous materials primarily focuses on synthesizing isolated atoms, 

nanoclusters, and nanoparticles 63. To provide a comprehensive analysis of the 

development of bimetallic catalysts, the following paragraph will give some examples 

on 3d-3d bimetallic catalysts. 

Regarding the 3d-3d bimetallic catalyst, the frequently encountered combinations 

involve the late 3d transition metals (Fe, Co, Ni, Cu, and Zn). The design of bimetallic 

catalysts typically relies on the chemical properties of metal A, such as copper 

facilitating C-C coupling, nickel enabling hydrogenation, and iron promoting oxidation 

reactions. Metal B is then introduced to enhance reactivity, leading to increased yields 

and altered product selectivity. 

In the context of 3d bimetallic catalysts, one example is the combination of Fe/Cu (or 

Cu/Fe), as both Fe and Cu exhibit effective catalytic activity in oxidation reactions, 

particularly in Fenton-type reactions. A natural Fe/Cu catalyst instance is cytochrome c 

oxidase (CcO), where the Fe and Cu components are spatially separated by the protein 

scaffold at a few angstroms distance. Xiao et al. and Luo et al. reported successful 

oxidation reactions of aromatic compounds (benzene and phenol) using Fe/Cu 

bimetallic zeolite catalysts 64,65. The Fe and Cu sources were introduced into the zeolite 

support through ion exchange and wetness impregnation approaches, respectively. 

During the probe reactions, H2O2 was employed and activated by the Fe/Cu bimetallic 

catalyst via the Fenton pathway. Similarly, the Fe/Cu bimetallic catalyst demonstrated 

remarkable catalytic performance compared to monometallic Fe or Cu catalysts, owing 

to the synergistic effect between Fe and Cu, which enhances the activation of H2O2 for 

substrate oxidation reactions. In addition to Fenton oxidation reactions, Fe/Cu 

bimetallic catalysts are also applicable in reduction reactions. Doan et al. and Zhang et 

al. reported the catalytic reduction of NOx using Fe/Cu catalysts 66,67. Similar to the 

oxidation reaction, the presence of Fe/Cu bimetallic catalysts synergistically promotes 

the reduction of NOx at lower reaction temperatures compared to monometallic 

catalysts. 
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In the context of the second example of 3d bimetallic catalysts, the combination of 

Ni/Co (or Co/Ni) focuses on small molecule coupling reactions, exploiting the 

popularity of Co for hydrogenation and Ni’s typical usage in coupling reactions. The 

inclusion of Co enhances the coupling properties of Ni towards various small molecules, 

such as methane and carbon dioxide. Alonso et al. and Khan et al. have reported on the 

catalytic methane dry reforming employing Ni/Co catalysts supported by alumina and 

MOF-74 68,69. The coexistence of Co and Ni extends the catalyst’s lifespan by 

suppressing coke formation during catalysis and enhancing the stability of the active 

species. In the methane dry reforming system with Co, deactivation of Co species is 

observed during the reaction. The coke formed during dry reforming oxidizes the cobalt, 

leading to catalyst deactivation. However, the combination of Co and Ni mitigates the 

negative effects of coke. Based on the XPS spectra from Khan et al., only Co in 

Co@CMOF exhibits a change in oxidation state from 0 to +2/+3 with the formation of 

cobalt oxide, compared to Co and Ni in Ni@CMOF and Ni-Co@CMOF. This indicates 

that the presence of Ni improves the stability of Co against coke formation. 

In addition to Fe/Cu and Ni/Co, the combination of Ni/Cu (or Cu/Ni) is another 

noteworthy pairing that primarily focuses on hydrogenation reactions. Similar to Ni/Co, 

the coexistence of Ni and Cu enhances catalyst stability and significantly alters catalytic 

activity. The presence of Cu in the Ni/Cu catalyst system suppresses coke formation 

during reactions, thus extending the catalyst’s lifespan 70,71. Kang et al. reported the 

preparation of a Ni/Cu bimetallic catalyst supported by γ-alumina for the hydrogenation 

of 1,3-butadiene, where the introduction of Cu enhances selectivity towards 1-butene 

by modifying the electron density of Ni 72. Viar et al. reported an improved biomass 

conversion of 5-hydroxymethylfurfural (HMF) into 2,5-dimethylfuran (DMF) and 2,5-

dimethyltetrahydrofuran (DMTHF) using a ZrO2-supported Ni/Cu bimetallic catalyst. 

The presence of both Ni and Cu enhances the selectivity towards DMTHF, and the ratio 

between Ni and Cu can be adjusted to control the selectivity (Figure 1.5) 73.  
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Figure 1.5. Relation between % Ni−Cu and maximum yield. Reprinted with the permission from ref. 73. 

Copyright (2020) American Chemical Society.  
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1.5. Bifunctional catalyst integrating metal active species and support active site 

Unlike bimetallic catalysts, bifunctional catalysts consist of active species that include 

both metal species and functional groups such as Lewis/Brønsted acid sites, base groups, 

or even acid-base pairs. In addition to these active sites, supporting materials play a 

crucial role by providing additional active species through modifications in the 

framework structure. For instance, introducing trivalent atoms as acid sites in zeolites 

or functionalizing framework linkers to incorporate extra functional groups. 

Bifunctional catalysts can be synthesized by incorporating the metal species into these 

modified supporting materials. To provide a detailed understanding of bifunctional 

catalysts, the following paragraphs will be divided into two parts: zeolite and MOF 

materials. 

Zeolite catalyst 

As mentioned previously, the introduction of trivalent atoms (T atoms) such as B, Al, 

and Ga can impart Brønsted acid sites to zeolites. By combining zeolites with T atoms 

and metal species, bifunctional zeolite catalysts can be synthesized, incorporating both 

metal sites and Brønsted acidity. Furthermore, owing to the physical properties of 

zeolites, they can offer protection to the active species and influence product selectivity 

based on the pore size and channel shape of the porous material, which in turn affects 

diffusion limitations. 

Shi et al. conducted a study on the preparation of Co and Ni-doped MFI-type zeolite 

for the upgrading of palmitic acid 74. The Co and Ni sources were introduced into 

zeolites ZSM-5 and HZP-5 using the wetness impregnation method. The acid sites 

present in the zeolite facilitated the hydrodeoxygenation reaction between palmitic acid 

and n-decane, while the introduction of metal sites (Co and Ni) influenced the product 

distribution, favoring the formation of C16 products due to altered reaction pathways 

involving both the metal and acid sites. Furthermore, the incorporation of Co and Ni 

also reduced the temperature required for the isomerization reaction, leading to the 

production of iso-alkane products at lower reaction temperatures (240 °C). Wu et al. 

conducted systematic studies on the acid-metal balance of bifunctional Pt/Beta zeolite 

catalyst for the hydrogenation of m-cresol 75. To regulate the acid density of Brønsted 

acid sites (BASs) in the zeolite, different concentrations of Na salt were employed to 

block or poison the BASs, followed by the introduction of Pt into the zeolite framework 

using the wetness impregnation method. As the BAS/Pt ratio decreased (due to the 

addition of Na), the time required for complete conversion of m-cresol decreased from 

1.25 hours to 0.5 hours when the Na concentration increased from 0 to 1.0 M. 

Furthermore, the reduction of the BAS/Pt ratio enhanced the selectivity towards 

methylcyclohexane and reduced the formation of ring contraction products. This can be 
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attributed to the poisoning of BAS, which promotes the diffusion of reactants towards 

the Pt sites for hydrogenation/dehydrogenation reactions and suppresses the occurrence 

of ring contraction reactions on the BASs. Wang et al. reported the modification of a 

Co carbide nanoprism-doped zeolite bifunctional catalyst for the effective conversion 

of syngas to aromatic products (STA reaction) 76. Based on previous research conducted 

by the authors, Co carbide (Co2C) nanoprisms with exposed (020) and (101) facets 

demonstrated significant results in the Fischer-Tropsch to olefins (FTO) reaction, which 

showed promise for the STA reaction when combined with ZSM-5 zeolite as a 

bifunctional catalyst. By combining the CoMnAl oxide + Co nanoprism (CMA) with 

the zeolite support, aromatics including naphthenes were produced, whereas no 

aromatics were produced when only the CMA catalyst was used. When using nanosized 

ZSM-5 (with a similar Si/Al ratio), the selectivity of aromatics increased from 18.0 % 

to 40.3 %, and the CO conversion rate remained steady over a 102 hour reaction period. 

This indicated that the CMA component exhibited excellent stability in the STA reaction. 

Additionally, the selectivity of aromatics produced with the catalyst containing 

nanosized ZSM-5 remained constant, while the selectivity with the commercial catalyst 

dropped significantly from 18 % at 24 hours to 10.2 % at 102 hours. This suggests that 

the nanosized ZSM-5 can enhance the stability of the bifunctional catalyst. Yue et al. 

reported the utilization of a Cu-ZnO-Al2O3-ZrO2 (Cu/Zn) doped LTA zeolite 

bifunctional catalyst for enhanced CO2 hydrogenation towards methanol 77. Initially, 

the Cu/Zn catalyst was employed alone for CO2 hydrogenation using a catalytic fixed-

bed reactor, yielding moderate catalytic performance with a conversion of 24.7 % and 

a methanol selectivity of 48.0 % at 250 °C, consistent with previous reports. However, 

water production as a side product during the reaction impeded the CO2 hydrogenation 

to methanol and led to the deactivation of active species within the catalyst. To address 

the issue of water-side product formation during the reaction, LTA zeolite was 

incorporated to enable continuous water removal due to its hydrophilic channels 

(Figure 1.6). The introduction of the LTA membrane overcame the limitations imposed 

by the thermodynamic equilibrium of the CO2 hydrogenation reaction, thereby 

promoting methanol synthesis. By employing the catalytic membrane reactor at 260 °C, 

the CO2 conversion rate increased to 36.1 % with a methanol selectivity of 100 %. 

These results indicate a synergistic effect between the Cu/Zn catalyst and LTA zeolite, 

overcoming the limitations of CO2 hydrogenation towards methanol.  
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Figure 1.6. Scheme of CO2 hydrogenation to methanol through in situ and continuous removal of water 

in a reaction–separation bifunctional LTA@Cu-ZnO-Al2O3-ZrO2 catalytic membrane reactor (CMR). 

Reprinted with the permission from ref. 73. Copyright (2021) Wiley-VCH GmbH.  

 

MOFs catalyst 

In contrast to zeolites, metal-organic frameworks (MOFs) offer more viable 

applications as bifunctional catalysts due to the following advantages: The highly 

flexible structure of MOFs allows for modification and changes in size (expansion and 

contraction) in response to external stimuli, known as the “breathing effect” 78; Most of 

the active species within MOFs can be replaced to adjust their chemical and physical 

properties. Specific functionality can be tailored by introducing organic linkers that are 

customized for specific catalytic purposes.  

Yao et al. and Xu et al. independently reported the catalytic CO2 addition reactions 

utilizing Zn/Mn-doped bifunctional MOFs containing Lewis acid sites and basic 

functional groups (Zn, N-tricarboxytriphenylamine, and Mn, N-pyridine) 79,80. Both of 

these bifunctional MOFs exhibited significant results in CO2 addition, achieving yields 

higher than 99 % under solvent-free conditions. To further investigate the capabilities 

of the Lewis base functional group, Knoevenagel condensation reactions were also 

conducted. In both cases, the bifunctional MOFs demonstrated remarkable performance 

in the Knoevenagel condensation reaction, yielding above 99 % with the aldehyde 

substrate possessing an electron-withdrawing group. Notably, the Mn-doped 

bifunctional MOFs outperformed the Zn-doped MOFs when the substrate contained an 

electron-rich group. As previously mentioned, the utilization of Lewis acid-base 
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bifunctional MOFs proves to be advantageous for Knoevenagel condensation reactions 

due to the solvent-free conditions and heterogeneous catalysis. Additionally, there are 

several other notable examples of Zn-based bifunctional MOFs employed in 

Knoevenagel condensation reactions.  

Liu et al. presented a study on the synthesis of a highly efficient Zn-based bifunctional 

MOF catalyst for Knoevenagel condensation reactions under mild conditions 81. In this 

research, a designed ligand was synthesized by combining a triazole and a carboxylic 

acid group. The triazole nitrogen functioned as the Brønsted base, while the carboxylic 

acid group served as the binding site for substrate interaction through hydrogen bonding. 

Differing from the aforementioned catalysts, the Zn-based bifunctional MOFs with a 

mixed ligand exhibited a significant yield exceeding 99 % at room temperature. The 

combination of a Lewis acid, base, and carboxylic acid group facilitated substrate 

interactions and reduced the reaction temperature for Knoevenagel condensation 

reactions. However, a considerable decrease in yield was observed when using 

aldehyde substrates with electron-rich groups. 

Apart from the design of mixed ligands, Huang et al. reported the preparation of 

bifunctional MOFs using different Zn-based SBUs to generate cavities with multiple 

sizes 82. These bifunctional MOFs also demonstrated impressive results, achieving 

yields greater than 99 % under solvent-free conditions. Furthermore, due to the enlarged 

cavity within the MOFs, no performance drop was observed when using aldehyde 

substrates with electron-rich groups. However, a performance drop occurred only when 

the substrate contained large rigid functional groups, indicating that diffusion issues 

may be responsible for the observed decrease in performance.  

In addition to the synergistic effect, the utilization of a tandem reaction with a 

bifunctional catalyst is highly appealing as it reduces the necessity for pre/post-

treatments between the multiple steps involved in a chemical process. One prominent 

example is the deacetalization-Knoevenagel tandem reaction, which necessitates both 

acid and base sites to facilitate deacetalization and Knoevenagel condensation, 

respectively. Hu et al. presented a study on the synthesis of Al-based bifunctional MOFs 

for this tandem reaction 83. The coexistence of Lewis acid and base sites within the 

catalyst resulted in a final product yield of approximately 60 % after a 5 hour reaction 

time. To enhance the overall reaction rate of the tandem reaction, an IRA900 resin was 

employed in combination with the MOF catalyst. The performance was only slightly 

improved, reaching a yield of approximately 100 % when the resin was activated by 

NaOH. This enhancement in performance is likely attributed to the increased number 

of base sites available for the subsequent Knoevenagel condensation reaction.  
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1.6. Aim and Objective 

This thesis aims to introduce methodologies for the systematic development of 

bifunctional catalysts integrated with porous materials. The primary objective is to 

highlight the structural advantages of bifunctional catalysts, focusing on (1) the 

feasibility of tandem reactions, (2) the synergistic interactions between two active 

species, and (3) the adjustable activity achieved through combinations of active species. 

By conducting systematic studies on the preparation of bifunctional catalysts and 

exploring the corresponding structural-activity relationships, a customized catalyst 

preparation approach can be developed for diverse applications aimed at optimizing 

reactions. 

To enhance the understanding of the structure-activity relationship of bifunctional 

catalysts, a blend of advanced characterization techniques, including synchrotron 

spectroscopy and diffraction methods, is utilized to unveil the precise atomic structure 

of the active species. Additionally, an investigation into the correlation between the 

structure and activity of bifunctional catalysts and the reactants is carried out through a 

series of varied probe reactions.  
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1.7. Thesis Overviews 

The thesis includes 6 chapters inclusive. The discussion of my research work, 

conducted during this PhD study, is detailed in Chapters 3 to 5.  

Chapter 1 introduces the importance of studying bifunctional catalysts, the strategies 

for synthesizing and modifying catalysts as bifunctional catalysts and reviews the recent 

advances in the bifunctional catalysts with bimetallic system and dual active site system. 

Chapter 2 details the material and characterization techniques used. 

Chapter 3 presents the preparation of an atomic-dispersed 3d bimetallic dual-atom 

zeolite catalyst as the mimic of the SOD enzyme.  

Chapter 4 investigates the preparation of Cu-Fe dual-atom catalysts (DACs) on the SBU 

of UiO-66-NH2 MOF for highly selective styrene oxidation towards benzaldehyde. 

Chapter 5 investigates the synthesis of a bifunctional metal/Brønsted acid zeolite 

catalyst for the systematic studies of the synergistic cooperativity between two active 

species.  

Chapter 6 concludes and outlooks the impact of the research work. 
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Chapter 2 Materials and Methodology 

2.1. Materials  

All the zeolites used in this thesis for modification and control experiments are 

commercial samples obtained from the Nankai University Catalyst Co., Ltd (Tianjin, 

China) and used as received without further purification. 

 

H-ZSM-5 zeolite 

Commercial H-ZSM-5 zeolites (SiO2:Al2O3 = 46, chemical formula HnAlnSi96-nO192 18 

H2O) were purchased from Nankai University Catalyst Co., Ltd. Typical 

characterization results are displayed on their product website: 

[http://www.nkcatalyst.com/index.php/en/arc/show/id/49.html]. Briefly, the H-ZSM-5 

samples possess high crystallinity (≧95%), a surface area of ca. 340 m2 g-1, and an 

average particle size of ca. 2 μm × 1 μm × 1 μm. 

  

Chemicals 

All the metal sources, aluminium sulfate, iron(III) nitrate, copper(II) nitrate, 

bis(ethylenediamine)copper(II) hydroxide, and zinc(II) nitrate were purchased from 

Sigma Aldrich and used as received without further purification. 

 

Imidazole and 2-methyl imidazole were purchased from Sigma Aldrich and used as 

received without further purification. 

 

Tetraethyl orthosilicate was purchased from Sigma Aldrich and used as received 

without further purification. 
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2.2. Synthesis of catalysts 

ZnA-CuB-Z 

the preparation of ZnA-CuB-Z is here used as an illustration; by ion exchange with 

Zn(NO3)2·6H2O (Sigma-Aldrich; 98%), mononuclear ZnA-Z has been prepared as our 

standard precursor material ‘seed’. It is noted that excessive ion-exchange steps have 

been taken to ensure the maximum ion-exchange capability of the H-ZSM-5 zeolite has 

been reached. Subsequent Cu metalation to form ZnA-CuB-Z is achieved by applying 

our seed with Lewis di-basic imidazole (as the linker, ‘Im’), followed by the addition 

of Cu(NO3)2·2.5H2O in a controlled manner. 

 

Cu-oxo-Fe-UiO-66-NH2 

0.57 g UiO-66-NH2 were dispersed in 20 mL H2O by ultrasonication. 138.35 µL 

bis(ethylenediamine)copper (II) hydroxide was dropwise added. The mixture was 

stirred at room temperature for 3 hours. The product was collected by centrifugation 

and washed with 10 mL double distilled water. It was dried at 70 °C overnight to obtain 

the product Cu2+-UiO-66-NH2.  

0.57 g Cu2+-UiO-66-NH2 were dispersed in 20 mL H2O. 0.057 g 2-methylimidazole 

was added and reacted for 3 h. The solid sample was collected by centrifugation 3 times 

and washed by double distilled H2O to obtain mIem-Cu2+-UiO-66-NH2 in 20 mL H2O. 

0.28 g Fe(NO3)3 was then added and reacted at room temperature for 3 h to obtain Fe3+-

mIem-Cu2+-UiO-66-NH2. The sample was washed by double distilled H2O by 3 times 

and dried at 70 °C. 

Cu2+-mIem-Fe3+-UiO-66-NH2 are heated at 180 °C for 1 h with a heating rate of 

10 °C/min. By calcination of the samples at 180 °C, the organic 2-methyl imidazole 

linker can be removed as shown in previous TGA studies. The vacant coordination sites 

are reactive which are hence stabilised by the neighboring O atoms, akin to the 

calcination of metal-exchanged zeolites. 

 

M/X-Z zeolites (M = Fe, Cu, X = Al, Ga, B) 

Synthesis of M/X-Z samples was attempted by the “acidic co-hydrolysis route”. Metal 

nitrate (0.00048 mol) was added to the solution of TEOS (10 g) and DI water (32.5 g). 

the pH of the mixture was adjusted to 1.0 by drop-wise adding sulfuric acid. After the 

pH adjustment, the mixture was stirred at room temperature for 20 h to get a complete 

co-hydrolysis and condensation of TEOS with the metal salt. After that, the source of 

Brønsted acid site (1.2 mmol), 0.75 g of aluminum (aluminum sulfate octadecahydrate 

as an example), and TPAOH (4.8 mmol) was added into the mixture with the dripping 

of NaOH solution to get a basic gel (pH = 9.8). The final gel composition was 1SiO2: 

0.01 Metal: 40 H2O: 0.1 TPAOH. Finally, the slurry was transferred into the 100 mL 
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Teflon-lined stainless-steel autoclave and statically crystallized at 180 °C for 72 h. After 

that, the zeolite was separated by centrifugation, followed by washing with DI water, 

and air drying at 70 °C overnight. The obtained as-synthesized samples were calcinated 

at 550 °C for 5 h to remove the organic template. H-form of the zeolite was prepared 

by ammonia treatment. The zeolite was firstly converted into NH4-form by ion 

exchange with 1.0 M ammonia solution at room temperature for 24 h (1g solid to 100 

mL solution). The zeolite samples were separated by centrifugation, followed by 

washing with DI water, and air drying at 70 °C overnight. The NH4-form samples were 

converted to H-form by calcination at 500 °C under dry air for 4h.  
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2.3. Characterisation techniques  

The elucidation and investigation of active species within bifunctional catalysts play a 

crucial role in studying the structure-activity relationship between these species and the 

reaction substrates. Several advanced techniques have been developed to elucidate the 

properties of these active species, which are summarized in Table 2.1.  

 

Table 2.1. A summary of various selected characterization techniques for the elucidation of the properties 

of the active species in porous material.  

Characterization 

techniques 
Catalyst properties Examples Ref. 

SXRD Atomic and crystallographic information Cu2-ZSM-5 1,2 

XAFS coordination environment  Cu-Co-ZSM-5 3,4 

XPS Chemical states of metal Cu-SSZ-13 5,6 

UV-Vis Electronic properties  Cu-SSZ-13 7,8 

FT-IR Vibration properties Ni-ZSM-5 9,10 

NH3-TPD Acidity measurement Ge-SSZ-13 11,12 

SEM/STEM Morphology and active site analysis Cu-MFI 13,14 

 

Powder diffraction is a powerful technique for obtaining atomic and crystallographic 

information. With the assistance of synchrotron X-rays, high-quality XRD patterns can 

be obtained for further analysis. According to the diffraction peak intensity equation, 

the composition of peaks in an XRD pattern depends on various factors, including 

electron density, plane angle, and vibration factors, which exhibit fingerprint-like 

properties. The combination of synchrotron XRD (SXRD) and Rietveld analysis 

directly illustrates the crystalline material. The precise positioning of active species and 

guest molecules can be achieved through the simulated annealing technique. Chen et al. 

reported the structural elucidation of the stepwise assembly of bimetallic ligand-

mediated metal ensembles (LMMEs) supported on a zeolite framework 15. Based on 

the refinement results, the Cu-Cu and Cu-Zn LMMEs were found to be located at the 

intersection of the sinusoidal and straight channels, as well as at the opening of the 

straight channel. The LMMEs model was confirmed through several characterization 

techniques, including EXAFS fitting, MALDI-TOF-TOF-MS, XPS, and UV-Vis 

analysis.  

X-ray absorption fine structure (XAFS) is a specific structure obtained from X-ray 

absorption spectroscopy, which enables the analysis of the local structure of the target 

element. The shape of the spectrum varies depending on changes in the electron density 

of the coordination environment. The XAFS spectrum can be divided into two regions: 

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 
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structure (EXAFS). The former provides concise information about the coordination 

environment, including geometry and oxidation state, while the latter offers detailed 

coordination information such as path length, coordination number, and the type of 

coordinated atom. Chen et al. elucidated the detailed coordination information of the 

Cu-Co bimetallic active site supported on hierarchical USY zeolite through quantitative 

fitting of EXAFS data 3. The scattering paths of Co-N/O and Cu-N/O were determined 

to be in the range of 2.0 to 2.1 Å, and the average coordination numbers for Co and Cu 

were both approximately 4. These findings align with the assigned model of the Cu-Co 

bimetallic active site.  

X-ray photoelectron spectroscopy (XPS) is a powerful technique used to determine the 

chemical state of metal elements based on the photoelectric effect. The variations in 

chemical state and electronic structure directly impact the electron population spectra 

of the element, leading to chemical shifts. These spectral changes serve as unique 

fingerprints and provide precise information regarding the chemical state of the target 

element. Chen et al. reported on the changes in the chemical state of Cu in SSZ-13 

zeolite in the presence of Sm for enhanced Cu stability 5. The peak corresponding to 

Cu2+ at approximately 935 eV exhibited a shift towards lower binding energy with 

increasing Sm loading (from 935.7 eV to 934.8 eV). This shift indicates a higher 

electronegativity of Cu2+ ions and SSZ-13 zeolite, which may be attributed to electron 

transfer between Sm3+ and Cu2+ ions (Figure 2.1).  

 
Figure 2.1. Cu 2p3/2 XPS spectra of SSZ-13 samples. Reprinted with permission from ref. 5. Copyright 

© 2022 American Chemical Society. 

  

  



41 
 

Ultraviolet-visible spectroscopy (UV-Vis) is a technique used to observe electron 

transitions in a sample, including π-π*, σ-σ*, and d-d transitions. The shifting of the 

absorption peak provides insights into the changes in the electronic structure of 

transition metals, including alterations in the coordination environment and oxidation 

state. Lei et al. demonstrated the application of UV-Vis spectroscopy to uncover 

electronic structure changes in Cu within SSZ-13 zeolite 7. The presence of an intense 

peak around 250 nm after O2 activation indicates the interaction between O2 and Cu 

through an O→CuII LMCT transition. Furthermore, the shift of the peak from around 

700 nm to 800 nm corresponds to the CuII d-d transition, which aligns with the bonding 

between O2 and CuII (Figure 2.2).  

 

Figure 2.2. In situ DRUVS spectra of the fresh and O2-activated Cu-SSZ-13 at room temperature. 

Reprinted with permission from ref. 7. Copyright © 2023 American Chemical Society.  

 

Unlike UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FT-IR) 

generates absorption spectra with lower energy to gather information about molecular 

motion rather than electronic state changes. Specific molecular motions generate 

signals within specific wavenumber ranges, and the absorption peaks provide 

information about interactions between different molecules. Consequently, FT-IR has 

found several applications for the analysis of specific active sites or species, such as 

pyridine-adsorbed FT-IR (Py-IR) for acid site analysis and carbon monoxide adsorbed 

FT-IR (CO-IR) for metal species analysis. Deng et al. demonstrated the use of Py-IR to 

determine the acid type in zeolite Y with the modification of different metal ions 9. The 

intensity of the peak corresponding to Brønsted acid sites significantly decreased with 

the introduction of La and Ca, indicating the occupation of Brønsted acid sites by the 

metal ions. Hadjiivanov et al. employed CO-IR to uncover the presence of two types of 
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Ni2+ ions in ZSM-5 zeolite 10. Based on literature data, two bands at 2220 and 2212 cm-

1 were detected, displaying higher stability than other physisorption peaks, and were 

assigned to the two kinds of Ni2+-CO species.  

 

Ammonia temperature programmed desorption (NH3-TPD) is a characterization 

technique that quantifies the number of base molecules (ammonia) chemisorbed on acid 

sites to calculate the number of acid sites in zeolite materials. Additionally, the 

desorption temperature of the base molecule can determine the acid strength 10. 

Kokuryo et al. reported the enhancement of acid strength in SSZ-13 zeolite through Ge 

incorporation using NH3-TPD 11. The high-temperature peak (HT peak), typically 

associated with Brønsted acid sites, exhibited a higher desorption temperature in 

Ge/SSZ-13, ranging from 516 °C (SSZ-13) to 550 °C. This indicates an enhancement 

of the Brønsted acid sites. 

Scanning electron microscopy (SEM) and scanning transmission electron microscopy 

(STEM) are the characterization techniques to confirm the morphology, particle size, 

and thickness by acquiring the sample image with the electron beam. With the 

combination of energy-dispersive X-ray spectroscopy (EDX), the distribution of the 

doped metal can also be confirmed 16,17. Tang et.al. employed the STEM for the 

characterization of Cu/ZSM-5 zeolite samples with different Si/Al ratios 13. The Al 

shows uniform distribution in the zeolite framework and the Cu also follows the same 

trend with Al, indicating the choring role of Al over the Cu species in the zeolite 

framework.  
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2.4. Characterisation experiment details  

High-resolution synchrotron PXRD 

Synchrotron PXRD measurements for structural determination were collected at 

beamline BL02B2 at SPring-8, Japan. The energy of the incident X-ray flux was set at 

17.7 keV18. The wavelength (λ = 0.700261 Å) and the 2θ-zero point (ZP = 0.00020°) 

were calibrated using a diffraction pattern obtained from a high-quality CeO2 powder 

(NIST SRM674b). High-resolution synchrotron PXRD data were obtained from the 

zeolite samples (loaded in 0.5-mm borosilicate capillaries) using the Microstrip sYstem 

for Time rEsolved experimeNts (MYTHEN) detectors, with a modular system 

constructed by six MYTHEN detectors. The patterns were collected in the 2θ range 2-

70° with 0.006° data binning. Each synchrotron PXRD pattern was collected for 5 min 

for each 2θ-step, i.e., 10 min in total for MYTHEN data summation. This procedure 

produced good quality patterns of a high signal-to-noise ratio. It should be particularly 

noted that the R-factors using the MYTHEN detectors are artificially high. Therefore, 

the quality of the Rietveld refinement should be best judged by the difference between 

the fitted and observed data.  

(Zeolite part) 

Using the TOPAS software, the lattice parameters were obtained using Le Bail and 

Rietveld refinement analyses of the diffraction patterns were performed. The starting 

coordinates used were based on the H-ZSM-5 zeolite model by Heo et al. for refinement 
19. The background curve was fitted by a Chebyshev polynomial with an average of 20 

coefficients. The Thompson-Cox-Hastings (pseudo-Voigt) function was applied to 

describe the diffraction peaks 20. The scale factor and lattice parameters were allowed 

to vary for all the histograms.  

