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Abstract 

This thesis investigates the synthesis and characterization of Zr-based metal-organic 

frameworks (MOFs) and their applications in water treatment and solar fuel production. MOFs 

are porous materials composed of metal ions and organic linkers that exhibit tuneable structures 

and functionalities. These properties make them suitable for various applications, such as gas 

storage, catalysis, sensing, drug delivery, etc.  

Water treatment is the process of removing contaminants from water to make it safe and clean 

for human use. One of the main contaminants in water are dyes, which are widely used in the 

textile, paper, and leather industries. Dye pollution can cause serious problems for aquatic life, 

human health, and aesthetic quality of water. To remove dyes from water, we synthesized a 

new Zr-MOF called TMU-66, which has a hollow sphere shape and an N-oxide functional 

group. TMU-66 can efficiently and selectively adsorb dye molecules through various 

interactions, such as electrostatic attraction, π-π stacking, and coordination bonding. TMU-66 

exhibited an adsorption capacity of 472 mg/g for Congo red dye at pH 6.8 and 25 °C, one of 

the highest values achieved for MOF-based adsorbents so far. 

Solar fuel production is the process of converting solar energy into chemical fuels that can be 

stored and used later. One of the most promising fuels is ammonia (NH3), which can be 

produced from nitrogen (N2) and water (H2O) using sunlight as the energy source. This process 

is called N2 photoreduction or photocatalytic nitrogen fixation. However, this process is 

challenging because N2 is very stable and difficult to break apart. We modified another Zr-

MOF called MOF-808 by adding a nitro group to its linker. The modified framework is able to 

absorb visible light and transfer electrons to N2 molecules. We also combined MOF-808/NIP 

with another material called g-C3N4, which can enhance light absorption and electron transfer. 
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The resulting composite, MOF-808/NIP@g-C3N4, can produce up to 490 μmol ammonia per 

gram of composite per hour under visible light and ambient conditions. 

In summary, the objectives of this thesis work were to investigate the potential of MOFs for 

two distinct applications, utilizing a conceptual design approach that incorporated bandgap 

engineering, structure modulation, and heterojunction composite materials. The findings 

revealed that MOFs can absorb water impurities and function as photocatalysts to achieve 

ammonia production through solar-powered N2 photoreduction. This breakthrough has the 

potential to foster the creation of more effective and environmentally conscious technologies 

that tackle worldwide water pollution and ammonia production issues. These technologies are 

crucial in safeguarding our planet and guaranteeing a stable future. 

 

Keywords: Zr-based metal-organic frameworks (MOFs), Water treatment, Congo red, TMU-

66, N2 photoreduction, MOF-808/NIP@g-C3N4 
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Résumé 

Cette thèse porte sur la synthèse et la caractérisation de cadres métallo-organiques (MOF) à 

base de Zr et leurs applications dans le traitement de l'eau et la production de carburant solaire. 

Les MOF sont des matériaux poreux composés d'ions métalliques et d'éléments de liaison 

organiques qui présentent des structures et des fonctionnalités ajustables. Ces propriétés les 

rendent aptes pour diverses applications, telles que le stockage de gaz, la catalyse, la détection, 

l'administration de médicaments, etc.  

Le traitement de l'eau consiste à éliminer les contaminants de l'eau afin de la rendre propre et 

sans danger pour l'homme. L'un des principaux contaminants de l'eau sont les colorants, 

largement utilisé dans les industries du textile, du papier et du cuir. La pollution par les 

colorants peut entraîner de graves problèmes pour la vie aquatique, la santé humaine et la 

qualité esthétique de l'eau. Pour éliminer les colorants de l'eau, nous avons synthétisé un 

nouveau Zr-MOF appelé TMU-66, qui a une forme de sphère creuse et un groupe fonctionnel 

N-oxyde. TMU-66 peut adsorber efficacement et sélectivement les molécules de colorant par 

le biais de diverses interactions, telles que les interactions électrostatiques, l'empilement π-π et 

la liaison de coordination. TMU-66 a présenté une capacité d'adsorption de 472 mg/g pour le 

colorant rouge Congo à un pH de 6,8 et à 25 °C, une des valeurs les plus élevées obtenues 

jusqu'à présent pour des adsorbants à base de MOF. 

La production de combustibles solaires est le processus de conversion de l'énergie solaire en 

combustibles chimiques qui peuvent être stockés et utilisés ultérieurement. L'un des carburants 

les plus prometteurs est l'ammoniac (NH3), qui peut être produit à partir d'azote (N2) et d'eau 

(H2O) en utilisant l’irradiation solaire comme source d'énergie. Ce processus est appelé 

photoréduction de N2 ou fixation photocatalytique de l'azote. Cependant, ce processus est 

difficile car N2 est très stable et difficile à décomposer. Nous avons modifié un autre Zr-MOF, 
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appelé MOF-808, en introduisant un groupe nitro dans le linker organique. Cette structure 

modifiée peut absorber la lumière visible et transférer des électrons aux molécules de N2. Nous 

avons également combiné le MOF-808/NIP avec un autre matériau,  le g-C3N4, pour améliorer 

l'absorption de la lumière et le transfert d'électrons. Le composite ainsi obtenue, MOF-

808/NIP@g-C3N4, peut produire jusqu'à 490 μmol d'ammoniac par gramme de composite et 

par heure sous irradiation visible. 

En résumé, les objectifs de ce travail de thèse étaient d'étudier le potentiel des MOF pour deux 

applications distinctes, en utilisant une approche conceptuelle qui intègre l'ingénierie de la 

bande interdite, la modulation de la structure et les matériaux composites à hétérojonction. Les 

résultats ont révélé que les MOF peuvent adsorber les impuretés de l’eau et fonctionner comme 

des photocatalyseurs pour produire de l’ammoniac grâce à la photoréduction de N2 sous 

irradiation visible. Les résultats obtenus ouvrent des perspectives très intéressantes dans le 

domaine de traitement de l’eau polluée et de production d’ammoniac. Ces technologies sont 

cruciales pour sauvegarder notre planète et garantir un avenir stable. 

 

Mots-clés : Cadre métallo-organique (MOF) à base de Zr, traitement de l'eau, rouge Congo, 

TMU-66, photoréduction de N2, MOF-808/NIP@g-C3N4 
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1. General Introduction 

1.1 Supramolecular Chemistry 

The discipline of chemistry has undergone a remarkable evolution since the early days of 

molecular chemistry, which consisted of interactions and combinations of atoms to create 

intricate molecules. Today, the field has expanded to encompass supramolecular chemistry, 

which delves into the fascinating study of non-covalent interactions between organized entities 

to produce intricate molecular assemblies.1 These reversible interactions, which include 

hydrogen bonds, van der Waals forces, electrostatic and π-π interactions (Fig. 1.1), are essential 

in constructing complex materials and molecular machines.2 Cooperative noncovalent 

interactions can form stable supramolecular complexes, despite their relative weakness 

compared to covalent interactions.  

 

Figure 1.1. Examples of some supramolecular interactions.3  

Supramolecular chemistry is a multidisciplinary field divided into two subgroups: host-guest 

chemistry and self-assembly. The difference between these two subgroups is related to the size 

and shape of the molecules involved. In biorecognition, host-guest interactions involve the 

convergence of binding sites within an organic molecule or ion, referred to as the host 
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component, with the diverging binding sites of a guest molecule or ion. These noncovalent 

complexes, as described by Donald Cram, are fundamental to various biological processes such 

as enzyme-inhibitor and antigen-antibody reactions, as well as coordination chemistry 

complexes where significant ligands act as hosts for metal cations.4 Self-assembly refers to the 

natural and reversible process of smaller components combining supramolecular forces to form 

larger structures. It is crucial to comprehend and manipulate these principles, because the 

arrangement of their components frequently determines the properties of materials.5 

 

Figure 1.2 The development of a supramolecular system from molecular building blocks 

(binding sites represented by circles); (a) host–guest complexation; (b) lattice inclusion; (c) 

self-assembly between complementary molecules.6 
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1.1.1 Supramolecular Design 

One of the key goals of supramolecular chemistry is to design and synthesize new materials 

with specific properties and functions. This includes materials with improved mechanical, 

optical, or electronic properties and specific catalytic or sensing capabilities. This is why, 

despite being a relatively young field, supramolecular chemistry has undeniably revolutionized 

various subfields, such as molecular recognition, molecular self-assembly, mechanically 

interlocked molecular architectures, template-directed synthesis, biomimetics, and molecular 

machinery.6 Many noncovalent bonding interactions have been used by synthetic 

supramolecular chemists to create intricate and complicated structures. The first goal of 

supramolecular design is to provide predictability over the precise packing arrangement of 

structural elements in the solid state. Structure design and engineering principles and strategies 

are founded on two main concepts: a) supramolecular synthons, which are structural units 

having binding sites, and b) supramolecular interactions to hold synthons together. 

Supramolecular interactions are principally responsible for the packing of most crystals found 

thus far; therefore, information and insight obtained from studying such systems can be 

utilized in the rational design of innovative materials.7,8 The qualities of a material are 

determined by the nature of its constituents and their interactions. Control over interactions and 

self-organization from suitable units enables the design of “smart” materials whose properties 

are dependent on molecular information. We concentrate on chemical approaches that are 

directed or templated to generate very complex functionalized three-dimensional coordination 

polymers.9,10 
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Figure 1.3. Schematic illustration of the types of supramolecular scaffolds for the controlled 

assembly of functional molecular units into well-defined 0D, 1D, 2D, and 3D structures. (a) 

Pre-functionalization and (b) post-functionalization. 11 

 

1.2 Coordination Chemistry 

The study of coordination compounds or coordination complexes is known as coordination 

chemistry. These substances differ from standard covalent bonds in that they participate in 

coordinate (or dative) covalent bonds rather than sharing electrons from each of their two 

partner atoms. Coordination chemistry is crucial to properly studying chemistry since it is the 

chemistry of many of the metals and metalloids in the periodic table. On the other hand, 

understanding both organic and inorganic chemistry is even more essential, given the 

integration of organic moieties as ligands in coordination complexes. Although the nature of 

coordination compounds was gradually established and recognized throughout the 20th century, 

coordination chemistry was not developed until recently with the appearance of coordination 

polymers or metal-organic coordination networks.12 
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1.2.1 Coordination Polymers 

Metal ions serve as “nodes” or connections, and ligands act as “linkers” in constructing 

coordination polymers, which can have an endless number of one-, two-, and three-dimensional 

network configurations. The geometry of the network depends on the shape, size, and density 

of the organic moieties as well as the coordination number of the metal nodes.13,14 The careful 

selection of metal ions and ligands is the main factor in achieving a specific desired framework 

through rational synthesis. The choice of metal and linker together determines the structure of 

coordination polymers. Yet, many other metal-linker combinations might be used, making it 

challenging to choose materials for synthesis.15,16 Figure 1.4 depicts the coordination polymer 

fabrication procedure. The capacity to tailor the desired architectural, chemical, and physical 

features of the resulting solid-state molecules is the coordination polymers’ key benefit. 

Coordination polymer bonds are mainly reversible, and faults in assembly can be remedied 

easily during crystal growth, in contrast to covalently bound organic polymers where mistakes 

are “locked-in” once created, leading to materials with highly periodic ordering.  This method 

of ordering coordination polymers enables precise structure-property correlation through 

single-crystal X-ray crystallography. Supramolecular chemists are particularly interested in 

coordination polymers’ ability to emulate the structure and host-guest behavior of naturally 

occurring porous systems like zeolites.17 
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Figure 1.4. Scheme of coordination polymer formation. 

 

In the field of porous materials, coordination polymers have recently assumed a significant role 

and contributed a new category to the existing taxonomy. Porous coordination compounds were 

divided into first, second, and third-generation groups in response to a recommendation made 

in 1998 (Figure 1.5).18 The first-generation compounds contain microporous frameworks that 

can collapse irreversibly when the guest molecules are removed. These frameworks are only 

maintained by the guest molecules. When the guests are not present in the pores, the second-

generation materials maintain their crystallinity, exhibit persistent porosity, and have solid and 

rigid frameworks. The third-generation compounds have adaptable and dynamic frameworks 

that change their channels or pores reversibly in response to external stimuli, including light, 

an electric field, and guest molecules. Many covalently bonded inorganic porous materials are 

categorized as second-generation compounds. On the other hand, porous coordination 

polymers could provide flexible and dynamic "third-generation compounds" in addition to 

robust "second-generation compounds."18-20 
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Figure 1.5. Classification of dynamic porous coordination polymers; ‘‘recoverable collapsing’’ 

(Type I), ‘‘guest-induced transformation’’ (Type II), and ‘‘guest-induced reformation’’ (Type 

III).18 

 

1.3 Metal-Organic Frameworks (MOFs) 

A study on coordination polymers was presented by Tomic in 1965.19 The polymers were 

created using carboxylic acid linkers that had two or four coordination sites and were 

coordinated to metals with two, three, or four valence sites. The thermal stabilities of these 

polymers were analyzed and linked to the valency of the metal used, as well as the number of 

possible binding sites on the linker. This study played a key role in enhancing the understanding 

of the emergent properties of a particular subgroup of coordination polymers that would later 

be known as metal-organic frameworks (MOFs). Around two decades after that, Robson and 

Hoskins discussed that various scaffold-like materials with unlimited 3D frameworks ought to 

be readily accessible, versatile, and potentially valuable.20 They hypothesized that it should be 
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possible to access materials with vast empty holes with low densities, while still preserving 

good thermal, chemical, and mechanical stability. The term "metal-organic framework" (MOF) 

was first used by Yaghi et al. a few years later when they reported using hydrothermal synthesis 

to create a 3D crystalline and open material.21 The first framework to exhibit permanent 

porosity and prevent structural collapse after guest solvent molecules were removed from its 

pores was MOF-5, which Yaghi et al. published in 1999.22 Shortly after, Ferey et al. 

successfully synthesized a highly stable MOF with large pores (30-34 Å) and high surface area 

using computational predictions and rational design.23 The phrase "coordination polymer" can 

broadly refer to a variety of substances that may not be porous, but a metal-organic framework 

is a particular kind of three-dimensional crystalline coordination polymer with a framework 

that has relatively higher stability and permanent porosity. One gram of some MOFs has a 

surface area that is equivalent to an American football pitch (110 m by 49 m). If there are spaces 

in a solid's structure that are big enough to hold guest molecules, then it is said to be porous. 

According to IUPAC terminology, porous materials can be divided into three categories: 

microporous (pore size < 2 nm), mesoporous (2–50 nm), and macroporous (>50 nm), as 

illustrated in Figure 1.6.23 Several early MOFs exhibited persistent microporosity containing 

pore sizes under 2 nm; in contrast, MOFs containing polydentate organic ligands exhibited 

mesoporous or even macroporous architectures.24 

 

Figure 1.6. IUPAC classifications of pores based on pore width.25 
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MOFs typically consist of coordination-bound organic ligands and inorganic metal ions or 

metal clusters. The produced molecular-scale pores in porous structures have a number of 

desirable characteristics, including low density, high surface area, and high porosity. When 

determining the structure of MOFs, crystallinity and porosity should be considered essential 

characteristics. The ability to deliberately design and choose organic and inorganic molecular 

building blocks allows MOFs to establish a wide variety of topologies and structures, making 

them superior to other porous materials like zeolites and porous carbons.26,27 Additionally, 

because MOFs are synthesized under pretty normal conditions, various delicate functions can 

be added to the framework. Creating MOFs requires careful consideration in choosing 

secondary building blocks (SBU) and relies on reticular chemistry. The organic linker defines 

the number of nodes that will be coupled, necessitating at least the usage of a ditopic linker 

(linear connector). In contrast, the inorganic SBU specifies the node connectivity (typically as 

a polyhedron where the vertices are the connection points). Several MOF structure examples 

and their corresponding SBUs are shown in Figure 1.7.28 The coordination chemistry of the 

metal atom determines how stable the SBU and, by extension, the entire framework will be. 