(UiO part) 

Using the TOPAS 6.0 software, the lattice parameters were obtained using Pawley and 

Rietveld refinement analyses of the diffraction patterns were performed. The 

background curve was fitted by a Chebyshev polynomial with an average of 16 

coefficients. The Thompson-Cox-Hastings (pseudo-Voigt) function was applied to 

describe the diffraction peaks21. The scale factor and lattice parameters were allowed 

to vary for all the histograms.  

 

The final refined structural parameters for each data histogram were carried out using 

the Rietveld method with the fractional coordinates (x, y, z) and isotropic displacement 

factors (Beq) for all atoms. In addition, the Rwp and gof values (gof = Rwp/Rexp) helped 

assess the quality of fit, where Rexp represents the quality of the data. So, the Rwp value 

should be close to Rexp for a good fit. 
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Resonant Synchrotron PXRD 

Resonant X-ray diffraction is unique to synchrotron light sources due to the energy or 

wavelength tunability of the incident beam. It can be used to determine crystallographic 

sites occupied by atoms with low electronic contrast. The resonant technique enables 

elements with close atomic numbers like Fe (Z = 26) and Co (Z = 27), or Cu (Z = 29) 

and Zn (Z = 30) to be distinguished by utilizing the contrast between their anomalous 

scattering factors f ’ (real, the change in scattering factor magnitude) and f” (imaginary, 

phase shift). In our recent RXRD work, the relative proportion of the Cu and Zn sites 

in copper-zinc-tin sulfide was determined 22. As it is vital to differentiate the site 

occupancies of Cu and Zn in the clusters, the technique was therefore used again in this 

study. 

Synchrotron X-ray powder diffraction measurements were collected in Beamline I11 at 

Diamond Light Source (UK) using the ultra-high resolution multi-analyzer crystal 

(MAC) detector at 295 K. The angular resolution of the data collected was 1 mdeg per 

step. Cu2+ ion-exchange ZSM-5 sample was used as an external for X-ray energy 

calibration and for the determination of the K adsorption edge from the fluorescence 

signals of the samples by scanning the monochromator. Resonant diffraction patterns 

were taken at 10 eV, 15 eV and 21 eV below the Cu K-edge and a comparative non-

resonant diffraction pattern was taken at 15 keV. Rietveld refinement was carried out 

using TOPAS v.6.0. Resonant and non-resonant data were modelled simultaneously by 

refining the fractional coordinates (x, y, z) and site occupancy factors. The 

corresponding f ’ and f” values were obtained from using the subroutine library by 

Brennan and Cowan.23 

 

Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy 

The XAFS data were collected at Beamline BL07A of the Taiwan Light Source (Taiwan) 

and Beamline BL01B2 of SPring-8 (Japan). A Si(111) double crystal monochromator 

(DCM) was used to scan the photon energy.  
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X-ray Photoelectron Spectroscopy (XPS) 

The XPS measurements were collected using Thermo Scientific Nexsa (12kV cathode-

biased Al Kα, hv = 1486.6 eV) spectrometer with a spot size of 400 µm at the base 

pressure < 5 x 10-10 mbar. An Ar ion gun was used to etch the samples with the etching 

rate of 0.5 nm s
–1, and the XPS spectra were obtained at approximately 20 nm depth 

intervals. The raw data were corrected for substrate charging with the binding energy 

(BE) of the C 1s peak at 284.5 eV.  

 

Thermogravimetric Analysis (TGA) 

The TGA measurements of as-synthesised samples were performed in air (40 mL min-

1) up to 700 C using Thermogravimetric Analyzer/Differential Scanning Calorimeter 

(Mettler Toledo TGA/DSC3+). 

 

Ultraviolet-visible-Near-Infrared Diffuse Reflection Spectroscopy (UV-Vis-NIR 

DRS) 

The UV-vis-NIR DRS measurements were carried out with the obtained samples in a 

Perkin-Elmer Lambda 1050-UV-Vis-NIR spectrophotometer with an Integrating 

Sphere-150 mm UV/vis/NIR (InGaAs) Module. The equipment was calibrated with a 

Spectral on standard, and the reflectance was measured in the 200–2500 nm range at 

an interval of 2 nm. 

 

Fourier-Transform Infrared Spectroscopy (FT-IR) 

The FT-IR in attenuated total reflection (ATR) mode was measured using Thermo 

Scientific Nicolet iS50 equipped with a single bounce diamond crystal and a deuterated 

triglycine sulfate (DTGS) detector. 
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Chapter 3 Atomically dispersed 3d metal 

bimetallic dual atom catalysts and classification 

of the structural descriptors 

 

Highlight of this chapter 

Solid atomic catalysts possessing well-defined and intricate structures are considered 

to effectively bridge the gap between homogeneous and heterogeneous catalysis. 

However, the current limitations in achieving ‘precise engineering’ for solid atomic 

catalysts result in structural heterogeneity and consequently unsatisfactory catalytic 

selectivity. In this study, we present the assembly of late 3d metal cations, such as Co2+, 

Ni2+, Cu2+, and Zn2+, to form combinations of ‘dual atoms’ within zeolitic micropores, 

thereby circumventing issues related to uncontrolled metal aggregation during 

synthesis. Through a quantitative evaluation of structural descriptors via a probe 

superoxide dismutation reaction, we demonstrate the distinct synergistic advantage 

arising from the presence of two metal species, the tertiary structure surrounding the 

zeolitic support, and the local coordination environment. The identification and 

adjustability of these structural descriptors, as revealed in this work, provide a reliable 

approach to the precise engineering of next-generation solid dual-atom catalysts. Most 

of the content in this chapter has been published recently in Chem Catalysis 1. The 

novelty and significance of this work have been particularly highlighted by Han et al. 

in Chem 2.  
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3.1 Introduction 

Unlike the enzymatic or homogeneous counterparts, the distribution of active species 

and the local chemical environments in solid catalysts are often uneven due to intrinsic 

limitations in materials preparation, leading to generally less satisfactory catalytic 

selectivity. ‘Precision engineering’ has hence long been recognized to be an ideal 

solution but also a grand challenge by the heterogeneous catalysis community 3. The 

reactivity and product selectivity over related atomic catalysts have been shown clearly 

different in various recent studies 4–6, such as the catalytic heterogeneity on related 

mono-, bi-, and tri-nuclear Cu-oxo catalysts done by our group7. 

A notable class of ‘precisely engineered’ examples is supported dual-atom catalysts. 

Modern approaches for developing supported dual-atom catalysts can be put into 

several major categories (see Figure 3.1) 8,9, including through (a) pyrolysis of multi-

metallic precursors (such as oxides and reticular compounds), (b) modular decoration 

on the surfaces of metals or metal oxides/sulfides 10,11, (c) engineering of unique and 

pre-organized microporous scaffolds (such as zeolites and metal-organic frameworks) 
12–20, and (d) the use of low-dimensional networks 21–23. These modern approaches, 

however, may often suffer from various limitations, such as the difficulty in the control 

of the interatomic distances and limited transferability to other metal species.  

We, herein, report a creative synthetic approach to assemble two late 3d metal cations 

(M2+) within microporous domains in a modular manner. This approach allows for the 

systematic investigation of various structural descriptors, including metal nuclearity, 

elemental composition, local environment, and tertiary structure around the metal 

active sites. This is achieved by the utilization of the underlying principles of 

coordination chemistry (via modular formation of specific acid-base adducts) and solid-

state chemistry (via spatial confinement). Interestingly, our ZnA-CuB-Z sample shows a 

high resemblance of the structural features to those of the native Cu,Zn-containing 

superoxide dismutase (Cu,Zn-SOD), which further allows a comparable catalytic 

reactivity. The microporous framework not only offers rigid support for the 

immobilization of foreign metal species but also provides a quasi-isolated cavity for the 

effective catalysis reaction. 
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Figure 3.1. Overview of modern approaches for developing supported dual-atom catalysts, through (a) 

pyrolysis of multi-metallic precursors. Reproduced with permission 24. Copyright 2018, Wiley-VCH; (b) 

modular decoration on the surfaces of metals or metal oxides/sulfides. Reproduced with permission 10. 

Copyright 2021, Elsevier; (c) engineering of microporous scaffolds. Reproduced with permission 25. 

Copyright 2021, American Chemical Society; (d) the use of low-dimensional network. Reproduced with 

permission 21. Copyright 2019, Royal Society of Chemistry. 
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3.2 Experimental procedure 

Catalyst preparation  

We employ a modular assembly approach published in our earlier work over metal-

organic frameworks 26. As shown in Scheme 3.1, the preparation of ZnA-CuB-Z is here 

used as an illustration; by ion exchange with Zn(NO3)2·6H2O (Sigma-Aldrich; 98%), 

mononuclear ZnA-Z has been prepared as our standard precursor material ‘seed’. It is 

noted that excessive ion-exchange steps have been taken to ensure the maximum ion-

exchange capability of the H-ZSM-5 zeolite has been reached. Subsequent Cu 

metalation to form ZnA-CuB-Z is achieved by applying our seed with Lewis di-basic 

imidazole (as the linker, ‘Im’), followed by the addition of Cu(NO3)2·2.5H2O in a 

controlled manner.  

Catalyst characterization 

Resonant X-ray diffraction is unique to synchrotron light sources due to the energy or 

wavelength tunability of the incident beam. It can be used to determine crystallographic 

sites occupied by atoms with low electronic contrast. The resonant technique enables 

elements with close atomic numbers like Fe (Z = 26) and Co (Z = 27), or Cu (Z = 29) 

and Zn (Z = 30) to be distinguished by utilizing the contrast between their anomalous 

scattering factors f ’ (real, the change in scattering factor magnitude) and f” (imaginary, 

phase shift). In our recent RXRD work, the relative proportion of the Cu and Zn sites 

in copper-zinc-tin sulfide was determined 27. As it is vital to differentiate the site 

occupancies of Cu and Zn in the clusters, the technique was therefore used again in this 

study. 

Synchrotron X-ray powder diffraction measurements were collected in Beamline I11 at 

Diamond Light Source (UK) using the ultra-high resolution multi-analyzer crystal 

(MAC) detector at 295 K. The angular resolution of the data collected was 1 mdeg per 

step. Cu2+ ion-exchange ZSM-5 sample was used as an external for X-ray energy 

calibration and for the determination of the K adsorption edge from the fluorescence 

signals of the samples by scanning the monochromator, as shown in Figure 3.4b, 

Resonant diffraction patterns were taken 10 eV, 15 eV, and 21 eV below the Cu K-edge 

and a comparative non-resonant diffraction pattern was taken at 15 keV. Rietveld 

refinement was carried out using TOPAS v.6.0. Resonant and non-resonant data were 

modeled simultaneously by refining the fractional coordinates (x, y, z) and site 

occupancy factors. The corresponding f ’ and f” values were obtained by using the 

subroutine library by Brennan and Cowan 28. The verification of the accuracy of the 

combined Rietveld refinement process is presented in Table 3.7. A total of 2783 hkl 

independent observables from a combination of 4 SXRD patterns have been used to 

refine 43 parameters.  
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Catalytic reactivity 

The SOD activity was evaluated by measuring the inhibition of the photoreduction of 

nitro blue tetrazolium chloride (NBT). The reaction of methionine and riboflavin acts 

as the source of superoxide. The suspension was prepared in a 50 mm phosphate buffer 

in pH 7.8, riboflavin (3.4 μm), methionine (10 mm), NBT (46 μm), and different 

amounts of ZnA-CuB-Z (0–100 μm). Riboflavin was last added. The reaction was 

initiated by illumination of the mixtures with an 18 W fluorescent lamp placed at 15 

cm, at 25 °C. The reduction of NBT was measured at 560 nm after an illumination 

period of 30 min.  

Human hepatocellular carcinoma (HCC) cell lines MHCC-97L (Liver Cancer Institute, 

Fudan University) and PLC/PRF/5 (Japan Cancer Research Bank) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) with high glucose supplemented with 

10% heat-inactivated fetal bovine serum (FBS), 100 mg mL-1 penicillin G, and 50 g 

mL-1 streptomycin at 37 C in a humidified chamber containing 5% CO2. Cells were 

used within five passages after thawing. Culturing medium was refreshed every two to 

three days and cells were passaged every three to four days.  

HCC cell lines were seeded on 96-well plate 24 hours prior to the addition of ZnA-CuB-

Z. Concentrations of ZnA-CuB-Z ranging from 1.56 m to 200 m in 5% FBS were then 

added. After 48 hours, MTT dye, at a concentration of 5 mg/mL, was added and the 

plates were incubated for 3 hours in a moist chamber at 37 C. Optical density was 

determined by eluting the dye with isopropanol supplemented with hydrochloric acid. 

The absorbance was measured at 570 nm. The experiments of each cell line were 

performed in triplicates. 
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3.3 Results and Discussion 

A highly crystalline H-ZSM-5 sample (MFI-type, SiO2:Al2O3 = 46) was employed as 

the inorganic support that was extensively characterized in our previous reports 29,30. 

Scheme 3.1 shows the bio-inspired synthesis procedures of the supported dual-atom 

catalysts. Imidazolate-based species (‘Im’, akin to the bridging histidine (His61) in 

Cu,Zn-SOD enzyme) was used to connect two cationic metal M2+ (M = Co, Ni, Cu, and 

Zn) nuclei. Imidazolate was chosen because of its rigid aromatic structure and well-

balanced di-basicity. A series of dual-atoms comprised of late 3d metals supported on 

ZSM-5 zeolites have been accordingly synthesized, denoted as ‘MA-MB-Z’ according 

to the order in the metalation step. Figure 3.2 shows their powder X-ray diffraction 

(PXRD) patterns, where only marginal shifts of the Bragg peaks (space group: Pnma) 

have been observed with respect to the parent H-ZSM-5 support, suggesting that the 

metalation process did not greatly alter the host crystallinity. No major structural change 

nor metal/metal oxide aggregation was observed, which signifies the uniform 

dispersion of the extra-framework species. The elemental analysis by X-ray 

fluorescence spectroscopy (XRF) is shown in Table 3.1 in the Supporting Information 

(SI). For instance, the Cu:Zn content in ZnA-CuB-Z is about 1:1, and the Zn contents in 

ZnA-Z and ZnA-ZnB-Z are 1.36 wt% and 2.66 wt%, respectively. Our control 

experiments show that the metal content does not change without applying Im. This 

comparative analysis clearly shows the efficacy of our dual-atom synthesis 31.  

 

Scheme 3.1. Schematic illustration of the bio-inspired ‘step-by-step’ assembly approach. View of the 

enzyme structure and active site of the native Cu,Zn-SOD enzyme. (PDB: 1Z9P; Crystal Database of the 

National Center for Biotechnology Information) 32.  
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Figure 3.2. PXRD patterns of the zeolite samples as labeled (λ = 0.7093 Å). 

 

We first employed matrix-assisted laser desorption/ionization time-of-flight/time-of-

flight mass spectroscopy (MALDI-TOF-TOF MS) to investigate the structural features 

of the samples. CuA-CuB-Z and ZnA-CuB-Z were chosen for major illustration in our 

subsequent materials characterization due to their superior property in our model 

catalytic reaction (discussed in the section below). As shown in Figure 3.3, the MS 

peak patterns can be assigned to dimeric Cu2 and Cu1Zn1, which match well with the 

theoretical mass intensity ratio. Monomeric Cu1 and Zn1 in the low mass region are also 

observed potentially due to experimental residual of Cu1 and Zn1 and fragmentation 

from laser irradiation. Any trace of peak patterns that can correspond to metal clusters 

with higher nuclearity was not detected. In contrast, the absence of the structural 

features of CuA-Z, ZnA-Z, and derivatives is shown in Figures 3.4–3.7, suggesting that 

imidazole is necessary (aromatic stabilization) to facilitate the desorption of the 

embedded species from the zeolite host. 
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Figure 3.3. MALDI-TOF-TOF mass spectra of (a) Cu1-meIm-Z, (b) Zn1-meIm-Z, (c) CuA-CuB-Z, and 

(d) ZnA-CuB-Z. The theoretical mass intensity (theo. mass int.) analysis of the major features based on 

the relative isotope distribution of the proposed nuclear combinations is presented in the inset tables. The 

regions highlighted in brown are shown in the inset, whereas the regions highlighted in yellow show 

comparable mass intensity distribution. 
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Figure 3.4. MALDI-TOF-TOF mass spectrum of CuA-Z. No structural feature can be detected at any 

given laser power. 

 

Figure 3.5. MALDI-TOF-TOF mass spectrum of ZnA-Z. No structural feature can be detected at any 

given laser power. 
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Figure 3.6. MALDI-TOF-TOF mass spectrum of CuA-CuB-Z (no linker).  

 

Figure 3.7. MALDI-TOF-TOF mass spectrum of ZnA-CuB-Z (no linker). 
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Figure 3.8. Detailed derivation of the theoretical mass intensity of (a) CuA-Z, (b) ZnA-Z, (c) CuA-CuB-Z, 

and (d) CuA-ZnB-Z or ZnA-CuB-Z. The calculation of the theoretical mass intensity of the zeolite samples 

labeled was done according to the theoretical isotopic distribution of copper and zinc. 
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The oxidation states of Cu and Zn in ZnA-CuB-Z were both determined as +2 as revealed 

by X-ray absorption near-edge spectroscopy (XANES, Figure 3.9) and X-ray 

photoelectron spectroscopy (XPS, Figure 3.10). Conventional spectroscopic 

measurements have been employed to study the metal-linker interactions. The UV-vis-

NIR diffuse reflectance (Figure 3.11(a)) and FTIR (Figure 3.11(b)) spectra reveal the 

formation of Cu–Im and Zn–Im interactions, respectively. The detailed discussion is 

described in the SI (also see Figure 3.12). 

The coordination environments of Cu and Zn in ZnA-CuB-Z have been discerned by 

extended X-ray absorption fine structure (EXAFS) spectroscopy. The wavelet 

transform (WT) analysis of the EXAFS data is presented in Figure 3.11(c)–(d), which 

can better correlate the absorption data in k- and R-space. The highest WT intensities 

belong to the lobes centered at k ~ 7.0 Å-1, R ~ 1.5 Å, and k ~ 6.0 Å-1, R ~ 1.5 Å, 

respectively, which correspond to the N/O atoms around the Cu and Zn centers. No 

significant backscattering at higher k-space (at k > 10 Å-1, R > 2.5 Å) was observed, 

indicating the absence of Cu or Zn aggregation. The quantitative fittings of the EXAFS 

data are summarized in Table 3.2 and Figure 3.13, with the average bond lengths of 

Cu–N/O and Zn–N/O calculated as 1.96(1) Å and 1.99(1) Å in ZnA-CuB-Z, respectively. 

Both the average coordination numbers of Cu–N/O and Zn–N/O were determined as 

ca. 4. By combining thermogravimetric analysis with elemental analysis (Figure 3.14 

and Table 3.3)7, the Zn:Im ratio was calculated as ca. 1:2 in ZnA-CuB-Z. We further 

applied this information to construct an appropriate initial rigid body Z-matrix for the 

subsequent structural refinement. 
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Figure 3.9. The Cu K-edge XANES spectrum of ZnA-CuB-Z. 

 

Figure 3.10. X-ray photoelectron spectra of the Cu 2p species in (a) CuA-Z and (b) ZnA-CuB-Z. The 

presence of satellite peaks further verifies the Cu oxidation state of +2. 
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Figure 3.11. (a) UV-Vis-NIR DR spectra of the zeolite samples as labelled. (b) FT-IR spectra of the 

zeolite samples labeled. Wavelet transforms for k3 weighted EXAFS signal of ZnA-CuB-Z, and the 

corresponding (c) Cu and (d) Zn K-edge EXAFS (red) and fitting profile (black) in k3 weighted k-space 

and R-space.  
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Figure 3.12. UV-Vis-NIR DR spectra of ZnA-Z, ZnA-Im-Z, and ZnA-CuB-Z.  

From the UV-vis-NIR diffuse reflectance spectra (Figure 3.11(a)), we noted broad absorption peaks in 

the regime of d–d transition of Cu2+ species 33. Upon applying Im (i.e., in CuA-Im-Z, ZnA-CuB-Z, and 

CuA-CuB-Z), a large hypsochromic shift of the d–d transition peak was noted which can be ascribed to 

the interactions from coordination with Im (strong σ donor and weak π acceptor ligand). The 

hypsochromic peak shift suggests the formation of Cu–N interaction. The π–π* transition of Im is also 

observed in regions > 39,000 cm-1 (Figure 3.12). The Fourier-transform infrared spectroscopy (FTIR, 

Figure 3.11(b)) shows the presence of Zn–Im interactions. The characteristic vibration mode of the C–

H bond of Im (νC–H) shifts from 752 cm-1 in an H+-adsorbed state (H-ZSM-5 pre-adsorbed with Im) to 

747 cm-1 in the presence of Zn2+, which indicates the coordination interaction between Zn2+ and NIm in 

the ZnA-Im-Z and ZnA-CuB-Z samples 34,35.   
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Figure 3.13. Spectroscopic studies of zeolitic sample with EXAFS data. 

(left) Wavelet transform for k3 weighted EXAFS data of (a) CuA-Z, (b) ZnA-Z, (c) CuA-Im-Z, (d) ZnA-

Im-Z, and (e) CuA-CuB-Z, and the corresponding Cu and Zn K-edge EXAFS (red) and fitting profiles 

(black) in k3 weighted k-space (middle) and R-space (right). 
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Figure 3.14. TGA profiles of CuA-Z and ZnA-CuB-Z. The derivation of the Cu to imidazolate ratio can 

be subsequently extrapolated, as shown in Table 3.3. 

 

The Rietveld refinement of high-resolution synchrotron X-ray powder diffraction 

(SXRD) can be used to determine the atomic and structural parameters (including the 

fractional coordinates (x, y, z) and site occupancy factors (SOFs)) of extra-framework 

species in crystalline and microporous materials 36. Even small organic molecules, such 

as methanol, ammonia, and pyridine, can be determined in zeolites in terms of bond 

angles and distances 30,37,38. Here, we collected SXRD data on Beamline I11 at Diamond 

Light Source (UK) and Beamline BL02B2 at SPring-8 (Japan). The SXRD patterns are 

presented in Figures 3.15-3.19. Homogeneous metalation is noted from the highly 

symmetrical Bragg’s peaks. The X-ray energy of the incident beam was optimized at 

15 keV and 18 keV, respectively (Table 3.4), which allows an optimum X-ray 

brightness for high contrast (signal-to-noise ratio) and high resolution. By performing 

the charge flipping algorithm in TOPAS refinement software, the extra-framework 

metal sites have been found separated by about 5.7 Å apart (Figure 3.20). This atomic 

separation implies the presence of a bridging Im linker between the two metal 

crystallographic sites, as it is consistent with the Zn···Cu interatomic distance in our 

postulated structural model. 
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Figure 3.15. SXRD data and refinement profile of CuA-CuB-Z measured at 15 keV.  

 

Figure 3.16. SXRD data and refinement profile of CuA-ZnB-Z measured at 15 keV. 
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Figure 3.17. SXRD data and refinement profile of ZnA-CuB-Z measured at 15 keV. 

 

Figure 3.18. SXRD data and refinement profile of CuA-Im-Z measured at 18 keV. 
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Figure 3.19. SXRD data and refinement profile of ZnA-Im-Z measured at 18 keV. 

 

Figure 3.20. Charge flipping (by TOPAS v.6.0) for the determination of the crystallographic locations 

of the metal sites; the charge flipping of ZnA-CuB-Z is presented here. The interatomic distance between 

the MA and MB sites is found at ca. 5.74 Å  Note that Cu and Zn are indistinguishable by non-resonant 

X-ray diffraction techniques. 
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However, atoms with proximate atomic numbers are hardly distinguishable due to low 

electronic contrast by using conventional X-ray crystallographic techniques. We have 

specifically employed state-of-the-art synchrotron resonant X-ray diffraction (RXRD, 

on Beamline I11 at Diamond), unique to synchrotron-based instruments to determine 

the crystal structure of ZnA-CuB-Z where the extra-framework crystallographic sites of 

interest are occupied by Cu and Zn atoms with marginal electronic contrast. The RXRD 

technique can enable Cu (Z = 29) and Zn (Z = 30) to be distinguished by utilizing the 

contrast between their anomalous scattering factors f ’ (real) near the elemental 

absorption edge. Synchrotron diffraction measurements of ZnA-CuB-Z were collected 

at 10 eV, 15 eV, and 21 eV below the K-edge of CuII to maximize the contrast in f’ 

(Figure 3.21(a)). The energy selections were aided by Figure 3.21(a), with the details 

of the fluorescence measurement described in the RXRD method (SI). The combined 

Rietveld refinement profiles (together with a high-resolution diffraction measurement 

at 15 keV) are presented in Figure 3.21(b) which utilized the initial rigid body Z-matrix 

described above. As seen in the refined crystal structure in Figure 3.21(c), the ZnA site 

is found located at the intersection between the straight and sinusoidal channels of 

ZSM-5, whereas CuB is located closer to the wall of the straight channel. As discussed 

later (in Figure 6), we have further optimized its crystal structure by density functional 

theory (DFT) calculation, with ZnA located at the inner position along the sinusoidal 

channel of ZSM-5 and saturated with three free water ligands. By analyzing the 

interatomic distances carefully, these water ligands are seen stabilized by multiple 

framework O atoms via a hydrogen-bonding network through the formation of 

Brønsted acid-base adducts (Oframework···HOligand). The computed bond distances are 

around 1.8–2.3 Å, which fall in the regime of hydrogen bonds with moderate bond 

strength 39. 
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Figure 3.21. (a) X-ray energy calibration for the determination of the corresponding adsorption K-edge 

of ZnA-CuB-Z. (b) RXRD data and Rietveld refinement profiles of ZnA-CuB-Z at different X-ray energies. 

A series of verification procedures have been taken to test the refinement sensitivity of the resonant X-

ray measurement (Table 3.5 and 3.6). (c) View of the Rietveld refined crystal structure of ZnA-CuB-Z. 

The atomic parameters are summarized in Table 3.7. 
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High structural similarity between ZnA-CuB-Z and Cu,Zn-SOD can be observed clearly. 

We hence probed the reactivity of our dual-atom catalysts using a chemical superoxide 

dismutation assay. In this assay, O2
-∙ is generated by the UV-induced reaction between 

riboflavin and methionine. O2
-∙ will then reduce nitro blue tetrazolium chloride into 

formazan purple. The detailed assay procedure is described in the Method section (SI). 

As summarized in Figure 3.22, ZnA-CuB-Z shows the highest activity among the 

samples with kcat of 4.88 × 107 m-1s -1, and the lowest normalized half-maximal 

inhibitory concentration (IC50) of 0.056 µm. It is comparable to that of native Cu,Zn-

SOD enzyme (cf. IC50 = 0.015 µm 40; kcat = 18.6 × 107 m-1s -1; Table 3.8). The linear 

fits for the IC50 derivation are shown in Figure 3.23. In stark contrast, analogous CuA-

CuB-Z and CuA-ZnB-Z dual-atom catalysts show much lower rates of kcat = 2.78 × 106 

m-1s -1 and kcat = 0.710 × 106 m-1s -1, respectively. Nil or negligible activity 

(unmeasurable IC50) has been noted over the samples without Cu or the ‘single-atom’ 

samples. The variation of using different bridging imidazolate-based linkers in ZnA-

CuB-Z on the SOD activity has been found less significant than the other variations in 

structural descriptors (Table 3.8). The samples can be repeated for at least three 

catalytic cycles with no noticeable drop in activity (Table 3.9). Minimal metal leaching 

(<0.5%) has been observed in our incubation experiment (Table 3.10).  

 

Figure 3.22. Bar chart showing the rate in terms of (A) kcat and (B) IC50. The numerical values are 

summarized in Table S8. Bars marked with asterisks refer to undetectable SOD activity. 
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Figure 3.23. Linear fit of the formazan absorbance percentage versus the concentration of a series of 

zeolite samples (a) CuA-CuB-Z, (b) CuA-ZnB-Z, and (c) CuA-ZnB-Z. 

The inhibition efficiencies of the zeolite samples were determined by the absorbance (concentration) of 

formazan (the product of the photoreduction of nitro blue tetrazolium), which is inversely proportional 

to the inhibition efficiency. The inhibition percentage was calculated according to the following equation:  

(
∆Abs

t
)

without catalyst
− (

∆Abs
t

)
with catalyst

(
∆Abs

t
)

without catalyst

 × 100% 

After calculating the inhibition percentage, the IC50 value was determined from the concentration-

dependent plot of the inhibition percentage against the concentration of the catalyst used.  

For the element analysis of ZnA-CuB-Z, the weight percentage of Al, Si, Cu, and Zn are 2.82 wt%, 93.51 

wt%, 1.27 wt%, and 1.34 wt%, respectively. Based on the elemental ratio between Al and Cu/Zn, there 

are 0.603 ZnA-CuB dual-atom per unit cell of ZSM-5. The IC50 values were accordingly normalized with 

respect to the number of active sites in ZSM-5.  

The IC50 value obtained from the linear fit was used to calculate the McCord-Fridovich catalytic constant 

for superoxide scavenging (kcat) according to the equation of 𝑘𝑐𝑎𝑡 =
𝑘𝑁𝐵𝑇×[𝑁𝐵𝑇]

𝐼𝐶50
  41. The kcat value is 

suitable to compare with the reported values from other catalytic studies since it is independent to the 

concentration of the nitroblue tetrazolium (NBT) chloride solution.   
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Such reactivity patterns and the presence of reactivity discontinuities prompted us to 

investigate the mechanistic basis of different structural descriptors. From the above 

findings, we identified four key structural descriptors about our dual-atom catalysts, 

namely, choice of metal, metal nuclearity, tertiary structures about the zeolitic support, 

and linker control, that are critical in mapping the structure-reactivity correlations.  

Choice of metal 

Through a series of experiments using different late 3d metal species, we found that 

CuII is essential for superoxide dismutation as no activity is observed in the samples 

without CuII. In contrast, ZnII acts as a catalytic promoter, whereas CoII and NiII do not 

show any catalytic effect in the dismutation system. It is believed that, based on the 

conventional understanding of Cu,Zn-SOD enzyme, ZnII plays two major roles, (i) to 

hold the dual-atoms intact (as the Cu–NHis61 bond is partially broken when CuII is 

reduced to CuI), and (ii) to position the proton of the ‘just-broken’ His61 in place for 

hydrogen bonding and subsequent transfer to the incoming O2
-∙ for the second step of 

the catalytic cycle, i.e., H2O2 production 42. 

Metal nuclearity 

The activity of the mononuclear sample, CuA-Z, exhibits extremely low activity when 

compared with the Cu-M dual-atoms, i.e., CuA-ZnB-Z, CuA-CuB-Z, and ZnA-CuB-Z, 

suggesting the more superior effect of the Cu-M dual-atoms. This can be attributed to 

the structural similarities between these Cu-M and the native Cu,Zn-SOD enzyme. The 

CuII and ZnII nuclei are held together by Im-containing histidine (His61) in the native 

enzyme; similarly, MA
II and MB

II are held together by an Im linker in MA-MB-Z. The 

proximity between these two metal sites makes synergistic cooperation highly favored. 

The DFT-optimized structures of the Cu-M dual-atoms are shown in Figure 3.24. 

Clearly, their atomic arrangements and ground-state energies (E0) are highly 

comparable to each other. Typically, the MA site locates at the inner part of the 

sinusoidal channel and is hence more constrained (aperture of around 6 Å). The MB site 

locates at the more open intersection of the straight and sinusoidal channel (aperture of 

around 8 Å) and is hence less sterically hindered. ZnA-CuB-Z shows the highest activity 

at kcat = 4.88 × 107 m-1s-1 and IC50 = 0.056 µm. If ZnII is replaced by CuII (i.e., CuA-

CuB-Z), the superoxide dismutation activity decreases notably to kcat = 2.78 × 106 m-1s-

1 and IC50 = 0.982 µm. The activity of CuA-ZnB-Z is even lower at kcat = 0.710 × 106 m-

1s-1 and IC50 = 3.847 µm. This can be caused by the stabilization effect of ZnII 43. By 

comparing the activities of ZnA-CuB-Z, CuA-CuB-Z and, CuA-ZnB-Z, the respective 

locations of the metal nuclei also constitute an important role, as the MB site (second 

metalation site) is more exposed to interact with incoming O2
-∙ substrates. 

Indeed, the catalytic disparity between these highly analogous Cu-M dual-atom 

catalysts reveals the importance of the engineering of microenvironments of the dual-
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atom catalysts. By our creative synthetic approach, the metal sites can be assembled in 

a modular manner, enabling a more precise control in the microenvironments.  

Tertiary structures about the zeolitic support  

As shown in many enzymatic catalysis examples, the tertiary structure plays a critical 

role, where favorable reactive intermediates and transition states can be stabilized by 

steric confinement effect, additional functionality or both combined. As seen in Figure 

3.21(c), the interatomic distance between CuB and adjacent O18 was measured as 

4.27(1) Å. The O18 position has been determined to be the crystallographic location of 

the protonic Brønsted acid site (BAS) in the same zeolite based on our probe-assisted 

diffraction study 37. We note that this is structurally and chemically comparable to the 

tertiary structure around the Cu,Zn-containing co-factor of the natural Cu,Zn-SOD, 

where two protons are taken from the nearby Wat227 and the N atom of His61 in the 

second step of the biological SOD cycle 44. 

Hence, it is anticipated that the Cu,Zn dual-atoms inside the ZSM-5 pores may interact 

with BASs nearby. This is illustrated by comparing the catalytic activities of ZnA-CuB-

Z and ZnA-CuB-Z(Na+) (Figure 3.22). In the absence of BASs (H+ replaced with Na+), 

ZnA-CuB-Z(Na+) clearly delivers much lower catalytic activity by more than 2-fold of 

magnitude to ZnA-CuB-Z (cf. kcat decreases from 48.8 × 106 m-1s -1 to 0.352 × 106 m-1s -

1; IC50 increases from 0.056 µM to 7.747 µM). Note that our group has conducted a 

similar poisoning experiment to selectively replace BASs with Na+, which can probe 

the synergy between the neighboring active motifs in zeolites 45. This selective 

poisoning experiment clearly supports our hypothesis that BASs in zeolite work in 

synergy with the Cu,Zn dual-atoms that are crucial in the overall catalytic activity. As 

illustrated in the proposed reaction mechanism in Scheme 3.2, the proximity of multiple 

catalytic active motifs (i.e., the redox-active CuB site and the zeolitic Brønsted acid site) 

within molecular distances would facilitate the tandem reactions in the dismutation of 

O2
-∙ in a cooperative manner, where the second step in the catalytic redox cycle (H2O2 

formation) that requires an additional H+ source can be warranted.  

In addition, in the first step of the catalytic cycle in the SOD enzyme where CuII is 

reduced to CuI, it is coupled with the cleavage of Cu–NHis61 bond 42. The CuI is 

stabilized by the hydrogen bonding network by the protein scaffold. An analogous 

structural stabilization is also observed, based on combined Rietveld refinement and 

DFT calculations, where the Oframework atoms stabilize the CuII/CuI center via hydrogen 

bonds along the ligated water. It acts as a physical confinement barrier to prevent the 

Cu and Zn centers from separating upon the CuII/CuI redox cycle. 
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Imidazolate-based linker control 

We have also compared the effect of using different substituted imidazolate ligands in 

ZnA-CuB-Z (Figure 3.22). Despite the electronic structures of the supported species 

could be altered upon different imidazolate substituents, the variation in the SOD 

activity is found much less significant than those of other structural descriptors. 

Although definitive correlations have not yet been made, we believe that extensive 

possibilities could be opened by the design of the bridging linker which would not only 

affect the electronic and steric properties but could offer additional functionality for 

specific substrate activation. 

Various reactive oxygen species (ROS)-based therapeutics have been proposed as 

anticancer theranostics in recent years 46–49. High concentrations of ROS, such as 

superoxide radicals (O2
-∙), hydroxyl radicals (OH∙), and singlet oxygen (1O2), are known 

to be harmful to biomolecules in human bodies. SOD enzymes play a biological role to 

catalyze the decomposition of O2
-∙ to H2O2 and O2. Typically, the ROS level in tumor 

cells is generally higher as a consequence of accelerated metabolic rate, gene mutation, 

and relative hypoxia 50. The cellular H2O2 generated from native SOD enzymes is 

typically removed by catalase which readily degrades cellular H2O2 to H2O and O2. It 

is hence insufficient to create a notable impact to significantly augment cell apoptosis. 

On the contrary, upon the applications of many anticancer drugs, oxidative stress will 

be induced, leading to the lease of a substantial concentration of O2
-∙ followed by a 

series of biological pathways 51. We, therefore, examine if the in-situ generated O2
-∙ 

could be dismutated rapidly to enhance the cellular concentration of H2O2 by 

incorporating an effective SOD mimic while drug is applied, which would subsequently 

promote the apoptosis rate of tumor cells. 

 

Figure 3.24. Local structures optimized by DFT calculations of (a) ZnA-CuB-Z, (b) CuA-ZnB-Z, and (c) 

CuA-CuB-Z, and the corresponding ground state energy (E0). The corresponding close-up views are 

shown. The stabilization of CuB through the hydrogen bonding network is highlighted for clarity. Figures 

3.25-3.27 show the more detailed DFT-optimized structure. 
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Figure 3.25. Optimized crystal structure of CuA-ZnB-Z by DFT calculations. 

 

 

Figure 3.26. Optimized crystal structure of ZnA-CuB-Z by DFT calculations. 
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Figure 3.27. Optimized crystal structure of CuA-CuB-Z by DFT calculations. 

 

Here, we have investigated the apoptotic effect of ZnA-CuB-Z, in combination with 

sorafenib, a molecular-targeted drug for patients with advanced-stage hepatocellular 

carcinoma (HCC). The cytotoxicity of ZnA-CuB-Z in two HCC cell lines, namely 

PLC/PRF/5 and MHCC-97L has been first examined. The IC50 values were determined 

as 15.77 and 73.20 µm by the MTT assay, respectively (Figure 3.28). We subsequently 

employed the Annexin-V apoptotic assay to examine the potential combination effect 

between sorafenib and ZnA-CuB-Z. As shown in Figure 3.29(a), (c), the percentage of 

apoptotic cells in PLC/PRF/5 increases significantly from 32.21% (sorafenib (10 µm) 

alone) to 75.77% when both sorafenib (10 µm) and ZnA-CuB-Z (6.25 µm) were 

simultaneously applied (a). By Bliss independence analysis, ZnA-CuB-Z in combination 

with sorafenib showed statistical synergistic induction of apoptosis in PLC/PRF/5 cells 

(Table 3.11). (The microscopic views of the cell line PLC/PRF/5 with ZnA-CuB-Z and 

sorafenib in different concentrations are displayed in Figure 3.30.) Similarly, we have 

also observed a drastic increase in cell apoptosis in the MHCC-97L cells, with a 

concentration of ZnA-CuB-Z at 50 µm (Figure 3.29(b), (d), Table 3.12). Only a 

marginal increase (0.29-fold increase) in cell apoptosis was observed in H-ZSM-5-

treated PLC/PRF/5 cells, indicating the specificity of the Cu-Zn dual atoms in ZnA-

CuB-Z in the sensitization of sorafenib. 

We further examined the sensitization effect of ZnA-CuB-Z by investigating the cellular 

level of ROS upon the administration of sorafenib in combination with ZnA-CuB-Z. As 

shown in Figure 3.31, the ROS level was increased substantially when PLC/PRF/5 



78 
 

cells were treated with ZnA-CuB-Z (a 3.10-fold increase), which can be attributed to the 

generation of H2O2 from its strong dismutation property. Meanwhile, the ROS level 

also notably increased upon application of sorafenib (a 4.06-fold increase), which can 

be caused by the drug-induced oxidative stress. From the combined treatment of 

sorafenib and ZnA-CuB-Z, a synergistic effect has been observed statistically that has 

led to much-enhanced ROS level concentration. By the subsequent application of N-

acetyl-L-cysteine (a common radical scavenger), the ROS level only decreased by 

around 20%, which suggests that the H2O2 constitutes a majority of ROS present. This 

analysis of the ROS level is consistent with our above findings on the role of H2O2-

induced cell death in HCC cells 51–54. 

 

Scheme 3.2. Proposed reaction mechanism of superoxide dismutation over ZnA-CuB-Z within the 

confined three-dimensional space of the zeolitic micropore Step 2 cannot proceed without the presence 

of the framework BAS, as probed in our selective poisoning (Na+) experiment. 

 

Figure 3.28. IC50 of ZnA-CuB-Z on (a) PLC/PRF/5 and (b) MHCC-97L by MTT assay.  
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Accordingly, we propose the following reaction mechanism, as summarized in Scheme 

3.3. (1) During the exposure of sorafenib to the tumor cells, the concentration of ROS 

increases from cell apoptosis. (2) The neighboring ZnA-CuB-Z acts as an O2
-∙

 

dismutation catalyst that converts the greatly enhanced cellular concentration of O2
-∙

 

species to H2O2 and O2. (3) The cellular concentration of H2O2 accumulates and greatly 

augments the apoptosis of the HCC tumor cells 55,56. 

In brief, we have developed supported dual-atoms comprised of two late 3d metals 

within the microporous cavity of ZSM-5 zeolites. The success of such precise 

engineering relies on the utilization of the fundamental concepts of solid-state 

chemistry (via spatial confinement) and coordination chemistry (via formation of acid-

base adducts). By investigating the catalytic properties of our model superoxide 

dismutation reaction, we have identified a few key structural descriptors in the dual-

atom catalytic systems. In addition to metal nuclearity and elemental composition, the 

optimization of the tertiary structure(s) around the metal center has also been shown 

crucial. As demonstrated in catalytic superoxide dismutation over ZnA-CuB-Z, the 

protonic Brønsted acid site in proximity to the redox-active Cu center offers a 

regenerative source of protons with the confined microenvironment (pore aperture of 

ca. 8 Å), which leads to a highly efficient catalytic process. The well-engineered quasi-

isolated space, akin to the ‘induced-fit’ concept in natural enzymes, not only offers a 

three-dimension catalytic landscape that contains multiple active motifs but also offers 

stabilization of the reactive intermediates.  
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Figure 3.29. Apoptosis evaluated by Annexin-V staining of (a) PLC/PRF/5 cells induced by sorafenib 

(10 µm), ZSM-5 (6.25 µm), ZnA-CuB-Z (6.25 µm), or in combination, (b) MHCC-97L cells induced by 

sorafenib (10 μm), ZSM-5 (50 μm), ZnA-CuB-Z (50 μm) or in combination. ZnA-CuB-Z synergized the 

effect of (c) PLC/PRF/5, and (d) MHCC-97L cells to sorafenib treatment. Error bars indicate mean±SD 

(n=3). **p<0.01, and ***p<0.001 from Student’s t-test. 

 

 

Figure 3.30. Microscopic images of HCC cell line PLC/PRF/5 with ZnA-CuB-Z and sorafenib with the 

concentration of (a) 5 µM and (b) 10 µM in reduced serum for 48 hours.   
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Figure 3.31. Sensitization effect studies of ZnA-CuB-Z in cellular level of ROS.  

 (a) Flow cytometry analysis revealed that sorafenib (10 μM), ZnA-CuB-Z (6.25 μM), and combined 

treatment increased the levels of reactive oxygen species (ROS) in PLC/PRF/5 cells. NAC (5 mM), or 

decreased the ROS level accordingly. (b) NAC reduced the combined ROS level produced by sorafenib 

and ZnA-CuB-Z. Error bars indicate mean±SD (n=3). *p<0.05, **p<0.01, ***p<0.001, and 

****p<0.0001 from Student’s t-test. 
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Scheme 3.3. Proposed schematic showing the mechanism of the synergistic effect between sorafenib and 
ZnA-CuB-Z that augments apoptosis of tumor cells. 
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3.4 Conclusion 

We, herein, offer a reliable assembly approach that can synthesize supported dual-atoms 

with controllable elemental constituent composition. We envisaged that this approach 

can be widely transferable to the synthesis of different atom-precise catalysts over other 

inorganic and organic support materials for not only biochemical but also more 

extensive applications. 
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3.6 Supplementary information for Chapter 3 

Table 3.1. The elemental contents of metal-modified ZSM-5 zeolites. 

Sample  Cu (wt%) Zn (wt%) IC50 (µM) (normalized) 

ZSM-5 – – No activity 

CuA-Z 1.90 – > 100 

ZnA-Z – 1.36 No activity 

ZnA-CuB-Z 1.27 1.34 0.056 

CuA-CuB-Z 2.56 – 0.982 

CuA-ZnB-Z 1.94 0.50 3.847 

ZnA-ZnB-Z – 2.66 No activity 

Native Cu,Zn-SOD  – – 0.0151 
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Table 3.2. Fitting parameters for Cu and Zn K-edge EXAFS for the zeolite samples labelled. CN 

is the average coordination number around the central atoms. R and σ2 are the average bond 

distance (Å ) and the Debye-Waller factor (Å 2), respectively. The ΔE0 values of two Cu–O/Zn–O 

shells are constrained to share the same value in the fitting models. 

Sample Path CN R/Å  σ2/Å 2 ΔE0 

CuA-Z      

 Cu–N/O 3.7(3) 1.932(6) 0.0028(8) -7.2(9) 

ZnA-Z      

 Zn–N/O 6.0(4) 2.067(7) 0.0084(10) 0.3(8) 

CuA-Im-Z      

 Cu–N/O 3.4(3) 1.965(9) 0.00050(12) -4.6(13) 

ZnA-Im-Z      

 Zn–N/O 4.1(4) 1.982(9) 0.0043(11) 1.4(12) 

CuA-CuB-Z      

 Cu–N/O  3.8(3) 1.976(9) 0.0041(11) -4.5(12) 

ZnA-CuB-Z      

 Cu–N/O 3.6(3) 1.961(8) 0.0037(10) -5.3(11) 

 Zn–N/O 4.6(2) 1.988(7) 0.0072(10) 2.5(5) 

 Zn–C 1.2(5) 3.008(20) 0.00040(44) 2.5(5) 

 Zn–O 3.3(9) 3.839(29) 0.0049(74) 2.5(5) 

 

Table 3.3. Quantitative analysis of imidazole pre-absorbed on ZnA-CuB-Z. 

 At 200 C 

(%) 

ΔW (%) n Im (mol) Cu:Im Cu:Zn 

CuA-Z 97.471 –  – – – 

ZnA-CuB-Z 99.277 1.806 0.027 0.047 0.96 
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Table 3.4. Crystallographic data of the SXRD measurements of the zeolite samples labelled. 

 CuA-CuB-Z CuA-ZnB-Z ZnA-CuB-Z CuA-Im-Z ZnA-Im-Z 

X-ray energy 

(keV) 

15 15 15 18 18 

Beamline Diamond I11 Diamond I11 Diamond I11 Spring-8 BL02B2 Spring-8 BL02B2 

Wavelength (Å ) 

(synchrotron) 

0.826552(5) 0.826552(5) 0.826552(5) 0.688606(1) 0.688606(1) 

2θ – zero point () 0.000189 0.000189 0.000189 0.00166 0.00166 

Space group Pnma Pnma Pnma Pnma Pnma 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å ) 20.10236(6) 20.13277(6) 20.13407(6) 20.11946(11) 20.10819(18) 

b (Å ) 19.94225(5) 19.92647(5) 19.94311(5) 19.93809(11) 19.95780(19) 

c (Å ) 13.44913(5) 13.42452(5) 13.44385(5) 13.45839(9) 13.46677(15) 

V (Å 3) 5391.57(3) 5385.58(3) 5398.19(3) 5398.75(6) 5404.42(9) 

2θ range for 

refinement () 

2-55 2-55 2-55 2-55 2-55 

Detector MAC MAC MAC MYTHEN MYTHEN 

Number of 

parameters 

24 21 24 21 21 

Number of hkls 4172 4168 4178 7191 7197 

Refinement 

methods 

Le Bail Le Bail Le Bail Le Bail Le Bail 

Rwp/Rexp/Rp (%) 11.773/3.385/8.0

68 

11.209/5.251/7.914 10.674/5.611/7.770 7.900/0.776/4.478 8.214/0.888/4.613 

Gof 3.478 2.135 1.902 10.174 9.250 

Rwp: weighted profile; Rexp: expected; Rp: profile; gof: goodness-of-fit. 
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Table 3.5. Sensitivity investigation of the metal sites from the combined Rietveld refinement of 

RXRD measurement of ZnA-CuB-Z. Impact on the site occupancy factors over a manual change 

of Cu and Zn sites. 

 SOF of site 

A 

Element 

(site A) 

SOF of site B Element 

(site B) 

Rwp (%) Gof Note 

1 0.23443(8) Zn 0.22377(8) Cu 12.57 3.35 Cu:Zn ratio constrained at 0.96 based on the 

elemental analysis by XRF 

2 0.23443(8) Zn 0.22377(8) Zn 12.63 3.37 Site B replaced with Zn 

3 0.23443(8) Cu 0.22377(8) Cu 12.62 3.37 Site A replaced with Cu 

4 0.23443(8) Cu 0.22377(8) Zn 12.65 3.38 Element swapped between sites A and B. 

5 0.23443(8) Zn 0.22377(8) Cu 12.62 3.37 Manually increased the SOF of Zn by 0.03. 

6 0.23443(8) Zn 0.22377(8) Cu 12.60 3.36 Manually increased the SOF of Cu by 0.03. 
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Table 3.6. Atomic parameters of ZnA-CuB-Z derived from RXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite framework 

O1 0.38046 0.05892 -0.24534 1 2.3106 8d 

O2 0.31592 0.06118 -0.07979 1 2.3106 8d 

 O3 0.19593 0.05162 0.03528 1 2.3106 8d 

 O4 0.08717 0.06005 -0.07704 1 2.3106 8d 

 O5 0.11838 0.05262 -0.27461 1 2.3106 8d 

 O6 0.24800 0.05362 -0.23783 1 2.3106 8d 

 O7 0.37693 0.84547 0.79270 1 2.3106 8d 

 O8 0.31754 -0.15891 -0.05215 1 2.3106 8d 

 O9 0.19531 -0.15792 0.03547 1 2.3106 8d 

 O10 0.08479 -0.15874 -0.07809 1 2.3106 8d 

 O11 0.11493 -0.15482 -0.24588 1 2.3106 8d 

 O12 0.23615 -0.15524 -0.24058 1 2.3106 8d 

 O13 0.30624 -0.05484 -0.17627 1 2.3106 8d 

 O14 0.07403 -0.04313 -0.18763 1 2.3106 8d 

 O15 0.42779 0.13212 -0.39122 1 2.3106 8d 

 O16 0.41518 -0.00044 -0.41379 1 2.3106 8d 

 O17 0.40568 -0.13984 -0.43111 1 2.3106 8d 

 O18 0.18042 0.13203 -0.38340 1 2.3106 8d 

 O19 0.20316 0.01525 -0.40294 1 2.3106 8d 

 O20 0.21027 -0.12386 -0.43893 1 2.3106 8d 

 O21 0.00128 0.04992 -0.21613 1 2.3106 8d 

 O22 -0.01374 -0.15449 -0.21957 1 2.3106 8d 

 O23 0.41329 -0.25 -0.39153 1 2.3106 4c 
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 O24 0.18988 -0.25 -0.34109 1 2.3106 4c 

 O25 0.31159 -0.25 0.09233 1 2.3106 4c 

 O26 0.09229 -0.25 0.06091 1 2.3106 4c 

 Si1 0.42558 0.05727 -0.33984 1 0.79737 8d 

 Si2 0.30886 0.03287 -0.19521 1 0.79737 8d 

 Si3 0.27763 0.05984 0.02423 1 0.79737 8d 

 Si4 0.11837 0.06243 0.04024 1 0.79737 8d 

 Si5 0.07314 0.03163 -0.18156 1 0.79737 8d 

 Si6 0.18389 0.05665 -0.31837 1 0.79737 8d 

 Si7 0.42227 -0.16922 -0.33133 1 0.79737 8d 

 Si8 0.31274 -0.13224 -0.17682 1 0.79737 8d 

 Si9 0.27979 -0.17096 0.03549 1 0.79737 8d 

 Si10 0.12085 -0.17430 0.03229 1 0.79737 8d 

 Si11 0.06890 -0.12836 -0.18494 1 0.79737 8d 

 Si12 0.18962 -0.17543 -0.32062 1 0.79737 8d 

Dual-atom Cu -0.09488 -0.28460 -0.74393 0.29902 8 4c 

 N -0.04797 -0.27080 -0.61678 0.29902 8 4c 

 C 0.014726 -0.26718 -0.60192 0.29902 8 4c 

 C 0.036702 -0.21013 -0.56244 0.29902 8 4c 

 N -0.0090 -0.16702 -0.54516 0.29902 8 4c 

 C -0.07031 -0.20212 -0.57909 0.29902 8 4c 

 Zn 0.005497 -0.07739 -0.48718 0.17357 8 4c 

 N -0.14179 -0.2984 -0.87108 0.29902 8 4c 

 C -0.18264 -0.25877 -0.91441 0.29902 8 4c 

 C -0.24342 -0.28284 -0.92958 0.29902 8 4c 
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 N -0.25176 -0.34285 -0.89798 0.29902 8 4c 

 C -0.18552 -0.36012 -0.85562 0.29902 8 4c 

Coordinated water 

Ow1 0.14105 -0.23885 0.38217 0.23125 8 4c 

Ow2 0.06493 -0.23739 0.26282 0.14205 8 4c 

 Ow3 0.00227 -0.35978 0.51504 0.83063 8 4c 
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Table 3.7. SOD activity of different SOD mimic samples. 

Catalyst IC50 (µM) 

(normalized) 

kcat [M-1s-1]a Ref. 

1. Native Cu,Zn-SOD 

enzyme 

0.0147 185.9×106 1 

2. 1@SBA-15 0.109 25.1×106 2 

3. 2@SBA-15 0.116 23.5×106 2 

4. 2a@SBA-15 2.02 2.02×106 2 

5. 3@SBA-15 5.99 5.99×106 2 

6. 1@MCM-41 0.044 62.1×106 3 

7. 2@MCM-41 0.053 51.5×106 3 

8. 3@MCM-41 4.61 0.59×106 3 

9. Cu2(bdpi) (1) 0.32 – 4 

10. Cu2(Mebdpi) (2) 1.1 – 4 

11. CuZn(bdpi) (3) 0.24 – 4 

12. Cu(MeIm(Py)2) (4) 0.56 – 4 

13. ZnA-CuB-Z 0.056 48.8×106 This work 

14. ZnA-NO2Im-CuB-Z 0.074 36.9×106 This work 

15. ZnA-PrIm-CuB-Z 0.120 22.7×106 This work 

16. ZnA-PhIm-CuB-Z 0.213 12.8×106 This work 

17. CuA-CuB-Z 0.982 2.78×106 This work 

18. CuA-ZnB-Z 3.847 0.710×106 This work 

19. ZnA-CuB-Z(Na+) 7.747 0.352×106 This work 

20. ZSM-5 Not measurable Cannot be calculated This work 

21. CoA-Z Not measurable Cannot be calculated This work 

22. NiA-Z Not measurable Cannot be calculated This work 

23. CuA-Z Not measurable Cannot be calculated This work 

24. ZnA-Z Not measurable Cannot be calculated This work 

a Derived form the reported IC50 value using kNBT (pH = 7.8) = 5.94×104 M-1s-1. 5 
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Table 3.8. Incubation test of ZnA-CuB-Z in phosphate buffer (pH 7.8). Zn concentration analyzed 

by ICP-OES. Metal leaching is marginally observed. 

Incubation time (min) Zn concentration (ppm) Percentage (%) 

15 1.423 0.34 

30 1.069 0.26 

45 1.103 0.27 

60 1.685 0.41 

 

Table 3.9. Bliss index for effect of sorafenib/ ZnA-CuB-Z combination on apoptosis in PLC/PRF/5 

cells. 

Trial 
Sorafenib 

10 μM 

ZnA-CuB-Z 6.25 μM 

DMSO 
Sorafenib 

10 μM 

Fold 

change 

Bliss 

index6 

Synergistic 

effect 

1 27.12% 12.04% 69.50% +1.56 35.89% Yes 

2 34.40% 14.94% 74.00% +1.15 44.20% Yes 

3 35.10% 10.76% 83.80% +1.39 42.08% Yes 

Avg. 32.21% 12.58% 75.77% +1.35 40.74% Yes 
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Table 3.10. Bliss index for effect of sorafenib/ ZnA-CuB-Z combination on apoptosis in MHCC-

97L cells. 

Trial 
Sorafenib 

10 μM 

ZnA-CuB-Z 50 μM 

DMSO 
Sorafenib 

10 μM 

Fold 

change 

Bliss 

index6 

Synergistic 

effect 

1 19.34% 24.70% 46.80% +1.42 39.26% Yes 

2 16.12% 22.89% 40.00% +1.48 35.32% Yes 

3 18.97% 24.14% 42.00% +1.21 38.53% Yes 

Avg. 18.14% 23.91% 42.93% +1.37 37.71% Yes 

 

The Bliss index (combined inhibition percentage) is calculated by the following equation: 

 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑖𝑛ℎ𝑖𝑏𝑡𝑖𝑜𝑛 %𝑑𝑟𝑢𝑔𝐴,𝐵 =  𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑛 %𝐷𝑟𝑢𝑔𝐴 + 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 %𝐷𝑟𝑢𝑔𝐵 − 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑛 %𝐷𝑟𝑢𝑔𝐴 × 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 %𝐷𝑟𝑢𝑔𝐵 

Typically, when the experimental value is greater than the Bliss index, it represents two drugs 

work synergistically. When the observed value is identical or less than the Bliss index, two drugs 

work independently or antagonistically respectively. 
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Chapter 4 Controlled synthesis of Cu, Fe dual 

atom catalysts restrained on metal-organic 

frameworks for efficient O2 activation 

 

Highlight of this chapter 

Supported bimetallic dual-atom catalysts (DACs) have been regarded as a promising 

class of materials for small molecule activation, despite their challenging syntheses. We 

have successfully synthesised supported Cu,Fe dual-atom catalysts (DACs) on the 

Zr6O4 secondary building units of UiO-66-NH2, enabling efficient activation of O2. Our 

model photocatalytic styrene oxidation reaction achieved remarkably high product 

selectivity (>92%) towards benzaldehyde. This superior reactivity is attributed to the 

well-balanced synergy between the electronic and steric characteristics, enabling 

efficient O2 activation by the sterically restrained Cu and Fe sites in proximity for the 

formation of the bridging peroxy group. This group facilitates the selective oxidation 

of styrene similar to many peroxide-based oxidants. The confined microporous 

environment allows for control of the electronic and geometric properties of the DACs, 

shedding light towards more precise atomistic engineering that approaches the 

conventional inorganic metal(s)-complex counterparts. Overall, supported bimetallic 

dual-atom catalysts (DACs) are a promising class of materials for small molecule 

activation, despite their challenging syntheses. Most of the content in this chapter has 

been published recently in Journal of Materials Chemistry A 1.   
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4.1 Introduction 

Supported atom-precise metal clusters (with low nuclearity) are increasingly 

recognized to be the next-generation catalytic materials in the coming era 2–4. Atom-

precise clusters not only are highly atom-economical, but they also offer unique 

catalytic properties compared with their atomic and bulk counterparts. It is largely 

related to the widely tunable electronic and geometric characteristics. Furthermore, the 

pairing of metals, e.g., in bimetallic dual-atom catalysts (DACs), could alter the 

electronic states and break the linear scale relationship, which could ultimately be an 

additional handle to tune the catalytic properties 5–7. The catalytic properties in this class 

of supported DACs are often governed by the adsorption configurations of substrates 

and the corresponding energetics 8–12. However, it has been a grand challenge to 

decipher the correlations between the structural descriptors and catalytic reactivity, 

which hinders the ‘target-engineering’ of a specific structure with regard to a catalytic 

reaction. 