The size and d-electron configuration of a metal atom and other factors dictated by coordination 

chemistry determine its preferred or typical coordination geometry. MOFs have been identified 

as interesting candidates for various possible applications, including gas sorption, gas 

separation and storage, catalysis photocatalysis, sensing, drug delivery, optical applications, 

and heat transformation. However, most of the previously described MOFs are sensitive to 

water content, because of the lability of ligand-metal bonds. Given that water or moisture is 

typically present in many industrial processes, as previously indicated, the MOFs' instability in 

water has severely restricted their further application and commercialization. Consequently, 

there has been a massive need for water-stable MOFs in the scientific community.  
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Figure 1.7. Typical MOFs constructed by high-symmetry metal clusters/chains as SBUs and 

organic carboxylate/azolate ligands as linkers. Ligands: Benzene-1,3,5-tricarboxylic acid 

(H3BTC) for HKUST-1; terephthalic acid (H2BDC) for MIL-88B, MIL-101, and MIL-53; 

1,3,5-tri(2H-tetrazol-5-yl)benzene (H4BTT) for M4-BTT; 1,3,5-tri(1H-pyrazol-4-yl)benzene 

(H4BTP) for M4-BTP; 1,4-bis(3,5-dimethyl-1H-pyrazol-4-yl)benzene for MFU-2; 1,7-

dihydrodibenzo[b,e][1,4]dioxino[2,3-d:7,8-d′]bis([1,2,3]triazole) for MFU-4l; 1,4-di(1H-

pyrazol-4-yl)benzene(H2BDP) for M8-BDP and M-BDP; 2,5-dihydroxyterephthalic acid for 

MOF-74; 1,5-dihydrobenzo[1,2-d:4,5-d′]bis([1,2,3]triazole) for MAF-25. Color code: open 

metal sites, yellow; inactive metal cations, green; N, blue; O, red; C, gray; Cl, light green.28 
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1.3.1 The most stable family of MOFs: Zr-based MOFs 

Much work has been devoted into the development of MOFs with increased stability.29-32 Post-

treatments or post-synthetic adjustments have shown to be successful.33-36 For example, 

IRMOF-1 (MOF-5) demonstrated improved moisture resistance after thermal modification and 

the formation of an amorphous carbon coating on the MOF particle surfaces, or after thermal 

vapor deposition of a thin hydrophobic polydimethylsiloxane (PDMS) layer on the MOF 

surface.35,36 However, enhanced MOF stability following post-treatment always comes at the 

expense of reduced micropore surface areas or functioning. Furthermore, many post-treatment 

experimental procedures or physical approaches are labor and resource intensive. It has been 

suggested that several variables, including the pKa of the ligands, the oxidation state, reduction 

potential, and ionic radius of the metal ions, metal-ligand coordination geometry, the 

hydrophobicity of the pore surface, etc., influence the stability of MOFs.37,38 The nature of both 

the metal ion and the ligand influences the metal-ligand bond strength, which is thought to be 

critical for determining the hydrothermal stability of MOFs. As a result, it is not easy to 

compare the bonding strength of MOFs with various metals and ligands. However, it is well 

known that the oxidation state, ionic radius, or charge density of the metal ions significantly 

impact the metal-ligand bond interactions in MOFs with a specific ligand. Generally, three 

types of MOFs are stable in water. 1) specific carboxylated MOFs with high valence ions in 

the metallic center, 2) metal ion holes shielded by hydrophobic moieties in MOFs, and 3) 

metallic isolated networks linked to ligands that include nitrogen.39 

Cavka et al. discovered Zr6(µ3-O)4(µ3-OH)4(BDC)6 (UiO-66, UiO stands for the University of 

Oslo) with 12-coordinated Zr6(µ3-O)4(µ3-OH)4(CO2)12 clusters, which was a significant step 

forward in this direction.40 The structure of UiO-66 demonstrated exceptional stability, 

particularly hydrothermal stability, exceeding that of most previously described MOFs.41-43 

Since then, the discovery of MOFs based on Zr(IV) ions (Zr-MOFs), principally Zr(IV) 
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carboxylates, has resulted in the publication of novel structural types, the use of various ways 

to change their structures and characteristics, and the investigation of multiple functions and 

applications. The high oxidation state of Zr(IV) in comparison to M(I), M(II), and M(III)-based 

MOFs (M stands for metal element) is a significant property of Zr-MOFs. Due to high charge 

density and bond polarization, most carboxylate-based Zr-MOFs have a considerable affinity 

between Zr(IV) and carboxylate O atoms.44 This corresponds to Pearson's hard/soft acid/base 

idea.45 Zr(IV) ions and carboxylate ligands are hard acids and bases, respectively, with solid 

coordination bonds. As a result, most Zr-MOFs are stable in organic solvents and water and 

even tolerate acidic aqueous solutions. It should be noted, however, that the Zr-MOFs are still 

less stable in very basic aqueous solution, which may be described well by natural bond orbital 

(NBO) theory.46 The NBO charge of O atoms in OH- (-1.403) is substantially more significant 

than that of O atoms in the carboxylate group (-0.74), implying that OH- can make a stronger 

bond with Zr(IV) than a carboxylate O atom, causing Zr-MOFs to decompose under very basic 

circumstances.  

Enhancing the durability of MOFs can expand their potential uses and enhance their 

significance in critical fields like catalysis, adsorption, separation, and biomedicine.47-50 

Zirconium, owing to its abundance in nature and presence in biological systems, is especially 

suitable for advancing and utilizing Zr-MOFs, due to its high concentration and minimal 

toxicity. Although the Zr-MOF class is only a subset of the larger MOF family, Zr-MOFs have 

attracted extensive interest since the key discovery of the UiO-66 series, due to its superior 

chemical and physical characteristics. Furthermore, the tunability and possibility of adding 

other materials to the Zr-MOFs allows for the design of materials with specific properties 

tailored for various applications.  
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1.4 Water Treatment: MOF-based Adsorbents 

1.4.1 Challenges and Solutions for Water Treatment 

Water treatment has become more complex in recent years, due to a rise in pollutant species 

from various sources.51 This has led to a significant increase in water contamination, making it 

one of the most challenging global issues. By the end of 2025, desert residents are expected to 

face a water crisis. While obtaining freshwater or groundwater from seawater is a viable 

solution, it is not an option for rural populations or those with limited resources.52 A large 

amount of wastewater is released annually into freshwater and flowing water bodies, which 

raises continuous concerns regarding water contamination.53 Therefore, there is a growing 

emphasis on drinkable water, filtration, and reuse to solve the issue of water scarcity (Fig. 1.8).  

 

Figure 1.8. Sources of groundwater contamination in the hydrologic cycle.54 
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The existence of heavy or radioactive inorganic pollutants, such as oxyanions/cations and metal 

ions, poses a significant environmental threat.55 Inorganic contaminants tend to persist in the 

environment longer than organic pollutants. Their charged nature makes them highly soluble 

in water, easily mobile, and readily taken up by living organisms. Additionally, they accumulate 

swiftly in the human body and food chain,56 with a narrow margin between deficiency and 

toxicity. Inorganic contaminants are highly toxic and can be deadly even at low concentrations, 

making their elimination a top priority in water remediation processes. 

A wide range of contaminants fall under the category of organic pollutants, surpassing the 

scope of inorganic contaminants.57 These pollutants can stem from multiple sources and pose 

significant threats to the environment. Waterways, in particular, are often tainted with organic 

pollutants such as dyes, detergents, oils, polyaromatic hydrocarbons, pesticides, insecticides, 

herbicides, and personal care products and pharmaceuticals (PPCPs).57 Many industries, farms, 

and households release sewage into bodies of water. Although organic pollutants may not linger 

as long as inorganic ones, their constant generation in contemporary societies makes them 

appear almost permanent in our environment. The number of dyes released into the 

environment by the printing and dyeing industries has dramatically increased during the past 

century. Organic dyes are commonly used to colour fabrics, paper, rubber, leather, printing, 

plastic, and other materials.58 Among the top three contemporary polluters, the textile sector 

uses more than 700,000 metric tonnes of dye annually. Organic chemicals, which are 

teratogenic and carcinogenic, make up most of the colours used.59 Aromatic organic dyes are 

one of the most prevalent organic contaminants found in industrial effluents. Scientists have 

devoted significant efforts to overcoming this challenge since learning about the dangers 

associated with dyeing materials, and as a result, several chemical, biological, and physical 

solutions for wastewater treatment have been developed (Fig. 1.9). 
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Figure 1.9. Current technologies and processes for water decontamination.55 

 

These methods include membrane separation, advanced oxidation processes, ion exchange, 

flocculation, adsorption, photocatalysis, biodegradation, coagulation, and electrochemical 

processes. Table 1.1 displays the key benefits and drawbacks of various techniques. Biological 

approaches are eco-friendlier and more straightforward than other methods. Microorganisms 

may decolorize dyes, but only under controlled environmental circumstances. A bioreactor 

must be built, which takes time and requires a specialized site.60 Because of their durability and 

inflexible structure, biological techniques are inefficient at degrading dyes. Disposing of a 

substantial volume of sludge is a fundamental problem with biological processes. While the 

chemical method is advantageous and practicable, but the mud deposition raises the procedure's 

cost. The most significant disadvantage of chemical technology is that it requires many 

chemicals and electricity.61 Because of its great oxidizing characteristics, advanced oxidation 

processes have received a lot of attention. However, while these processes are efficient, they 
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are expensive, and the production of oxide intermediates are harmful to organisms.62,63 As a 

result of the preceding, it is evident that these procedures are economically unfavorable. 

Traditional approaches include membrane separation and adsorption technology. Membrane 

separation is a very effective method that comprises nanofiltration, ultrafiltration, 

microfiltration, and reverse osmosis.64 However, membrane technology in wastewater 

treatment is not a typical practice, and while utilizing membranes is cost-effective, they can 

contaminate the water.65 According to the literature, the adsorption method is the most often 

utilized technology for the remediation of dye wastewater, due to its flexibility, low-cost 

treatment and overall efficacy.66 Furthermore, even though several issues must be addressed, 

the adsorption mode does not produce any dangerous pollutants.67 

Table 1.1 The advantages and disadvantages of different dye removal technologies. 

Technology Disadvantages Advantages 

Biodegradation Occupies a particular land area  

Requires strict external 

environmental conditions  

Slow process 

Economically attractive  

Simple 

Membrane separation Short lifetime  

Economically unfeasible 

High efficiency  

Reuses salts 

Electrochemical process High electricity consumption  

Economically unfeasible 

High efficiency 

Rapid 

Ion exchange Economically unattractive 

Ineffective for certain dyes 

No loss of sorbents 

Coagulation/Flocculation High sludge production  

Disposal issues 

Simple 

Economically attractive 

Photochemical process Formation of by-products 

Power consumption 

No sludge production 

Rapid 

Adsorption Ineffective for certain dyes 

Costly regeneration 

Disposal of adsorbent residue 

Loss of adsorbents 

High efficiency 

Simple operation process 

Low cost 

Does not form hazardous  

substances 

 

Adsorption using porous materials has emerged as one of the most promising techniques for 

water purification during the last few decades.68,69 Porous materials, such as zeolites, activated 
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carbon, silica, polymeric materials and hybrid materials70,71 (Fig. 1.10) have piqued the interest 

of scientists for adsorption processes, because they may be good candidates to overcome the 

obstacles (i.e., low capacity, weak interaction, and difficulty in regeneration) for contaminant 

removal in water purification.72 Nonetheless, aside from surface size, the number of active sites 

is an unavoidable issue that must be considered. Therefore, to reliably and efficiently access 

clean water in a cost-effective way, superior adsorbents with a high number of active sites and 

surface areas are desirable.  

 

Figure 1.10. Different types of adsorbents used for the removal of Emerging contaminants: (a) 

zeolites, (b) activated carbon, (c) mesoporous silica, (d) carbon nanotubes, (e) cyclodextrins, 

and (f) chitosan beads.73 

1.4.2 Characteristics of MOFs as Adsorbents 

In recent years, highly ordered and porous crystalline MOFs have been recognized as a 

potential alternative to overcome the technical limitations of conventional porous and nano-

based materials for environmental applications. MOFs offer a fascinating alternative platform 

for use in water remediation applications as adsorbents. As mentioned, MOFs are porous and 

structurally diverse materials made up of metal nodes bridged by organic linkers. MOFs can 

be effectively tailored to yield materials with precisely ordered structures,74 abundant active 
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metal sites.75 enhanced surface area,76 and tuneable functional groups.77 Nowadays, MOFs can 

be synthesized on a large scale through low-price and simple synthetic methods. These 

exceptional characteristics make MOFs and MOF-based composites auspicious next-

generation adsorbent materials with remarkably high adsorption efficiencies for removing toxic 

waste-related metal ions78 and organic contaminants79 from wastewater. 

When it comes to using MOFs for water purification, the focus is on four main factors: water 

stability, adsorption capacity, interaction, and regeneration. Water stability is crucial for the 

practical application of MOFs in water purification.80,81 It is the most critical factor to consider 

since it directly impacts the efficacy of the filtration process. Another essential factor that 

demonstrates the substantial performances of MOFs is adsorption capacity (including 

selectivity), which is primarily impacted by interactions between pollutants and MOFs (active 

sites or functional groups). Finally, regeneration determines the ability of MOFs to operate 

continuously.  

Substantial progress has been made in using MOFs for liquid-phase adsorption and separation. 

This progress began with investigating phenomena, followed by the goal-oriented design of 

task-specific MOFs and, finally, the implementation of device applications. The key to this 

progress lies in a deep understanding of host-guest interactions and rational framework design. 

Organic ligands, metal ions/clusters, and architectural diversity are crucial elements in the 

design of task-specific frameworks for liquid-phase adsorption and separation.82 Figure 1.11 

illustrates that the framework can be rationally designed before synthesis or post-modified by 

various means, allowing for the rational tuning of the inner surface and architectural properties. 

MOFs have been widely studied for their application in liquid phase adsorption and separation, 

as they can be used for a wide range of objectives. MOFs, such as the NUs (short for 

Northwestern University),83 MIL series (short for Materials from Institute Lavoisier),84 ZIFs 
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(short for Zeolitic Imidazolate Frameworks),85 UiOs (short for University of Oslo),86 and PCNs 

(short for Porous Coordination Network).87 have been extensively investigated for their ability 

to uptake/separate various chemicals. Furthermore, the intrinsic mechanisms of molecular 

recognition have become increasingly apparent, allowing researchers to perform goal-directed 

design on MOFs in this area. 

The rational design of the physical and chemical properties of frameworks is highly effective 

for adsorbing and separating different molecules. This is because such properties determine the 

interactions between the host and guest molecules and their size matching, mobility, and 

recognition within the pores.88,89 Chemical properties include charge states, acid-base 

properties, polarity, and even stability in different solvents, while physical properties include 

window size, channel diameter, porosity, morphology, dimensions, and flexibility.90 The 

functional strategies depend on the specific guest molecules that must be separated or adsorbed. 

 

Figure 1.11. Design methodologies of task-specific MOFs for the adsorption/separation of 

various chemicals in the liquid phase.91 
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1.5 Solar to Fuel Conversion: Photocatalytic Nitrogen Fixation by MOFs 

1.5.1 Photocatalysis for Solar Fuel Production 

The consumption of fossil fuels has resulted in significant environmental problems, including 

dramatic changes in the Earth's climate. To address these issues and the energy crisis, there is 

a growing need for sustainable and clean energy alternatives. Solar fuel is a promising solution, 

which can be produced in the form of hydrogen, hydrocarbons, or other high-energy carriers 

by converting solar energy into chemical energy.92,93 Photocatalysis is an attractive and 

straightforward method for producing solar fuel from solar energy utilization. The most 

promising approaches for solar fuel production include photocatalytic water splitting that 

generates hydrogen (H2),
94 photocatalytic carbon dioxide (CO2) reduction that produces 

hydrocarbon fuels (such as carbon monoxide (CO), methanol (CH3OH), methane (CH4), formic 

acid (HCOOH)),95 and photocatalytic nitrogen fixation that forms hydro nitrogen compounds 

(such as ammonia (NH3)).
96 The process of photocatalytic solar-to-fuel conversion in artificial 

photosynthetic systems involves a three-step procedure. Initially, light-harvesting 

chromophores absorb photons, followed by the spatial migration and separation of carriers. 

Finally, the photogenerated charges are utilized to drive redox reactions.97 The overall efficacy 

of the system is determined by the collective efficiency of these three steps. 

 

Figure 1.12. The significant processes in classic photocatalysis system.97 
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To initiate solar energy conversion into fuel, it is essential to match the photon energy uptake 

with the band gap energy, enabling thermodynamically uphill transformations.99,100 Sunlight 

can be categorized into three groups based on their wavelengths: ultraviolet light (UV, λ < 400 

nm, E > 3.20 eV, accounting for approximately 4% of the total solar energy), visible light (vis, 

400 nm < λ < 800 nm, 3.20 > E > 1.60 eV, accounting for approximately 43%), and near-

infrared light (NIR, λ > 800 nm, E < 1.60 eV, accounting for about 53%).101 In a study 

conducted by Prof. Domen,94 it was noted that the solar-to-hydrogen conversion efficiency 

(STH) cannot exceed 2% if only the UV part of sunlight is utilized. However, by extending the 

light absorption edges to 700 or 1000 nm, the ideal STH can reach 25% or 47%, respectively. 

This means that for efficient artificial photosynthetic systems to be constructed, light harvesters 

must absorb most sunlight (>400 nm). Therefore, research has focused on designing 

photocatalysts that can efficiently operate under visible light. 

 

Figure 1.13. Absorption of solar radiation in the atmosphere. 

 

Up to date, research has concentrated on creating photocatalysts that operate well when 

exposed to visible light. However, most inorganic semiconductor photocatalysts do not react 

to visible light. Additionally, increasing the visible light collecting capability is not accessible 
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by only changing their architecture. The most popular method for reducing band gap is to dope 

ultraviolet-active metal oxides with foreign elements. Because organic dye molecules may be 

tailored, another idea is to use organic chromophores as visible light-collecting antennas.102,103 

However, because organic dye molecules move inexorably, self-quenching and photobleaching 

are inescapable issues. Therefore, the ongoing objective for solar-to-fuel conversion is the 

development of novel photocatalyst materials to improve the catalytic efficiency under visible-

light irradiation. Functional nanomaterials have been widely used as photocatalysts for energy 

conversion systems. These materials include metal oxides, metal phosphides, metal sulfides, 

and carbon-based composites.104 However, these photocatalysts still face various challenges, 

such as low electronic conductivity and poor apparent quantum efficiency of the metal oxides-

based photocatalysts, rapid recombination of the charge carriers of the metal phosphides-based 

photocatalysts, poor chemical stability of the metal sulfides-based photocatalysts, and poor 

cycling stability of the carbon materials-based photocatalysts.105 Therefore, it is highly 

desirable to construct superior functional materials that exhibit outstanding overall 

photocatalytic performances. 