The activation of small molecules, such as O2, water, and methanol, is crucial in 

many catalytic processes. Interactions between two neighboring motifs often 

play a significant role in their activation. Microporous materials, such as zeolites 

and metal-organic frameworks (MOFs), with spatial restraints, can facilitate the 

design and engineering of neighboring active motifs. Our team has recently 

demonstrated the presence of ‘frustrated’ active pairs between protonic Brønsted 

acid sites and metal sites within the confined cavity of zeolites for the initial 

cleavage of water and methanol, followed by subsequent reactions that produce 

high selectivity products 13. 

In recent studies, a series of 3d metal-based dual-atom catalysts (DACs) were 

immobilized on microporous supports, where the bridging O species were identified as 

pivotal factors in their catalytic reactivities 14–17. One notable example is the Cu2-oxo 

and Cu3-oxo clusters supported on zeolites. These clusters have been shown to be 

effective in the selective oxidation of methane to methanol, with the Cu-O-Cu site being 

highly active and specific for the activation of the inert and non-polar C-H bonds in 

methane 18–20. In addition to M–O–M, M–O2–M (in various O2 binding modes) is also 

a highly attractive functional group that could facilitate more extensive catalytic 

possibilities. A popular example is Cytochrome c oxidase (CcO), where the Fe and Cu 

moieties are held apart by a rigid protein scaffold to a few angstroms distance. This 

unique arrangement enables the activation of O2 (by Fe) and subsequent multi-electron 

reduction (by Cu) to form the well-known ‘Cu-O2-Fe’ co-factor 21,22. Despite the design 

of many organometallic complexes with well-defined electronic and steric properties, 

it remains fundamentally challenging to design well-controlled, atomically dispersed 

bimetallic dual-atom catalysts (DACs) supported on solid materials. 
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Here, we present a method for the controlled synthesis of atomically precise Cu,Fe dual-

atom catalysts (DACs) stabilized by the same Zr6O4 secondary building unit of UiO-

66-NH2 using a modular assembly approach that exploits fundamental coordination and 

solid-state chemistry concepts. This approach enables the selective photocatalytic 

oxidation of styrene to the benzaldehyde product with high selectivity (>92%). The 

superior catalytic behavior is attributed to the formation of a bridging ‘μ-η1:η1-O2’ 

species resulting from O2 activation by neighboring Fe and Cu motifs. Additionally, we 

employ theoretical calculations to discuss the structure-activity correlations regarding 

the interactions between the DACs and the MOF framework at the atomic resolution. 
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4.2 Experimental procedure 

Synthesis of UiO-66-NH2 

The synthesis procedure is according to the previously reported UiO-66-NH2 with the 

structural formula of Zr6O4(OH)4(ATA)5.8 (ATA = 2-aminoterephthalic acid) 23. 0.240 

g zirconium tetrachloride and 0.186 g ATA were dissolved in 20 mL N,N-

dimethylformamide (DMF). The solution was transferred into a 100 mL hydrothermal 

vessel and heated at 120 °C for 12 hours. The UiO-66-NH2 powder was collected by 

centrifugation and washed with water 5 times. Dried at 60 °C overnight. 

  

Synthesis of Cu2+-UiO-66-NH2 

A related modular approach has been used in our previous study to synthesize Cu2 and 

Cu3 clusters supported on the Zr6O4 secondary building units of UiO-66-NH2 
24,25. 0.57 

g UiO-66-NH2 were dispersed in 20 mL H2O by ultrasonication. 138.35 µL 

bis(ethylenediamine)copper(II) hydroxide was dropwise added. The mixture was 

stirred at room temperature for 3 hours. The product was collected by centrifugation 

and washed with 10 mL of double distilled water. It was dried at 70 °C overnight to 

obtain the product Cu2+-UiO-66-NH2.  

  

Synthesis of Fe3+-UiO-66-NH2 

0.57 g UiO-66-NH2 were dispersed in 20 mL H2O by ultrasonication, then 0.28 g 

Fe(NO3)3 was added. The mixture was stirred at room temperature for 3 hours to obtain 

Fe3+-UiO-66-NH2. The product was collected by centrifugation and washed with 10 

mL distilled water.  

  

Synthesis of Cu2+-mIem-Fe3+-UiO-66-NH2 

0.57 g Cu2+-UiO-66-NH2 were dispersed in 20 mL H2O. 0.057 g 2-methylimidazole 

was added and reacted for 3 h. The solid sample was collected by centrifugation by 3 

times and washed by double distilled H2O to obtain mIem-Cu2+-UiO-66-NH2 in 20 mL 

H2O. 0.28 g Fe(NO3)3 was then added and reacted at room temperature for 3 h to obtain 

Fe3+-mIem-Cu2+-UiO-66-NH2. The sample was washed by double distilled H2O by 3 

times and dried at 70 °C. 

 

Synthesis of Cu1-UiO, Fe1-UiO, and Cu,Fe-UiO 

Cu2+-UiO-66-NH2, Fe3+-UiO-66-NH2, and Cu2+-mIem-Fe3+-UiO-66-NH2 are heated at 

180 °C for 1 h with a heating rate of 10 °C/min. By calcination of the samples at 180 °C, 

the organic meIm linker can be removed. The vacant coordination sites are reactive 

which are hence stabilized by the neighboring O atoms. 
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Photocatalytic styrene oxidation 

2.5 mg catalysts were dispersed in 1.5 mL 1,2-dichloroethane. 0.5 mL styrene was 

added and reacted in air for 30 min under UV irradiation (365 nm). Gas 

chromatography-mass spectrometry (GC-MS; Agilent) analyzed the products. 
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4.3 Results and Discussion 

A crystalline UiO-66-NH2 powder sample as a host solid support has been 

prepared (as used before 23,26,27, see Figures 4.1–4.2 in the Supporting 

Information (SI) for basic structural and morphological characterization) with a 

chemical formula of Zr6O4(OH)4(CO2C6H3NH2CO2)5.8 (space group: Fm-3m) 

with a metal-to-linker ratio of 1:0.97. As shown in Scheme 4.1, a rational 

modular approach has been applied to provide an exclusive environment for the 

formation of Cu,Fe DACs (denoted as ‘Cu,Fe-UiO’). This approach takes 

advantage of the microporous confinement effect and formation of Lewis acid-

base adducts. A dibasic 2-methylimidazole linker was applied to connect the 

step-by-step added Cu2+ and Fe3+. It was then calcined at 180 °C in air to yield 

the final ‘Cu,Fe-UiO’ by removing the connecting meIm linker and water 

ligands. The effectiveness of this modular approach was evaluated by elemental 

analysis (Table 4.1), and Raman and Fourier-transform infrared (FTIR) 

spectroscopic results (Figure 4.3). By the energy dispersive X-ray (EDX) 

mapping analysis (Figure 4.4), a homogeneous distribution of Cu and Fe species 

can be observed. Analogous ‘single-atom’ Fe1-UiO (Figure 4.5) and Cu1-UiO 

(Figure 4.6) samples (as synthesised before 23,27) were used for a comparison 

study. 
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Figure 4.1. High-resolution synchrotron X-ray powder diffraction data of UiO-66-NH2 collected on 

Beamline BL02B2 at SPring-8. The X-ray energy was optimized at 17.8 keV. 
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Figure 4.2. Transmission electron microscopy image of pristine UiO-66-NH2 on Ni grid. 

 

Scheme 4.1. Schematic illustration of the modular assembly approach that combines the 

underlying principles of solid-state chemistry and coordination chemistry for the synthesis of 

Cu,Fe DAC on UiO-66-NH2 (denoted as ‘Cu,Fe-UiO’). In the preparation of Cu,Fe-UiO, a 

dibasic 2-methylimidazole linker was applied to connect the modularly added Cu2+ and Fe3+. The 

linker was removed by calcination in air at 180 °C. 

UiO-66-NH
2
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Figure 4.3. (a) Fourier-transform infrared and (b) Raman spectroscopic study of the non-calcined 

(precursor) samples, i.e., Cu2+-, Fe3+-, and Cu2+-meIm-Fe3+-UiO-66-NH2. 

 

Figure 4.4. Scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX) mapping 

analysis of Cu,Fe-UiO showing the homogeneous distribution of Cu and Fe within a UiO-66-NH2 

nanocrystallite. 

 

Figure 4.5. Rietveld refined crystal structure of Fe1-UiO as synthesized before 23. 
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Figure 4.6. Rietveld refined crystal structure of Cu1-UiO as synthesized before 28. 

 

In-situ synchrotron X-ray powder diffraction (PXRD) at elevated temperatures was 

employed to serve as a guide to selecting a reasonable calcination temperature (Figure 

4.7a–4.7b, the full patterns are presented in Figures 4.8–4.9). This is an important step 

as a low calcination temperature will not be able to remove water and 2-

methylimidazole linker, but a too-high calcination temperature will break the 

crystallinity of the MOF framework. The crystalline MOF framework was retained 

upon the post-synthetic metalation approach (see Figure 4.10 with the crystallographic 

parameters summarised in Tables 4.2–4.3). As seen in Figure 4.7a–4.7b the most 

notable change in the Bragg peak intensities (taking (111), the strongest peak, as an 

illustration, Figure 4.7c) was observed just above 175 °C, which may indicate the 

removal of meIm and water. It is in contrast to the calcination of the analogous Cu2+-

UiO-66-NH2 sample where the most notable change occurs at around 250 °C. In 

addition, as shown in Figure 4.7d, the unit cell parameters decrease much more rapidly 

in the calcination study of Cu2+-melm-Fe3+-UiO-66-NH2. The alternation in the 

crystallographic parameters up to 200 °C was negligible. At higher temperatures (> 200 

°C), the intensity of the Bragg peaks decreased significantly, with the formation of an 

apparent amorphous phase from structural deformation. The ultraviolet-visible-near 

Infrared (UV-vis-NIR) spectra before and after calcination also reveal that a notable 

change in absorption can be observed which can be ascribed to the removal of water 

and meIm linker species (Figure 4.11) 29,30. 
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Figure 4.7. (a, b) Temperature-resolved synchrotron PXRD two-dimensional contour plot of the 

calcination treatment of the precursor of Cu,Fe-UiO. Data collected on BL02B2 SPring-8. Energy 

optimized at 17.8 keV. (c) A temperature-resolved plot of the Bragg peak intensities of the (111) reflection. 

(d) Quantitative analysis of the unit cell parameters by Pawley refinement with the fitting parameters 

summarised in Table 4.3, and fitting profiles in Figure 4.9. (e) FTIR and (f) Raman spectra of UiO-66-

NH2 and Cu,Fe-UiO. 

 

Figure 4.8. In-situ synchrotron PXRD shows the dynamic change of Cu2+-meIm-Fe3+-UiO-66-NH2 in 

the diffraction profiles at elevated temperatures. Data was collected on Beamline BL02B2 at SPring-8, 

at the X-ray energy of 17.8 keV. 



111 
 

 

Figure 4.9. Pawley refinement profiles of in-situ synchrotron PXRD data. 
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Figure 4.10. High-resolution synchrotron PXRD of Cu,Fe-UiO, and the corresponding Pawley 

refinement profile. Data was collected on Beamline BL02B2 at SPring-8. The X-ray energy was 

optimised at 17.8 keV. 
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Figure 4.11. UV-vis-NIR spectra of Cu2+-meIm-Fe3+-UiO-66-NH2 (precursor of Cu,Fe-UiO), and 

Cu,Fe-UiO, showing the effect of calcination. 

 

We subsequently employed FTIR spectroscopy to investigate the location of the Cu,Fe 

DACs with respect to the UiO-66 framework (Figure 4.7e). The peaks at 577 cm-1 and 

664 cm-1 are characteristic of the asymmetric and symmetric mode of Zr–(O–C) in UiO-

66-NH2 
31,32. Noticeable shifts in these peak positions can be observed in Cu,Fe-UiO. 

This suggests a change in the Zr–(O–C) bonding caused by the direct interaction of the 

Zr6O4 secondary building unit with the extra-framework DACs. A similar observation 

is also observed in related studies of Cu-based DACs on the Zr6O4 of UiO-66-NH2 
27. 

As a complementary technique to FTIR, we employed Raman spectroscopy to further 

study the bonding information in the samples (Figure 4.7f). Characteristic Raman 

peaks, such as Zr–O stretching at 801 cm-1, O–C–O symmetric stretching in-phase peak 

at 1450 cm-1 and C=C stretching of aromatic rings, of UiO-66-NH2 are noted. The peak 

at 276 cm-1 can be assigned to Cu–O 33. Extra peaks observed at 420, 543 and 1122 cm-

1 in Cu,Fe-UiO can be attributed to the Fe–O, Fe–O2 and O–O (in the form of O2
2-) 

stretching modes, respectively 34. These features agree with previous Raman studies on 

CcO which contains a highly comparable ‘Cu-O2-Fe’ co-factor 33–35. The Raman spectra 

of Cu1-UiO and Fe1-UiO are presented in Figure 4.12 where the respective Fe–O2 or 

Cu–O2 features were not observed. 
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Figure 4.12. (a) UV-vis-NIR spectra and (b) Raman spectra of UiO-66-NH2, Fe1-UiO, Cu1-UiO, and 

Cu,Fe-UiO 

 

X-ray absorption spectroscopy has been accordingly employed to discern the 

electronic and local geometric structures of Cu,Fe-UiO. The Cu and Fe K-edge 

X-ray absorption near-edge structures are shown in Figures 4.13a and 4.13b. 

The oxidation states of Cu and Fe can be confirmed at +2 and +3, which are 

highly comparable to the absorption edge of CuO and α-Fe2O3, respectively. 

However, as seen in the zoom-in illustration, the Fe K-edge of Cu,Fe-UiO 

locates at a slightly lower energy (closer to the Fe foil standard) than the Fe K-

edge of Fe1-UiO, which indicates that the valence state of Fe in Cu,Fe-UiO is 

less positive than that of Fe1-UiO. By performing a quantitative linear 

combination fitting analysis (as summarised in Table 4.4 and Figure S12/4.14), 

the Fe K-edge of Cu,Fe-UiO possesses 12% Fe foil and 88% α-Fe2O3 

characteristics, which is further verified by our Bader charge analysis (see Figure 

4.15). It is in great contrast to that of Fe1-UiO, which possesses only 1% Fe foil 

but 99% α-Fe2O3 characteristics. Considering the structural similarities between 

the two samples, the much less positive valence state of Fe in Cu,Fe-UiO can be 

attributed to the combined electronic effect of neighboring Cu2+ and bridging 

peroxy species. 
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Figure 4.13. XANES measurements of Cu,Fe-UiO at the (a) Cu K-edge, and (b) Fe K-edge. 

Wavelet transforms for the EXAFS signals of (c) Cu K-edge and (d) Fe K-edge. The Fourier-

transformed magnitude of the experimental (e) Cu K-edge, (f) Fe K-edge, and the fitting profiles. 

The quantitative analysis is summarised in Tables 4.4–4.5. (g) High-resolution SXRD pattern 

and the corresponding Rietveld refinement profile. Data were collected on beamline BL02B2 at 

SPring-8 (λ = 0.700261(10) Å; E = 17.8 keV) with the Rietveld refinement profiles using TOPAS 

v6.0 academic. The atomic parameters are summarised in Table 4.7. (h) The optimized crystal 

structure by the Rietveld refinement. (i) Illustration of human Cytochrome c oxidase (5Z62) to 

show the structural similarity 36. 
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Figure 4.14. Quantitative fitting analysis of XANES measurements (a) Cu1-UiO, (b) Cu,Fe-UiO, at the 

Cu K-edge, and (c) Fe1-UiO, (d) Cu,Fe-UiO, at the Fe K-edge. 

 

Figure 4.15. Bader charge analysis before and after O2 attachment. 
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We further examined the structural properties of Cu,Fe-UiO by studying the 

coordination environments using extended X-ray absorption fine structure (EXAFS) 

spectroscopy. To better correlate the EXAFS peaks with k-space, wavelet 

transformation (WT) was employed (Figure 4.13c–4.13d). The highest intensity 

belongs to the lobe centered at k ~ 6.5 Å-1, R ~ 1.5 Å, which corresponds to the O atoms 

around the Cu and Fe centers. Lobes with weaker intensity can also be observed at R > 

2.0 Å, which can be attributed to the backscattering contribution of the long-range 

(second-shell) MA–MB interaction. From the quantitative analysis of the EXAFS results 

(Figure 4.13e–4.13f and Table 4.5 and 4.6), the Cu–O and Fe–O bond lengths are 

calculated as 1.95(1) and 1.95(1) Å, with the average coordination number (CN) of 

3.6(1) and 4.6(1), respectively. The Cu∙∙∙Fe backscattering contribution is calculated as 

3.37(1) Å, with a CN of 1.0(1). The difference in the local environments and 

coordination environments between Cu,Fe-UiO and its single-atom analogous (Cu1-

UiO and Fe1-UiO) is summarised in Figures 4.16–4.17 and Table S6. 

The high-resolution SXRD patterns of Cu,Fe-UiO are shown in Figure 4.15g. The 

positions of the Bragg peaks are only altered marginally compared to the parent UiO-

66-NH2, Cu1-UiO, and Fe1-UiO, with the space group remaining unchanged at Fm-3m 

(see Figure 4.18), suggesting that the extra-framework Cu and Fe species do not 

significantly alter the crystalline MOF framework. Highly symmetrical Bragg peaks are 

retained after metalation, suggesting a homogeneous metalation process. The 

crystallographic parameters are summarised in Table 4.2. In contrast, the variation in 

the Bragg peaks’ intensities, particularly over the range of higher 2θ regime, is apparent, 

which can be attributed to the significant changes in the scattering factors that arose 

from the addition of heavier metal atoms. We subsequently employed Rietveld 

refinement to investigate the atomic parameters, including the fractional coordinates (x, 

y, z) of the extra-framework species with respect to the parent structure. High-quality 

of the Rietveld refinement can be confirmed by a small difference between the data and 

the fitting profile and a low Rwp value. The site occupancy factors of the Fe and Cu sites 

have been fixed based on elemental analysis to ensure the reliability of the Rietveld 

refinement. 
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Figure 4.16. EXAFS data and fitting profiles of Fe1-UiO, (a) k-space, (b) R-space, and (c) wavelet 

transformation.  

 

Figure 4.17. EXAFS data and fitting profiles of Cu1-UiO, (a) k-space, (b) R-space, and (c) wavelet 

transformation.  
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Figure 4.18. Comparison of the Bragg peak (111) of different samples from synchrotron PXRD 

measurements. Highly symmetrical peaks before and after metalation can be seen. 

 

In the refined structure shown in Figure 4.13h, CuA and FeB are directly anchored on 

the Zr6O4 secondary building units, with derived bond lengths of 1.914(2) Å for CuA–

O and 1.968(1) Å for FeB–O, which were restrained according to the EXAFS findings 

during the refinement process. The Cu∙∙∙Fe interatomic distance was found at 3.348(2) 

Å, which is in close agreement with that derived in the EXAFS analysis (of 3.37(1) Å). 

A μ-η1:η2-O2 bridge is found located between the Cu and Fe sites forming the Cu-(μ-

η1:η2-O2)-Fe, which verifies the spectroscopic findings as discussed above. We have 

also employed density functional theory (DFT) calculations for the optimization and 

verification of the atomic parameters and overall crystal structure (as later discussed). 

Non-framework oxygen atoms in the form of the terminal –OH2 are present. Based on 

the optimized bond angles and distances, we found that both CuA and FeB sites in the 

refined crystal structures all adopt pseudo tetrahedral geometry, with a slight deviation 

from perfect tetrahedron. Interestingly, the Cu–(μ2-O2)–Fe moiety is highly analogous 

to the active site of CcO, as shown in Figure 4.13i 36. 

The photocatalytic styrene oxidation was employed as a model reaction to 

investigate its catalytic characteristics. The photocatalytic styrene oxidation was 

performed using a LED lamp with a UV wavelength of 365 nm at the power of 

10 W (see experimental details in SI†/methods). A typical photocatalytic 
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experiment uses 2.5 mg of catalysts dispersed in 0.5 mL styrene in 1.5 mL of 1,2-

dichloromethane in air with UV illumination (λ = 365 nm). Interestingly, upon 

the illumination of Cu,Fe-UiO, the catalytic selectivity towards benzaldehyde 

reached >92% based on gas chromatography-mass spectrometry (GC-MS) 

analysis. Other common aromatic products, including benzoic acid, 

acetophenone, and phenylacetaldehyde, were detected at very low selectivity. In 

stark contrast, we noted nearly nil products from the catalysis over UiO-66-NH2, 

Cu1-UiO, and Fe1-UiO. The detailed GC-MS spectra are summarised in Figure 

4.19. The product selectivity towards benzaldehyde over Cu,Fe-UiO remains 

extremely high at >92% for five catalytic cycles (Figure 4.20a), with the yield 

decreased marginally possibly due to a small amount of sample being physically 

washed away from recycling. >92% selectivity towards benzaldehyde using air 

as the oxidant (instead of using peroxides) is superior to most reported catalysts 

(as summarised in Table 4.8, typically in the range of 60% to 80% because of 

highly competitive the epoxidation pathway). As seen in Figure 4.20b, the yield 

of benzaldehyde increased steadily over Cu,Fe-UiO at a rate of around 10 µmol 

mgcat
-1 h-1, which contrasts with nearly nil product formation over the support 

UiO-66-NH2 and its ‘single-atom’ Cu1-UiO and Fe1-UiO analogs. It should be 

noted that an extremely low yield of catalytic product over UiO-66-NH2, Cu1-

UiO and Fe1-UiO (< 0.5 µmol mgcat
-1 h-1), was observed based on our GC-MS 

analysis. We have also explored the reaction conditions and found that air (O2) 

and UV illumination are necessary for this reaction, as nil product was observed 

when the reaction vessel was degassed with N2 or using light with longer 

wavelengths (Figure 4.20c). From the PXRD pattern collected three catalytic 

cycles (Figure 4.20d), the crystalline structure remained at Fm-3m.  
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Figure 4.19. Product distribution from GC-MS of different catalysts. Nil converted aromatic products 

were observed over UiO-66-NH2, Cu1-UiO or Fe1-UiO. 

 

Figure 4.20. (a) Product distribution from the photocatalytic oxidation of styrene (λ = 365 nm) 

over Cu,Fe-UiO. (b) Time-resolved catalytic reactivity towards benzaldehyde over different 

catalysts. (c) Evaluation of different reaction conditions. (d) PXRD pattern of Cu,Fe-UiO 

collected after three photocatalytic cycles (Mo X-ray). 
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It is intriguing why Cu,Fe-UiO exhibits such high product selectivity, which is possibly 

related to the synergy between the Cu and Fe sites, as well as the unique Cu–(μ-η1:η2-

O2)–Fe bridging structure, that renders peroxide-like property. We first investigated the 

electronic properties by UV-vis spectroscopy (Figure 4.21a). The presence of Cu2+ 

(highlighted in blue) and Fe3+ species (in yellow) can also be seen in Cu,Fe-UiO as 

seen in their analogous single-atom counterparts. Weak absorption peaks related to the 

d–d transitions were observed primarily because of their coordination with framework 

O atoms (weak field). As shown in the corresponding Tauc plots (Figure 4.21b), the 

apparent bandgap of UiO-66-NH2 was extrapolated at 2.83 eV. An insignificant 

difference in the apparent bandgaps of other samples has been extrapolated (between 

2.74 eV and 2.79 eV), which suggests that the superior catalytic reactivity should 

originate from the local structures. It is consistent with our previous study on 

structurally related Cu1-UiO and Cu2-UiO where the remarkably different surface 

sensitivity and product selectivity (in photocatalytic formic acid reforming reaction) 

have been attributed to the difference in the adsorption configurations 27. 

Electrochemical measurements were subsequently employed to study if synergy is 

present, as probed by the UV-vis results above, between the Cu2+ and Fe3+ sites. As seen 

in the cyclic voltammogram conducted in O2-saturated 0.5 M H2SO4 (Figure 4.21c), 

much more electropositive curves of Cu,Fe-UiO than those of Cu1-UiO and Fe1-UiO 

(which can be reflected by the current density, ‘j@0.85 VRHE’, in Figure 4.21d) can be 

seen. This suggests that its much superior ability in the activation of O2 should be 

originated from the synergistic interactions between the Cu2+ and Fe3+ motifs. The onset 

potentials (E0) and half-wave potentials (E1/2) for Cu,Fe-UiO are notably different from 

Cu1-UiO and Fe1-UiO, which also infers the presence of Cu-Fe electronic interactions. 

As shown in Figure 4.21d, two reduction behaviors were observed in Cu,Fe-UiO with 

the first one possessing comparable properties with that of Cu1-UiO. Another reduction 

peak was observed with an onset potential of 0.80 VRHE and a peak potential of 0.85 

VRHE. This could be attributed to the electronic stabilization by the peroxy bridge 

between the Cu2+ and Fe3+, which enhances the peak oxidation potential of Fe3+ from 

0.75 VRHE (Fe1-UiO) to 0.85 VRHE (Cu,Fe-UiO) 37. In the absence of O2, the oxidation 

peak disappeared, indicating that the peak is a result of O2 activation but not directly 

from the catalyst. The presence of the Cu,Fe system promotes the activation of O2 from 

the electrolyte, facilitating further styrene oxidation. 
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Figure 4.21. (a) UV-vis spectra of Cu,Fe-UiO and other samples, and (b) the corresponding Tauc plots 

for the extrapolation of the apparent bandgaps. (c) Cyclic voltammetric measurements, and (d) the 

corresponding onset potential (E0), half-wave potential (E1/2), and current density at 0.85 VRHE on 

different samples in O2-saturated 0.5 M H2SO4 solution with a scan rate of 100 mV s-1. 

 

Density functional theory calculations were subsequently employed to 

investigate the energetics of Cu,Fe-UiO which illustrates superior catalytic 

reactivity in styrene oxidation. We have investigated the strain on the UiO 

framework by anchoring the Cu–(μ2-O2)–Fe on the Zr6O4 secondary building 

units. A cluster model consisting of one Zr6O4 secondary building unit and six 

benzenedicarboxylate linker species constructed with Cu–(μ2-O2)–Fe was 

adopted from the above structure elucidation. As shown in Figure 4.22a, the 

structure was optimized by first fixing the linker species perpendicular to each 

other. We subsequently studied the effect on the structure (in the cluster model) 

by fully relaxing the framework (see Figure 4.22b). By fully relaxing the linker 

rotation, not only the μ-η1:η1-O2 bridging group becomes μ-η1:η2-O2 with η2 on 

Fe, but we also observed a clear alternation in the inter-linker angles, which 

deviates from being perpendicular to each other. The transformation from μ-

η1:η1-O2 to μ-η1:η2-O2 agrees with many conventional understandings on the 
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binding of O2 in related Cu,Fe-containing species 22,38. However, the rigid UiO 

framework with linker perpendicular to each other should limit the formation of 

μ-η1:η2-O2 bridging at the ground state. The apparent strain in the ground state 

system, as revealed experimentally, may explain why Cu,Fe-UiO is particularly 

catalytically active for O2 activation.  

 

Figure 4.22. Optimisation of the structure of Cu,Fe-UiO by studying the effect of linker rotation. 

 

In general, there are two proposed reaction pathways in the catalytic oxidation of 

styrene using peroxides or O2 as the oxidant, namely, the epoxidation pathway, 

and the peroxy pathway. The epoxidation pathway typically yields a range of 

aromatic products, such as acetophenone, benzeneacetaldehyde, benzoic acid, 

and 1-phenylethane-1,2-diol, through rearrangement or further oxidation of 

styrene epoxide. The catalytic oxidation of styrene using peroxides, such as H2O2 

and tert-butyl hydroperoxide as the oxidant can generally yield higher selectivity 

towards benzaldehyde (often reported >90%), which generally involves the 

peroxy pathway 39.  

High product selectivity towards benzaldehyde can be achieved by the 

favourable formation of peroxy intermediates via the oxidative cleavage of the 

C=C bond (‘2+2-like’ mechanism) while limiting the direct epoxidation pathway 
40. Indeed, compared with peroxides, using O2 (or even more preferably just air) 

as an oxidant is more desirable from cost consideration. However, the control of 

product selectivity is more difficult due to the difference in the transient 

structures, where epoxidation is also a dominant competing route. Attaining high 

product selectivity towards benzaldehyde using O2 as the oxidant remains 

challenging as the formation of the epoxidation intermediate cannot be 

effectively circumvented. From the result of our photocatalytic reaction over 

Cu,Fe-UiO, we have only detected <10% non-benzaldehyde aromatic products 

(including benzoic acid, acetophenone, and benzeneacetaldehyde), which 
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indicates the preference for the direct formation of benzaldehyde over the 

epoxidation pathway.  

The reaction steps of styrene oxidation over Cu,Fe-UiO are summarised in 

Figure 4.23b, with a styrene molecule first placed close to the peroxy group at 

the initial stage of the calculation (supported by our probe-assisted FTIR 

measurements in Figure 4.24). Upon UV illumination, the peroxy group 

undergoes homolytic cleavage to form two O radicals, which then attack the 

electron deficit C=C bond of styrene to form the intermediate species. This step 

shows a high resemblance to those of many peroxide oxidants, such as H2O2 and 

tert-butyl hydroperoxide 39. The intermediate species will accordingly rearrange 

to yield the final benzaldehyde and formaldehyde products. With regard to the 

low production of styrene oxide (or other styrene oxide-derived products), the 

calculations have shown that the total energy of the epoxidation pathway (black 

line) is 1.8 eV higher than that of the peroxy pathway (red line). As presented in 

the proposed catalytic cycle (see Figure 4.25), the oxidation states of the Cu and 

Fe sites should reduce from +2 and +3 to +1 and +2 in the rearrangement step 

(Step (4) in Figure 4.25), respectively.  

To complete the catalytic cycle, a final O2 activation step (Step (5) in Figure 

4.25) was included in the calculation at the end, with the reaction coordinates 

presented in Figure 4.23c. The O2 molecule is reduced by then-vacant 

neighboring CuI and FeII motifs to re-create the initial Cu–(μ-η1:η2-O2)–Fe 

structure. The facile activation of O2 to render peroxy property is particularly 

noteworthy which can be attributed to the well-balanced electronic and steric 

properties within the MOF support with the Cu and Fe sites located at ca. 3.35 Å  

apart. A hypothetical analogous Cu,Cu-UiO has been modeled for a comparative 

study. The change in the total energy in the O2 activation process in Cu,Fe-UiO 

was calculated as –3.17 eV, which is noticeably more negative than that in 

Cu,Cu-UiO (cf. change of energy of –2.54 eV). In addition, the binding energy 

of O2 between Cu and Fe is also much stronger than that between two Cu sites 

(cf. Ebinding (O2) of –3.64 eV versus –2.05 eV). Much more favorable energetics 

in the activation of O2 has been noted in Cu,Fe-UiO when compared with the 

hypothetical Cu,Cu-UiO. As shown in the Bader charge analysis in Figure 4.14, 

the Bader charges of Cu and Fe decrease by 0.23 e and 0.25 e, respectively, 

suggesting the simultaneous oxidation of CuI and FeII to CuII and FeIII during the 

O2 activation process. Interestingly, this is highly analogous to the catalytic cycle 

of the structurally related CcO that involves an O2 activation step, where the Cu 

and Fe sites undergo a similar redox cycle. In brief, the interplay between 

pathway selection and theoretical product distribution of styrene oxidation over 
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Cu,Fe-UiO has been presented in Figure 4.23d to offer a more comprehensive 

understanding of the structure-reactivity correlation. 

 

Figure 4.23. (a) The proposed reaction profile, showing the key reaction steps of styrene oxidation to 

benzaldehyde over Cu,Fe-UiO, and (b) the corresponding reaction coordinates. (c) Calculations on the 

energetics of O2 activation in Cu,Fe-UiO and a hypothetical Cu,Cu-UiO. (d) The proposed reaction 

pathways of styrene oxidation over Cu,Fe-UiO, showing the interplay between pathway selection and 

theoretical product distribution. The same color scheme as adopted in Figure 2. 
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Figure 4.24. FTIR spectra of samples with and without styrene adsorption. 

To investigate the preference in the reaction mechanism (epoxidation pathway versus peroxy pathway), 

we first employed probe-assisted FTIR to investigate the adsorption property of styrene of Cu,Fe-UiO. 

As seen in Figure 4.24, a band characteristic of Fe–O bond appeared upon the adsorption of styrene. The 

original FTIR-hidden Fe–O bond became visible, which suggests the interaction between styrene and 

Cu,Fe-UiO.  

 

Figure 4.25. The proposed catalytic cycle of photocatalytic styrene oxidation over Cu,Fe-UiO.  
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4.4 Conclusion 

To conclude, we have presented the precise engineering of supported bimetallic 

Cu,Fe dual-atom sites in the Zr6O4 secondary building units of UiO-66-NH2. The 

atomic and crystallographic parameters have been determined by a multi-modal 

characterisation approach to ensure data reliability. As illustrated in the model 

photocatalytic styrene oxidation reaction, Cu,Fe-UiO allows an efficient 

activation of O2 which facilitates the direct formation of benzaldehyde while 

circumventing the competing epoxidation reaction pathway. The ultra-high 

product selectivity towards benzaldehyde has been attributed to (i) the unique 

bridging O2 group and (ii) the well-balanced synergy between the CuII and FeIII 

sites located in close proximity (ca. 3.35 Å ). Clearly, the manipulation of the 

electronic and geometric characteristics, as shown in Cu,Fe-UiO, has allowed a 

sophisticated control of catalytic reactivity and product selectivity. We warrant 

that the preparation and application of this class of DACs will become broadly 

studied and therefore deserve urgent attention. 
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4.6 Supplementary information for Chapter 4 

 

Table 4.1. The elemental analysis, showing the Zr: metal atomic ratio, of Cu1-UiO, Fe1-UiO, and 

Cu,Fe-UiO by SEM/EDX.  
Zr Cu Fe 

Cu1-UiO 1 0.091 - 

Fe1-UiO 1 - 0.039 

Cu,Fe-UiO 1 0.069 0.074 

 

 

Table 4.2. Crystallographic parameters derived from the synchrotron PXRD measurements of samples 

as labelled. 

 

Table 4.3. Crystallographic parameters derived from the in-situ synchrotron PXRD measurements at 

elevated temperatures of Cu2+-meIm-Fe3+-UiO-66-NH2. 

Temperature (°C) Rwp (%) Rexp (%) Rp (%) Lattice parameter (Å ) 

25 4.61 0.638 3.13 20.7559(30) 

50 4.31 0.639 3.06 20.751(29) 

75 5.45 0.629 3.81 20.725(38) 

100 4.38 0.636 3.14 20.728(30) 

125 5.30 0.617 3.78 20.692(28) 

150 5.43 0.617 4.02 20.659(20) 

175 5.67 0.618 4.28 20.619(14) 

200 5.55 0.618 4.21 20.554(22) 

225 5.91 0.617 4.52 20.497(30) 

250 7.95 0.617 5.66 20.49(5) 

275 8.38 0.616 5.23 20.53(5) 

300 7.10 0.617 4.34 20.50(5) 

325 2.77 0.619 2.04 20.24(5) 

350 1.92 0.620 1.44 20.13(9) 

Rwp: weighted profile; Rexp: expected; Rp: profile. 

 

  

  UiO-66-NH2 Cu2+-meIm-Fe3+-UiO-66-NH2 Cu,Fe-UiO Cu,Fe-UiO  (post-mortem) 

Diffractometer MYTHEN MYTHEN MYTHEN Dectris 1D area detector 

X-ray source  SPring-8 BL02B2 SPring-8 BL02B2 SPring-8 BL02B2 Rigaku SmartLab SE 

Wavelength (Å )  0.688213(2) 

(Synchrotron) 

0.700261(2) (Synchrotron) 0.700261(2) (Synchrotron) 0.71073 (Mo X-ray) 

2θ - zero point (°) -0.000106(2) 0.00037 0.00037 0.0009(1) 

Space group Fm-3m Fm-3m Fm-3m Fm-3m 
Crystal system Cubic Cubic Cubic Cubic 

a (Å ) 20.78902(46) 20.7559(30) 20.75787(29) 20.7341(30) 

V (Å 3) 8984.66(59) 8766.4(17) 8944.3(4) 8913.7(1) 
2θ range for 

refinement (°) 

2-30 2-30 2-30 2-30 

Refinement 

methods 
Rietveld Rietveld Rietveld Rietveld 

Rwp/Rexp/Rp (%) 2.258/0.777/1.553 5.672/0.618/4.28 5.840/0.674/4.192 10.928/8.620/8.578 

gof 2.905 9.171 8.668 1.267 

Rwp: weighted profile; Rexp: expected; Rp: profile; gof: goodness-of-fit. The wavelengths and zero-point errors were calibrated by NIST CeO2 standard. 
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Table 4.4(a). Quantitative fitting of the XANES measurements of sample Cu1-UiO and Cu,Fe-UiO at 

the Cu K-edge. 

Reference  Cu1-UiO Cu,Fe-UiO 

Cu(OH)2 1.00 1.00 

Cu2O 0 0 

Cu foil 0 0 

 

Table 4.4(b). Quantitative fitting of the XANES measurements of sample Fe1-UiO and Cu,Fe-UiO at 

the Fe K-edge. 

Reference Fe1-UiO Cu,Fe-UiO 

a-Fe2O3 0.99 0.88 

FeO 0 0 

Fe3O4 0 0 

Fe foil 0.01 0.12 

 

Table 4.5(a). Quantitative analysis of the EXAFS results of Cu,Fe-UiO at Cu K-edge. 

 

Table 4.5(b). Quantitative analysis of the EXAFS results of Cu,Fe-UiO at Fe K-edge. 

Paths CN R (Å ) σ2 (Å 2) Enot (eV) 

Fe-O 4.6(1) 1.95(1) 0.005 -5.0(4) 

Fe-Cu 1.3(3) 3.37(1) 0.010 -5.0(4) 

Fe-Fe 0.8(2) 3.04(1) 0.005 -5.0(4) 

Fe-O (2nd 

shell) 

5.2(17) 3.68(1) 0.010 -5.0(4) 

 

Table 4.6(a). Quantitative analysis of the EXAFS results of Cu1-UiO at Cu K-edge. 

 

Table 4.6(b). Quantitative analysis of the EXAFS results of Fe1-UiO at Fe K-edge. 

Paths CN R(Å ) σ2(Å 2) Enot (eV) 

Fe-O 3.8(1) 1.99(1) 0.007 -2.1(6) 

Fe-Fe 0.4(1) 3.05(1) 0.003 -2.1(6) 

 

 

  

Paths CN R (Å ) σ2 (Å 2) Enot (eV) 

Cu-O 3.6(1) 1.95(1) 0.005 -4.1(9) 

Cu-Fe 1.0(3) 3.37(1) 0.010 -4.1(9) 

Cu-O (2nd 

shell) 

3.2(7) 3.68(1) 0.010 -4.1(9) 

Paths CN R(Å ) σ2(Å 2) Enot (eV) 

Cu-O 3.6(1) 1.95(1) 0.005 -4.2(9) 
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Table 4.7. Atomic parameters derived from the Rietveld refinement of the synchrotron PXRD 

measurement of Cu,Fe-UiO, measured at 25 °C.  

Species Atom x y z SOF Beq (Å 2) Wyckoff letter 

MOF-host Zr1 0.12145 0 0 1 0.6 d 

  O2 0.06566 0.06566 0.06566 1 2 f 

  C1 0.15679 0 0.15679 1 4 h 

  C2 0.20875 0 0.20875 1 4 h 

  C3 0.27255 0 0.27255 1 4 j 

  O1 0.17288 0 0.09674 1 4 j 

  N1 0.28946 0 0.12818 0.25 4 j 

Extra-framework site Cu1 0.0910 0.0910 0.2048 0.069# 5 l 

  Fe2 0.0915 0.2048 0.0915 0.074# 5 l 

  OCu1 0.1051 0.2952 0.1273 0.069# 5 l 

  OFe2 0.1598 0.0909 0.2820 0.074# 5 l  
OB3 0.1341 0.1836 0.1695 0.070 5 l 

  OB4 0.1950 0.8910 0.4220 0.070 5 l 

Physisorbed water 

(dummy) 

OH1 0.0922 0.0030 0.2714 0.33212 10 l 

 
OH2 0.0205 -0.0149 0.1217 0.40349 10 l  
OH3 0.0899 -0.0487 0.2752 0.1157 10 l 

#: site occupancy factor fixed based on elemental analysis in Table S1. 
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Table 4.8. The catalytic performance of a series of related and recently reported heterogeneous catalysts. 

Catalyst Oxidative 

reagent 

Conditions Selectivity of 

benzaldehyde 

(%) 

Reference 

MOF-74(Co) O2 80 °C 47 1 

MOF-74(Cu-90/Co-10) O2 80 °C 75 1 

MOF-74(Cu-75/Co-25) O2 80 °C 50 1 

MOF-74(Cu-30/Co-70) O2 80 °C 43 1 

     

Pd-Y-bpydc0.8/bpdc0.2 O2 80 °C 82 2 

Pd-Y-bpydc0.5/bpdc0.5 O2 80 °C 86 2 

Pd-Y-bpydc0.2/bpdc0.8 O2 80 °C 90 2 

     

PW10 
1O2 365 nm at 10 °C 80 3 

Mn-MIL-100 TBHP 70 °C 82 4 

Fe-MIL-100 TBHP 70 °C 76 4 

Fe-MIL-101 TBHP 70 °C 68 4 

Cr-MIL-101 TBHP 70 °C 91 4 

     

Co-MCM-41 H2O2 60 °C 44 5 

Ag-MCM-41 H2O2 60 °C 38 5 

Ag-Co-MCM-41 H2O2 60 °C 53 5 

     

UiO-66-NH2@MIL-

101(Fe)heterostructures 

O2 > 420 nm ~ 90 6 

     

V-Y TBHP 80 °C 46 7 

Mn-Y TBHP 80 °C 42 7 

Fe-Y TBHP 80 °C 49 7 

Co-Y TBHP 80 °C 47 7 

Ni-Y TBHP 80 °C 51 7 

Cu-Y TBHP 80 °C 57 7 

Y-bpdc: hexanuclear yttrium clusters MOFs 

PW10: pyrene-alt-dibenzothiophene-S,S-dioxide (P16PySO)/tungsten trioxide composite 

Y: Y-zeolite 

  



136 

 

 

Reference 
(1) Fu, Y.; Xu, L.; Shen, H.; Yang, H.; Zhang, F.; Zhu, W.; Fan, M.Tunable Catalytic Properties of Multi-Metal–Organic 

Frameworks for Aerobic Styrene Oxidation. Chem. Eng. J. 2016, 299, 135–141. 

(2) Zhang, Y.; Wei, N.; Xing, Z.; Han, Z.-B.Functional Hexanuclear Y (III) Cluster-Based MOFs Supported Pd (II) Single 

Site Catalysts for Aerobic Selective Oxidation of Styrene. Appl. Catal. A Gen. 2020, 602, 117668. 

(3) Cheng, C.; Zhu, B.; Cheng, B.; Macyk, W.; Wang, L.; Yu, J.Catalytic Conversion of Styrene to Benzaldehyde over S-

Scheme Photocatalysts by Singlet Oxygen. ACS Catal. 2022, 13, 459–468. 

(4) Ha, Y.; Mu, M.; Liu, Q.; Ji, N.; Song, C.; Ma, D.Mn-MIL-100 Heterogeneous Catalyst for the Selective Oxidative 

Cleavage of Alkenes to Aldehydes. Catal. Commun. 2018, 103, 51–55. 

(5) Jiang, T.; Gao, G.; Yang, C.; Mao, Y.; Fang, M.; Zhao, Q.Catalytic Activity of Ag-Co-MCM-41 for Liquid-Phase 

Selective Oxidation of Styrene to Benzaldehyde. J. Nanosci. Nanotechnol. 2020, 20 (3), 1670–1677. 

(6) Liu, L.; Zhang, L.; Wang, F.; Qi, K.; Zhang, H.; Cui, X.; Zheng, W.Bi-Metal–Organic Frameworks Type II 

Heterostructures for Enhanced Photocatalytic Styrene Oxidation. Nanoscale 2019, 11 (16), 7554–7559. 

(7) Desai, N. C.; Chudasama, J. A.; Karkar, T. J.; Patel, B. Y.; Jadeja, K. A.; Godhani, D. R.; Mehta, J. P.Studies of 

Styrene Oxidation by Catalyst Based on Zeolite-Y Nanohybrid Materials. J. Mol. Catal. A Chem. 2016, 424, 203–219. 

 



137 
 

Chapter 5 Investigating Synergistic 

Cooperativity of Metal-Brønsted Acid Site Pair 

in MFI-type Zeolites by Synchrotron X-ray 

Powder Diffraction 

 

Highlight of this chapter 

Atomistic engineering of active sites with multiple functional motifs has gained 

significant attention in heterogeneous catalytic science due to their potential synergistic 

cooperativity. While these catalysts have demonstrated superior performance in various 

applications, a lack of systematic study hampers the understanding of intricate 

synergism. In this study, we present a comprehensive investigation into the synergistic 

cooperativity between a combination of metal sites (M = Fe3+ and Cu2+) and dominant 

Brønsted acid sites (BASs, X = B, Ga, and Al) in MFI-type zeolites with delicate 

control over their quantities and respective distribution. By employing two model 

catalytic reactions that simultaneously utilize the two active motifs in proximity, we 

examined the cooperativity required to modulate catalytic reactivity. Combined 

synchrotron X-ray powder diffraction and theoretical evidence revealed the synergism 

and the respective contribution of the active pairs of metal-BAS within molecular 

distances. Most of the content in this chapter has been published recently in the Journal 

of Materials Chemistry A 1.  
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5.1 Introduction 

Understanding the interplay between proximate catalytically active motifs in 

heterogeneous catalysts has been a long-standing challenge for designing more 

active and selective catalysts 2,3. Inspired by biological enzymes, the synergistic 

cooperation between neighboring active motifs in proximity is key for effective 

catalysis. While the variety of metal atoms within the active sites is not the only 

parameter to depict the catalytic landscape, the protein scaffolds also clearly 

illustrate the importance of a confined environment with suitable configurations 

to promote adsorption and stabilize specific transition states and reaction 

intermediates 4. Such control is often observed via ligand control in natural 

enzymes and homogeneous catalytic systems. Specifically, the active motifs 

within molecular distance have usually been shown to work synergistically to 

offer unique catalytic reactivities 5. The synergistic interaction is especially 

crucial in reactions involving tandem or cascade reaction steps, where distinct 

active motifs respectively provide different functionalities, and allow the co-

activation of the same reaction substrate 5–8. To systemically investigate and 

comprehend the correlation between synergistic interactions and catalytic 

reactivity, precise engineering of analogous synergistic cooperation in solid-state 

materials is essential, such an approach benefits both homogeneous catalysts, 

known for its high selectivity and heterogeneous catalysts for the ease of 

separating and recovering products and catalysts for process intensification 9,10. 

Porous materials, such as zeolites, metal-organic frameworks, covalent-organic 

frameworks, and porous carbon materials, are increasingly recognized as ideal 

domain matrices for the immobilization of foreign molecular metal species 11–14. 

Their unique porous frameworks serve as a scaffold for (i) uniformly dispersing 

metal sites to maximize the most atom-economical utility, (ii) tuning hydrophilic 

and hydrophobic pore nature for reactant/product recognition, and more 

importantly, (iii) creating a collaborative microenvironment to enable synergistic 

catalysis 15. Within the specific microenvironment, the interactions between 

proximate motifs, the inherent functionality (such as zeolitic Brønsted acid sites 

(BASs)), and metal sites can offer unique synergistic catalytic properties and 

facilitate tandem reactions 16. The synergistic effects among proximate active 

motifs can lead to enhanced reaction yield or yield transformations unachievable 

with conventional bulk or “single-atom” analogs, as shown in many state-of-the-

art systems 17–20. 

The product selectivity can be notably tuned by the properties of the 

microenvironments and reaction mechanisms. The rational design of the 

constituent components in the microenvironments within the confined porous 
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framework is an effective handle for controlling the catalytic landscape as 

illustrated in Scheme 1. Recently, high-resolution synchrotron X-ray powder 

diffraction (PXRD) in combination with Rietveld refinement has been shown to 

be a powerful technique in elucidating how reaction substrates are activated 

cooperatively by neighboring active motifs in terms of bond distances and angles 
21. For example, we revealed how small molecules such as water and methanol 

are cleaved heterolytically by neighboring metal-BAS pairs in metal-doped 

ZSM-5 zeolite 22. The metal-BAS pair features frustrated Lewis pair property 

which leads to high product selectivity for subsequent reactions. Nevertheless, 

less progress has been made to systematically study the combined effects over 

such solid-state host domain matrices due to synthetic limitations and material 

characterization challenges. 

 

Scheme 5.1. Schematic illustration showing some key structural descriptors in the zeolitic system 

involving varying framework metal species and Brønsted acidities. 
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Here, we report a systematic investigation of the interplay between the dominant 

zeolitic BASs with different acid strengths (BASs, X = B, Ga, and Al) and two 

framework metal sites (M = Fe and Cu) in ZSM-5 zeolites while maintaining 

their separation and distribution controlled. By extensively investigating the 

chemical and structural properties, samples with comparable metal content and 

metal-BAS separation have been prepared and well-characterized. We have 

employed the oxidation of 4-chlorostyrene and the decarboxylation of gamma-

valerolactone (GVL) as the model reactions to map the corresponding structure-

reactivity correlations. Using the Rietveld refinement of high-resolution 

synchrotron PXRD data, we have revealed the adsorbate structures of the 

reaction substrates with respect to the metal-BAS pair at an atomistic level. 

Combined catalytic and diffraction findings suggest that modulating the 

Brønsted acidity can notably improve substrate conversion with a preferred 

mechanism as it is critical in substrate activation. Meanwhile, the framework 

metal sites provide a much more complex role than providing sheer Lewis 

acidity. It should be emphasized that we here aim to provide insights into the 

synergistic interaction between the proximate active motifs without providing a 

comprehensive account of the subsequent reactions. 
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5.2 Experimental procedure 

M/X-Z zeolites (M = Cu, Fe; X = Al, Ga, B) 

Synthesis of M/X-Z samples was attempted by the “acidic co-hydrolysis route”. Metal 

nitrate (0.00048 mol) was added to the solution of TEOS (10 g) and DI water (32.5 g). 

the pH of the mixture was adjusted to 1.0 by drop-wise adding sulfuric acid. After the 

pH adjustment, the mixture was stirred at room temperature for 20 h to get a complete 

co-hydrolysis and condensation of TEOS with the metal salt. After that, the source of 

Brønsted acid site (1.2 mmol), 0.75 g of aluminum (aluminum sulfate octadecahydrate 

as an example), and TPAOH (4.8 mmol) was added into the mixture with the dripping 

of NaOH solution to get a basic gel (pH = 9.8). The final gel composition was 1 SiO2: 

0.01 Metal: 40 H2O: 0.1 TPAOH. Finally, the slurry was transferred into the 100 mL 

Teflon-lined stainless-steel autoclave and statically crystallized at 180 °C for 72 h. After 

that, the zeolite was separated by centrifugation, followed by washing with DI water, 

and air drying at 70 °C overnight. The obtained as-synthesized samples were calcinated 

at 550 °C for 5 h to remove the organic template. H-form of the zeolite was prepared 

by ammonia treatment. The zeolite was firstly converted into NH4-form by ion 

exchange with 1.0 M ammonia solution at room temperature for 24 h (1g solid to 100 

mL solution). The zeolite samples were separated by centrifugation, followed by 

washing with DI water, and air drying at 70 °C overnight. The NH4-form samples were 

converted to H-form by calcination at 500 °C under dry air for 4h. 

 

Styrene oxidation  

The catalytic performance of M/X-Z for styrene oxidation was evaluated by the 

following procedure: 0.5 mmol of 4-chlorostyrene, 0.05 g M/X-Z, 1.5 mmol of 30% 

H2O2 and 5 mL CH3CN were added into a 10 mL flask and then stirred at different 

temperature (50/70/90/110 C) for 24 h. The reaction solution was analyzed by gas 

chromatography (Agilent 6890 N, flame ion detector, a 0.45 μm × 5mm× 30m capillary 

column). The conversion of styrene and the selectivity of products were calculated by 

an internal standard method with dimethoxybenzene as the internal standard sample. 

Meanwhile, the main products were testified by GC–MS (Agilent 7890/5975C 

GC/MSD). 
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GVL decarboxylation 

The catalytic performance of M/X-Z for alkene oxidation was evaluated by the 

following procedure: 0.10 g of catalyst and 1.00 g of γ-valerolactone were added into 

the stainless-steel batch-stirred reactor (100 mL). Subsequently, the reactor was purged 

with N2 three times to replace the air from the reactor. Then the reactor was heated to 

250 °C to react for 12 h under stirred with 700 rpm. Finally, the reactor was cooled 

down to room temperature with cold water after the reaction immediately. For the liquid 

and gas products, it was collected in a gas storage bag and qualitatively analyzed by the 

GC–MS, while the liquid products were dissolved in acetone and quantified and 

analyzed by the GC-MS. 
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5.3 Results and Discussion 

A library of six ZSM-5 samples (M/X-Z) with the MFI topology was synthesized 

to conduct an orderly comparison, considering the variations in the dominant 

BASs (X = B, Ga, Al) and framework metal sites (M = Fe, Cu). High-resolution 

synchrotron PXRD reveals a homogeneous distribution of heteroatomic species 

(M’s and X’s) without additional Bragg peaks or weak background profiles, 

indicating the absence of metal or metal oxide aggregates. The whole profile Le 

Bail refinements of the PXRD patterns show that all six samples exhibit the same 

space group of Pnma, indicating that their crystal structures are comparable. The 

unit cell parameters only show insignificant variations (Table 5.1), further 

supporting the similarity of the crystal structures among the samples. The 

scanning electron microscopy (SEM) images also complement this finding: the 

polycrystalline particles in all samples had similar particle sizes of 2 to 5 μm, and 

comparable morphologies (Figure 5.1). These results thus confirm the successful 

preparation of M/X-Z with consistent basic structural characteristics. For a fair 

assessment, the samples contain comparable contents of Cu, Fe (at around 1.0 

wt%), and X atom (Table 5.2). 

We first employed temperature-programmed desorption with ammonia (NH3-

TPD) and pyridine-assisted Fourier-transform infrared spectroscopy (Py-FTIR) 

to study the acidic properties. The NH3-TPD curves of Fe/X-Z show the presence 

of two desorption regimes. The low temperature (LT) desorption peaks at around 

150 to 250 °C characterize the weak acid site, whereas the high temperature (HT) 

desorption peak at around 450 °C corresponds to the strong acid site (Figure 

5.2a-5.2f) 23,24. The total amount of acid sites (LT and HT) shows comparable 

values between the samples between 0.4 and 1.8 mmol g-1 from our quantitative 

analyses (Table 5.3). Fe/Al-Z and Fe/Ga-Z show relatively larger desorption 

peaks at the HT desorption regime, whereas Fe/B-Z shows a notably larger peak 

at the LT regime. This observation signifies that the ratio of strong to weak acid 

sites varies with the type of trivalent atom (X’s), with the Fe/B-Z sample showing 

the lowest ratio among the samples. The strong-to-weak acid ratio differences 

are in good agreement with the literature 25,26. Spectroscopic analysis from Py-

FTIR reveals the distribution of BASs and LASs (Figures 5.4–5.6). The 

absorption peaks at ~1550 and 1450 cm-1 are attributed to the BASs and LASs, 

respectively 27,28. The BAS: LAS ratio of Fe/X-Z (X = Al, Ga, B) is calculated to 

be 0.507, 0.481, and 0.213, respectively, indicating that Fe/B-Z exhibits the 

lowest BAS to LAS ratio. The Brønsted acidity of Fe/X-Z, following the trend 

of Fe/Al-Z > Fe/Ga-Z > Fe/B-Z, is consistent with the blueshift of the Si–O–T 

band at around 1100 cm-1 in FTIR (Figure 5.3) 29. Integrating NH3-TPD and Py-
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FTIR analyses indicates that the BASs predominantly represent strong acid sites 

within these zeolite materials. The acid site properties of Cu/X-Z are closely 

comparable to those observed in Fe/X-Z (Figure 5.2d–5.2f, Figure 5.7–5.9).  

It is noted that the generation of BASs depends on the charge disparity between 

two neighboring tetrahedral atoms, typically Al3+ and Si4+. The incorporation of 

metal atoms into the framework can sometimes also result in the formation of 

BASs. From the acid property assessments and elemental analyses, it is indicated 

that the quantity of BASs primarily varies with the concentration of X atoms (X 

= Al, Ga, and B). This observation suggests that the introduction of X atoms into 

the zeolite framework plays a much more dominant role in the formation of BASs 

among the doped species, encompassing both metal species and X atoms. 

We first conducted the Rietveld refinement of high-resolution synchrotron 

PXRD patterns to confirm the successful incorporation of metal species into the 

framework. The incorporation of the metal species induces apparent variations 

in the Bragg peak intensities at higher 2θ values. These variations can be ascribed 

to changes in the overall scattering factors resulting from the presence of heavier 

metal atoms. To elucidate the atomic parameters of the M sites, we employed the 

whole-pattern Rietveld refinement, by first conducting a charge-flipping 

algorithm to identify the crystallographic sites with higher electron contrast. We 

did not observe significant electron density at the extra-framework positions, 

indicating that the metal sites are primarily incorporated as “framework sites”. 

During the refinement process, the crystallographic positions of the M species 

were determined by individually refining the site occupancy factors (SOFs) of 

the framework sites and constrained based on our elemental analysis, see Tables 

5.11–5.12. Since the M species possess a higher electron density than Si atoms, 

the crystallographic T sites with significantly higher SOFs are the locations 

where the M species should be located. The Rietveld refinement profiles are 

summarized in Figure S9. The datasets identified the Fe sites at T6, T6, and T2 

positions for Fe/Al-Z, Fe/Ga-Z, and Fe/B-Z, respectively. The Cu sites were 

similarly found at T12, T6, and T12 positions for Cu/Al-Z, Cu/Ga-Z, and Cu/B-

Z, respectively. 