1.5.2 MOF-based Photocatalysis for Solar Fuel Production 

MOFs are typically constructed from semiconducting quantum dots that are regularly 

distributed throughout the architecture and separated by customizable organic linkers. Due to 

their semiconductor-like characteristics, MOFs have attracted much attention for their 

prospective application in photocatalysis.106 The frameworks' metal-organic linkages, which 

give rise to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO), are the cause of these characteristics. The bandgap—the difference in energy 

between these two states—can be managed by picking the suitable multidentate metal ions and 

organic ligands.107 Generally, the two efficient techniques of metal substitution and ligand post-

synthetic modification/exchange yield MOFs adjustable structures, pore properties, and band 
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edge positions, demonstrating a tailorable semiconducting behaviour. The semiconducting 

behaviour of MOFs can be controlled in several ways to modify their bandgap. Firstly, the 

linkers can be functionalized with suitable groups, which increases the HOMO energy. 

Secondly, the metal nodes can be selected based on their electron-rich character, which reduces 

the LUMO energy. Finally, MOF-composite photocatalysts can be fabricated to introduce a 

new electron transport channel, which improves the separation and transfer efficiency of 

electrons and holes.  

In a study conducted by Kuc et al.,108 the bandgaps of several MOFs were calculated, and it 

was concluded that all of them exhibited semiconductor behaviour with bandgaps ranging from 

1.0-5.5 eV. It was also observed that the bandgap values can be adjusted by manipulating the 

degree of conjugation in the organic ligands.109 For example, increasing the length of the linkers 

can result in a smaller bandgap, but this may cause the MOF system to lose stiffness due to 

ligand distortion, resulting in lower crystalline symmetry.108 Some MOFs have both catalyst 

and semiconductor properties, making them potential heterogeneous photocatalysts. In a recent 

study, Nasalevich et al. outlined the different roles of MOFs in photocatalytic engineering: (1) 

as photocatalysts, where the organic ligands of MOFs function as light-harvesting antennae 

and media for transferring photo-induced electrons to the metal clusters; (2) as containers to 

encapsulate other photocatalysts, and (3) as electron-transferring media, facilitating the transfer 

of charge carriers between MOFs and encapsulated photocatalysts, as illustrated in Figure 

1.14.110 
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Figure 1.14. Various roles of MOFs in photocatalytic engineering: (a) MOFs as photocatalysts; 

(b) MOFs as a container to encapsulate other photocatalysts; (c) MOFs as an electron-

transferring medium.110 

Two approaches are commonly applied to prepare MOFs able to absorb visible light, which 

accounts for over 42% of total solar radiation. The first strategy involves the introduction of 

functionalized organic ligands, such as porphyrins,111 nitro and amino terephthalate,112 into 

MOFs. Notably, the bandgap of MOFs can be adjusted by varying the degree of conjugation or 

functional group modification in the ligands.113 In 2015, Hen-Drickx et al. synthesized UiO-66 

using different ligands, including H2BDC, H2BDC-OH, H2BDC-2,5OH, H2BDC-NH2, 

H2BDC-2,5NH2 and H2BDC-2,5SH, respectively. These various MOFs showed strong visible 

light absorption and exhibited different colours based on the “push–pull” effect caused by the 

electron-donating ability of the additional substituents.114 The second strategy involves 

introducing metal-oxo complexes as dopants into MOFs, which can also change their 

absorption ability,115 similar to the doping method in semiconductors. 
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The active centres within MOFs play a crucial role in their effectiveness as catalysts for 

chemical reactions, particularly in photocatalytic redox reactions.116,117 Unfortunately, pure 

MOFs typically feature unsaturated metal or metal oxide clusters as active centres, which suffer 

from limited photocatalytic activity due to electron and hole recombination. However, the 

photocatalytic activity of MOFs can be enhanced by introducing additional vibrant centres 

through post-synthetic modification strategies or by creating MOF-based composites with 

integrated cocatalysts.118,119 For instance, a potential solution to the challenge of rapid 

recombination of active species in pure MOF is to implement a semi-conductor p-n 

heterojunction. This approach entails separating photogenerated electrons and holes by 

directing electrons toward n-type semiconductors and holes toward p-type semiconductors. The 

resulting electric field across the heterointerface facilitates the longevity of active species, 

allowing them to interact with the substrate for the photoreduction reaction. Subudhi et al. 

developed a heterojunction architecture of cobalt titanate integrated UiO-66-NH2 

(CoTiO3/UiO-66-NH2 p–n junction), displaying enhanced photocatalytic activities toward 

norfloxacin degradation and H2 production.120 

In summary as it shown in Figure 1.15, there are five strategies that can help enhance the 

photocatalytic performance of MOFs: (i) Utilizing longer linkers to intensify the degree of 

conjugation and lower the bandgap energy. (ii) Creating structural defects that lead to 

meso/macro pores in MOFs, thereby facilitating the capture of photogenerated electrons for 

subsequent redox reactions at surface active sites. (iii) Using porphyrins, nitro, and amino 

functional linkers. (iv) Post-synthetic functionalization of the metal nodes. (v) Constructing 

MOF-based composite photocatalysts, such as heterojunction, homojunction or Schottky 

junctions (Fig. 1.21), to introduce additional catalytic centers into the MOF system. This 

approach enhances the utilization efficiency of active sites. 
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Figure 1.15. Graphical representation of MOFs and strategies for boosting the photocatalytic 

performance of MOFs. 

1.5.3 Photocatalytic N2 Fixation: Sustainable Ammonia Synthesis Method 

Nitrogen (N) is a necessary element in the periodic table. It makes up 78% of the atmosphere 

of the blue planet in the form of N2, and, more importantly, it serves as the basis for the 

development of a variety of bio-macromolecules, including proteins and nucleic acids, as well 

as nitrogenated compounds from sectors that connect the agricultural and food cycle.121,122 

However, it is of little direct value because of the difficulty in breaking and hydrogenating the 

N≡N triple bond, which is required to make various vital organic and inorganic chemicals.123 

Therefore, the considerable form of N2 molecules like ammonia and nitrate is necessary for the 

complete community of living species, including those in the plant, animal, and microbial 
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realms, to meet their needs.124 Since then, the scientific community has given considerably 

greater emphasis and attention to converting nitrogen into its fully hydrogenated form, which 

is ammonia and other nitrate-based compounds. Ammonia is regarded as one of the most 

valuable resources in the economy, and carbon-free fuels like H2 (18% H2 and easily liquefied 

at 10 atm and ambient temperature) are what is bringing the world into a new era of prosperity 

and sustainability.125 Ammonia is also used in agriculture to make nitrogenous fertilizers to 

meet the growing population's demand for food. Ammonia can be viewed as a potentially 

renewable alternative to non-renewable fuels to address the energy needs of a future civilized 

society, because of its high energy potential (15.3 MJ/L), easy handling, transportation and 

storage facilities.126 Natural nitrogen fixation was caused by a geochemical (lightning flash) 

and biological (nitrogenase enzyme) mechanism. However, because the conversion ratio is so 

much lower, it cannot meet the demands of human society to increase food production.127 In 

summary, Figure 1.16 shows the nitrogen cycle and the numerous mechanisms that lead to 

dinitrogen fixation. However, the energy-intensive Haber-Bosch (HB) method for ammonia 

synthesis was discovered in the 19th century, and it sparked a revolution in the agricultural 

industry by boosting crop yields and the global economy.128 Additionally, the HB process 

makes it possible to commercialize ammonia, contributing about 150 metric tonnes of NH3 

annually, of which 80% are used in agricultural production. This has the potential to satisfy the 

demand of the expanding industry.129 The Haber-Bosch process has been the main method used 

for industrial-scale production and management of the global ammonia market. Ammonia 

synthesis is reversible and exothermic, meaning lower temperatures are more favourable, 

according to Le Chatelier's principle. However, despite this fact, the production rate is often 

prolonged and does not meet industrial requirements.130 
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Figure 1.16. Scheme of the nitrogen cycle, different methods for ammonia synthesis, and 

various applications of NH3. 

 

The Haber-Bosch process is responsible for 1-2% of the world's annual energy consumption 

and uses 3-5% of natural gas and 1-3% of global electrical energy.131 While the process relies 

heavily on non-renewable fossil fuels and harms the environment and living beings, it remains 

the most widely used method for ammonia production. Creating a green, sustainable, and 

affordable way for ammonia production to keep up with the increasing demand is a significant 

challenge for the scientific community. Multiple approaches have been explored to address this 

issue, including electrocatalysis, bio-catalysis, photocatalysis, and photo(electro)catalysis. 

Nevertheless, these techniques are presently limited to small-scale production in a laboratory 

setting and are insufficient to satisfy worldwide requirements.131 It is widely known that 

producing one gram of ammonia through industrial processes requires considerable energy, 

ranging from 3.5 × 104–5 × 104 J, and can cause environmental damage. However, By 

achieving a Faradic efficiency exceeding 50% via electrocatalysis and a conversion efficiency 
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of 10% through photocatalysis, we can safely produce one gram of NH3 from water with 

minimal environmental impact, requiring only 1.9 × 105 J and 2 × 105 J of energy respectively. 

Unfortunately, these methods are not yet efficient enough to meet industrial standards for 

ammonia production. Still, researchers are working on improving the efficiency of 

photocatalytic and electrocatalytic N2 fixation techniques through catalyst modification 

strategies.132 

Naturally, the nitrogenase enzyme (FeCo, FeFe, or FeV co-factor) present in Azotobacter uses 

an energy transporter (ATP) to produce ammonia by transferring multiple protons and 

electrons.133 

N2+16ATP + 8H+ + 8e−→ 2NH3 + H2 + 16ADP + 16Pi                                                       (1-1) 

ADP: adenosine diphosphate and Pi: inorganic phosphate 

(△G0= −248 kJ/mol at pH 7.0 and 310 K) 

This beautiful concept from a natural phenomenon has inspired a new method of ammonia 

synthesis using photocatalytic reduction of nitrogen. This process can produce carbon-free and 

sustainable ammonia under ambient conditions using renewable sources, such as sun and water. 

In this green synthesis, nitrogen molecules from the atmosphere are used as nitrogen sources, 

while water is the source of protons. The process occurs under normal conditions and offers a 

promising solution to achieving clean and sustainable ammonia production. However, the low 

yield of ammonia is a concern as the formed NH3 may get oxidized to its corresponding nitrate 

form. 

1.5.3.1 Fundamental Aspects of N2 Fixation to NH3 

While theoretically possible, dinitrogen fixation is not an easy process to achieve under normal 

conditions. The reason for this is due to several factors, including the short and robust N≡N 

bond (measuring at 109 pm), the high bond energy (at 945.33 kJ/mol), the high ionization value 
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(at 15.85 eV), the low proton affinity (at 1.90 eV), the absence of a dipole moment or non-

polarity character, the negative electron affinity (at -1.8 eV), and a wide HOMO (σg2p)-LUMO 

(*πg2p) gap (at 22.9 eV).122,132 

N2(g) + 3H2(g) → 2NH3(g)                        △Hº= -92.22 kJ/mol, △Sº = -99 J/mol∗K      (1-2)  

N2(g) + 6e−+6H+→ 2NH3                             E0= -0.148V vs. RHE                                   (1-3) 

The first equation pertains to the overall thermodynamic equation, while the second equation 

pertains to the ionic equation for NH3 formation in an aqueous environment. Unfortunately, the 

creation of high-energy intermediates like diazene (△Hf
º = +212.9 kJ/mol) and hydrazine (△Hf

º 

= +95.35 kJ/mol) in a water medium hinders the nitrogen reduction reaction NRR process. The 

process of N2 fixation comprises three stages. Initially, nitrogen is adsorbed onto the catalytic 

surface. Subsequently, hydrogenation takes place, followed by cleavage, or vice versa. Finally, 

ammonia is produced and released from the catalyst. In essence, N2 is chemically adsorbed 

onto the reactive site and activated through electron gain from the catalyst, resulting in the 

reduction of N2 to NH3. Transition metal-based catalysts are deemed superior, due to their 

vacant and occupied d-orbitals that facilitate the robust binding of nitrogen and metal 

centers.126 During this process, the metal's vacant orbital receives lone-pair electrons of N2, 

and, in turn, donates its electrons to the π-antibonding orbital of nitrogen. This donation, known 

as π back-donation, results in the weakening of the triple bond of dinitrogen.125 The concept of 

back-donation can be quite complicated for main group compounds, but it is beneficial for p-

block sp2 and sp3 (as shown in Fig. 1.17).126 
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Figure 1.17. Representation of the molecular orbital diagram of N2 along with transition metal 

and dinitrogen orbital interaction via the back donation concept.126 

 

1.5.3.2 Reaction Pathways of Nitrogen Fixation 

For nitrogen reduction reaction (NRR) to be effective, dinitrogen must chemisorb onto the 

catalyst. Based on the mode of nitrogen adsorption and hydrogenation, NRR mechanisms can 

be classified into two pathways: dissociation and association pathways, as illustrated in Figure 

1.18.134 In the dissociation pathway, N2 molecules undergo dissociation into N radicals or N 

atoms, which then bind to the catalyst surface. Subsequently, these radicals or atoms undergo 

hydrogenation and reduction, eventually producing ammonia. This pathway is particularly 

pertinent to the Haber-Bosch process. The association pathway involves the adsorption of N2 

molecules on the catalyst's surface, which can occur in two modes: "side-on" or "end-on". 

Nitrogenase enzymes generally use the "side-on" mode for N2 fixation. In this mode, both N 

https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/chemistry/molecular-orbital
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atoms in the N2 molecule form weak bonds with the catalyst, making them chemically 

equivalent. The N≡N triple bond is then broken, and the N atoms undergo alternating 

hydrogenation to ultimately form NH3. When N2 molecule binds to the catalyst surface in the 

"end-on" mode, only one N atom binds. Since the two N atoms are not the same, there are two 

pathways for the hydrogenation process: the alternative pathway and the distal pathway. In the 

alternative pathway, the two N atoms are hydrogenated alternatively, similar to the "side-on" 

mode. In the distal pathway, the uncoordinated N atom is hydrogenated and released first. Then, 

the other N atom (coordinated with the catalyst) is gradually hydrogenated to transform to NH3, 

like the "dissociation pathway”. The actual reaction pathway of NRR is complicated and may 

involve multiple reaction pathways mentioned above. Moreover, the coordination environment 

around the metal ions on the catalyst's surface will also impact the reduction pathways of NRR. 

 

Figure 1.18. Schematic diagrams of different reaction pathways of nitrogen fixation. 

 

Yao and his team proposed an associative pathway for di-nitrogen reduction over Au surface. 

They used SEIRS (surface-enhanced infrared absorption spectroscopy) characterization to 

study the process. The N2Hy species, formed during NRR, exhibits trademark IR bands at 1453, 

1298, and 1109 cm−1 corresponding to N-H bending, -NH2 wagging, and N-N stretching 

vibration respectively. These bands indicate the above associative route, as proposed by Yao 
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and his team.135 In situ FTIR is a useful technique for characterizing the adsorption, activation, 

and reaction pathways during dinitrogen reduction in the presence of N2 gas and water vapor. 

The IR band observed at 1655 cm−1 represents chemisorbed N2, and over time, the intensity of 

this peak gradually increases. Upon exposure to light, the system detects two distinct and robust 

infrared peaks at 1460 and 1740 cm−1. These peaks signify the H-N-H bending mode of 

vibration, indicating the generation of either ammonia or ammonium ion. Additionally, an 

asymmetric deformation vibrational band of NH4
+ is observed at 1648 cm−1, along with two 

asymmetric stretching modes of the N-H bond at 3246 and 3555 cm−1, respectively.128,136 

 

Figure 1.19. Schematic representation of Mars-van Krevelen reaction mechanism for 

N2 reduction over the surface of transition metal nitrides (TMN) (* A: the surface of TMN 

reduced N2 to ammonia and B: Regeneration of the vacancy by gaseous N2).
128 

 

Apart from the mechanism described for NH3 generation, the Mars-van Krevelen (Mvk) N2 

reduction pathway over transition metal nitride (TMN) is also a highly accepted way of 

generating NH3 (shown in Figure 1.19).128 In this process, the nitrogen atom of TMN is reduced 

to NH3, and the N-vacancy is simultaneously refilled by the supplied N2 gas to restore the 

catalyst.137 According to computational calculation, the Mvk pathway for N2 fixation over 

TMNs is more feasible than the stereotypical associative and dissociative pathways, because 

https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/chemistry/nitride
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(i) N2 isolation from TMNs catalyst surface via dissociative route is quite frustrating due to the 

large activation energy barrier and endothermic nature, and (ii) there is a high overpotential 

value for N2 reduction in the associative mechanism.138 Li. et al. reported Mvk type mechanism 

for N2 reduction over KOH etched g-C3N4.
128  

1.5.3.3 Techniques to Boost the Catalytic Efficiency in N2 Fixation 

In order to overcome the challenges associated with the industrial-scale production of NH3 via 

light-driven dinitrogen fixation, researchers worldwide have been working on various 

photocatalyst and material modification techniques. These include doping with metal or non-

metal, adding noble metal to semiconductors, creating hetero/homo-junctions between 

semiconductors, implementing double or Z/S-scheme charge transfer dynamics, leveraging 

defect/vacancy chemistry, facet/edge engineering, and tuning via carbon-allotropes (such as 

graphene, C-dot, CNT, etc.). Among these techniques, vacancy or defect chemistry - 

specifically oxygen vacancies (OVs), nitrogen vacancies (NVs), and sulphur vacancies (SVs) 

- have shown promise in improving the NRR catalytic efficiency of materials, as shown in 

Figure 1.20.139,140 Various types of vacancies found in a catalyst have the potential to impact 

its characteristics, including adsorption, charge separation, migration, and electronic structure. 

More significantly, they can lower the activation energy necessary for reactions to proceed 

smoothly, which makes them highly valuable. These defect sites can also function as 

photoexcited electron-hole pair traps, hindering the rate of recombination. Furthermore, N2 

molecules can be adsorbed on these vacancies and undergo back-donation, which weakens the 

strong triple bond in N2, making the cleavage and protonation process more accessible.139 

In a different method, the catalyst's lattice structure is doped with foreign or heteroatoms, cha

nging the catalyst's surface texture, electrical characteristics, chemical composition, adsorptio

n and desorption behavior, and optical response.  
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Figure 1.20. Schematic representation of different catalyst modification techniques. 

 

The formation of an impurity or subenergy band within the material's bandgap as a result of d

oping metal (transition elements) or nonmetal (S, C, O, P, etc.) results in a widening of the lig

ht absorption range (redshift or decrease in the bandgap) and an increase in the charge transfe

r process.141,142 Edge engineering, which adds heterogeneity to the edge site, electrical 

configuration, and functions of the specimen, is another technique for adjusting the catalytic 

performance of 2D-based photocatalytic materials. Because this region (edge) has more active 

sites with a higher energy density than the basal plane, it has been found that graphene's edge 

carbon atoms are more catalytically active than basal plane C-atoms. For 2D metal 

chalcogenides, such as MoS2, similar forms of edge chemistry have also been found.143 

According to the computational work on MXene, metal-containing terminal sites are more 
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capable of activating N2 and exhibit higher NRR activity than the oxygen-functional groups 

(directly related to metal atoms) that compose the terminal surface. Furthermore, because of its 

poor N2 binding capacity, the basal plane has a low nitrogen reduction efficiency.144 The single-

atom catalyst is another intriguing heterogeneous catalysis approach, with the source of 

increased activity being the maximal availability of atomic sites. In this case, metal atoms are 

bonded to a support material, resulting in unique physio-chemical properties.145 Facet 

engineering of crystals is gaining popularity, because it allows for introducing a specific facet 

or crystal plane at the atomic level (i.e., arrangement of atoms on distinct lattice planes) that 

improves the material's catalytic behaviour. According to computer studies, intermediates 

produced during NRR are more tightly bound to step atoms than terrace atoms, because they 

provide more active sites for adsorption and activation.146 Numerous aspects and surfaces of 

nanomaterials, such as the (001) plane of BiOCl NSs, the (411) facet of Pt, and the (111) facets 

of octahedral Pd NPs, have demonstrated promising results in photocatalysis.147  

Carbon derivatives, including CNTs, rGO, graphene, activated carbon, and carbon dots, are 

commonly utilized in conjunction with semiconductors to construct highly effective 

photocatalytic systems. Carbon plays a crucial role in the heterojunction for several reasons: it 

acts as an electron sink, accepting and directing charge carriers; it functions as a support; it 

inhibits nanoparticle aggregation; it adsorbs substrate to promote better interaction; it acts as a 

mediator, and it contributes to shaping the material's morphology during preparation, which 

affects its adsorption and light absorption capabilities.148 Cluster catalysts and bio-memetic 

nitrogenase-type catalytic systems are another intriguing class of catalysts for enhancing NRR 

performance.149 The catalytic response of the material is, technically speaking, magnified many 

times when cocatalysts (reduction, oxidation, and plasmonic type) are loaded over a 

photocatalyst. This method is widely used to boost a semiconducting photocatalyst's ability to 

split water molecules, reduce CO2, and fix nitrogen dioxide. Cocatalyst often lowers the 



38 

 

activation energy barrier, prevents excitons from recombining, and shields the materials from 

photo-corrosion. The cocatalyst is unique due to these distinguishing characteristics, and as a 

result, its presence boosts the system's catalytic potential.150  

A further promising and doable method to improve the catalytic efficiency of the photocatalysts 

towards NRR and other photocatalytic reactions is the construction of a semiconductor-

semiconductor heterojunction (binary or multijunction)-based photocatalytic system. The 

integration of two or more semiconducting materials, where an internal electric field is 

generated at the interface or junction point, can best achieve the two most demanding properties 

of the photocatalyst—light absorption and charge carrier separation ability—because this slows 

down the recombination process and raises charge carrier densities. The heterojunction system 

boasts superior catalytic efficiency thanks to a specific mechanism. This mechanism can be 

classified in two ways: double charge transfer, which falls into categories 1 or 2, or Z-scheme, 

which may or may not require a mediator (Fig. 1.21). With double charge transfer, electrons 

that are photoexcited jump from the conduction band (CB) of one semiconductor (A) with a 

more negative potential to the CB of another semiconductor (B) with a less harmful potential. 

Meanwhile, holes migrate from the valency band (VB) of a semiconductor with a higher 

positive potential to the VB of another semiconductor with a lower potential. In contrast, with 

the Z or S scheme-type charge migration pathway, electrons from the CB of one photocatalyst 

combine with the holes from the VB of other semiconductors via a mediator or without a 

mediator. This way, the photogenerated electrons are available in the CB of one catalyst to 

carry out reduction, and holes are available in the VB of another catalyst to bring about 

oxidation.151 After exposure to the appropriate amount of light, photoexcited electron-hole 

pairs were generated. Strong interfacial contact and junction creation prevent charge carrier 

recombination, prolonging the lifetime of excitons, and promote catalysis in the catalytic 

system.  



39 

 

 

Figure 1.21. Band structure of various types of heterojunctions in a photocatalytic hybrid 

nanocomposite: (a) type I heterojunction, (b) type II heterojunction, (c) p–n junction, (d) 

Schottky junction, (e) Z-scheme heterojunction, and (f) S-scheme heterojunction. A, D and 

Ef represent electron acceptor, electron donor and Fermi level, respectively.152 

 

Amorphous nanocatalyst is another intriguing modification method that is attracting a lot of 

interest in NRR and other catalytic applications in ambient settings. Due to the large 

concentration of active centres, or, in this phase, unsaturated coordination sites associated to 

dangling bonds, these nanomaterials with irregular atomic ordering exhibit exceptional 

catalytic capabilities.153 To create an effective NRR photocatalytic system that can meet the 

established standard and turn the photon irradiated N2 conversion to NH3 reaction into a 

commercial and industrial process, the aforementioned modification techniques or approaches 

are frequently used. 
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1.5.4 Ammonia Production from MOF-Based Photocatalytic N2 Fixation 

In comparison to natural N2 fixation methods that are energy-intensive, such as the Haber-

Bosch process and the Fe/Mo-dependent nitrogenase process, as well as the energy-saving 

electrocatalytic reduction route, solar-driven photocatalytic N2 fixation is considered a more 

environmentally and economically friendly approach to NH3 fuel production. However, despite 

the high energy needed to break the N-N triple bond, there have been few studies on MOF-

based photocatalysis for N2 fixation. Therefore, this section provides an overview of recent 

research on MOF-based photocatalysts for N2 fixation, categorizing them based on the types 

of active catalytic sites they use. 

1.5.4.1 Active Sites on MOF Structures 

Building photocatalysts with effective light absorption and prolonged electron-hole 

recombination is extremely desirable for increasing the photocatalytic N2 reduction rate, which 

is encouraged by the three essential photocatalytic processes. In their work, Hu et al. described 

the creation of a new 2D viologen-based reactor that contained the MOF Gd-IHEP-7 

([Gd(bcbp)(H2O)2]) and its 3D counterpart, Gd-IHEP-8, which was created via a single crystal 

to single crystal transition from Gd-IHEP-7 (Figure 1.22a).154 Both MOFs exhibit excellent 

photocatalytic activity when exposed to long-lived radicals, which results in broad-spectrum 

absorption in the 200–2500 nm region. In this study, Gd-IHEP-8 was found to have a higher 

solar-driven N2-to-NH3 efficiency of 220 mol g-1 h-1 towards sacrificial agent-free N2 reduction 

with water under ambient temperature and simulated solar light irradiation than Gd-IHEP-7 

(128 mol g-1 h-1), due to stabilized intermediates attributed to enhanced H2 bonding upon 

modification of the Gd3+ coordination environment through crystal transformation. The Gd3+ 

cation at the Gd-oxo cluster works as the N2 activation centre and the N2 photoreduction centre 

via alternate routes (Figure 1.22b). This research will help to guide the development of new 
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MOF-based N2-fixing photocatalysts with a focus on the effect of metal nodes on enhancing 

effective light absorption. 

 

Figure 1.22. A) The asymmetric units, 3D porous structures and the EPR spectra of Gd-IHEP-

7 and Gd-IHEP-8. B) The energy diagrams for the photocatalytic N2 reduction alternating 

pathway of Gd-IHEP-7 and Gd-IHEP-8 to produce NH3. Gd: green; C: gray; O: red; N: blue; 

H: light green.
154 

 

To boost the rate of photocatalytic N2 reduction, scientists have employed ligand 

functionalization to expand the light-harvesting ability of MOF. Huang et al. employed Ti-

based MIL-125(Ti) to catalyse photocatalytic N2 fixation, where the Ti3+ species, produced by 

the ligand-to-metal cluster electron transfer process, serve as reactive sites for N2 reduction.155 

This has yielded a variety of MOF catalysts that are active under visible light, such as CH3-

MIL-125(Ti), OH-MIL-125(Ti), and NH2-MIL-125(Ti). Of these, NH2-MIL-125(Ti) 

functionalized with amines has demonstrated the highest N2-to-NH3 rate of 12.3 µmol g−1h−1 
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in visible-light-assisted photocatalytic N2 fixation, as it has the broadest light absorption range 

from 200 to 500 nm. 

According to Figure 1.22, an increase in N-H bond generation can significantly improve the 

efficiency of photocatalytic N2 reduction. Promising results have been observed with Fe-based 

MOFs, such as MIL-101(Fe), MIL-100(Fe), and MIL-88(Fe), which feature Fe3+ as catalytic 

centres. These centres possess high electron density and a lower reaction activation energy, 

leading to the formation of a greater number of N-H bonds.156 

Designing bimetal active sites in a photocatalyst, inspired by biogenic nitrogenase, can enhance 

N2 activation by enabling the simultaneous coupling of electron acceptance and donation 

processes. A series of bimetallic organic framework (BMOF) photocatalysts were created by 

Zhao et al. by choosing a hard acid metal node as the electron acceptor and a soft acid metal 

node as the electron donator.157 The photocatalysts BMOF(Sr)-Fe, BMOF(Sr)-Co, BMOF(Sr)-

Ba, BMOF(Ru)-Fe, BMOF(Co)-Fe and BMOF(Co)-Zn were fabricated, and the optimal 

BMOF(Sr)-0.2Fe was found with an ionization potential difference (ΔIn between Fe and Sr) of 

≥ 6 eV and a proportion of hard acid metal reaching ≈20%. This photocatalyst exhibited the 

highest N2-to-NH3 conversion rate of 780 µmol g−1h−1 due to the bimetal synergistic effect, 

which reduced the potential activation energy barrier (as shown in Figure 1.23a). This study 

provides a generic strategy for boosting solar-driven N2 activation and highlights the potential 

of bimetallic photocatalysts for efficient N2 fixation, based on the theory of hard and soft acids 

and bases. 

Other researchers synthesized a UiO-66-based MOF, called (Zr-Hf)-X, for photocatalytic N2 

fixation using visible light.158 This MOF has bimetallic nodes and functionalized ligands (X) 

that are modified with thiol groups (-SH) to enhance light absorption in the visible region. The 

Hf species acts as an electron buffer tank, optimizing the electron transfer to the catalytic active 
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Zr centres to enable efficient photocatalytic N2 fixation. The optimized rate of conversion from 

N2 to NH3 is 116.1 µmol g−1h−1, due to the synergistic effect of visible-light assistance and the 

modified ligands. 

 

 

Figure 1.23. Schematic illustration showing the construction of MOF-based catalysts for 

photocatalytic N2 fixation inspired by biogenic nitrogenase. A) N2 bonding to the single-metal 

or dual-metal sites and the designed BMOF with dual-metal structure.157 B) The synthesis of 

the dehydrated UiO-66(SH)2 with the Zr–O cluster mimicking the biological N2 fixation.159 

 

Furthermore, recent studies have uncovered the exceptional visible-light-driven photocatalytic 

properties of dehydrated UiO-66(SH)2, which closely mimics the biological N2 fixation 

process, akin to the enzyme nitrogenase.159 The -SH group introduction has resulted in an 

absorption edge in the visible region (500 nm) for dehydrated UiO-66(SH)2. Dehydration has 
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modified the local structures surrounding Zr and the linker defects, creating an entrance for N2 

molecules into the [Zr6O6] cluster, as illustrated in Figure 1.23b. The robust N≡N bond was 

gradually broken down, and the photocatalytic N2-to-NH3 conversion efficiency was 

remarkably as high as 32.4 µmol g−1h−1. This was propelled by the photoelectrons supported 

by protonation. The research highlights the UiO-66(SH)2 photocatalyst's similarity to the MoFe 

nitrogenase in its N2 fixation mechanism, thus providing a promising avenue for 

comprehending the catalytic mechanism for MOF-based solar light-driven N2 fixation 

modelled after the biological system. 

1.5.4.2 Active Sites Supported on MOFs 

A porphyrin-based MOF (PMOF) called Al-PMOF was created, inspired by the biological 

chlorophyll found in green leaves with porphyrin structure. Enzyme nitrogenase features Fe or 

Mo as favourable active sites for N2 activation via π-back bonding. The PMOF had Al as the 

metal node and was carefully fabricated to anchor the atomically dispersed Fe active centres 

by post-synthetic modification.160 This resulted in Al PMOF(Fe), which can be used for 

photocatalytic N2 fixation. At the heart of the porphyrin, Fe atoms were found with full 

occupancy, indicating a high density of potential Fe-N catalytic sites with a valence state of 

Fe3+. As a result, Al-PMOF(Fe) exhibited stable photocatalytic activity, significantly boosting 

N2-to-NH3 production (127 µg h−1gcat.
−1) compared to pristine Al-PMOF. The N2 activation 

towards Fe-N catalytic sites is the rate-determining step. The potential activation pathway 

adopted in this Al-PMOF(Fe) photocatalyst is proposed as the associative alternating pathway 

(Figure 1.24a). This study boosts confidence in employing porphyrin-based MOF for artificial 

photosynthesis towards N2 fixation. 



45 

 

 

Figure 1.24. Schematic illustration showing the synthesis of MOF-based photocatalysts with 

active sites supported on MOFs for N2 fixation. A) The structure of Al-PMOF(Fe) with Fe 

active sites and the proposed associative alternating pathway for photocatalytic N2 fixation.160 

B) The crystal structure of Ru@Mo-MOF-tri and the possible photocatalytic mechanism 

toward N2 fixation inspired by the biological enzyme nitrogenase.161 

 

Furthermore, the nitrogenase MoFe cluster enzyme [Fe7MoCS9] has been identified as a crucial 

component. To develop effective photocatalysts for photocatalytic N2 fixation, two 

meticulously crafted Mo-MOFs featuring [Mo8O26(im)2]
4− structures were designed to 

integrate isolated Ru SAs.161 These Mo-MOFs were then utilized to form Ruδ+–O3–Mo3 single-

site heterojunctions. The energy level of both Mo5+ and Ru was regulated to enable the Mo-

MOF semiconductors to absorb solar light up to 700 nm, as depicted in Figure 1.24b. The NH4
+ 

yield was higher in Ru@Mo-MOF-tri compared to Ru@Mo-MOF-mono. This was attributed 
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to the increased number of active sites for N2 activation, specifically the Ruδ+–O3–Mo3 sites. 

Additionally, the adjacent Ruδ+–O3–Mo3 single site, neighbouring Mo5+, decreased the energy 

barrier required to produce the critical intermediate NNH*. These results emphasize the 

significance of constructing MOF-based single-site heterojunctions with adjustable energy 

band structures as biomimetic photocatalysts for effective solar-driven N2 fixation. 