After the confirmation of the location of the metal site in the zeolite framework, 

we further employed the Rietveld refinement of the pyridine-adsorbed 

synchrotron PXRD data to locate the BASs, as done before in related ZSM-5 

samples (Figure 5.2g–5.2l) 30. The BAS locations can be revealed (in terms of 

X–O(H)–Si) by analyzing the crystallographic sitting of the pyridine site and 

measuring the shortest interatomic distance between the framework oxygen site 

and the lone pair electron donor of pyridine (i.e., Npyridine). Among the three Fe/X-
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Z samples, the shortest interatomic distances were found at O18···Npyridine = 

2.75(2) Å  in Fe/Al-Z, O18···Npyridine = 3.20(2) Å  in Fe/Ga-Z, and O26···Npyridine 

= 3.45(2) Å  in Fe/B-Z, as shown Figure 5.2g–5.2i. For the Cu/X-Z samples, the 

shortest interatomic distances with the same trend were found at O1···Npyridine = 

2.79(2) Å  in Cu/Al-Z, O1···Npyridine = 3.32(2) Å  in Cu/Ga-Z, and O1···Npyridine = 

3.48(2) Å  in Cu/B-Z, as shown in Figure 5.2j–5.2l. Furthermore, there is a 

consistent pattern of increasing shortest interatomic distances, indicative of 

stronger acidity, following the order of X = Al < Ga < B. This trend aligns with 

the previously determined Brønsted acidity, providing further support to the 

findings. 

 

Figure 5.1. Morphology analysis by SEM. SEM images of (a) Fe/Al-Z, (b) Fe/Ga-Z, and (c) Fe/B-Z. 
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Figure 5.2. The quantitative analysis of NH3-TPD data of (a) Fe/Al-Z, (b) Fe/Ga-Z, (c) Fe/B-Z, (d) 

Cu/Al-Z, (e) Cu/Ga-Z, and (f) Cu/B-Z. The Rietveld refinement profiles of high-resolution synchrotron 

PXRD of pyridine-adsorbed materials and the corresponding Rietveld refined crystal structures of (g) 

Fe/Al-Z, (h) Fe/Ga-Z, (i) Fe/B-Z, (j) Cu/Al-Z, (k) Cu/Ga-Z, and (l) Cu/B-Z. For clarity, the present views 

only show zoom-in, mirror-disregarded, and hydrogen-disregarded views along {010}. Atoms are 

represented in the ball-and-stick model (yellow = Fe, blue = Cu, grey = C, purple = N, white = Si, and 

red = O). The corresponding refinement parameters, atomic parameters, and crystal structures showing 

the complete unit cell are summarized in Tables 3.3–3.9. 
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Figure 5.3. FTIR spectra of Fe/Al-Z, Fe/Ga-Z, and Fe/B-Z.  
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Figure 5.4. Py-FTIR spectra of Fe/Al-Z.  

 



148 
 

1550 1500 1450

In
te

n
s

it
y
 (

a
.u

.)

Wavenumber (cm-1)

 150 °C

 200 °C

 250 °C

 350 °C

 450 °C

Py-BAS

~1600 cm-1

Py-LAS+BAS

~1500 cm-1

Py-LAS

~1450 cm-1

 

Figure 5.5. Py-FTIR spectra of Fe/Ga-Z. 
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Figure 5.6. Py-FTIR spectra of Fe/B-Z. 
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Figure 5.7. Py-FTIR spectra of Cu/Al-Z. 
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Figure 5.8. Py-FTIR spectra of Cu/Ga-Z. 
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Figure 5.9. Py-FTIR spectra of Cu/B-Z. 

 

We further employed extended X-ray absorption fine structure spectroscopy 

(EXAFS) to complement the above structural findings. In the wavelet transform 

(WT) analysis on the EXAFS data (Figure 5.11a–5.11f), only a strong lobe 

centered at k ≈ 5 Å-1 (smaller than 10) and R ~ 1.5 Å  was observed, which 

corresponds to the oxygen atoms surrounding the metal centers. The absence of 

lobes at higher k-space at the second shell or even third shell suggests the lack of 

metal or metal oxide aggregates in the samples, the peak located at around 2.5 Å  

can be attributed to the nearby Si or O atom from the zeolite framework because 

of the location at low k-range. The average bond lengths of M–O in the first shell 

were calculated to be ~2.0 Å , with an average coordination number of around 4 

(see detailed quantitative analysis in Figure 5.12 and Tables 5.13 and 5.14). This 

indicates that all the M species are well isolated within the zeolitic framework in 

the form of MO4 tetrahedra. In addition, the X-ray absorption near edge 

spectroscopic results (XANES) revealed the oxidation states of the Fe and Cu 

species as +3 and +2, respectively (Figure 5.11g and 5.11h). 
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Figure 5.10. The Rietveld refinement profiles of high-resolution synchrotron PXRD of (a) Fe/Al-Z, (b) 

Fe/Ga-Z, (c) Fe/B-Z, (d) Cu/Al-Z, (e) Cu/Ga-Z, and (f) Cu/B-Z. The structural and atomic parameters 

are summarized in Tables 5.13–5.18.  
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Figure 5.11. k3 weighted Fe K-edge WT-EXAFS of (a) Fe/Al-Z, (b) Fe/Ga-Z, and (c) Fe/B-Z. k3 

weighted Cu K-edge WT-EXAFS of (d) Cu/Al-Z, (e) Cu/Ga-Z, and (f) Cu/B-Z. The structural and atomic 

parameters are summarized in Tables S5.13–5.18. (g) Fe K-edge XANES analysis of Fe/X-Z. (h) Cu K-

edge XANES analysis of Cu/X-Z. 
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Figure 5.12. Wavelet transform for k3 weighted EXAFS signal of (a) Fe/Al-Z, (b) Fe/Ga-Z, (c) Fe/B-Z, 

(d) Cu/Al-Z, (e) Cu/Ga-Z, and (f) Cu/B-Z, and the corresponding Fe and Cu K-edge EXAFS (red) and 

fitting profile (black) in k3 weighted k-space and R-space.  
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Accordingly, the separation between the metal sites and the BASs can be obtained 

(Figure 5.13a–5.13f). It is apparent that the separations are comparable among Fe/X-Z 

(at ~6.0 Å) and among Cu/X-Z (at ~6.3 Å). We made multiple attempts to ensure that 

comparable metal···BAS separation for a fair and systematic investigation of their 

synergistic cooperativity. 

 

Figure 5.13. The Rietveld refined crystal structure of high-resolution synchrotron PXRD of (a) Fe/Al-Z, 

(b) Fe/Ga-Z, (c) Fe/B-Z, (d) Cu/Al-Z, (e) Cu/Ga-Z, and (f) Cu/B-Z. The same style and color scheme 

are adopted in Figure 5.2. 

 

Our characterizations have shown that the metal-doped zeolites feature well-

controlled concentrations and distribution of metal sites and BASs. The major 

differences between the samples can be accordingly narrowed down to the BAS 

strength and the metal site property. Accordingly, we have selected two well-

studied zeolite-catalyzed reactions as model systems: the oxidation of 4-

chlorostyrene with hydrogen peroxide and the decarboxylation of gamma-

valerolactone (GVL), to investigate the dynamic synergism between BASs and 

metal sites pertaining to their catalytic properties.  

In the oxidation reaction of 4-chlorostyrene with hydrogen peroxide over metal-

doped zeolites, it is widely believed that the zeolitic BASs can facilitate the 

adsorption of 4-chlorostyrene, while the metal sites undergo a redox reaction to 

cleave H2O2 
31–34. To confirm the role of BASs, we conducted control 

experiments by poisoning the BASs with Na+. The Na+-poisoned sample showed 

a significant decrease in conversion rate (to less than 15%), showing the 

adsorptive function of BASs (Table 5.21). We subsequently examined the 
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impact on the conversion rate with different combinations of Brønsted acidity 

and metal sites. Interestingly, Fe/X-Z and Cu/X-Z exhibited contrasting trends in 

conversion with changes in Brønsted acidity (Figure 5.14a, with the selectivity 

of 4-chlorobenzaldedye product remaining relatively constant at ~80%). Fe/X-Z 

demonstrated the highest conversion rate when Brønsted acidity was the weakest 

over Fe/B-Z, whereas Cu/X-Z exhibited the lowest conversion rate when 

Brønsted acidity was the weakest over Cu/B-Z. We have also collected catalysis 

data at different reaction temperatures (50, 70, and 90 °C) to extrapolate the 

apparent activation energy for the reaction (Table 5.21). Similar to the 

conversion rate data, the activation energy over Fe/B-Z (at 49.5 kJ mol-1) is the 

lowest among the three Fe/X-Z samples (between 49.5 to 87.7 kJ mol-1) whereas 

that over Cu/Al-Z (at 50.1 kJ mol-1) is the lowest among Cu/X-Z (between 50.1 

to 84.4 kJ mol-1). The yield of benzaldehyde product increases with a decrease in 

the BAS/LAS ratio and strong/weak acid ratio, reflecting its high correlation with 

Brønsted acidity (Figure 5.14b–5.14c). The correlation of the BAS/LAS ratio 

and strong/weak acid ratio pertaining to the catalytic performance over Fe/X-Z 

is summarized in Figure 5.14d. 

It is intriguing to observe such a contrast in trend with different metal sites as this 

trend should be consistent if both Fe/X-Z and Cu/X-Z systems exhibit similar 

synergistic cooperativity. The current observation suggests that the synergism of 

the metal sites and the BASs are inherently different over the Fe/X-Z and Cu/X-

Z systems, which may indicate that different reaction mechanisms are involved. 

Analyzing the difference in the adsorbate structures of the reaction substrates 

enables valuable insights to directly reveal the host-guest interaction and explain 

the trend in different catalysis. Within the Fe/X-Z system, the shortest 

interatomic distance between the zeolitic BAS and C=Cstyrene is 3.58(2) Å  in 

Fe/Al-Z and decreases to 3.51(2) Å  in Fe/B-Z, which agrees with the trend in 

Brønsted acidity (Figure 5.14e and 5.14f). The interatomic distances between 

the Fe sites and C=Cstyrene were measured at > 4.5 Å , which infers minimal 

Fe···styrene adsorption interaction. Accordingly, it suggests that 4-chlorostyrene 

has a high potential to be directly adsorbed on the BASs without notable 

influence by the Fe sites. Upon adsorption, the charge distribution of C=Cstyrene 

will be substantially affected by the adsorption on the BASs. A stronger BAS 

will lead to greater polarization of the C=Cstyrene. 

Meanwhile, it is well-documented that FeIII centers primarily generate ∙OOH 

radicals in a Fenton-like pathway from H2O2 cleavage, whereas CuII primarily 

generates ∙OH radicals 35–38. Based on the inherent properties of styrene 

polarization and H2O2 cleavage, a proposed mechanistic explanation was 
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achieved as depicted in Scheme 5.2. The conversion towards the target 

benzaldehyde product is achieved through two different pathways: oxidative 

cleavage of C=Cstyrene bonds via a [2+2] cycloaddition pathway involving ∙OOH, 

and a radical addition pathway involving ∙OH 39,40. The presence of a weak BAS 

increases the favorability of the [2+2] cycloaddition reaction between ∙OOH and 

less polarized C=Cstyrene and vice versa, thus the Fe/B-Z exhibits the highest yield 

among the Fe/X-Z system. For OH addition over Cu/X-Z, more polarization of 

the C=Cstyrene bond promotes the radical addition reaction. Consequently, the 

yield of 4-chlorobenzaldehyde increases over Cu/X-Z along with zeolitic 

Brønsted acidity. 
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Figure 5.14. (a) Catalytic performance and activation energy of the oxidation of 4-chlorostyrene, the 

evaluation of the catalytic performance with respect to the quantities of (b) Brønsted/Lewis acid, (c) 

strong/weak acid, and (d) the BAS/LAS ratio and strong/weak acid ratio, and the Rietveld refined crystal 

structure of (e) Fe/Al-Z, and (f) Fe/B-Z. (g) Catalytic performance of the decarboxylation of GVL, the 

evaluation of the catalytic performance with respect to the quantities of (h) Brønsted/Lewis acid, (i) 

strong/weak acid, and (j) the BAS/LAS ratio and strong/weak acid ratio, and the Rietveld refined crystal 

structure of (k) Fe/Al-Z, and (l) Fe/B-Z. The structural and atomic parameters are summarized in Tables 

5.23–5.26 and Figures 5.15–5.18. The same style and color scheme are adopted in Figure 5.2. 
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Figure 5.15. PXRD data and Rietveld refinement of 4-chlorostyrene pre-adsorbed on Fe/Al-Z. 
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Figure 5.16. PXRD data and Rietveld refinement of 4-chlorostyrene pre-adsorbed on Fe/B-Z. 
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Figure 5.17. PXRD data and Rietveld refinement of GVL pre-adsorbed on Fe/Al-Z. 
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Figure 5.18. PXRD data and Rietveld refinement of GVL pre-adsorbed on Fe/B-Z. 
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Scheme 5.2. Proposed reaction mechanism of the oxidation of 4-chlorostyrene over Fe/X-Z and Cu/X-

Z with varying BAS strengths. 

 

Another modelling system, the decarboxylation of biomass-derived GVL-

producing butene at high conversion 41, or further dimerizing to form BTX 

aromatics 42, has been extensively investigated by utilizing metal-modified 

zeolites. Neighboring functional motifs have been engineered specifically to 

offer synergistic cooperativity to facilitate the decarboxylation process, as well 

as the potential tandem reaction(s) 14,43. However, there is a lack of systematic 

studies to investigate how these neighboring motifs catalyze collaboratively. 

Based on our systematic investigation, we observed a similar trend as in the 

above styrene oxidation reaction (Figure 5.14g), where the yield of butene 

increases with a weaker Brønsted acidity over Fe/X-Z but decreases over Cu/X-

Z. The yield decreases with Fe/X-Z with an increase in the BAS/LAS ratio and 

strong/weak ratio, also revealing its dependence on Brønsted acidity (Figure 

5.14h–5.14j). We similarly analyzed their GVL adsorbate structures through the 

Rietveld refinement of PXRD data, revealing a ‘bidentate’ binding mode of GVL 

between the BAS and the metal site (Figure 5.14k and 5.14l). This finding is in 

contrast to the adsorption by BAS alone in H-ZSM-5, where only ‘monodentate’ 

binding is present 41. Furthermore, the adsorbed GVL molecules exhibit notably 

different interatomic distances, indicating variable host-guest interactions. These 

distinctions in interatomic distances further highlight the diverse nature of 

interactions between GVL and the metal-BAS pair.  

The decarboxylation of GVL is typically a two-step process over various metal-

modified zeolites 44,45. In Step 1, GVL is adsorbed via a ‘bidentate’ mode by the 

metal-BAS pair. The ring-opening of the lactone group is hence facilitated, 

forming a protonated pentenoic acid intermediate. In Step 2, the intermediate first 

deprotonates, followed by decarboxylation to form butene product. We therefore 

make the following postulations over our M/X-Z systems. The FeIII site 
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demonstrates stronger Lewis acidity than the CuII site. Even though the metal-

Lewis acidity is weaker than a common BAS, the presence of FeIII can better 

compensate for the weaker Brønsted acidity to promote the protonation of GVL 

when compared with that of CuII. This affects the lactone ring-opening step, 

thereby making the subsequent decarboxylation step (Step 2) rate-determining. 

On the other hand, the strength of the conjugate base of the zeolitic BASs plays 

a critical role in Step 2, with the weakest BASs displaying the strongest conjugate 

base behavior, facilitating the deprotonation of the protonated pentenoic acid 

intermediate. Hence, the synergistic cooperation of both CuII sites and BASs for 

the lactone ring-opening step, becomes necessary, making Step 1 rate-

determining. Consequently, a higher yield is achieved with stronger BASs over 

Cu/X-Z, whereas a lower yield is achieved with weaker BASs over Fe/X-Z. 

 

We conducted density functional theory (DFT) calculations in order to 

comprehend the distinct reaction trends exhibited in our model reactions. The 

projected density of states (PDOS) analysis investigated the electronic structures 

of the adsorption models, see Figure 5.19a and 5.19b. In the case of GVL in 

zeolites, the Fe-3d band of Fe/X-Z demonstrates a prominent peak near EV-0.2 

eV (where EV denotes 0 eV), featuring a d-band center at –0.231 (Al), –0.222 

(Ga), and –0.236 eV (B). For Cu/X-Z, the d-band centers of the corresponding 

Cu-3d band are at 0.007 (Al), –0.002 (Ga), and –0.001 eV (B). For 4-

chlorostyrene in zeolites, the Fe-3d band of Fe/X-Z demonstrates a dominant 

peak with a d-band center at –0.244 (Al), –0.267 (Ga), and –0.641 eV (B). For 

Cu/X-Z, the Cu-3d band has a d-band center at –0.199 eV (Al), –0.221 eV (Ga), 

and –0.203 eV (B), respectively (Figure 5.19c and 5.19d). A negligible shift of 

PDOS was observed, indicating that the co-existence of BASs and doped metals 

does not significantly affect the electroactivity of the metal active sites.  

To further elucidate the binding behaviors, we calculated the binding energies of 

the adsorbate species. As seen in Figure 5.19e and 5.19f, the binding energies of 

both 4-chlorostyrene and GVL on both Fe/X-Z and Cu/X-Z increase with 

Brønsted acidity (governed by the X site); the corresponding PDOSs are 

presented in Figures 5.20–5.23). There is a clear disparity in the binding energy 

of 4-chlorostyrene and GVL on Cu/X-Z and Fe/X-Z, indicating there is a 

difference in the substrate binding activity between Fe/X-Z and Cu/X-Z, which 

agrees with our above experimental findings. Furthermore, we analyzed the 

variations in electronic distribution between the HOMO and LUMO of the 

substrates, as summarized in Figures 5.24 and 5.25. A difference extent of 

electron transfer between the substrate molecules and the zeolites is noticed. Our 
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calculations thus highlight the role of variations in acid strength associated with 

different X atoms (B, Al, Ga) influencing substrate binding during reactions. 

 

 

Figure 5.19. Projected density of states of the metal d-band center for Fe/X-Z and Cu/X-Z, with (a, b) 

4-chlorostyrene and (c, d) GVL, respectively. Calculated binding energies for the labeled zeolite samples 

with (e) 4-chlorostyrene and (f) GVL molecular adsorption. Insets show the optimized crystal structures. 

The calculations were performed at the GGA/PBE level of theory. 
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Figure 5.20. Projected density of states of substrate molecule orbitals for Fe/X-Z with pre-adsorbed GVL.  
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Figure 5.21. Projected density of states of substrate molecule orbitals for Cu/X-Z with pre-adsorbed 

GVL.  
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Figure 5.22. Projected density of states of substrate molecule orbitals for Fe/X-Z with pre-adsorbed 4-

chlorostyrene.  
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Figure 5.23. Projected density of states of substrate molecule orbitals for Cu/X-Z with pre-adsorbed 4-

chlorostyrene.  

 

Figure 5.24. Electronic charge densities of LUMO and HOMO for (a) Cu/X-Z and (b) Fe/X-Z with pre-

adsorbed GVL.  
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Figure 5.25. Electronic charge densities of LUMO and HOMO for (a) Cu/X-Z and (b) Fe/X-Z with pre-

adsorbed 4-chlorostyrene.  
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5.4 Conclusion 

In this study, we conducted a meticulous preparation of a highly controlled library of 

zeolite catalysts. This involved incorporating diverse combinations of Fe/Cu species 

and varying strengths of BAS. To systematically investigate the synergistic 

cooperativity in this system, we carefully controlled the concentrations and separation 

of the metal species and BASs. The physicochemical, structural, and atomic properties 

of the zeolite samples were characterized using a combination of spectroscopic and 

crystallographic techniques. 

From a wide range of catalytic reactions, we specifically selected styrene oxidation and 

GVL decarboxylation as our model reactions to study the structure-reactivity 

correlations. These reactions were chosen due to their well-recognized involvement of 

multiple functional motifs, which contribute to enhanced catalytic performance. By 

deciphering the structure-reactivity correlations, we gained valuable insights for the 

design of ‘next-generation’ catalysts with more superior properties. 

One key finding of our study is the importance of achieving a delicate balance between 

multiple functional motifs in an active site when they are involved in a catalytic reaction. 

This balance is crucial based on the intricate reaction mechanism and is essential for 

optimizing catalytic performance. Overall, our research provides valuable knowledge 

for the design and development of microenvironments, highlighting the significance of 

understanding the structure-reactivity correlations and the interplay of different 

functional motifs in a conventional ‘active site’. 
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5.6 Supplementary information for Chapter 5 

 

Table 5.1. Crystallographic data of the synchrotron PXRD measurement of the zeolite 

samples labelled. 

 Fe/Al-Z Fe/Ga-Z Fe/B-Z Cu/Al-Z Cu/Ga-Z Cu/B-Z 

X-ray energy 

(keV) 
17.7 17.7 17.7 17 17 17 

Beamline Spring-8 BL02B2 Spring-8 BL02B2 Spring-8 BL02B2 Spring-8 BL02B2 Spring-8 BL02B2 Spring-8 BL02B2 

Wavelength 

(Å ) 

(synchrotron) 

0.700261 0.700261 0.700261 0.729589 0.729589 0.729589 

2θ – zero point 

() 
0.00020 0.00020 0.00020 -0.00019 -0.00019 -0.00019 

Space group Pnma Pnma Pnma Pnma Pnma Pnma 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å ) 20.13162(15) 20.11702(17) 20.08193(27) 20.14844(16) 20.12378(21) 20.04048(11) 

b (Å ) 19.93828(16) 19.91554(19) 19.86314(31) 19.94904(16) 19.91965(24) 19.85013(10) 

c (Å ) 13.41994(14) 13.40324(15) 13.37000(22) 13.42828(14) 13.40730(18) 13.36017(7) 

V (Å 3) 5386.63(8) 5369.89(9) 5333.16(14) 5397.39(8) 5374.43(11) 5314.76(5) 

2θ range for 

refinement () 
2-50 2-50 2-50 3-50 3-50 3-50 

Detector MYTHEN MYTHEN MYTHEN MYTHEN MYTHEN MYTHEN 

Number of 

parameters 
27 27 29 27 27 27 

Number of 

hkls 
5241 5246 5246 4648 4647 4580 

Refinement 

methods 
LeBail LeBail LeBail LeBail LeBail LeBail 

Rwp/Rexp/Rp (%) 2.905/0.694/2.059 5.906/0.791/3.657 10.759/0.737/6.108 3.404/0.831/2.342 5.631/0.760/3.520 6.780/0.761/4.275 

Gof 4.189 7.465 14.594 4.095 7.414 8.913 

Rwp: weighted profile; Rexp: expected; Rp: profile; gof: goodness-of-fit. 

 

Table 5.2. Summary of the acidity of the zeolite samples. Values were determined by 

combined NH3-TPD and Py-FTIR results. 

Catalyst strong/weak acid ratio a B/L acid ratio b 

Fe/Al-Z 0.255 0.50 

Fe/Ga-Z 0.211 0.481 

Fe/B-Z 0.006 0.213 

Cu/Al-Z 0.700 0.796 

Cu/Ga-Z 0.437 0.664 

Cu/B-Z 0.377 0.617 

a. From NH3-TPD 
b. From Py-FTIR 
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Table 5.3. Crystallographic data of the synchrotron PXRD measurements of the 

pyridine pre-adsorbed zeolite samples. 

 Py-Fe/Al-Z Py-Fe/Ga-Z Py-Fe/B-Z Py-Cu/Al-Z Py-Cu/Ga-Z Py-Cu/B-Z 

X-ray 

energy 

(keV) 

17.7 17.7 17.7 17 17 17 

Beamline 
Spring-8 

BL02B2 

Spring-8 

BL02B2 

Spring-8 

BL02B2 

Spring-8 

BL02B2 

Spring-8 

BL02B2 

Spring-8 

BL02B2 

Wavelength 

(Å )  
0.700261 0.700261 0.700261 0.729589 0.729589 0.729589 

2θ – zero 

point () 

0.00020 0.00020 0.00020 -0.00019 -0.00019 -0.00019 

Space group Pnma Pnma Pnma Pnma Pnma Pnma 

Crystal 

system 

Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å ) 20.07500(32) 20.11925(10) 20.08267(24) 20.11861(20) 20.10727(13) 20.03008(10) 

b (Å ) 19.87873(27) 19.89772(10) 19.85981(29) 19.95147(20) 19.92729(14) 19.83891(10) 

c (Å ) 13.40706(22) 13.42167(9) 13.38353(23) 13.44488(19) 13.41986(12) 13.35547(8) 

V (Å 3) 5350.30(14) 5373.06(5) 5337.86(14) 5396.72(11) 5377.12(7) 5307.13(5) 

2θ range for 

refinement 

() 

2-50 2-50 2-50 3-50 3-50 3-50 

Detector MYTHEN MYTHEN MYTHEN MYTHEN MYTHEN MYTHEN 

Number of 

parameters 

28 24 24 27 27 27 

Number of 

hkls 

5256 5249 5212 4644 4658 4576 

Refinement 

methods 

LeBail LeBail LeBail LeBail LeBail LeBail 

Rwp/Rexp/Rp 

(%) 

3.689/0.726/2.5

47 

3.558/0.746/2.5

13 

9.897/0.759/5.8

93 

3.263/0.865/2.2

32 

3.936/0.736/2.7

24 

7.055/0.733/4.2

55 

Gof 5.084 4.770 13.042 3.770 5.346 9.622 

Rwp: weighted profile; Rexp: expected; Rp: profile; gof: goodness-of-fit. 
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Table 5.4. Atomic parameters of Py-Fe/Al-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.36489 0.05895 0.76052 1 1.3968 8d 

O2 0.30581 0.06876 0.92451 1 1.3968 8d 

 O3 0.20497 0.05808 0.01484 1 1.3968 8d 

 O4 0.08619 0.06535 0.92424 1 1.3968 8d 

 O5 0.13149 0.04593 0.75060 1 1.3968 8d 

 O6 0.25258 0.05714 0.72809 1 1.3968 8d 

 O7 0.37456 0.85138 0.74921 1 1.3968 8d 

 O8 0.28716 0.83291 0.91950 1 1.3968 8d 

 O9 0.19531 0.84373 0.05442 1 1.3968 8d 

 O10 0.06315 0.84501 0.93008 1 1.3968 8d 

 O11 0.10665 0.84750 0.71981 1 1.3968 8d 

 O12 0.23507 0.83455 0.75581 1 1.3968 8d 

 O13 0.30894 0.94376 0.81333 1 1.3968 8d 

 O14 0.06832 0.95430 0.81205 1 1.3968 8d 

 O15 0.41385 0.13021 0.56598 1 1.3968 8d 

 O16 0.42853 0.98767 0.58886 1 1.3968 8d 

 O17 0.41367 0.87903 0.58130 1 1.3968 8d 

 O18 0.17407 0.13535 0.60737 1 1.3968 8d 

 O19 0.20533 -0.01364 0.62343 1 1.3968 8d 

 O20 0.18998 0.85092 0.60966 1 1.3968 8d 

 O21 0.99350 0.05423 0.79371 1 1.3968 8d 

 O22 0.99546 0.85280 0.79006 1 1.3968 8d 

 O23 0.40563 0.75000 0.65828 1 1.3968 4c 

 O24 0.19533 0.75000 0.63190 1 1.3968 4c 

 O25 0.29224 0.75000 0.06621 1 1.3968 4c 

 O26 0.11226 0.75000 0.04182 1 1.3968 4c 

 Si1 0.41588 0.06002 0.65566 1 0.6984 8d 

 Si2 0.30885 0.02717 0.81515 1 0.6984 8d 

 Si3 0.28282 0.06965 0.03070 1 0.6984 8d 

 Si4 0.10963 0.05713 0.02639 1 0.6984 8d 

 Si5 0.06686 0.03197 0.80184 1 0.6984 8d 

 Si6 0.18062 0.06305 0.66747 1.46553 0.6984 8d 

 Si7 0.42248 0.82219 0.67922 1 0.6984 8d 

 Si8 0.31064 0.86594 0.80821 1 0.6984 8d 

 Si9 0.26734 0.82841 0.03037 1 0.6984 8d 

 Si10 0.11923 0.82804 0.03326 1 0.6984 8d 

 Si11 0.07491 0.86887 0.82600 1 0.6984 8d 

 Si12 0.18000 0.83054 0.69340 1 0.6984 8d 

Pyridine1 C1 0.29611 0.25616 -0.12414 0.5574 8 8d 

 C2 0.24489 0.26873 -0.05686 0.5574 8 8d 

 C3 0.17946 0.25882 -0.08599 0.5574 8 8d 

 C4 0.16463 0.23654 -0.18144 0.5574 8 8d 

 C5 0.21586 0.22398 -0.24871 0.5574 8 8d 

 C6 0.28128 0.23389 -0.21955 0.5574 8 8d 

Pyridne2 C11 1.49595 1.06343 0.99928 0.8615 8 8d 

 C12 1.52140 1.11003 1.06661 0.8615 8 8d 

 C13 1.52747 1.17675 1.03839 0.8615 8 8d 

 C14 1.50844 1.19743 0.94382 0.8615 8 8d 

 C15 1.48300 1.15082 0.87651 0.8615 8 8d 

 C16 1.47693 1.08410 0.90476 0.8615 8 8d 
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Table 5.5. Atomic parameters of Py-Fe/Ga-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.38268 0.03934 0.77104 1 2.1229 8d 