To enhance the separation and transmission of photogenerated electrons, a novel type of 

graphene-embedded Ce-based UiO-66 photocatalyst (GSCe) is studied for photocatalytic N2 

fixation.162 When Ce-UiO-66 was exposed to UV light, while submerged in water, active sites 

developed and benzene-C bonds broke. In order to achieve visible light absorption and 

activation, the graphene embedding technique resorted to exporting electrons in a timely 

manner, protecting structural integrity, and pushing the band alignment of Ce-UiO-66. With a 

rate of 3.06 mmol L-1 in 24 hours and a stunning AQE of 9.25% at 365 nm, GSCe—which has 

a graphene ratio of 0.35—performed the best N2-to-NH3 photoactivity. Furthermore, GSCe 

performed well as a solar ammonia fertilizer, and for the first time, it was successfully used in 

crop cultivation. 

Plasmonic metal nanoparticles, such as gold (Au) and palladium (Pd), show great potential as 

photosensitizers for converting nitrogen (N2) to ammonia (NH3) through photocatalysis under 

ambient conditions.163,164 This is achieved through their synergistic localized surface plasmon 

resonance (LSPR) effect, which includes electron transfer (eT), energy transfer (ET), and 

localized electric-field polarization (EF-polarization). By utilizing these effects, the activation 

of the surface adsorbed N2 molecules is promoted, resulting in an increased capability to 

harvest solar light, generate hot electrons, and reduce the activation energy barrier. This 

enhances the overall reaction of N2 reduction, as shown in Figure 1.25a.  
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Figure 1.25. A) Schematic illustration of the direct N2 photoreduction on AuNPs encapsulated 

in UiO-66 matrix by the synergistic LSPR effects, including hot electron generation, eT, ET, 

and EF-polarization effects. B) Schematic illustration of the N2 directly diffused in high flux 

through the gas-permeable Au@UiO-66 membranes supported by porous PTFE films, and C, 

D) the dispersion of AuNPs within the cavities of MOFs matrix. Reproduced with 

permission.165 

 

Chen and colleagues have presented a method for synthesizing highly dispersed plasmonic 

AuNPs.165 These nanoparticles are embedded in a porous UiO-66 support, producing 

Au@MOF particles that can directly reduce N2. Additionally, they have created gas-permeable 

Au@MOF membranes by mixing the catalysts with polytetrafluoroethylene (PTFE). This 

results in numerous interconnected nanoreactors, which ensure the dispersity and stability of 

AuNPs. Each AuNP in the MOF matrix can act as a photosensitizer and an active centre for the 

photocatalyst design. Meanwhile, the MOF substrates serve as a stable matrix to confine 

AuNPs with a porous nature, providing accessibility of these AuNPs to both N2 molecules and 

protons (Fig. 1.25b, c, and d). The gas membrane-solution interface has been crafted to 
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optimize the transmission of N2 molecules and protons, leading to enhanced photocatalytic 

reactions. Notably, this system has yielded a noteworthy NH3 evolution rate of 18.9 mmol gAu
-

1 h-1 under visible light, as well as an AQE of 1.54% at 520 nm, for the photocatalytic N2 

fixation under ambient conditions. These findings underscore the potential of plasmonic 

photocatalysis. 

It has been discovered that MOFs can serve as useful supports for activating photocatalytic N2 

by anchoring active foreign species. By combining Bi4O5Br2 with ZIF-8 (30%), with Bi4O5Br2 

as the activation centres, the photocatalytic N2-to-NH3 production rate was increased by 3.6 

times (327.338 µmol L−1 h−1 g−1), compared to Bi4O5Br2 alone. This improvement was 

primarily due to the hydrophobic nature of ZIF-8, which allowed for forming a hydrophilic-

hydrophilic structure at the gas-liquid-solid triphase reaction interface. This structure facilitated 

direct delivery of N2 to the interface, promoting charge separation and ultimately leading to 

improved photocatalytic performance.166 

1.6 Objective of This Thesis 

The increasing global challenges of water scarcity and energy security have necessitated the 

development of innovative solutions for sustainable water treatment and solar-to-fuel 

conversion. Metal-organic frameworks (MOFs), with their exceptional properties and versatile 

architectures, have emerged as promising materials for addressing these challenges. In this 

thesis titled "Synthesis and Characterization of Zr-MOFs for Adsorption of Water Pollutants 

and N2 Photoreduction," the focus is on the synthesis and characterization of Zr-based MOFs, 

specifically TMU-66 for water treatment, and MOF-808, TMU-34-(-2H), and their composites 

based on g-C3N4, for solar fuel production with focus on N2 photoreduction. 

To achieve the objectives of this research, a solvothermal and vial synthesis approach was 

employed to fabricate the Zr-MOFs and MOF-based composites with high crystallinity and 
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controlled morphologies. The resulting materials were characterized using various techniques, 

such as X-ray diffraction (XRD) and scanning electron microscopy (SEM) to determine their 

structural properties and surface morphology. Furthermore, thorough adsorption studies were 

conducted to investigate the adsorption isotherms, kinetics, and thermodynamics of water 

pollutants over the Zr-MOFs. The results showcased the impressive adsorption capacities and 

efficient removal of various water contaminants, highlighting the potential of Zr-MOFs as 

effective adsorbents for water treatment. 

In addition, the MOF@g-C3N4 were subjected to photocatalytic experiments for nitrogen (N2) 

photoreduction, aiming to produce ammonia (NH3) as a sustainable fuel source. The 

photocatalytic activity of the MOF-based composites was evaluated, and the resulting ammonia 

yields were measured and analysed. By exploring the reaction pathways and employing 

techniques to enhance catalytic efficiency, this research provides insights into the potential of 

MOF@g-C3N4 composites for solar fuel production and the active sites present on the MOF 

structures. These findings contribute to the development of MOF-based photocatalytic systems 

and offer prospects for advancing the field of sustainable ammonia synthesis. The limitations 

and future directions of this research are discussed in the concluding section, along with the 

implications and potential applications of Zr-MOFs and their composites in addressing water 

pollution and energy demands. 
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2. Experimental Section  
This chapter presents the materials, equipment, and methods utilized in the preparation and 

characterization of metal-organic frameworks (MOFs) and their application in batch adsorption 

and N2 photoreduction processes. Additionally, the synthesis method employed for the 

preparation of MOF@g-C3N4 composites, as well as the investigation of solid and solution 

state reactions, are described: the solvothermal and vial synthesis methods, the characterization 

methods, the batch experiments and equilibrium concentration measurements, and the 

photocatalytic experiments and ammonia yield analyses. The chapter aims to provide a 

comprehensive overview of the experimental procedures employed in this study, ensuring 

reproducibility and clarity in understanding the subsequent results and findings. The 

subsequent sections delve into the specific procedures employed for the aspect of the research, 

highlighting the techniques and analytical tools utilized. 

2.1. Materials 

Table 2.1 summarizes the names, purity percentages, and origin of the materials employed in 

this thesis's experiments. Zirconium (IV) chloride and zinc acetate dihydrate to produce the 

central metals and isonicotinic acid N-oxide (INO), benzene-1,3,5-tricarboxylic acid (BTC), 5-

nitro isophthalic acid (NIP), 4,4'-Oxybisbenzoic acid (OBA) and (3,6-di(pyridine-4-yl)-

1,2,4,5-tetrazine (DPT) as the linkers were used for the synthesis of MOFs and melamine as an 

initial source for the synthesis of g-C3N4. Formic acid and benzoic acid were used as 

modulators for the preparation of crystalline structures, and HCl was used as a defective factor. 

Potassium iodide, sodium hydroxide, and mercury (II) chloride were utilized for Nessler’s 

reagent preparation as a colorimetry method for the determination of the amount of produced 

NH3 in N2 photoreduction experiments. Also, eight dyes were used for batch adsorption studies. 
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Table 2.2 The names, purity percentages, and origin of materials. 

Name Formula Purity 

level (%) 

Company Country 

Zirconium (IV) chloride ZrCl4 ≥99.0% Sigma-

Aldrich 

France 

Zinc acetate dihydrate Zn(CH3CO2)2·2H2O ≥99.0% Merck Germany 

Isonicotinic acid N-oxide HINO ≥99.0% Sigma-

Aldrich 

France 

Benzene-1,3,5-

tricarboxylic acid 

BTC ≥98.0% Sigma-

Aldrich 

France 

5-Nitro isophthalic acid NIP ≥98.0% Sigma-

Aldrich 

France 

4,4'-Oxybisbenzoic acid H2OBA ≥99.0% Merck Germany 

(3,6-Di(pyridine-4-yl)-

1,2,4,5-tetrazine 

DPT ≥96.0% Sigma-

Aldrich 

Germany 

Dimethylformamide DMF ≥99.0% Fisher 

Scientific 

France 

Acetonitrile CH3CN ≥99.0% Sigma-

Aldrich 

Germany 

Methanol CH3OH ≥99.0% Fisher 

Scientific 

France 

Hydrochloric acid 37 w % HCl 99.0% Merck Germany 

Formic acid   CH₂O₂ ≥99.0% Sigma-

Aldrich 

France 

Benzoic acid C6H5COOH ≥98.0% Merck Germany 

Sodium sulfate anhydrous Na2SO4 ≥99.0% Sigma-

Aldrich 

France 

Potassium iodide KI ≥99.0% Sigma-

Aldrich 

France 

Sodium hydroxide NaOH ≥99.0% Merck Germany 

Mercury (II) chloride HgCl2 ≥99.0% Sigma-

Aldrich 

France 

Potassium sodium tartrate KNaC4H4O6 ≥98.0% Sigma France 

Sulfuric acid H2SO4 ≥98.0% Fisher 

Scientific 

France 

Melamine C3H6N6 ≥98.0% Sigma-

Aldrich 

France 

Congo red C32H22N6Na2O6S2 ≥75.0% Merck Germany 

Rose Bengal C20H4Cl4I4O5 ≥95.0% Merck Germany 

Methyl orange C14H14N3NaO3S 85.0% Merck Germany 

Crystal violet C25N3H30Cl 90.0% Merck Germany 

Malachite green C23H25ClN2Cl ~90.0% Merck Germany 

Naphthol green B C30H15FeN3Na3O15S3 80.0% Merck Germany 

Rhodamine B C28H31ClN2O3 97.0% Merck Germany 

Methyl red C15H15N3O2 95.0% Merck Germany 
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2.2 Synthesis Methods  

In general, for the synthesis of Zr-MOFs and MOF@g-C3N4 structures, the vial method, 

solvothermal, and ultrasonic methods were used. 

2.2.1 Synthesis of g-C3N4 powder. Bulk g-C3N4 was prepared following the most 

common method.1 In the typical procedure, 2 g of melamine were dissolved in the 60 mL of 

water and stirred for 20 min at 100 °C. Afterward, the solution was gradually cooled down to 

room temperature to recrystallize melamine. The mixture was further dried at 100 °C. Finally, 

the dried product was calcinated in a ceramic-covered crucible, heated at 2.3 °C min-1 to 550 

°C, and maintained for 4 h in air. After cooling to room temperature, the reacted mass was 

ground to obtain a raw g-C3N4 powder. 

2.2.2 Synthesis of MOFs and MOF@g-C3N4 composites  

Vial method 

2.2.2.1 Synthesis of TMU-66 with modulators. 0.8 mL of formic acid or 3g of benzoic 

acid in 10 mL DMF was used as a solvent to dissolve 0.24 g of ZrCl4 under 5 min sonication. 

Isonicotinic acid N-oxide (INO) (0.278 g, 2 mmol) was added, and the mixture was sonicated 

for another 5 min. The resulting solution was distributed in several vials and placed into a 

120°C preheated oven for 1 day. The precipitate was filtered, washed with DMF (4 times) and 

acetone (4 times) over 12 hours, then placed into a 120°C preheated oven for 24 h. To eliminate 

solvent molecules from the structure, the obtained materials were soaked in fresh methanol for 

three days and then dried at 100°C for 24 h. 

2.2.2.2 Synthesis of TMU-66 with HCl. 1 mmol of ZrCl4 was dissolved in a 15 mL 

glass tube containing 5 mL of DMF and 69 µL of concentrated HCl by sonication for 5 min. 

Then, 2 mmol of INO ligand in 5 mL of DMF were added, and the mixture was sonicated for 
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another 5 min. Afterwards, the glass tube was heated on a thermal plate at 120 °C for 18 h. The 

resulting white crystalline solid was separated by filtration and washed three times with DMF. 

To eliminate solvent molecules from the structure, the resulting materials were soaked in fresh 

methanol for three days and then dried at 100°C for 24 h. 

Solvothermal method 

2.2.2.3 Synthesis of MOF-808/NIP and MOF/g-C3N4 composite. A mixture of 

ZrCl4 (1 mmol), BTC (0.5 mmol) and 5-nitro isophthalic acid (NIP) (0.5 mmol) linkers, 15 mL 

formic acid, and dimethylformamide (DMF) (45 mL) was sonicated, and then transferred into 

a 125 mL Teflon-lined stainless-steel autoclave, and heated on a heating plate (Agitemp) at 

120 °C for 24 h. After cooling naturally to room temperature, the solid product was separated 

by centrifugation and washed several times with DMF to ensure the removal of unreacted 

materials. In order to remove the solvent molecules from the MOF structural holes, the 

synthetic materials were soaked in fresh methanol for three days and then dried at 120 °C for 

24 h. For the synthesis of MOF/g-C3N4 composite, 10 mg g-C3N4 was added to the synthesis 

medium, following an hour of sonication, then the autoclave was stirred during heating. 

Sonication method 

2.2.2.4 Synthesis of TMU-34(-2H) frameworks 

The powder sample of TMU-34(-2H) was synthesized using the following procedure in an 

ultrasonic bath at room temperature and atmospheric pressure. First, zinc acetate dihydrate 

(0.22 g, 1 mmol) and 1 mmol of linkers (0.26 g for H2OBA and 0.24 g for DPT) were mixed 

in 30 mL of DMF/acetonitrile (1:1 v/v). Then, the mixture was sonicated for 1 h at room 

temperature. Finally, the MOF was separated by centrifugation (6000 rpm, 2 min), and washed 

with DMF (3 × 5 mL) to remove the unreacted ligand and metal ions. Finally, the powder was 

dried in a preheated oven at 80 °C for 48 h.  
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2.2.2.5 Synthesis of TMU-34(-2H)@g-C3N4 composite 

TMU-34-(-2H) @g-C3N4 composite was prepared by dispersing 24 mg of g-C3N4 powder (10 

wt% based on DPT) in the synthesis medium of TMU-34-(-2H), according to the procedure 

mentioned above in an ultrasonic bath at room temperature and atmospheric pressure. 

2.3 Instruments and Characterizations Methods 

2.3.1 Structural characterization methods 

In this part, the instruments and structural characterization methods that were used to analyze 

the Zr-MOFs and MOF-based composites are described. Each technique's purpose, principle, 

and procedure are explained, along with the instruments, settings, and samples used.  

X-ray diffraction (XRD), powder X-ray diffraction (PXRD), and Rietveld and Lebail 

refinements were used to analyze the structural properties of crystalline materials. XRD and 

PXRD are methods that measure the diffraction patterns of X-rays that interact with a material's 

crystal lattice.2,3 The diffraction patterns can reveal information, such as the material's phase 

composition, crystal structure, unit cell dimensions, and lattice parameters. Rietveld and Lebail 

refinements fit a theoretical model to the experimental diffraction data, using various 

parameters to minimize the difference between the observed and calculated patterns.4,5 These 

methods can refine the structural parameters of the material, such as the atomic positions and 

occupancies. They can also determine the phase fractions and background contributions of the 

material. These techniques help to identify and characterize the Zr-MOFs and MOF-based 

composites synthesized and applied in this research. 

A two-step method consisting of single crystal analysis and simulation method was applied to 

analyze the structure of TMU-66. The PXRD patterns and Lebail refinements were used to 

validate the synthesis and modification process of MOF-808 to MOF-808/NIP. The PXRD 

patterns were also used to verify the synthesis of MOF@g-C3N4 composites. 
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Powder X-ray diffraction (XRD) patterns of the as-prepared materials were collected on a 

high flux Rigaku Smartlab rotated anode, operated with a copper Kα radiation (1.5418 ang) at 

an applied voltage of 45 kV and an anode current of 200 mA in the 2θ range of 5° to 80° at a 

scan rate of 5° min−1 in France.  

Details for crystal structure refinement of TMU-66 

The synchrotron X-ray powder diffraction data were obtained on the undulator beamline 

8.0.1 at Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. The position 

and orientation of Zr-clusters in TMU-66-formic acid crystals were recognized using 

synchrotron X-ray powder diffraction data (Figure 2.1). These data were considered as a 

starting point for modeling with the Materials Studio package (Accelrys Inc.), and the resulting 

model was solved by Rietveld refinement.6 The refinement results were in reasonable 

agreement with experimental data and led us to the proposed formula and structure of TMU-

66. 

 

Figure 2.1. Comparison of the simulated PXRD pattern obtained from synchrotron X-ray 

with PXRD patterns of TMU-66. 

 

data_TMU-66 

_audit_creation_date              2018-04-04 
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_audit_creation_method            'Materials Studio' 

_symmetry_space_group_name_H-M    'PA-3' 

_symmetry_Int_Tables_number       205 

_symmetry_cell_setting            cubic 

loop_ 

_symmetry_equiv_pos_as_xyz 

  x,y,z 

  -x+1/2,-y,z+1/2 

  -x,y+1/2,-z+1/2 

  x+1/2,-y+1/2,-z 

  z,x,y 

  z+1/2,-x+1/2,-y 

  -z+1/2,-x,y+1/2 

  -z,x+1/2,-y+1/2 

  y,z,x 

  -y,z+1/2,-x+1/2 

  y+1/2,-z+1/2,-x 

  -y+1/2,-z,x+1/2 

  -x,-y,-z 

  x+1/2,y,-z+1/2 

  x,-y+1/2,z+1/2 

  -x+1/2,y+1/2,z 

  -z,-x,-y 

  -z+1/2,x+1/2,y 

  z+1/2,x,-y+1/2 

  z,-x+1/2,y+1/2 

  -y,-z,-x 

  y,-z+1/2,x+1/2 

  -y+1/2,z+1/2,x 

  y+1/2,z,-x+1/2 

_cell_length_a                    19.6716 

_cell_length_b                    19.6716 

_cell_length_c                    19.6716 

_cell_angle_alpha                 90.0000 

_cell_angle_beta                  90.0000 

_cell_angle_gamma                 90.0000 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_U_iso_or_equiv 

_atom_site_adp_type 

_atom_site_occupancy 

Zr1    Zr    0.12040   0.00000   0.00000   0.00000  Uiso   1.00 

O2     O     0.17260   0.00000   0.09600   0.00000  Uiso   1.00 

O3     O     0.05610   0.94390   0.94390   0.00000  Uiso   1.00 

O4     O     0.09600   0.00000   0.17260   0.00000  Uiso   1.00 

O5     O     0.36299  -0.00118   0.36088   0.00000  Uiso   1.00 
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C13    C     0.73570   0.50000   0.31590   0.00000  Uiso   1.00 

C15    C     0.85270   0.50000   0.35270   0.00000  Uiso   1.00 

C16    C     0.79810   0.50000   0.29810   0.00000  Uiso   1.00 

C17    C     0.81590   0.50000   0.23570   0.00000  Uiso   1.00 

N19    N     0.70190   0.50000   0.20190   0.00000  Uiso   1.00 

C20    C     0.68410   0.50000   0.26430   0.00000  Uiso   1.00 

C21    C     0.76430   0.50000   0.18410   0.00000  Uiso   1.00 

O205   O     0.94390   0.94390   0.94390   0.00000  Uiso   1.00 

loop_ 

_geom_bond_atom_site_label_1 

_geom_bond_atom_site_label_2 

_geom_bond_distance 

_geom_bond_site_symmetry_2 

_ccdc_geom_bond_type 

Zr1    O2      2.150   .     S 

Zr1    O4      2.150   5     S 

Zr1    O205    2.009   13_666 S 

Zr1    O3      2.009   1_544 S 

Zr1    Zr1     3.350   5     S 

Zr1    Zr1     3.350   9     S 

Zr1    Zr1     3.350   17    S 

Zr1    Zr1     3.350   21    S 

Zr1    O3      2.009   17_656 S 

Zr1    O5      2.720   18_545 S 

Zr1    O3      2.009   21_665 S 

Zr1    O5      2.756   2_554 S 

O2     C15     1.125   3_645 S 

O3     Zr1     2.009   1_566 S 

O3     Zr1     2.009   21_566 S 

O3     Zr1     2.009   17_566 S 

O4     Zr1     2.150   9     S 

O4     C15     1.125   3_645 S 

O5     Zr1     2.720   24    S 

O5     N19     1.776   3_645 S 

O5     Zr1     2.756   2     S 

C13    C16     1.276   .     S 

C13    C20     1.436   .     S 

C15    C16     1.519   .     S 

C15    O4      1.125   3_655 S 

C15    O2      1.125   3_655 S 

C16    C17     1.276   .     S 

C17    C21     1.436   .     S 

N19    C21     1.276   .     S 

N19    C20     1.276   .     S 

N19    O5      1.776   3_655 S 

O205   Zr1     2.009   13_666 S 

O205   Zr1     2.009   17_666 S 

O205   Zr1     2.009   21_666 S 
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Figure 2.2. Rietveld plot of TMU-66; red: experimental pattern; blue: calculated pattern; 

green: Bragg peaks; and black: the difference between the experimental and calculated data. 

 

N2 adsorption-desorption isotherms were measured at 77 K using a Micromeritics 

Instrument Corporation (TriStar II), and BET and BJH methods were applied to the adsorption 

branch of isotherms. N2 adsorption-desorption isotherms are curves that display the amount of 

nitrogen gas adsorbed and desorbed by a material at different relative pressures at a constant 

temperature. The shape and features of the isotherms can indicate the type and size of pores 

present in the material and the adsorption mechanism and hysteresis behavior.7 BET and BJH 

are two methods that can calculate the material's pore size distribution and surface area from 

the isotherm data. BET stands for Brunauer-Emmett-Teller, a method that allows to estimate 

the surface area of a material by assuming that the gas molecules form a monolayer on the 

surface.8 BJH stands for Barrett-Joyner-Halenda, a method that permits to assess the pore 

size distribution of the material by assuming that the gas molecules fill the pores by capillary 

condensation.9 
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Fourier-transform infrared (FT-IR) spectra were obtained by preparing a mix sample-KBr 

(about 1 to 2 % of the sample) pellet and using a Thermo Scientific Nicolet IR100 (Madison, 

WI) Fourier-transform infrared (FT-IR) spectrometer. FT-IR is a technique that measures a 

sample's absorption or emission of infrared radiation. The infrared spectrum gives information 

about the molecular structure and composition of the sample and the presence of impurities or 

contaminants.10 FT-IR can also be used to monitor the changes in the chemical bonds and 

functional groups of the sample during reactions or modifications. FT-IR is a fast and reliable 

technique for solid, liquid, or gas samples.11 

Scanning electron microscopy (SEM) imaging was conducted using ULTRA 55 (Zeiss) 

equipped with a thermal field emission emitter and an energy-dispersive X-ray spectroscopy 

(EDS) mapping detector. Also, transmission electron microscopy (TEM) imaging was 

performed by a TECNAI-G2 equipped with an EDS spectrometer at a working voltage of 200 

kV. SEM and EDS are techniques that allow to observe the surface features and elemental 

distribution of the samples at a nanometer resolution. SEM uses a beam of electrons to scan 

the sample and produce an image based on the secondary electrons emitted from the sample.12 

EDS uses a detector to collect the X-rays generated by the interaction of the electron beam and 

the sample atoms. The X-rays have characteristic energies that correspond to the elements 

present in the sample. By analyzing the X-ray spectrum, we can identify and quantify the 

elements in the sample.13 

TEM and chemical mapping allow us to examine the samples' atomic arrangement and 

chemical bonding at an angstrom resolution. TEM uses a beam of electrons to transmit through 

a sample and produce an image based on the shared electrons. Chemical mapping uses various 

methods to collect the signals from different regions of the sample and generate a map that 

shows the spatial distribution of elements or compounds in the sample. For example, energy-

filtered TEM (EFTEM) uses an energy filter to select electrons with specific energies 
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corresponding to certain elements or bonds. By scanning the electron beam across the sample, 

we can obtain a map showing where those elements or bonds are located.14 These techniques 

complement each other and provide valuable information about the morphology, structure, and 

composition of the Zr-MOFs and MOF-based composites we synthesized and applied in this 

research. 

X-ray photoelectron spectroscopy (XPS) measurements were acquired on a Thermo-

Scientific ESCALAB Xi+ spectrometer with a spherical energy analyzer (constant analyzer 

energy) electromagnetic lens mode. The spectra were recorded using a monochromatic Al Kα 

X-ray source (1486.6 eV) at an operating power of 25 W (15 kV). The peak deconvolution and 

the decomposed spectra into their components were carried out using CasaXPS processing 

software. XPS was used to analyze the synthesized material's chemical state and electronic 

structure. XPS is a technique that can identify the elements and their oxidation states on the 

surface of a material by measuring the kinetic energy and number of electrons that are emitted 

when the material is irradiated with X-rays. XPS can also provide information about the 

bonding environment and electronic configuration of the atoms in the material.15 

Thermogravimetric analysis (TGA) data were recorded on a Thermal Analyzer (TG 209 F3 

Tarsus, Netzsch) instrument under a nitrogen atmosphere (20 mL min-1), and the heating rate 

was adjusted to 10 °C min-1 from 30 to 980 °C. TGA is a technique that measures the change 

in mass of a sample as a function of temperature or time under a controlled atmosphere. TGA 

can be applied to study materials' thermal stability, decomposition, and composition. For 

example, TGA can help to understand: 

•  The amount and type of defects in MOFs, such as missing linkers or metal clusters, by 

comparing the mass loss of the defective MOF with the ideal MOF.16 



70 

 

•  The ratio and distribution of mixed linkers in MOFs by analyzing the mass loss steps 

corresponding to the decomposition of different linkers.17 

•  The loading and interaction of g-C3N4 with MOFs by observing the mass loss of the 

composite and the individual components.18 

2.3.2 Characterization of the Optical and Electrochemical Behaviour of 

Photocatalysts 

2.3.2.1 Photochemical methods 

Ultraviolet-visible (UV-vis) spectra and Tauc plot are methods that can be used to determine 

the band gap energy of semiconductors. The band gap energy is the minimum energy required 

to excite an electron from the valence band to the conduction band of a material. The band gap 

energy affects the optical and electronic properties of the material, such as the absorption and 

emission of light, the photocatalytic activity, and the conductivity.19 

UV-vis spectroscopy is a technique that measures how much ultraviolet and visible light is 

absorbed or transmitted by a material. The absorption spectrum indicates the amount of light 

that is absorbed by the material at different energies or wavelengths, while the transmission 

spectrum allows to determine the amount of light that passes through the material at different 

energies or wavelengths. This data can be used to determine the band gap energy of the 

material, which is revealed by the onset of either absorption or transmission.20 

The Tauc plot is a useful method for estimating the band gap energy of a material. It works by 

transforming the absorption or transmission spectrum into a linear function. The plot assumes 

that the absorption coefficient of the material follows a power law with respect to photon energy 

and band gap energy. By plotting a function of the absorption coefficient and the photon energy, 

a linear region can be obtained, such as (αhν)2 vs. hν for direct band gap materials or (αhν)1/2 
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vs. hν for indirect band gap materials. This linear region can then be extrapolated to zero 

absorption coefficient to give an estimate of the material's band gap energy.21 

Ultraviolet-visible (UV-vis) spectra were recorded using Safas Bio-UVmc² spectrophotometer 

using a quartz cell (1 cm path length) and a tungsten-halogen source. Absorption spectra were 

acquired from 200 to 800 nm at 25 ± 1 ºC.  

The Tauc plot was used to determine the band gap of the samples using Tauc's relation: 

[(αhν)1/n = C × (hν -Eg)]       (2.1) 

Where hν is the incident photon energy, C is the proportionality constant, Eg is the band gap 

energy, and n = ½ and 2 for direct and indirect band gap, respectively. 

2.3.2.2 Photo-electrochemical measurements 

Electrochemical and photoelectrochemical experiments were performed with an Autolab 

PGSTAT204 (Metrohm, France) using a custom-made three-electrode cell with a quartz glass 

window. Cyclic voltammetry (CV), Nyquist, and Mott-Schottky plots were acquired using 

a glassy carbon electrode (3 mm diameter). A saturated calomel (Hg/HgCl2, 3M KCl) electrode 

was used as a reference electrode, and a Pt mesh was applied as a counter electrode. 

To create a homogeneous catalyst ink, the as-prepared sample (10 mg) was uniformly dispersed 

in 1 mL of ethanol/water (1:1) and 10 µL of 5% Nafion binder and the mixture was 

subsequently ultrasonicated for 30 min. 5 µL of the same catalyst slurry was dropped slowly 

on the GC electrode surface and dried at room temperature. During the cyclic voltammetry, the 

potential was scanned between 1 and -1 V versus SCE at a scan rate of 30 mV s-1 for three 

cycles. Electrochemical impedance spectroscopy (EIS) was performed at an AC amplitude 

of 10 mV in a frequency range from 1 kHz to 0.1 Hz at open circuit potential value. 
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For photocurrent measurements, a 150W Xenon Arc Lamp (L8253 Hamamatsu, Japan) was 

used with a light at 400 to 700 nm cut-off filter at 420 nm. The electrolyte was Na2SO4 (0.5M) 

saturated with Ar gas for at least 30 min to remove dissolved oxygen. Current densities under 

illumination and in the dark were measured by mechanically chopping the light every 20 s. 

Cyclic voltammetry (CV) is a technique used to measure the current response of a material 

when exposed to a varying potential. This method provides important insights into the redox 

potentials, reaction mechanisms, electron transfer kinetics, and diffusion coefficients of the 

material. Additionally, CV can be utilized to monitor changes in the current response of the 

material under various lighting conditions, such as dark, visible, or UV light. This information 

is crucial in evaluating the photocatalytic activity and efficiency of the material, specifically 

for N2 photoreduction.22 

Nyquist plot is a type of impedance spectroscopy used to measure the complex impedance of 

a material as a function of frequency. It provides valuable information, such as the charge 

transfer resistance, double layer capacitance, and equivalent circuit model of the material. 

Through Nyquist plot, we can also compare the impedance of the material under different light 

conditions including dark, visible, or UV light, which can help to understand the effect of light 

on the charge transfer and accumulation processes of the material for N2 photoreduction.23 

The Mott-Schottky analysis is a technique used to measure the capacitance of a material as a 

function of potential. This plot can provide essential information regarding the flat band 

potential, the density of donor or acceptor atoms, and the type of semiconductor present in the 

material. Additionally, it can help determine the band gap energy and conduction band position 

of the material. By matching the material's band structure with the light source and the redox 

potential of N2, the Mott-Schottky plot can be used to optimize the material for N2 

photoreduction.24 
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Photocurrent measurements play a crucial role in studying the photoelectrochemical properties 

and performance of materials used in N2 photocatalysis. These measurements are the primary 

tool for investigating the light absorption, charge generation, and charge transfer processes of 

photocatalysts. Photocurrent measurements can provide information about important 

parameters, such as photocurrent density, onset potential, fill factor, and conversion efficiency 

of the photoelectrodes. Moreover, these measurements can be used to monitor changes in the 

photocurrent response of the photoelectrodes under different light conditions, such as dark, 

visible, or UV light. This helps to evaluate the photocatalytic activity and stability of 

photoelectrodes for N2 photocatalysis.25 

2.4 Batch adsorption experiments 

To make a stock solution of Congo red (CR, 696.665 g mol-1) with a concentration of 1000 mg 

L-1, 100 mg of Congo red was dissolved in 100 mL of deionized water. To create different 

solutions, the stock solution was diluted accordingly. During all experiments, 10 mg of solid 

adsorbent was used. 

2.4.1 Effect of pH on the adsorption process 

The impact of pH on the adsorption of Congo red was tested within a pH range from 1.0 to 

10.0. The pH was adjusted by adding 0.1 M HCl or 0.1 M NaOH while maintaining a constant 

initial concentration of 150 mg L-1 for all samples. The efficiency of Congo red adsorption (% 

adsorption) was determined by: 

%𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = [(C0 − C𝑒)/C0] × 100        (2.2) 

where C0 and Ce represent the starting and equilibrium concentrations of Congo red in mg L−1, 

respectively. 
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2.4.2 Kinetics for the Congo red adsorption 

To prepare ten samples, a fixed concentration of Congo red (150 mg L−1) was added to 50 mL 

falcon conical tubes containing 10 mg of TMU-66 at 298 K. The adsorption process was halted 

at intervals ranging from 1 to 120 min. Subsequently, the mixture was centrifuged at 14000 

rpm for 3 min and then analyzed using a UV–vis spectrophotometer (Shimadzu UV 2100). The 

amount of Congo red adsorbed was determined using the following calculation (Eq. 2.3): 

q𝑡 = [(C0 − C𝑡)/m] × V     (2.3) 

Where qt and Ct are the amount of Congo red adsorbed per unit mass of adsorbent (mg g−1) and 

the Congo red concentration (mg L−1) at time t (min), respectively; m is the adsorbent mass 

(g), and V is the volume of the sample (L). 

The pseudo-second-order model can be described by equation (2.4): 

𝑡

𝑞𝑡
=

1

𝑘𝑎𝑑𝑞𝑒
2 +  

𝑡

𝑞𝑒
       (2.4) 

Where qt (mg g−1) is the adsorption capacity of TMU-66 at time t (min), qe (mg g−1) is the 

adsorption capacity at equilibrium, and kad (g mg−1 min−1) is the rate constant of adsorption. 

The values of qe and kad were calculated from the slope and intercept of the t/qt vs. t plot. 

2.4.3 Adsorption isotherms and thermodynamic evaluations 

To study the adsorption isotherm, 50 mL of Congo red aqueous solution (the initial Congo red 

concentrations varying from 5 to 120 mg L−1) were poured into a falcon conical tube with 10.0 

mg of TMU-66 and stirred for 2 h at 298 K. The mixture was then centrifuged at 12000 rpm 

for 2 min, and the concentration of remaining Congo red was determined by a UV–vis 

spectrophotometer (Shimadzu UV 2100). The equilibrium adsorption capacity was calculated 

using Eq. 3: 

q𝑒 = [(C0 − C𝑡)/m] × V       (2.5) 
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where qe is the equilibrium amount of Congo red adsorbed per mass unit of adsorbent (mg g−1) 

and C0 and Ct are initial and equilibrium concentrations of Congo red, respectively. 