O2 0.31300 0.05796 0.92671 1 2.1229 8d 

 O3 0.20511 0.05954 0.01852 1 2.1229 8d 

 O4 0.09447 0.06888 0.92945 1 2.1229 8d 

 O5 0.12441 0.04678 0.72699 1 2.1229 8d 

 O6 0.24949 0.06889 0.75204 1 2.1229 8d 

 O7 0.38450 0.84531 0.76885 1 2.1229 8d 

 O8 0.30274 0.83968 0.91213 1 2.1229 8d 

 O9 0.17806 0.84774 0.03699 1 2.1229 8d 

 O10 0.08236 0.84801 0.92496 1 2.1229 8d 

 O11 0.12400 0.84654 0.73464 1 2.1229 8d 

 O12 0.24606 0.84447 0.78334 1 2.1229 8d 

 O13 0.31719 0.94580 0.82964 1 2.1229 8d 

 O14 0.07406 0.95174 0.81895 1 2.1229 8d 

 O15 0.41565 0.12973 0.59613 1 2.1229 8d 

 O16 0.40656 0.98884 0.59120 1 2.1229 8d 

 O17 0.39583 0.85995 0.54944 1 2.1229 8d 

 O18 0.19785 0.13575 0.63850 1 2.1229 8d 

 O19 0.19555 -0.00584 0.60311 1 2.1229 8d 

 O20 0.20627 0.85657 0.60028 1 2.1229 8d 

 O21 1.00118 0.05020 0.79470 1 2.1229 8d 

 O22 0.99382 0.84499 0.77493 1 2.1229 8d 

 O23 0.42618 0.75000 0.66379 1 2.1229 4c 

 O24 0.20461 0.75000 0.64077 1 2.1229 4c 

 O25 0.28291 0.75000 0.07395 1 2.1229 4c 

 O26 0.10080 0.75000 0.08383 1 2.1229 4c 

 Si1 0.42004 0.05590 0.67607 1 1.0615 8d 

 Si2 0.31375 0.03331 0.82453 1 1.0615 8d 

 Si3 0.27790 0.05802 0.03514 1 1.0615 8d 

 Si4 0.12600 0.06903 0.02551 1 1.0615 8d 

 Si5 0.07350 0.03000 0.81142 1 1.0615 8d 

 Si6 0.18643 0.05876 0.67353 1.3352 1.0615 8d 

 Si7 0.42408 0.82079 0.67652 1 1.0615 8d 

 Si8 0.31398 0.86789 0.82429 1 1.0615 8d 

 Si9 0.27296 0.83727 0.02946 1 1.0615 8d 

 Si10 0.11590 0.82225 0.04499 1 1.0615 8d 

 Si11 0.07819 0.87413 0.80908 1 1.0615 8d 

 Si12 0.19243 0.82855 0.69073 1 1.0615 8d 

Pyridine1  0.03586 -0.26355 0.35748 0.5843 8 8d 

  -0.03098 -0.24679 0.36829 0.5843 8 8d 

  -0.04886 -0.19467 0.43145 0.5843 8 8d 

  -0.00080 -0.15914 0.48387 0.5843 8 8d 

  0.06603 -0.17591 0.47304 0.5843 8 8d 

  0.08389 -0.22804 0.40988 0.5843 8 8d 

Water1  0.34558 0.75163 0.37933 0.4580 8 8d 

Water2  0.22994 0.18872 0.40248 0.0221 8 8d 
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Table 5.6. Atomic parameters of Py-Fe/B-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37686 0.04813 0.75883 1 1.3739 8d 

O2 0.31082 0.05507 0.91713 1 1.3739 8d 

 O3 0.20112 0.06355 0.00433 1 1.3739 8d 

 O4 0.10336 0.06510 0.93051 1 1.3739 8d 

 O5 0.11462 0.05350 0.71909 1 1.3739 8d 

 O6 0.23998 0.07514 0.77006 1 1.3739 8d 

 O7 0.38211 0.84393 0.78430 1 1.3739 8d 

 O8 0.30744 0.82999 0.91451 1 1.3739 8d 

 O9 0.18633 0.85661 0.04354 1 1.3739 8d 

 O10 0.07853 0.85774 0.91971 1 1.3739 8d 

 O11 0.12928 0.83790 0.73223 1 1.3739 8d 

 O12 0.24089 0.85367 0.76425 1 1.3739 8d 

 O13 0.31564 0.95104 0.81424 1 1.3739 8d 

 O14 0.07100 0.94595 0.81238 1 1.3739 8d 

 O15 0.41916 0.13031 0.60349 1 1.3739 8d 

 O16 0.40138 1.00008 0.56399 1 1.3739 8d 

 O17 0.39111 0.85156 0.53447 1 1.3739 8d 

 O18 0.19802 0.13670 0.62161 1 1.3739 8d 

 O19 0.19283 0.00538 0.59552 1 1.3739 8d 

 O20 0.20297 0.86667 0.59320 1 1.3739 8d 

 O21 0.99966 0.05396 0.78808 1 1.3739 8d 

 O22 1.00021 0.86091 0.76028 1 1.3739 8d 

 O23 0.43089 0.75000 0.67678 1 1.3739 4c 

 O24 0.20800 0.75000 0.65755 1 1.3739 4c 

 O25 0.27639 0.75000 0.06768 1 1.3739 4c 

 O26 0.10781 0.75000 0.06329 1 1.3739 4c 

 Si1 0.42603 0.04914 0.66672 1 0.6870 8d 

 Si2 0.31552 0.03263 0.83019 1.2406 0.6870 8d 

 Si3 0.27740 0.04952 0.03991 1 0.6870 8d 

 Si4 0.12019 0.06579 0.03123 1 0.6870 8d 

 Si5 0.07302 0.03374 0.81956 1 0.6870 8d 

 Si6 0.18431 0.06092 0.66666 1 0.6870 8d 

 Si7 0.42603 0.82580 0.66790 1 0.6870 8d 

 Si8 0.31308 0.87107 0.81985 1 0.6870 8d 

 Si9 0.26675 0.83436 0.03648 1 0.6870 8d 

 Si10 0.11622 0.82232 0.03135 1 0.6870 8d 

 Si11 0.07850 0.86881 0.80555 1 0.6870 8d 

 Si12 0.19522 0.83413 0.68868 1 0.6870 8d 

Pyridine1 C1 0.04470 -0.23737 0.30234 0.4561 8 8d 

 C2 -0.02150 -0.25693 0.31341 0.4561 8 8d 

 C3 -0.04038 -0.29362 0.39692 0.4561 8 8d 

 C4 0.00606 -0.31097 0.46940 0.4561 8 8d 

 C5 0.07226 -0.29141 0.45831 0.4561 8 8d 

 C6 0.09112 -0.25472 0.37479 0.4561 8 8d 
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Table 5.7. Atomic parameters of Py-Cu/Al-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37683 0.04816 0.74754 1 1.73028 8d 

O2 0.29809 0.05837 0.92673 1 1.73028 8d 

 O3 0.21354 0.05358 0.04447 1 1.73028 8d 

 O4 0.08659 0.05702 0.90951 1 1.73028 8d 

 O5 0.11294 0.03731 0.72367 1 1.73028 8d 

 O6 0.25456 0.05534 0.74653 1 1.73028 8d 

 O7 0.37972 0.83551 0.76924 1 1.73028 8d 

 O8 0.30661 0.85235 0.91195 1 1.73028 8d 

 O9 0.21161 0.84457 0.01736 1 1.73028 8d 

 O10 0.09950 0.84568 0.89937 1 1.73028 8d 

 O11 0.12851 0.84325 0.73351 1 1.73028 8d 

 O12 0.24376 0.85654 0.75179 1 1.73028 8d 

 O13 0.29490 0.93761 0.82243 1 1.73028 8d 

 O14 0.06969 0.94733 0.82745 1 1.73028 8d 

 O15 0.40670 0.13603 0.60248 1 1.73028 8d 

 O16 0.40599 0.99239 0.58265 1 1.73028 8d 

 O17 0.39184 0.85596 0.56116 1 1.73028 8d 

 O18 0.18491 0.13497 0.62303 1 1.73028 8d 

 O19 0.18690 0.00013 0.60171 1 1.73028 8d 

 O20 0.20119 0.86092 0.58828 1 1.73028 8d 

 O21 0.99829 0.04366 0.79344 1 1.73028 8d 

 O22 0.98284 0.84344 0.79409 1 1.73028 8d 

 O23 0.42394 0.75000 0.63228 1 1.73028 4c 

 O24 0.19235 0.75000 0.62993 1 1.73028 4c 

 O25 0.29512 0.75000 0.06288 1 1.73028 4c 

 O26 0.08843 0.75000 0.07474 1 1.73028 4c 

 Si1 0.41990 0.05046 0.66656 1 0.86514 8d 

 Si2 0.30985 0.03005 0.82155 1 0.86514 8d 

 Si3 0.28108 0.06204 0.03101 1 0.86514 8d 

 Si4 0.12670 0.06599 0.01801 1 0.86514 8d 

 Si5 0.07896 0.03510 0.80796 1 0.86514 8d 

 Si6 0.18143 0.05175 0.67912 1 0.86514 8d 

 Si7 0.42141 0.82333 0.67058 1 0.86514 8d 

 Si8 0.31151 0.87186 0.81409 1 0.86514 8d 

 Si9 0.28364 0.82978 0.01591 1 0.86514 8d 

 Si10 0.12084 0.82212 0.03599 1 0.86514 8d 

 Si11 0.06746 0.86416 0.81743 1 0.86514 8d 

 Si12 0.18891 0.82671 0.66548 1.2588 0.86514 8d 

Pyridine1 C1 0.43910 -0.61872 -0.10331 0.7707 8 8d 

 C2 0.45177 -0.68734 -0.10663 0.7707 8 8d 

 C3 0.49518 -0.71558 -0.03825 0.7707 8 8d 

 C4 0.52603 -0.67611 0.03329 0.7707 8 8d 

 C5 0.51335 -0.60750 0.03659 0.7707 8 8d 

 C6 0.46994 -0.57927 -0.03179 0.7707 8 8d 

Water1 O1 0.11394 0.25040 0.85654 1.0405 8 8d 

Water2 O2 0.12562 0.22440 0.59923 0.4039 8 8d 
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Table 5.8. Atomic parameters of Py-Cu/Ga-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37115 0.05338 0.73877 1 1.73028 8d 

O2 0.29811 0.06846 0.91865 1 1.73028 8d 

 O3 0.20658 0.05291 0.02585 1 1.73028 8d 

 O4 0.09055 0.06139 0.91139 1 1.73028 8d 

 O5 0.11633 0.06366 0.71292 1 1.73028 8d 

 O6 0.24231 0.06636 0.75527 1 1.73028 8d 

 O7 0.37792 0.82977 0.76290 1 1.73028 8d 

 O8 0.31106 0.84951 0.90643 1 1.73028 8d 

 O9 0.19279 0.84983 0.01429 1 1.73028 8d 

 O10 0.09498 0.84282 0.92890 1 1.73028 8d 

 O11 0.10994 0.84340 0.71516 1 1.73028 8d 

 O12 0.24678 0.86012 0.74223 1 1.73028 8d 

 O13 0.30036 0.94221 0.80679 1 1.73028 8d 

 O14 0.06981 0.95310 0.82639 1 1.73028 8d 

 O15 0.41049 0.11876 0.59935 1 1.73028 8d 

 O16 0.41309 0.99160 0.60043 1 1.73028 8d 

 O17 0.40538 0.87180 0.56497 1 1.73028 8d 

 O18 0.19275 0.13100 0.61485 1 1.73028 8d 

 O19 0.19208 0.00555 0.58138 1 1.73028 8d 

 O20 0.19447 0.86146 0.57770 1 1.73028 8d 

 O21 0.99912 0.05077 0.77639 1 1.73028 8d 

 O22 1.00011 0.84962 0.79174 1 1.73028 8d 

 O23 0.41884 0.75000 0.66564 1 1.73028 4c 

 O24 0.18917 0.75000 0.64342 1 1.73028 4c 

 O25 0.28740 0.75000 0.05324 1 1.73028 4c 

 O26 0.10720 0.75000 0.06186 1 1.73028 4c 

 Si1 0.42528 0.05528 0.66165 1 0.86514 8d 

 Si2 0.30748 0.03036 0.81113 1 0.86514 8d 

 Si3 0.28124 0.05841 0.02461 1 0.86514 8d 

 Si4 0.12326 0.06258 0.01881 1 0.86514 8d 

 Si5 0.07288 0.02706 0.80679 1 0.86514 8d 

 Si6 0.18729 0.06060 0.67089 1.3346 0.86514 8d 

 Si7 0.42449 0.82800 0.66878 1 0.86514 8d 

 Si8 0.30633 0.87313 0.80566 1 0.86514 8d 

 Si9 0.27574 0.83032 0.01955 1 0.86514 8d 

 Si10 0.11869 0.82598 0.03602 1 0.86514 8d 

 Si11 0.07019 0.86645 0.81723 1 0.86514 8d 

 Si12 0.18497 0.82688 0.67716 1 0.86514 8d 

Pyridine1 C1 0.05862 0.73253 -0.66085 0.4879 8 8d 

 C2 0.08377 0.67720 -0.60975 0.4879 8 8d 

 C3 0.04579 0.64725 -0.53577 0.4879 8 8d 

 C4 -0.01694 0.67190 -0.51229 0.4879 8 8d 

 C5 -0.04207 0.72723 -0.56340 0.4879 8 8d 

 C6 -0.00408 0.75717 -0.63737 0.4879 8 8d 

Water1 O1 -0.00702 0.03260 0.43392 0.4575 8 8d 

Water2 O2 0.10580 0.26810 0.85863 0.5791 8 8d 
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Table 5.9. Atomic parameters of Py-Cu/B-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37508 0.06038 0.75351 1 2.2312 8d 

O2 0.30733 0.05869 0.92335 1 2.2312 8d 

 O3 0.20230 0.05912 0.02514 1 2.2312 8d 

 O4 0.09469 0.06431 0.91276 1 2.2312 8d 

 O5 0.11415 0.05582 0.72545 1 2.2312 8d 

 O6 0.24312 0.04591 0.74803 1 2.2312 8d 

 O7 0.37226 0.84182 0.76217 1 2.2312 8d 

 O8 0.30750 0.84712 0.92267 1 2.2312 8d 

 O9 0.19684 0.84769 0.02825 1 2.2312 8d 

 O10 0.08685 0.83435 0.92849 1 2.2312 8d 

 O11 0.11645 0.84412 0.72622 1 2.2312 8d 

 O12 0.24474 0.84269 0.76831 1 2.2312 8d 

 O13 0.31583 0.95031 0.81533 1 2.2312 8d 

 O14 0.08271 0.94847 0.82126 1 2.2312 8d 

 O15 0.41965 0.13151 0.60694 1 2.2312 8d 

 O16 0.41241 0.99690 0.58170 1 2.2312 8d 

 O17 0.39948 0.86931 0.57510 1 2.2312 8d 

 O18 0.19420 0.13006 0.61971 1 2.2312 8d 

 O19 0.19092 0.00208 0.58938 1 2.2312 8d 

 O20 0.19728 0.86770 0.58179 1 2.2312 8d 

 O21 0.99691 0.04943 0.79070 1 2.2312 8d 

 O22 0.99689 0.85216 0.78442 1 2.2312 8d 

 O23 0.42376 0.75000 0.65543 1 2.2312 4c 

 O24 0.19367 0.75000 0.64587 1 2.2312 4c 

 O25 0.28429 0.75000 0.06250 1 2.2312 4c 

 O26 0.10859 0.75000 0.05833 1 2.2312 4c 

 Si1 0.42321 0.05822 0.66328 1 1.1156 8d 

 Si2 0.30949 0.02954 0.81041 1 1.1156 8d 

 Si3 0.27936 0.06171 0.03265 1 1.1156 8d 

 Si4 0.12076 0.06316 0.02537 1 1.1156 8d 

 Si5 0.07167 0.02922 0.81379 1 1.1156 8d 

 Si6 0.18663 0.05912 0.67035 1 1.1156 8d 

 Si7 0.42420 0.82784 0.67272 1 1.1156 8d 

 Si8 0.30723 0.86909 0.81622 1 1.1156 8d 

 Si9 0.27286 0.82842 0.03087 1 1.1156 8d 

 Si10 0.11989 0.82699 0.03182 1 1.1156 8d 

 Si11 0.07201 0.87121 0.81751 1 1.1156 8d 

 Si12 0.18796 0.82687 0.68439 1.0842 1.1156 8d 

Pyridine1 C1 -0.04342 -0.22608 0.45025 0.3862 8 8d 

 C2 -0.01757 -0.16891 0.49685 0.3862 8 8d 

 C3 0.04681 -0.14797 0.47449 0.3862 8 8d 

 C4 0.08561 -0.18343 0.40621 0.3862 8 8d 

 C5 0.05975 -0.24060 0.35962 0.3862 8 8d 

 C6 -0.00464 -0.26153 0.38200 0.3862 8 8d 

Water1 O1 -0.00422 0.02992 0.44724 0.2060 8 8d 
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Table 5.10. Element content of the zeolite samples. 

Sample  Si  

(Atom%) 

M (Fe, Cu)  

(Atomic %) 

X (Al. Ga, B) 

(Atomic %) 

Si:M Si:X 

Fe/Al-Z 88.20 1.92 9.88 1: 0.021 1: 0.112 

Fe/Ga-Z 93.41 2.09 4.51 1: 0.022  1: 0.048 

Fe/B-Z 96.82 1.45 1.73 1: 0.015 1: 0.018 

Cu/Al-Z 91.79 1.23 6.98 1: 0.013 1: 0.076 

Cu/Ga-Z 93.19 0.94 5.87 1: 0.010 1: 0.063 

Cu/B-Z 95.48 0.84 3.68 1: 0.009 1: 0.038 
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Table 5.11. Occupancies of different T sites for Fe/X-Z by Rietveld refinement.  

Occupancies Fe/Al-Z Fe/Ga-Z Fe/B-Z 

T1 1.3364 1.1594 0.9679 

T2 1.2157 1.2235 1.2786 

T3 1.1597 1.1788 1.1410 

T4 0.8413 0.9102 0.6391 

T5 0.9910 1.1033 1.0068 

T6 1.4610 1.3352 1.2703 

T7 0.6662 0.7214 0.6399 

T8 1.1055 1.0372 1.2354 

T9 1.1902 1.1406 1.2216 

T10 0.9400 0.8666 0.8288 

T11 0.7569 0.8250 0.9490 

T12 0.9840 0.9800 1.0955 

 

Table 5.12. Occupancies of different T sites for Cu/X-Z by Rietveld refinement.  

Occupancies Cu/Al-Z Cu/Ga-Z Cu/B-Z 

T1 1.0790 1.1871 1.0000 

T2 1.1216 1.0289 1.0483 

T3 1.0290 1.0604 1.0010 

T4 1.0002 1.0002 1.0003 

T5 1.1109 1.1277 1.0148 

T6 1.1861 1.2906 1.0617 

T7 1.0574 1.0001 1.0098 

T8 1.1698 1.0457 1.0389 

T9 1.1310 1.1031 1.0461 

T10 1.0514 1.0088 1.0070 

T11 1.0263 1.0000 1.0005 

T12 1.2701 1.1170 1.0800 
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Table 5.13. Fitting parameters for Fe K-edge EXAFS for the sample labelled.  

Sample Path C.N. R/Å σ2 ΔE R-factor k-range/Å-1 

Fe/Al Fe–O 1.32 (8) 1.873(10) 0.0009(90) -0.5 (4) 0.009 3-11 

Fe/Al Fe–O 3.06 (8) 2.059 (5) 0.0062(51) -0.5 (4) 0.009 3-11 

Fe/Al Fe–O 4.44 (41) 3.001(13) 0.0210(86) -0.5 (4) 0.009 3-11 

Fe/Ga Fe–O 3.01 (11) 1.825 (8) 0.0027(15) -9.1 (5) 0.004 3-11 

Fe/B Fe–O 2.01 (6) 1.872(31) 0.0016(16) -2.2 (3) 0.003 3-11 

Fe/B Fe–O 2.40 (5) 2.059 (4) 0.0022(27) -2.2 (3) 0.003 3-11 

Fe/B Fe–O 4.88 (39) 2.974 (11) 0.0260(86) -2.2 (3) 0.003 3-11 

C.N. is the average coordination number around the central atoms. R and σ2 are the 

average path length (Å) and the Debye factor (Å2), respectively. The ΔE0 values of the 

first shell are constrained to share the same value in the fitting models. The s0
2 was 

fixed as 0.9 for all fitting. 

 

Table 5.14. Fitting parameters for Cu K-edge EXAFS for the sample labeled.  

Sample Path C.N. R/Å σ2 ΔE R-factor k-range/Å-1 

Cu/Al Cu–N/O 3.3(1) 1.959(7) 0.027(1) -0.8(4) 0.008 3-11 

Cu/Al Cu–N/O 1.7(4) 2.864(21) 0.005 -0.8(4) 0.008 3-11 

Cu/Ga Cu–N/O 3.0(2) 1.950(10) 0.003(2) -1.1(5) 0.020 3-11 

Cu/Ga Cu–N/O 1.6(4) 2.932(24) 0.002 -1.1(5) 0.020 3-11 

Cu/B Cu–N/O 3.3(1) 1.952(7) 0.003(1) -2.3(3) 0.006 3-11 

Cu/B Cu–N/O 2.4(3) 2.846(14) 0.008(6) -2.3(3) 0.006 3-11 

C.N. is the average coordination number around the central atoms. R and σ2 are the 

average path length (Å) and the Debye factor (Å2), respectively. The ΔE0 values of the 

first shell are constrained to share the same value in the fitting models. The s0
2 was 

fixed as 0.9 for all fitting.  
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Table 5.15. Atomic parameters of Fe/Al-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37995 0.06505 0.77466 1 1.2 8d 

O2 0.29840 0.06294 0.93825 1 1.2 8d 

 O3 0.20062 0.05667 0.01049 1 1.2 8d 

 O4 0.09196 0.04483 0.91863 1 1.2 8d 

 O5 0.11423 0.05946 0.74148 1 1.2 8d 

 O6 0.25062 0.06483 0.74034 1 1.2 8d 

 O7 0.41931 0.84891 0.73863 1 1.2 8d 

 O8 0.31426 0.84127 0.93028 1 1.2 8d 

 O9 0.16434 0.83846 0.02039 1 1.2 8d 

 O10 0.11745 0.87118 0.92897 1 1.2 8d 

 O11 0.11951 0.85409 0.74143 1 1.2 8d 

 O12 0.27462 0.85547 0.77080 1 1.2 8d 

 O13 0.31258 0.99712 0.80324 1 1.2 8d 

 O14 0.07323 0.87609 0.80518 1 1.2 8d 

 O15 0.40009 0.25031 0.60888 1 1.2 8d 

 O16 0.40615 0.97417 0.59746 1 1.2 8d 

 O17 0.39894 0.88471 0.57718 1 1.2 8d 

 O18 0.19543 0.13149 0.62111 1 1.2 8d 

 O19 0.18527 -0.00006 0.57673 1 1.2 8d 

 O20 0.19536 0.85570 0.58349 1 1.2 8d 

 O21 1.00277 0.06246 0.79792 1 1.2 8d 

 O22 0.99991 0.84253 0.79040 1 1.2 8d 

 O23 0.42805 0.75000 0.67261 1 1.2 4c 

 O24 0.19073 0.75000 0.63547 1 1.2 4c 

 O25 0.32987 0.75000 0.05097 1 1.2 4c 

 O26 0.11494 0.75000 0.04384 1 1.2 4c 

 Si1 0.42871 0.06027 0.65935 1 0.6 8d 

 Si2 0.31207 0.03855 0.81976 1 0.6 8d 

 Si3 0.27885 0.05952 0.03252 1 0.6 8d 

 Si4 0.12157 0.06155 0.04353 1 0.6 8d 

 Si5 0.06426 0.03098 0.81211 1 0.6 8d 

 Si6 0.19647 0.06422 0.67826 1.46553* 0.6 8d 

 Si7 0.42832 0.82882 0.67608 1 0.6 8d 

 Si8 0.31083 0.86841 0.82170 1 0.6 8d 

 Si9 0.29063 0.82889 0.03312 1 0.6 8d 

 Si10 0.11895 0.82988 0.03223 1 0.6 8d 

 Si11 0.07387 0.86996 0.81198 1 0.6 8d 

 Si12 0.18908 0.82651 0.67832 1 0.6 8d 
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Table 5.16. Atomic parameters of Fe/Ga-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.38133 0.05960 0.76617 1 1.4398 8d 

O2 0.30580 0.06053 0.91424 1 1.4398 8d 

 O3 0.19432 0.06084 0.01228 1 1.4398 8d 

 O4 0.09846 0.06169 0.91886 1 1.4398 8d 

 O5 0.11918 0.05443 0.71804 1 1.4398 8d 

 O6 0.25548 0.04437 0.75660 1 1.4398 8d 

 O7 0.39208 0.84730 0.78530 1 1.4398 8d 

 O8 0.30764 0.84096 0.91430 1 1.4398 8d 

 O9 0.19398 0.84655 0.02954 1 1.4398 8d 

 O10 0.08007 0.85374 0.92174 1 1.4398 8d 

 O11 0.11128 0.84363 0.73470 1 1.4398 8d 

 O12 0.22848 0.83628 0.76170 1 1.4398 8d 

 O13 0.31080 0.93679 0.82497 1 1.4398 8d 

 O14 0.07270 0.93017 0.81185 1 1.4398 8d 

 O15 0.41660 0.13504 0.58744 1 1.4398 8d 

 O16 0.40266 0.99628 0.56227 1 1.4398 8d 

 O17 0.40404 0.86416 0.57133 1 1.4398 8d 

 O18 0.19309 0.14498 0.62759 1 1.4398 8d 

 O19 0.19514 -0.01980 0.61480 1 1.4398 8d 

 O20 0.19471 0.85979 0.59974 1 1.4398 8d 

 O21 1.00748 0.04953 0.78963 1 1.4398 8d 

 O22 1.00359 0.85114 0.75091 1 1.4398 8d 

 O23 0.42003 0.75000 0.65462 1 1.4398 4c 

 O24 0.19853 0.75000 0.63479 1 1.4398 4c 

 O25 0.29195 0.75000 0.08286 1 1.4398 4c 

 O26 0.10733 0.75000 0.07404 1 1.4398 4c 

 Si1 0.42315 0.05762 0.67142 1 0.7199 8d 

 Si2 0.31296 0.03522 0.82653 1 0.7199 8d 

 Si3 0.28049 0.06251 0.03372 1 0.7199 8d 

 Si4 0.12151 0.06057 0.03645 1 0.7199 8d 

 Si5 0.07382 0.02748 0.81817 1 0.7199 8d 

 Si6 0.19081 0.06168 0.67409 1.3352* 0.7199 8d 

 Si7 0.42749 0.83008 0.69250 1 0.7199 8d 

 Si8 0.30938 0.86737 0.82959 1 0.7199 8d 

 Si9 0.27677 0.82878 0.04337 1 0.7199 8d 

 Si10 0.11663 0.81993 0.03769 1 0.7199 8d 

 Si11 0.07222 0.86890 0.80191 1 0.7199 8d 

 Si12 0.18079 0.82814 0.67462 1 0.7199 8d 
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Table 5.17. Atomic parameters of Fe/B-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.36796 0.05042 0.74038 1 0.9609 8d 

O2 0.30322 0.06319 0.92658 1 0.9609 8d 

 O3 0.20163 0.05992 0.01475 1 0.9609 8d 

 O4 0.09144 0.03945 0.90694 1 0.9609 8d 

 O5 0.12457 0.07261 0.74069 1 0.9609 8d 

 O6 0.22629 0.06964 0.77696 1 0.9609 8d 

 O7 0.39382 0.83980 0.77672 1 0.9609 8d 

 O8 0.31058 0.83573 0.93479 1 0.9609 8d 

 O9 0.18804 0.84068 -0.00241 1 0.9609 8d 

 O10 0.11011 0.84887 0.90099 1 0.9609 8d 

 O11 0.12777 0.84581 0.73324 1 0.9609 8d 

 O12 0.25737 0.84408 0.76581 1 0.9609 8d 

 O13 0.30304 0.93787 0.81241 1 0.9609 8d 

 O14 0.08562 0.95326 0.82506 1 0.9609 8d 

 O15 0.41559 0.13509 0.64600 1 0.9609 8d 

 O16 0.40494 0.98840 0.58940 1 0.9609 8d 

 O17 0.39952 0.86555 0.55371 1 0.9609 8d 

 O18 0.18533 0.12592 0.61261 1 0.9609 8d 

 O19 0.18412 0.03370 0.58815 1 0.9609 8d 

 O20 0.20354 0.85679 0.59221 1 0.9609 8d 

 O21 0.99431 0.04966 0.77471 1 0.9609 8d 

 O22 0.99423 0.84906 0.78463 1 0.9609 8d 

 O23 0.42449 0.75000 0.70717 1 0.9609 4c 

 O24 0.20688 0.75000 0.67519 1 0.9609 4c 

 O25 0.27058 0.75000 0.01086 1 0.9609 4c 

 O26 0.10459 0.75000 0.06982 1 0.9609 4c 

 Si1 0.41936 0.05714 0.67305 1 0.4804 8d 

 Si2 0.30802 0.02944 0.82280 1.2406* 0.4804 8d 

 Si3 0.28244 0.05460 0.04556 1 0.4804 8d 

 Si4 0.11743 0.06626 0.03184 1 0.4804 8d 

 Si5 0.07212 0.03750 0.81429 1 0.4804 8d 

 Si6 0.18327 0.04427 0.68045 1 0.4804 8d 

 Si7 0.42237 0.82315 0.66708 1 0.4804 8d 

 Si8 0.31068 0.87140 0.82534 1 0.4804 8d 

 Si9 0.27739 0.83304 0.02539 1 0.4804 8d 

 Si10 0.11548 0.82555 0.04495 1 0.4804 8d 

 Si11 0.07427 0.86774 0.81369 1 0.4804 8d 

 Si12 0.19103 0.82381 0.67879 1 0.4804 8d 

Water1 O1 0.48146 0.36773 0.45202 0.5452 7 8d 
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Table 5.18. Atomic parameters of Cu/Al-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.38292 0.05969 0.76470 1 1.2 8d 