The equation represents the dual-site Langmuir model:26 

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑞1

𝑚𝑎𝑥.𝐾1.𝐶𝑒

1+𝐾1.𝐶𝑒
+

𝑞2
𝑚𝑎𝑥.𝐾2.𝐶𝑒

1+𝐾2.𝐶𝑒
      (2.6) 

𝑞𝑡𝑜𝑡𝑎𝑙: total amount adsorbed at a given adsorbate concentration. 

        𝑞1
𝑚𝑎𝑥: maximum capacity of site type 1 (mg g−1) 

        𝑞2
𝑚𝑎𝑥: maximum capacity of site type 2 (mg g−1) 

        𝐾1: equilibrium (affinity) constant of site type 1 (L mg−1) 

        𝐾2: equilibrium (affinity) constant of site type 2 (L mg−1) 

 

Every sentence of this model is represented by equation: 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
+  

1

𝑘𝐿𝑞𝑚
        (2.7) 

where qm (mg g−1) and kL (L mg−1) are the maximum adsorption capacity of the adsorbent and 

Langmuir constant, respectively. The values of qm and kL were calculated from the slope and 

the intercept of Ce/qe vs. Ce plot. 

Thermodynamic parameters were investigated at 283−325 K. The adsorption equilibrium 

constant (K0), the changes in free energy (ΔG°, kJ mol−1), enthalpy (ΔH°, kJ mol−1), and 

entropy (ΔS°, kJ mol−1 K−1) were calculated based on equations 2.8- 2.10: 

𝐾0 =
𝑞𝑒

𝐶𝑒
            (2.8) 

ΔG° = −RT ln 𝐾0      (2.9) 

ln 𝐾0 =
ΔS°

𝑇
−

ΔH°

𝑅𝑇
         (2.10) 
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Where R and T are the universal gas constant (8.314 J mol−1 K−1) and absolute temperature 

(K), respectively, ΔS° and ΔH° values are determined by drawing a linear plot of ln K0 vs. 1/T.  

2.5 Nitrogen Photocatalytic Experiments 

2.5.1 General photocatalytic process 

The nitrogen (N2) photoreduction experiments were performed in a glass tube. 10 mg of the 

photocatalyst were added to 10 mL of water containing 333.3 µL of H2SO4. The mixture was 

dispersed using an ultrasonicator for 1 min, and the resulting suspension was saturated with 

N2 for 30 min. After that, the solution was stirred in the dark for 30 min. During the 

photoreduction under visible irradiation using a 150W Xenon arc lamp (400 to 700 nm, cut-off 

filter at 420 nm L8253 and power (P) = 0.2 W), a balloon full of nitrogen was utilized to keep 

the tube under a positive pressure of N2. At certain time intervals, 0.6 µL of the reaction mixture 

was collected and immediately centrifuged to separate the liquid sample from the solid catalyst. 

NMR and Nessler's reagent methods were used to determine the NH4
+ ion concentration. 

Determination of NH3 by Nessler’s reagent method: 10 µL of the aqueous solution of potassium 

tartrate (KNaC4H6O6, 0.5 mL, 500 g L−1) and 10 µL Nessler’s reagent was added to the 0.6 mL 

of the ammonia-containing solution. After 10 min, the solution was pipetted into a quartz 

cuvette. Absorbance measurement was performed at λ= 420 nm. 

Determination of NH3 (
1H NMR): 550 µL of the ammonia-containing solution and 50 µL of 

DMSO-d6 were added to the NMR tube. NMR measurements were performed on an Agilent 

600-MHz system. 

2.5.2 Nessler’s Reagent  

Nessler’s reagent is a solution that contains K2HgI4 and KOH. Under alkaline conditions, 

iodide and mercury ions react with ammonia to produce a reddish-brown complex. This 

complex strongly absorbs light at 420 nm (Eq. (2.11)), and its absorbance is directly 
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proportional to the concentration of ammonia in the absence of interferents. To minimize 

interference from other ions (such as Fe3+, Co2+, Ni2+, Cr3+, Ag+, and S2−), Rochelle salt 

(KNaC4H4O6) is often added during the detection process. 

2[HgI4]
2- + NH3 + 3OH¯ → Hg2ONH2I + 7I¯ + 2HO2           (2.11) 

When utilizing Nessler's reagent, it is crucial to keep in mind the following: firstly, the reagent 

contains mercury ions that are potentially hazardous, so it is necessary to use it with caution. 

Secondly, the reagent's shelf life is only about three weeks. Thirdly, the water used to create 

the Nessler's reagent solution should be devoid of ammonia, and ultrapure water is the optimal 

choice. Finally, the precision of NH3 quantification can be influenced by the duration of the 

ammonia reaction with Nessler's reagent, which should ideally fall between 10 and 30 

minutes.27 

2.5.2.1 Procedure for the preparation of Nessler's reagent 

The preparation of Nessler’s reagent was performed as following: 1) 2 g of potassium iodide 

was weighed and added to a clean container. 2) 5 milliliters of water were added to the container 

with the potassium iodide. 3) the solution was stirred until the potassium iodide was completely 

dissolved. 4) 3 grams of mercury (II) iodide were weighed separately and added to the solution 

of potassium iodide and water. 5) the solution was stirred until the mercury (II) iodide was 

completely dissolved. 6) enough water was added to bring the total volume of the solution up 

to 20 mL. 7) 40 grams of 30% potassium hydroxide were added to the solution of mercury (II) 

iodide and potassium iodide. 8) the solution was stirred until the potassium hydroxide was 

completely dissolved. 9) The resulting solution was Nessler’s reagent with a pale orange 

colour. 
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2.5.3 Computational details 

The Vienna Ab initio Simulation Package (VASP) code28 was utilized for all calculations, 

within the framework of density functional theory (DFT) approach. The generalized gradient 

approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE)29 was used to consider 

the electron correlation functional, while the pseudopotentials were generated using the 

projector augmented wave (PAW) method.30 The kinetic cut-off energy was set to 450 eV, and 

the force and energy convergence thresholds of 0.01 eV/Å and 10-5 eV per atom, respectively, 

were used for self-consistent optimizations. A -centered Monkhorst-Pack grid31 is utilized for 

performing Brillouin zone integration. The pairwise additive dispersion correction (DFT+D3), 

proposed by Grimme,32 is applied to account for van der Waals interactions. MOF-808 cluster 

model used in the MOF-808/g-C3N4 configuration is constructed from Zr6O4(OH)4(HCOO)6 

metal nodes and 1,3,5-benzene tricarboxylate (BTC3-) linker, as shown in Figure 2.3. A vacuum 

space of 15 Å is established along the z-direction, ensuring that the periodic images of the 

system did not interact with each other. The adsorption energy of the adsorbates on the substrate 

surface is calculated using the following equation: 

Eb = ETotal - Esub - Eads 

Where ETotal corresponds to the energy of the adsorbed species on the substrate, while Esub and 

Eads are the energies of the isolated substrate and adsorbates, respectively.  

The Gibbs free energy change of the NRR process was computed using the following equation: 

G = EDFT + EZPE - TS 

Where EDFT is the DFT computed total energy difference. EZPE and TS correspond to zero-

point energy change and entropy change between reactants and products, respectively, at a 

temperature of 298.15 K. 



79 

 

 

Figure 2.3. The single MOF-808 unit structure constructed from Zr6O4(OH)4(HCOO)6 metal 

nodes and 1,3,5-benzene tricarboxylate (BTC3-) linker. 
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3. Adsorption as a Gateway to Structural Characterization 

3.1 Introduction 

In the fascinating realm of materials science, the investigation of highly porous components 

has long challenged researchers.1,2 Yet, advancements in characterization methods have paved 

the way for a deeper understanding of these intricate materials. Among these methods, 

adsorption has emerged as a valuable tool for unraveling the complexities of porous materials 

by examining the behavior of substances that adhere to their surfaces.3 Through exploring the 

adsorption process, scientists gain valuable insights into the unique properties, structures, and 

applications of such materials.4 

An area of significant research interest lies in the adsorption of anionic dyes, particularly those 

used in critical industries, such as textiles and water treatment. Anionic dyes, widely used in 

industries like textiles, printing and dyeing, pose a significant environmental challenge due to 

their persistence, toxicity, and color.5 The effective removal of anionic dyes from wastewater 

is crucial to prevent water pollution and ensure the safety of aquatic ecosystems. Congo Red 

(CR) is a synthetic dye with anionic properties that is frequently employed among these dyes. 

Even at low concentrations, it can pose significant risks to human health and aquatic 

ecosystems, such as plant growth inhibition, carcinogenicity, and kidney disease. CR's complex 

and stable aromatic molecular structure makes it difficult to break down naturally, necessitating 

the immediate development of effective methods for removing it from aqueous solutions.6,7 

Numerous technologies have been implemented for water treatment, encompassing 

electroflocculation, membrane filtration, ultrafiltration, photodegradation, and adsorption.8 

Among these, adsorption shines for its cost-effectiveness, superior performance, user-

friendliness, and minimal secondary pollution. Carbon-based materials, like activated carbon, 

biochar and carbon nanotubes, are commonly used.9,10 However, their inconsistent 

performance and inability to be tailored lead to subpar adsorption capabilities. 
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One intriguing class of porous materials that has garnered considerable attention is Metal-

Organic Frameworks (MOFs).11,12 These compounds consist of metal ions coordinated with 

organic ligands, resulting in intricate and highly ordered structures. The remarkable feature of 

MOFs lies in their interconnected pores and channels, which endows them with exceptional 

versatility for various purposes. MOFs present an array of benefits compared to traditional 

adsorbents. These include extensive surface area, substantial pore volume, customizable 

chemical properties, and effortless modification. MOFs can efficiently adsorb CR via 

interactions like hydrogen bonding, electrostatic attraction, coordination bonding, and π–π 

stacking.13 Among various MOF types, Zr-based MOFs (Zr-MOFs) have demonstrated 

outstanding potential in adsorbing and removing different pollutants from aqueous 

solutions.14,15 Certain MOFs exhibit a unique hollow sphere morphology, enhancing their 

adsorption capability and rendering them particularly promising for environmental 

remediation, gas storage, and separation processes.16 

In this chapter, our focus rests on an in-depth investigation of TMU-66,17 a novel MOF-based 

on zirconium, and isonicotinic acid N-oxide as a linker with noteworthy hollow sphere 

morphology, which measures over 1.4 micrometers in size. Using adsorption as a powerful 

analytical tool, we aim to comprehensively understand TMU-66's structure, functionality, and 

adsorption properties. By conducting meticulous experimental studies and rigorous data 

analysis, we seek to elucidate the intricate mechanisms that underlie its adsorption behavior, 

thereby shedding light on the immense potential of MOFs for a wide range of practical water 

treatment applications. 

3.2.1 Comparison of TMU-66 synthesized with HCl and modulator 

TMU-66 was synthesized using two different methods: 1) modulator-controlled synthesis18, 

Zr6O4(OH)4(INO)6(BzO)4(OH)2(DMF)2, (BzO = benzoate), and 2) synthesis through addition 



85 

 

of HCl to reaction mixture19, Zr6O4(OH)4(INO)6(Cl)4(OH)2(DMF)3(H2O)4. To ascertain the 

chemical formula of the synthesized materials, the crystalline powders of TMU-66 underwent 

various analytical tests. CHN elemental analysis and inductively coupled plasma optical 

emission spectrometry (ICP-OES) assisted in determining the percentage of elements present 

in the compounds (Table 3.1). Also, Energy-dispersive X-ray spectroscopy (EDS) and X-ray 

photoelectron spectroscopy (XPS) to identify the presence of elements, especially Cl, in the 

materials. Finally, thermal gravimetric analysis (TGA) before and after activation was utilized 

to determine the quantity of DMF and H2O in the structures (Figure 3.1). 

Table 3.1. Elemental analysis of TMU-66. 

Complex %C %H %N %Zr 

Observed HCl-synthesized TMU-66 27.57 3.04 6.01 27.35 

Calculated for 

Zr
6
O

4
(OH)

4
(INO)

6
(Cl)

4
(OH)

2
(DMF)

3
(H

2
O)

4
 27.35 2.99 6.38 27.72 

Observed benzoic acid (BzO) -synthesized 

TMU-66 
38.63 3.52 5.33 25.76 

Calculated for 

Zr6O4(OH)4(INO)6(BzO)4(OH)2(DMF)2 
38.69 2.95 5.16 25.20 

 

 
Figure 3.1. TGA plots of HCl- and benzoic acid-synthesized TMU-66. 

 

The modulator-controlled synthesis method produces MOF material with higher crystallinity, 

as evidenced by sharper and more intense peaks in PXRD patterns compared to the second 

method (Figure 3.1). Benzoic acid tunes TMU-66 crystal growth as a modulator in the 

synthesis. This modulator could terminate the framework and participate in the framework 
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formation as a partial substitute for INO, because of the similar coordination mode. Unlike 

INO, benzoate can only connect to one Zr6 cluster, and it is much more likely to detach from 

frameworks. Therefore, defects in the frameworks can be generated, which not only expand 

the pore size by combining neighboring pores but also result in coordinately unsaturated Zr 

sites.20 The existence of defects in the frameworks was confirmed by N2 adsorption isotherms 

at 77 K, as shown in Figure 3.2-a in comparison with HCl-synthesized TMU-66 (Figure 3.2-

b). BET surface area of TMU-66 increased from 79 to 384 m2/g using a benzoic acid modulator 

instead of HCl.  

 

Figure 3.2. Comparison of the PXRD patterns of the synthesized TMU-66 with modulators 

and HCl.  
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Figure 3.3. Nitrogen gas adsorption-desorption isotherms: (a) benzoic acid-synthesized 

TMU-66, and (b) HCl-synthesized TMU-66. 

3.2.2 Structural description of TMU-66 

According to the crystal structure refinement of TMU-66 mentioned in Chapter 2, TMU-66 

crystallizes in the cubic lattice space group 𝑷𝒂𝟑̅ (No. 205) with the cell parameter a = 19.6716 

Å. The IBU consists of a hexanuclear cluster [Zr6O4(OH)4]. Each Zr4+ center is coordinated by 

four face-capped oxygen atoms (μ3‒O and μ3‒OH), two oxygen atoms from N-oxide groups 

(μ2‒O), and two oxygen atoms from carboxylate groups (μ2-η
1:η1) (Figure 3.4).  

 
Figure 3.4. Structural and topological representation of TMU-66: (a) [Zr6O4(OH)4] cluster; 

(b) coordination environment around Zr6 cluster in TMU-66; (c) and (d) 3-dimensional 

structures; orange, Zr; red, O; blue, N; and grey, C atoms. 
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Each Zr6-cluster is surrounded by 12 INO ligands (Figure 3.5-a), which create a 3D structure 

with two types of octahedral (10.5 Å) and tetrahedral (7 Å) pores that are connected to each 

other through triangular windows (5 Å) (Figure 3.5 -b, c, and d). TGA analysis indicated that 

the pores are occupied with water and DMF molecules (Figure 3.11). XPS and EDS proved the 

existence of chlorine atoms in the structure. The characteristic peak of Clˉ anions in XPS 

spectra was deconvoluted into Cl 2p3/2 and Cl 2p1/2 located at 197.89 and 199.38 eV (Figure 

3.12-f). Therefore, chloride ions can be located near Zr6 nodes through ionic interactions. 

 

Figure 3.5. (a) Representation view of TMU-66 with 12-coordinated cluster 

[Zr6O4(OH)4(ON)6(CO2)6]; (b) Representation of octahedral pore (10,5 Å) of TMU-66; (c) One 

unit cell of TMU-66 in the [111] direction; d); Representation of tetrahedral pore (7 Å) with a 

triangular window (5 Å) of TMU-66; Color code: orange, Zr; red, O; blue, N; grey, C atoms. 
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The synthesized MOFs were assessed for their adsorption of Congo Red (CR). The primary 

results indicated that HCl-synthesized TMU-66 has a higher adsorption capacity. Therefore, 

this sample was used for further characterization and adsorption studies. In Figure 3.2, we can 

see the PXRD pattern of the HCl-synthesized TMU-66, which displays various peaks at 2θ 

values of 7.8°, 8.9°, 12.7°, 15.6°, 20.1°, and 23.4° corresponding respectively to the (111), 

(200), (222), (400), (420), and (600) reflections of the cubic Pa3 ̅ space group. As shown, TMU-

66-HCl and TMU-66-formic are in good agreement with each other (Figure 3.2). 

The Fourier transform infrared (FT-IR) spectrum of TMU-66 is depicted in Figure 3.6. In the 

1800-800 cm−1 region, INO displays characteristic ν(C=O) (1720-1708 cm−1), ν(C−O) (1400-

1439 cm−1), ν(N−O) (1220-1290 cm−1) and δ(N−O) (877-852 cm−1) vibrations.21,22 In this 

study, two characteristic peaks at 872 and 1235 cm−1 are attributed to the bending and stretching 

vibrations of the N-O bond, respectively, which indicates that the N-O group is coordinated to 

Zr-nodes. The two intense bands at around 1604 and 1411 cm−1 are associated with the OCO 

asymmetric and symmetric stretching vibrations of the carboxylate group in INO, respectively. 