O2 0.30991 0.06035 0.91453 1 1.2 8d 

 O3 0.19925 0.04396 0.02637 1 1.2 8d 

 O4 0.09250 0.05904 0.93912 1 1.2 8d 

 O5 0.11301 0.06095 0.69945 1 1.2 8d 

 O6 0.24093 0.04684 0.75345 1 1.2 8d 

 O7 0.39521 0.85010 0.77988 1 1.2 8d 

 O8 0.31640 0.84709 0.89548 1 1.2 8d 

 O9 0.19990 0.84678 0.04076 1 1.2 8d 

 O10 0.09168 0.83705 0.93887 1 1.2 8d 

 O11 0.10799 0.84922 0.73094 1 1.2 8d 

 O12 0.23713 0.86111 0.78160 1 1.2 8d 

 O13 0.31313 0.93952 0.80765 1 1.2 8d 

 O14 0.07981 0.93925 0.83211 1 1.2 8d 

 O15 0.42831 0.15378 0.63664 1 1.2 8d 

 O16 0.39939 1.00792 0.57081 1 1.2 8d 

 O17 0.39321 0.86854 0.54115 1 1.2 8d 

 O18 0.18847 0.14147 0.61464 1 1.2 8d 

 O19 0.19712 -0.00808 0.60575 1 1.2 8d 

 O20 0.20133 0.86754 0.59088 1 1.2 8d 

 O21 1.00052 0.06068 0.75599 1 1.2 8d 

 O22 1.00213 0.84925 0.79446 1 1.2 8d 

 O23 0.41989 0.75000 0.66265 1 1.2 4c 

 O24 0.19451 0.75000 0.60233 1 1.2 4c 

 O25 0.30322 0.75000 0.09781 1 1.2 4c 

 O26 0.08779 0.75000 0.08809 1 1.2 4c 

 Si1 0.42525 0.05959 0.68484 1 0.6 8d 

 Si2 0.31354 0.03220 0.82342 1 0.6 8d 

 Si3 0.27579 0.06253 0.02584 1 0.6 8d 

 Si4 0.12404 0.05455 0.01350 1 0.6 8d 

 Si5 0.07146 0.03555 0.81274 1 0.6 8d 

 Si6 0.19149 0.06400 0.67078 1 0.6 8d 

 Si7 0.42616 0.83196 0.66609 1 0.6 8d 

 Si8 0.31359 0.86384 0.82773 1 0.6 8d 

 Si9 0.28994 0.81987 0.02762 1 0.6 8d 

 Si10 0.12176 0.81615 0.04350 1 0.6 8d 

 Si11 0.06907 0.86692 0.80583 1 0.6 8d 

 Si12 0.18408 0.82669 0.68732 1.2588* 0.6 8d 

Water1 O1 0.50920 0.25123 -0.13938 0.4171 8 8d 

Water2 O2 0.50697 -0.02271 -0.06333 0.3971 8 8d 

Water3 O3 -0.50826 0.16454 -0.04125 0.7816 8 8d 

Water4 O4 -0.73969 0.24463 -0.10154 0.6393 8 8d 

Water5 O5 -0.52583 -0.21553 -0.06154 0.4389 8 8d 
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Table 5.19. Atomic parameters of Cu/Ga-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37457 0.05369 0.77299 1 1.73028 8d 

O2 0.30270 0.06622 0.91221 1 1.73028 8d 

 O3 0.20333 0.05209 0.01384 1 1.73028 8d 

 O4 0.09571 0.06158 0.92047 1 1.73028 8d 

 O5 0.11842 0.05225 0.71586 1 1.73028 8d 

 O6 0.24506 0.05807 0.75603 1 1.73028 8d 

 O7 0.39861 0.84194 0.78950 1 1.73028 8d 

 O8 0.31507 0.84758 0.90637 1 1.73028 8d 

 O9 0.18333 0.84471 0.02910 1 1.73028 8d 

 O10 0.08878 0.85064 0.90931 1 1.73028 8d 

 O11 0.10683 0.84985 0.74288 1 1.73028 8d 

 O12 0.23777 0.84202 0.75938 1 1.73028 8d 

 O13 0.30892 0.93744 0.82488 1 1.73028 8d 

 O14 0.07227 0.93686 0.82515 1 1.73028 8d 

 O15 0.41537 0.14335 0.62519 1 1.73028 8d 

 O16 0.39892 0.98777 0.56410 1 1.73028 8d 

 O17 0.40016 0.86953 0.56708 1 1.73028 8d 

 O18 0.19322 0.15115 0.62909 1 1.73028 8d 

 O19 0.20424 -0.01749 0.61817 1 1.73028 8d 

 O20 0.19680 0.85901 0.59980 1 1.73028 8d 

 O21 1.00655 0.05534 0.77681 1 1.73028 8d 

 O22 1.00098 0.85193 0.75080 1 1.73028 8d 

 O23 0.42186 0.75000 0.63774 1 1.73028 4c 

 O24 0.18365 0.75000 0.61364 1 1.73028 4c 

 O25 0.29574 0.75000 0.07985 1 1.73028 4c 

 O26 0.09478 0.75000 0.10587 1 1.73028 4c 

 Si1 0.42149 0.05327 0.66977 1 0.86514 8d 

 Si2 0.31209 0.03267 0.83037 1 0.86514 8d 

 Si3 0.27907 0.06183 0.03274 1 0.86514 8d 

 Si4 0.11874 0.05807 0.03030 1 0.86514 8d 

 Si5 0.07391 0.02963 0.82086 1 0.86514 8d 

 Si6 0.19348 0.06171 0.66472 1.3346* 0.86514 8d 

 Si7 0.43022 0.82861 0.68293 1 0.86514 8d 

 Si8 0.31121 0.86714 0.82330 1 0.86514 8d 

 Si9 0.27795 0.82692 0.03767 1 0.86514 8d 

 Si10 0.11834 0.81607 0.03232 1 0.86514 8d 

 Si11 0.07271 0.86383 0.81411 1 0.86514 8d 

 Si12 0.18731 0.82692 0.67519 1 0.86514 8d 

Water1 O1 0.35314 0.23586 -0.12051 0.3406 8 8d 

Water2 O2 0.48732 0.49544 0.06707 0.4175 8 8d 

Water3 O3 0.61909 0.30742 0.56819 0.5779 8 8d 

Water4 O5 0.51675 0.28235 0.90390 0.6172 8 8d 
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Table 5.20. Atomic parameters of Cu/B-Z derived from synchrotron PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37439 0.06183 0.75485 1 1.73028 8d 

O2 0.30843 0.06014 0.92019 1 1.73028 8d 

 O3 0.19967 0.06045 0.03227 1 1.73028 8d 

 O4 0.09096 0.06092 0.91501 1 1.73028 8d 

 O5 0.11881 0.05304 0.72666 1 1.73028 8d 

 O6 0.24172 0.04834 0.73954 1 1.73028 8d 

 O7 0.37975 0.84450 0.76134 1 1.73028 8d 

 O8 0.31314 0.84467 0.91851 1 1.73028 8d 

 O9 0.19003 0.84636 0.02615 1 1.73028 8d 

 O10 0.09219 0.83758 0.93354 1 1.73028 8d 

 O11 0.11418 0.84383 0.73161 1 1.73028 8d 

 O12 0.24904 0.85774 0.77817 1 1.73028 8d 

 O13 0.31183 0.96003 0.81917 1 1.73028 8d 

 O14 0.07785 0.94729 0.82187 1 1.73028 8d 

 O15 0.42134 0.12905 0.61701 1 1.73028 8d 

 O16 0.40273 0.99599 0.57894 1 1.73028 8d 

 O17 0.40140 0.87114 0.57054 1 1.73028 8d 

 O18 0.19283 0.12880 0.61905 1 1.73028 8d 

 O19 0.19170 -0.00143 0.59485 1 1.73028 8d 

 O20 0.19928 0.86818 0.57730 1 1.73028 8d 

 O21 0.99872 0.04775 0.79441 1 1.73028 8d 

 O22 0.99952 0.84781 0.78421 1 1.73028 8d 

 O23 0.42804 0.75000 0.65033 1 1.73028 4c 

 O24 0.19182 0.75000 0.64219 1 1.73028 4c 

 O25 0.28222 0.75000 0.07094 1 1.73028 4c 

 O26 0.09929 0.75000 0.08109 1 1.73028 4c 

 Si1 0.42599 0.05721 0.66306 1 0.86514 8d 

 Si2 0.30768 0.02957 0.81107 1 0.86514 8d 

 Si3 0.27727 0.06332 0.02911 1 0.86514 8d 

 Si4 0.12257 0.06249 0.02250 1 0.86514 8d 

 Si5 0.06984 0.03118 0.81126 1 0.86514 8d 

 Si6 0.18793 0.06159 0.67112 1 0.86514 8d 

 Si7 0.42398 0.82858 0.67892 1 0.86514 8d 

 Si8 0.31146 0.86726 0.81668 1 0.86514 8d 

 Si9 0.27839 0.82553 0.03141 1 0.86514 8d 

 Si10 0.12425 0.82453 0.03381 1 0.86514 8d 

 Si11 0.07494 0.86972 0.81423 1 0.86514 8d 

 Si12 0.18733 0.82701 0.68146 1.1842* 0.86514 8d 

Water1 O5 0.49092 0.30494 -0.07982 0.4289 8 8d 
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Table 5.21. Catalytic performance of 4-chlorostyrene of the zeolite sample labelled. 

Catalyst Reaction 

temp. (C) 

Conv.(4Cl-styrene) 

(%) 

Sel.(4Cl-benzaldehyde) 

(%) 

Activation energy 

(kJ) 

Fe/Al-Z 

50 7.2 54.1 

87.685 70 35.0 74.7 

90 24.1 74.0 

Fe/Ga-Z 

50 6.9 67.5 

51.578 70 33.6 71.5 

90 51.6 73.4 

Fe/B-Z 

50 9.3 74.5 

49.533 70 57.4 75.4 

90 65.3 78.6 

Cu/Al-Z 

50 No reaction - 

50.060 
70 36.9 57.8 

90 30.3 76.6 

110 73.0 75.6 

Cu/Ga-Z 

50 No reaction - 

70.744 
70 10.6 37.0 

90 23.6 85.5 

110 78.6 65.9 

Cu/B-Z 

50 No reaction - 

84.369 
70 9.6 67.3 

90 13.3 78.3 

110 61.5 72.9 

Na-Fe/Al-Z 70 16.3 76.0 - 

Na-Fe/Ga-Z 70 12.7 62.0 - 

Na-Fe/B-Z 70 15.2 71.5 - 

H-ZSM-5 70 14.7 55.1 - 

Na-ZSM-5 70 No reaction - - 
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Table 5.22. Crystallographic data of the synchrotron PXRD measurement of the 4-

chlorostrene (4Cl-sty) and GVL pre-adsorbed zeolite sample labelled. 

 4Cl-sty-Fe/Al-Z 4Cl-sty-Fe/B-Z GVL-Fe/Al-Z GVL-Fe/B-Z 

Diffractom

eter 

Rigaku SmartLab Rigaku SmartLab Rigaku SmartLab Rigaku SmartLab 

Wavelengt

h (Å )  

0.7093 0.7093 0.7093 0.7093 

2θ – zero 

point () 

-0.00557(17) -0.00817(16) -0.00154(28)- -0.00335 

Space 

group 

Pnma Pnma Pnma Pnma 

Crystal 

system 

Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å ) 20.11775(58) 20.01241(48) 20.12910(72) 20.04154(30) 

b (Å ) 19.92743(53) 19.88942(54) 19.95968(86) 19.86729(33) 

c (Å ) 13.40824(40) 13.36641(37) 13.44821(56) 13.37965(25) 

V (Å 3) 5375.30(27) 5320.29(24) 5403.09(38) 5327.39(15) 

2θ range 

for 

refinement 

() 

3-50 3-50 3-50 3-50 

Detector D/tex Ultra 250-HE D/tex Ultra 250-HE D/tex Ultra 250-HE D/tex Ultra 250-HE 

Number of 

parameters 

24 24 24 24 

Number of 

hkls 

5036 8187 5073 4986 

Refinement 

methods 

LeBail LeBail LeBail LeBail 

Rwp/Rexp/Rp 

(%) 

2.329/2.828/1.791 4.467/3.051/3.239 4.073/6.008/3.012 4.253/6.069/3.290 

Gof 0.824 1.464 0.678 0.701 

Rwp: weighted profile; Rexp: expected; Rp: profile; gof: goodness-of-fit. 
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Table 5.23. Atomic parameters of 4Cl-sty-Fe/Al-Z derived from PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.38399 0.05878 0.76741 1 0.1941 8d 

O2 0.28158 0.05573 0.93411 1 0.1941 8d 

 O3 0.18726 0.04622 0.02763 1 0.1941 8d 

 O4 0.0833 0.0704 0.9258 1 0.1941 8d 

 O5 0.11522 0.04014 0.71712 1 0.1941 8d 

 O6 0.25712 0.03818 0.74286 1 0.1941 8d 

 O7 0.37293 0.84347 0.76652 1 0.1941 8d 

 O8 0.31422 0.83556 0.93155 1 0.1941 8d 

 O9 0.20253 0.84841 -0.01042 1 0.1941 8d 

 O10 0.08887 0.83149 0.91674 1 0.1941 8d 

 O11 0.12424 0.844 0.73922 1 0.1941 8d 

 O12 0.22386 0.84756 0.77626 1 0.1941 8d 

 O13 0.3093 0.94395 0.8213 1 0.1941 8d 

 O14 0.0881 0.95694 0.80367 1 0.1941 8d 

 O15 0.4167 0.13068 0.60315 1 0.1941 8d 

 O16 0.41828 0.99026 0.59621 1 0.1941 8d 

 O17 0.40663 0.87397 0.59093 1 0.1941 8d 

 O18 0.1878 0.11457 0.61751 1 0.1941 8d 

 O19 0.23153 0.0079 0.61313 1 0.1941 8d 

 O20 0.19795 0.84274 0.58141 1 0.1941 8d 

 O21 0.9988 0.05178 0.78692 1 0.1941 8d 

 O22 0.99935 0.83687 0.77263 1 0.1941 8d 

 O23 0.43513 0.75 0.62121 1 0.1941 4c 

 O24 0.20272 0.75 0.62301 1 0.1941 4c 

 O25 0.313 0.75 0.04502 1 0.1941 4c 

 O26 0.09524 0.75 0.0782 1 0.1941 4c 

 Si1 0.42606 0.06764 0.66273 1 0.097 8d 

 Si2 0.32293 0.03747 0.83325 1 0.097 8d 

 Si3 0.26831 0.0716 0.03174 1 0.097 8d 

 Si4 0.12128 0.07527 0.02309 1 0.097 8d 

 Si5 0.07129 0.02925 0.81017 1 0.097 8d 

 Si6 0.18292 0.05472 0.68203 1.46553 0.097 8d 

 Si7 0.433 0.82948 0.6832 1 0.097 8d 

 Si8 0.31414 0.86191 0.82342 1 0.097 8d 

 Si9 0.27583 0.84036 0.04001 1 0.097 8d 

 Si10 0.11537 0.82756 0.04262 1 0.097 8d 

 Si11 0.07958 0.86622 0.81762 1 0.097 8d 

 Si12 0.1933 0.83018 0.67705 1 0.097 8d 

4-Cl-sty Cl1 0.42768 -0.02431 -0.04426 0.8511 8 8d 

 C2 0.44962 0.068549 -0.02199 0.8511 8 8d 

 C3 0.498821 0.086401 0.04602 0.8511 8 8d 

 C4 0.514738 0.152872 0.062259 0.8511 8 8d 

 C5 0.481573 0.20371 0.010441 0.8511 8 8d 

 C6 0.432138 0.185687 -0.05789 0.8511 8 8d 

 C7 0.416608 0.119063 -0.07356 0.8511 8 8d 

 C8 0.496921 0.268667 0.026017 0.8511 8 8d 

 C9 0.544947 0.295024 -0.03224 0.8511 8 8d 

Water1 O1 0.11817 0.2492 0.839868 0.9011 8 8d 

Water2 O1 -0.08561 0.73743 1.020655 0.1874 8 8d 
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Table 5.24. Atomic parameters of 4Cl-sty-Fe/B-Z derived from PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.37846 0.04456 0.7543 1 0.6848 8d 

O2 0.30255 0.05825 0.92132 1 0.6848 8d 

 O3 0.19771 0.06239 0.03627 1 0.6848 8d 

 O4 0.09774 0.06008 0.90918 1 0.6848 8d 

 O5 0.11632 0.0525 0.73301 1 0.6848 8d 

 O6 0.25356 0.04071 0.73525 1 0.6848 8d 

 O7 0.37667 0.8333 0.76649 1 0.6848 8d 

 O8 0.31233 0.84136 0.91544 1 0.6848 8d 

 O9 0.19782 0.84948 0.03346 1 0.6848 8d 

 O10 0.09304 0.83247 0.91558 1 0.6848 8d 

 O11 0.11448 0.84535 0.74292 1 0.6848 8d 

 O12 0.2269 0.84348 0.74855 1 0.6848 8d 

 O13 0.31314 0.94349 0.81784 1 0.6848 8d 

 O14 0.083 0.94816 0.81488 1 0.6848 8d 

 O15 0.42729 0.12889 0.59605 1 0.6848 8d 

 O16 0.41533 0.9871 0.58405 1 0.6848 8d 

 O17 0.39958 0.86522 0.56047 1 0.6848 8d 

 O18 0.18625 0.12612 0.60881 1 0.6848 8d 

 O19 0.19668 0.008 0.5778 1 0.6848 8d 

 O20 0.19989 0.87331 0.57849 1 0.6848 8d 

 O21 0.99577 0.04711 0.79585 1 0.6848 8d 

 O22 0.99936 0.85809 0.79922 1 0.6848 8d 

 O23 0.42216 0.75 0.6502 1 0.6848 4c 

 O24 0.18939 0.75 0.65863 1 0.6848 4c 

 O25 0.28173 0.75 0.04457 1 0.6848 4c 

 O26 0.09582 0.75 0.05746 1 0.6848 4c 

 Si1 0.42525 0.05682 0.6514 1 0.3424 8d 

 Si2 0.31554 0.0252 0.82444 1.2406 0.3424 8d 

 Si3 0.27542 0.06648 0.02767 1 0.3424 8d 

 Si4 0.123 0.06121 0.01425 1 0.3424 8d 

 Si5 0.0693 0.02965 0.79928 1 0.3424 8d 

 Si6 0.18213 0.06262 0.66263 1 0.3424 8d 

 Si7 0.42143 0.82977 0.67589 1 0.3424 8d 

 Si8 0.30501 0.87318 0.8045 1 0.3424 8d 

 Si9 0.27615 0.82871 0.02818 1 0.3424 8d 

 Si10 0.12053 0.8229 0.03505 1 0.3424 8d 

 Si11 0.06846 0.86274 0.81932 1 0.3424 8d 

 Si12 0.18557 0.82948 0.66918 1 0.3424 8d 

4-Cl-sty Cl1 -0.06098 0.5132 0.45773 0.4062 8 8d 

 C2 -0.07135 0.424641 0.513972 0.4062 8 8d 

 C3 -0.04573 0.368587 0.465033 0.4062 8 8d 

 C4 -0.05303 0.305011 0.505011 0.4062 8 8d 

 C5 -0.08644 0.295725 0.595812 0.4062 8 8d 

 C6 -0.11217 0.35211 0.644907 0.4062 8 8d 

 C7 -0.10459 0.415465 0.604272 0.4062 8 8d 

 C8 -0.0937 0.233775 0.635156 0.4062 8 8d 

 C9 -0.04498 0.212526 0.697187 0.4062 8 8d 

Water1 O1 0.453865 0.746407 0.205945 0.7854 8 8d 

Water2 O1 0.106236 0.24761 0.878777 0.9006 8 8d 

Water3 O1 0.598411 0.607566 0.400832 0.4697 8 8d 
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Table 5.25. Atomic parameters of GVL-Fe/Al-Z derived from PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.39307 0.05508 0.75835 1 0.0783 8d 

O2 0.30006 0.05278 0.9248 1 0.0783 8d 

 O3 0.19555 0.06785 0.03664 1 0.0783 8d 

 O4 0.09335 0.06499 0.92963 1 0.0783 8d 

 O5 0.1077 0.05233 0.73747 1 0.0783 8d 

 O6 0.25159 0.03222 0.75088 1 0.0783 8d 

 O7 0.37149 0.8291 0.75601 1 0.0783 8d 

 O8 0.31226 0.83354 0.93241 1 0.0783 8d 

 O9 0.18104 0.84347 0.02251 1 0.0783 8d 

 O10 0.09732 0.84165 0.92837 1 0.0783 8d 

 O11 0.11863 0.84584 0.74045 1 0.0783 8d 

 O12 0.22675 0.83588 0.74783 1 0.0783 8d 

 O13 0.31746 0.94589 0.81134 1 0.0783 8d 

 O14 0.07893 0.96925 0.8524 1 0.0783 8d 

 O15 0.41833 0.13184 0.60776 1 0.0783 8d 

 O16 0.40526 0.9989 0.5674 1 0.0783 8d 

 O17 0.39508 0.85595 0.55118 1 0.0783 8d 

 O18 0.19649 0.12847 0.59526 1 0.0783 8d 

 O19 0.20624 -0.00915 0.57762 1 0.0783 8d 

 O20 0.1995 0.86953 0.58716 1 0.0783 8d 

 O21 0.99816 0.06328 0.79917 1 0.0783 8d 

 O22 1.00053 0.84426 0.76162 1 0.0783 8d 

 O23 0.43516 0.75 0.66466 1 0.0783 4c 

 O24 0.19814 0.75 0.6766 1 0.0783 4c 

 O25 0.29264 0.75 0.06819 1 0.0783 4c 

 O26 0.10279 0.75 0.07787 1 0.0783 4c 

 Si1 0.42263 0.06215 0.65924 1 0.0391 8d 

 Si2 0.31424 0.02616 0.81001 1 0.0391 8d 

 Si3 0.27196 0.06216 0.03914 1 0.0391 8d 

 Si4 0.11708 0.07182 0.02464 1 0.0391 8d 

 Si5 0.07281 0.03726 0.82548 1 0.0391 8d 

 Si6 0.18078 0.05318 0.68277 1.46553 0.0391 8d 

 Si7 0.42254 0.83121 0.66751 1 0.0391 8d 

 Si8 0.31033 0.85628 0.80372 1 0.0391 8d 

 Si9 0.27183 0.8257 0.02391 1 0.0391 8d 

 Si10 0.12367 0.83036 0.02057 1 0.0391 8d 

 Si11 0.06119 0.87702 0.81605 1 0.0391 8d 

 Si12 0.18274 0.82418 0.65791 1 0.0391 8d 

GVL1 O1 -0.23101 -0.25501 0.20205 0.4062 8 8d 

 C2 -0.28835 -0.25249 0.169251 0.4062 8 8d 

 C3 -0.30461 -0.26493 0.062113 0.4062 8 8d 

 C4 -0.37816 -0.28321 0.075302 0.4062 8 8d 

 C5 -0.39424 -0.23823 0.163103 0.4062 8 8d 

 C6 -0.45596 -0.26036 0.222006 0.4062 8 8d 

 O7 -0.33719 -0.22493 0.225266 0.4062 8 8d 
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Table 5.26. Atomic parameters of GVL-Fe/B-Z derived from PXRD. 

Species Atom x y z SOF Beq Wyckoff 

Zeolite 

framework 

O1 0.3767 0.05686 0.75479 1 0.887 8d 

O2 0.30619 0.05106 0.93662 1 0.887 8d 

 O3 0.20404 0.0635 0.03351 1 0.887 8d 

 O4 0.09899 0.05903 0.90753 1 0.887 8d 

 O5 0.11556 0.04714 0.72618 1 0.887 8d 

 O6 0.24291 0.0406 0.74579 1 0.887 8d 

 O7 0.37887 0.83434 0.76967 1 0.887 8d 

 O8 0.30478 0.83507 0.91662 1 0.887 8d 

 O9 0.20903 0.84221 0.02826 1 0.887 8d 

 O10 0.08594 0.83661 0.91963 1 0.887 8d 

 O11 0.12537 0.83796 0.73282 1 0.887 8d 

 O12 0.23988 0.84741 0.77008 1 0.887 8d 

 O13 0.31517 0.93993 0.81996 1 0.887 8d 

 O14 0.0811 0.94061 0.82238 1 0.887 8d 

 O15 0.41755 0.13087 0.60403 1 0.887 8d 

 O16 0.40589 0.9998 0.57135 1 0.887 8d 

 O17 0.38962 0.85873 0.57453 1 0.887 8d 

 O18 0.20098 0.11991 0.63244 1 0.887 8d 

 O19 0.19218 0.00993 0.60727 1 0.887 8d 

 O20 0.20698 0.8583 0.60123 1 0.887 8d 

 O21 0.9902 0.04613 0.79892 1 0.887 8d 

 O22 0.98764 0.8525 0.78882 1 0.887 8d 

 O23 0.43218 0.75 0.64883 1 0.887 4c 

 O24 0.18441 0.75 0.65766 1 0.887 4c 

 O25 0.28109 0.75 0.05715 1 0.887 4c 

 O26 0.09823 0.75 0.06307 1 0.887 4c 

 Si1 0.42281 0.06252 0.66092 1 0.4435 8d 

 Si2 0.3094 0.02423 0.82168 1 0.4435 8d 

 Si3 0.27533 0.06012 0.03387 1 0.4435 8d 

 Si4 0.12119 0.06761 0.01499 1 0.4435 8d 

 Si5 0.06856 0.02724 0.80209 1 0.4435 8d 

 Si6 0.18494 0.05095 0.6706 1.46553 0.4435 8d 

 Si7 0.41951 0.82336 0.67547 1 0.4435 8d 

 Si8 0.30499 0.87383 0.80578 1 0.4435 8d 

 Si9 0.27572 0.82787 0.04124 1 0.4435 8d 

 Si10 0.12292 0.83469 0.04091 1 0.4435 8d 

 Si11 0.07247 0.87495 0.80975 1 0.4435 8d 

 Si12 0.19067 0.82734 0.67882 1 0.4435 8d 

GVL1 O1 0.08929 -0.28655 0.36562 0.7346 8 8d 

 C2 0.051614 -0.32146 0.417244 0.7346 8 8d 

 C3 0.041815 -0.39536 0.399448 0.7346 8 8d 

 C4 0.016477 -0.41427 0.503944 0.7346 8 8d 

 C5 -0.02031 -0.34952 0.529036 0.7346 8 8d 

 C6 -0.03127 -0.33879 0.641701 0.7346 8 8d 

 O7 0.007312 -0.29126 0.4793 0.7346 8 8d 

Water1 O1 0.105131 0.2509 0.827066 0.5881 8 8d 
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Chapter 6 Conclusion and Outlook 

This thesis presents a comprehensive demonstration of diverse strategies for 

introducing active species into porous materials to achieve the rational design of 

bifunctional catalysts. Through the introduction of distinct active species into the 

porous material, two main categories of bifunctional catalysts have been identified: 

bimetallic catalysts and metal/non-metal catalysts embedded within the porous matrices 

of zeolites and metal-organic frameworks (MOFs). By employing state-of-the-art 

characterization techniques, it becomes possible to elucidate the properties and 

positioning of the active species. Furthermore, the investigation of the structure-activity 

relationship between the bifunctional catalysts and the reactants has been conducted 

using various probe reactions. 

 

In Chapter 3, we present the preparation of atomic dispersed 3d metal bimetallic dual-

atom catalysts. Through the utilization of a di-basic imidazole linker, a linker-bridged 

3d bimetallic dual atom can be assembled within the zeolite support. The structure of 

the bimetallic cluster has been confirmed through Rietveld refinement of the RXRD 

pattern, in combination with various characterization techniques, including XAFS, 

MALDI-TOF-TOF-MS, and XPS. With the assistance of the probe superoxide 

dismutation reaction, three distinct synergistic advantages have been unveiled: (1) 

neighboring bimetallic active motifs, (2) a tertiary structure encompassing the zeolite 

support, and (3) the local coordination environment. These findings provide valuable 

insights into a reliable approach for the precise engineering of novel bimetallic catalysts. 

 

In Chapter 4, we extend the concept of ligand-mediated bimetallic clusters localized 

within porous materials, as discussed in Chapter 3, to MOF materials. We present the 

preparation of Cu-Fe dual-atom catalysts (DACs) on the Zr6O4 secondary building unit 

(SBU) of UiO-66-NH2. In contrast to the approaches described in Chapter 3, an 

additional activation step is employed to form a Cu-oxo-Fe bimetallic cluster on the 

SBU of UiO-66-NH2. The presence of the oxo-bridge within the Cu-Fe DACs promotes 

the selective oxidation of styrene, resulting in a selectivity of over 92% towards 

benzaldehyde. The significant results obtained from the probe reaction indicate that 

supported bimetallic dual-atom catalysts (DACs) represent a promising class of 

materials for the activation of small molecules, despite the challenges associated with 

their synthesis. 
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Chapter 5 provides a comprehensive investigation of the systematic studies conducted 

to prepare a bifunctional metal/Brønsted acid zeolite catalyst via a one-pot 

hydrothermal synthesis. The Lewis acidity, Brønsted acidity, and the precise positioning 

of the active species are confirmed through Rietveld refinement using probe molecules, 

as well as information derived from various characterization techniques, including 

XAFS, Py-FT-IR, NH3-TPD, and XPS. By employing two probe reactions, namely 

styrene oxidation and GVL decarboxylation, we confirm the optimal combination of 

acid strength from different acid sites and unveil the synergistic cooperativity between 

the two active species. 

 

In conclusion, this thesis presents a comprehensive and systematic study of achieving 

a rational design of bifunctional catalysts utilizing various porous materials. Through 

the application of diverse characterization techniques, we have successfully revealed 

the geometric and electronic structural information of the active species. Furthermore, 

the structure-activity relationship has been elucidated, providing valuable insights into 

the catalyst's performance. The findings of this thesis highlight the possibility of 

tailoring the active species of heterogeneous catalysts for specific applications, 

emphasizing the potential for customized catalytic systems. 