The band at around 560 cm−1 belongs to the Zr–(OC) asymmetric stretch and the bands at about 

640 and 462 cm−1 are assigned to the μ3-O and the μ3-OH stretchings in Zr-nodes, 

respectively.23 The small shoulder at 1658 cm−1 in the TMU-66 before adsorption corresponds 

to the C=O asymmetric stretching of the residual DMF within the pores. The hetero-aromatic 

structure shows the presence of the C–H stretching vibration in the 2933–3110 cm−1 range, 

which is the characteristic region for ready identification of C–H stretching vibrations.24 Also, 

OH stretching vibration with a broad band at 3401 cm-1 is observed.  
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Figure 3.6. FT-IR spectrum of TMU-66. 

 

The surface area and pore distribution were determined by using the BET and BJH methods 

through N2 adsorption/desorption at 77 K. Figure 3.7-a depicts the nitrogen 

adsorption/desorption isotherm of hollow TMU-66 spheres, with a BET surface area of 66.76 

m2/g. Based on this figure, it could be seen that the adsorption branch adheres to an isotherm 

that falls between types I and IV. This suggests that the material is micro-mesoporous and 

undergoes capillary condensation. 

Capillary condensation is a phenomenon that occurs after multilayer adsorption and is the 

reason behind the second upward trend seen in Type IV isotherms that display an S-shaped 

curve. At a relative pressure of 1 atm, the isotherm of Type IV exhibits a plateau once all pores 

are filled. However, incomplete filling may occur in macroporous materials with more 

prominent pores like TMU-66, leading to a hysteresis loop. The vapor pressure of the 

adsorptive sets the maximum threshold for pore size where capillary condensation can occur. 
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Any pressure surpassing this limit leads to complete bulk condensation. As a result, it is 

impossible to measure pores larger than 50-100 nm in diameter (macropores) using the N2 

adsorption technique. The desorption branch displays a type H4 hysteresis loop featuring a 

narrow loop that initiates and concludes at active pressure. This hysteresis loop relates to tiny 

slit-like pores, particles with internal voids, or hollow spheres. 

Based on the BJH method, illustrated in Figure 3.7b, it was noticed that as the pore volume 

increases, the pore size decreases. This indicates that the walls of the hollow TMU-66 spheres 

are composed of an orderly mesoporous structure with an average pore size of 43.707 Å and a 

pore volume of 0.22412 cm3 g-1. 

 

Figure 3.7. (A) Nitrogen adsorption/desorption isotherm and (B) pore size distribution of the 

TMU-66 by BJH method. 

 

Through the use of field-emission scanning electron microscopy (FESEM), we have examined 

the morphology of TMU-66. Figure 3.8-a&b displays a sphere-like structure of TMU-66 with 

a smooth surface and a diameter of > 1.5 μm, which could provide a large contact area for 

adsorption. The compound possesses a hollow structure, as evidenced by the broken spheres 

(Fig. 3.8-c&d), with a shell thickness ranging from 160 to 210 nm. Additionally, energy-

dispersive spectroscopy (EDS) elemental mapping images of TMU-66 (Figs. 3.9 & 3.10) 
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revealed a uniform distribution of Zr, C, O, N, and Cl elements throughout the Zr-MOF hollow 

sphere, which correspond to the metal nodes and organic linkers of the framework. 

Unfortunately, TEM analysis cannot be employed for characterization due to the particle size 

exceeding the expected range of 100-150 nm. 

 

Figure 2.8. SEM images of TMU-66. (a) spherical structure, (b) diameters of micro-spheres, 

(c) shell thickness of the broken spheres, and (d) broken spheres. 
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Figure 3.9. SEM image and elemental mapping of C, O, N, Cl and Zr in TMU-66. 

 

 

Figure 3.10. Energy dispersive X-ray spectroscopy (EDS) spectrum of TMU-66. 
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Table 3.2. Quantitative data of energy dispersive X-ray spectroscopy (EDS) of TMU-66. 

Elt Line Int Error K Kr Wt% At% ZAF Pk/Bg 

C Ka 42.5 21.3874 0.2178 0.0767 28.35 40.34 0.2707 31.60 

N Ka 8.0 21.3874 0.0557 0.0196 12.55 15.31 0.1564 6.24 

O Ka 83.2 21.3874 0.2128 0.0749 36.22 38.69 0.2069 60.46 

Cl Ka 78.0 11.0278 0.1038 0.0366 4.68 2.25 0.7814 13.93 

Zr La 230.3 11.0278 0.4099 0.1444 18.21 3.41 0.7930 33.94 

    1.0000 0.3522 100.00 100.00   

 

 

Figure 3.11 shows the TGA and DTG curves of TMU-66, which can be divided into three 

distinct regions.25 From room temperature to 220 °C, the first region exhibits two mass losses 

of roughly 7.02% and 5.02%, respectively. These losses are attributed to the removal of 

physically adsorbed water and residual solvent molecules from the material's pores. The DTG 

curve indicates two peaks at approximately 100 and 180 °C corresponding to these steps. The 

second region, ranging from 220 to 420 °C, shows a mass loss of about 6.62% due to 

evaporation of chemically bonded water molecules from the zirconium oxide clusters. 

Additionally, a mass loss of 7.65% remains even after MOF activation, which may be attributed 

to trapped water molecules inside the hollow spheres' central hole. The DTG curve depicts 

peaks at around 300 and 400 °C, corresponding to these steps. The third and final stage spans 

from 500 to 1000 °C and exhibits a mass loss of approximately 19.45%. This loss is due to the 

decomposition of the INO linkers, followed by the formation of ZrO2 and NOx, resulting in a 

final mass loss of around 10.47%. The DTG curve features a sharp peak at about 500 °C and a 

broad small peak at around 850 °C, corresponding to this step.  

One notable feature of the hollow spheres that could be detected through TGA is the increase 

in mass caused by the adsorption of water vapor or other gases within the pores or cavities of 
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the hollow structure. The TGA curve of TMU-66 reveals a rise in mass at low temperatures due 

to the adsorption of water molecules on the surface or inside the material's pores.26 

 

Figure 3.11. Thermogravimetry analysis (TGA) and differential thermogravimetric (DTG) of 

TMU-66. 

 

The hierarchical hollow spheres were analyzed using X-ray photoelectron spectroscopy (XPS) 

to identify the surface species and chemical states. The XPS survey spectrum reveals the 

presence of carbon, nitrogen, oxygen, zirconium, and chlorine in the sample, as depicted in 

Figure 3.12-a and Table 3.3. 

Table 3.3. Atomic concentration of elements on the surface determined by XPS. 

 

The high-resolution XPS spectrum of the C 1s (Figure 3.12b) is fitted with three distinct peaks 

at 284.63, 285.92, and 288.59 eV, respectively. These peaks correspond to the C–C, C–N, and 

C=O bonds, characteristic of the INO linker in TMU-66. The N 1s spectrum is deconvoluted 
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into two peaks: C-N (399.12 eV) and N-O (403.04 eV), indicating the presence of nitrogen 

species from INO linkers. The Zr 3d core level spectrum in Figure 3.12-d is curve-fitted with 

two significant peaks at approximately 182.53 and 184.92 eV, which are ascribed to the Zr 3d5/2 

and Zr 3d3/2 energy levels, respectively. These peaks indicate the presence of zirconium species 

in the sample, and their bonding energy aligns with the values reported in the literature for Zr-

nodes coordinated with linkers in Zr-MOFs.27 In Figure 3.12-e, the O 1s spectrum of TMU-66 

is deconvoluted into several bands at 529.92, 531.77, and 533.31 eV attributed to Zr-O, C-O, 

and N-O, respectively. These oxygen species are characteristic of the bonding energy between 

Zr nodes and INO linker in TMU-66. The characteristic peak of Clˉ anions in the Cl 2p core 

level XPS spectrum was deconvoluted into Cl 2p3/2 and Cl 2p1/2 located respectively at 197.89 

and 199.39 eV (Figure 3.12-f). 
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Figure 3.12. (a) The full-scan and core-level XPS scans of (b) C 1s, (c) N 1s, (d) Zr 3d, (e) 

O1s, and (f) Cl 2p atoms of TMU-66. 
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3.3. Adsorption studies 

3.3.1. Selective adsorption of organic dyes 

The selectivity of the Zr-MOF hollow spheres with the isonicotinic acid N-oxide (TMU-66) 

for different organic dyes was investigated by comparing the adsorption capacities of eight 

dyes with different structures and charges at pH around 7 (Fig. 3.13). The results revealed that 

TMU-66 exhibits high selectivity for anionic dyes, especially those with multiple sulfonic or 

carboxylic acid groups, such as Congo red (CR) and Rose Bengal (RB) (Figs. 3.14 & 3.15). 

The adsorption capacities for CR and RB are 98.91% (148.36 mg g-1) and 94.95% (142.42 mg 

g-1), respectively, which are much higher than those of other anionic dyes, such as naphthol 

green B (NGB) (Fig. 3.16), methyl orange (MO) (Fig. 3.17), and methyl red (MR) (Fig. 3.18). 

The adsorption capacities of NGB, MO, and MR are 82.22% (123.33 mg g-1), 71.01% (106.52 

mg g-1), and 14.46% (21.69 mg g-1), respectively, lower than those of CR and RB, probably 

due to their smaller molecular sizes and lower negative charges. On the other hand, TMU-66 

showed negligible or deficient adsorption capacities for cationic dyes, such as Crystal violet 

(CV), Malachite green (MG), and Rhodamine B (RhB). The adsorption capacities of CV, MG, 

and RhB are 1.98%, 0%, and 0%, respectively, which indicates that hollow spheres have a 

strong repulsion for positively charged dyes. 

The high selectivity of TMU-66 for anionic dyes can be attributed to its unique structure and 

surface properties. TMU-66 comprises hollow spheres with a micro-mesoporous shell and a 

hollow core. The shell is formed by coordinating Zr ions with INO ligands with oxygen atoms 

as donors. The oxygen atoms on the surface of Zr-MOF-INO can act as Lewis base sites, which 

can interact with the Lewis acid sites on the anionic dyes, such as the sulfonic acid groups.28 

This interaction can enhance the adsorption of anionic dyes by TMU-66 through chemical 

bonding or electrostatic interaction.29 Moreover, the hollow core of Zr-MOF-INO can provide 

ample void space for accommodating large dye molecules, such as CR and RB.30 The micro-
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mesoporous shell can also facilitate the diffusion and penetration of dye molecules into the 

core.31 Therefore, TMU-66 can achieve high adsorption capacities for anionic dyes with large 

molecular sizes and high negative charges. 

 

Figure 3.13. Adsorption of various cationic and anionic dyes on TMU-66. 

 

Figure 3.14. Structure and size of Congo red molecules. 
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Figure 3.15. Structure and size of Rose Bengal molecule. 

 

 

Figure 3.16. Structure and size of Naphthol green B molecule. 
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Figure 3.17. Structure and size of Methyl orange molecule. 

 

Figure 3.18. Structure and size of Methyl red molecule. 

 

3.3.2. Effect of pH 

The adsorption of CR was studied over a pH range of 1.0-10.0 (Fig. 3.19). The original pH 

levels of the CR solution, MOF, and deionized water are 8.5, 3.8, and 6.86, respectively. Figure 

7 demonstrates that the highest adsorption (more than 98%) occurs at pH values greater than 

3, with the maximum (around 100%) at pH 8-10. TMU-66 can adsorb all forms of CR over a 
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wide pH range of 3 to 10, unlike typical adsorbents with specific pH values for maximum 

adsorption. The structure of the dye molecule at different pH levels is depicted in Scheme 1. 

CR is an azo dye with two sulfonic acid and two amino groups, and its form varies depending 

on the pH. At acidic pH (below 3), CR is protonated, with one positive charge on each amino 

group and each sulfonic acid group carrying a negative charge (Scheme 1a). The overall charge 

of CR in this form is neutral. At neutral pH (around 6.8), CR is partially protonated, with both 

amino groups having a neutral charge alongside the negative charge on each sulfonic acid group 

(Scheme 1b). The overall charge of CR in this form is -2. CR is deprotonated at alkaline pH 

(above 8), resulting in both amino and sulfonic acid groups carrying negative charges (Scheme 

1c). The overall charge of CR in this form is -4. Additionally, at pH below 2.2, the solubility of 

CR decreases in the solution.32,33 

On the other side, at pH 6.8 (selected pH for all experiments), the zeta potential of TMU-66 in 

water is +50.5 mV, indicating that the hollow spheres have a net positive charge and efficiently 

disperse in water. The zeta potential distribution of TMU-66 is so broad from 0 to 100 mV with 

two maxima at 45 and 70 mV at this pH, because it has a heterogeneous surface with different 

functional groups and charges (Fig. 3.20). The zeta potential distribution of a MOF can be 

influenced by the type and amount of metal ions, organic linkers, defects, and adsorbed species 

on the MOF surface.34 These factors can create different regions or domains on the MOF 

surface with different zeta potentials. Therefore, TMU-66 may have two dominant regions or 

domains with different zeta potentials at 45 and 70 mV, respectively. The pH of the suspension 

can also affect the zeta potential distribution of MOF by changing the protonation or 

deprotonation state of the functional groups and charges on the MOF surface. Based on this 

information, TMU-66 would attract CR molecules with a negative charge through electrostatic 

interactions with N-O groups or chemical bonding with Zr-nodes. However, if the pH becomes 

too low, CR molecules may become protonated, losing their negative charge and weakening 
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the attraction. Conversely, if the pH becomes too high, CR molecules may be deprotonated, 

increasing their negative charge and strengthening the attraction. Therefore, TMU-66 exhibits 

the highest adsorption capacity for CR at alkaline pH, when CR molecules carry the highest 

negative charge and solubility. In contrast, the adsorption capacity is lowest at acidic pH when 

CR molecules carry zero or common negative charge and have lower solubility. 

 

Figure 3.19. The effect of pH on adsorption of CR by TMU-66. Initial CR concentration=150 

mg L-1, the amount of adsorbent=10 mg, sample volume=10 mL, T=298 K. 

 

 

Scheme 1. Structure of Congo red at (a) pH < 3, (b) around 6.8, and (c) pH > 8. 
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Figure 3.20. Zeta potential distribution of TMU-66 in water (pH 6.8). 

 

3.3.3. Effect of contact time and concentration of CR 

3.3.3.1. Adsorption kinetics 

The time-dependent behavior of CR adsorption over TMU-66 is achieved at room temperature. 

The results show that the hollow sphere structure has a fast and high adsorption rate for CR 

(Fig. 3.21). In 30 s, TMU-66 achieved 86% of the adsorption capacity, indicating a high affinity 

and accessibility for CR molecules. After 10 min, TMU-66 reached 90% of the adsorption 

capacity, which can be attributed to micro-mesopores shell structure and N-oxide functional 

groups on TMU-66 hollow spheres to accommodate CR molecules (Fig. 3.21b). However, after 

30 min, the adsorption capacity starts to increase again up to 2 h, which implies that there is 

some secondary or tertiary adsorption process occurring on TMU-66. 

One possible explanation for this phenomenon is that TMU-66 has a hollow sphere 

morphology, meaning it has an empty space inside the sphere. This space can act as a reservoir 
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for the adsorbate molecules, which can diffuse from the outer surface to the inner core of the 

sphere. This diffusion process may take longer than the initial adsorption process on the outer 

surface. Another possible explanation is that TMU-66 has some active sites like Zr-nodes and 

N-oxide functional groups on its surface or inside its pores, which can interact with the 

adsorbate molecules through chemical bonding or electrostatic attraction. These interactions 

may require more energy or time to form than the physical adsorption process, so an increase 

in the adsorption capacity was observed after the first plateaus from 10 to 30 min. 

The adsorption rate of TMU-66 is accurately fitted to the kinetic results using semiempirical 

kinetic models, pseudo-second order, with the highest correlation coefficient (R2 = 0.999) (Fig. 

3.22). The equilibrium adsorption capacity (qe) from this model is calculated to be 179.53 mg/g, 

and the value of k2 is found to be 0.0041 min-1, indicating that TMU-66 has a fast adsorption 

rate for CR. 

 

Figure 3.21. Effect of the contact time on CR adsorption by 10 mg of TMU-66 with an initial 

concentration of 50 ppm; qt: the amount of CR adsorbed at different times. 
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Figure 3.22. Linear pseudo-second-order kinetic model for adsorption of CR on TMU-66 

(initial CR concentration=50 mg/L, amount of adsorbent=10 mg, sample volume=50 mL, and 

T=298 K). 

3.3.3.2. Adsorption isotherm 

The design of an adsorption system, analysis of its mechanism, assessment of the affinity 

between adsorbents and adsorbates, and determination of the maximum adsorption capacity 

rely heavily on adsorption isotherms. The adsorption isotherm is the curve showing the solute 

distribution between fluid and solid phases at adsorption equilibrium. 

To assess the impact of initial CR concentration on the adsorption process, a graph of qe versus 

Ce is generated, and the representative isotherm is illustrated in Figure 3.23. Unlike typical dye 

adsorption isotherms, this plot comprises two distinct steps. Initially, the adsorption on TMU-

66 increases rapidly with an increase in initial CR concentration until the plot reaches a semi-

plateau. Then, adsorption increases to another level, but this time more slowly than the first 

step. 
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Figure 3.23. Effect of initial CR concentration on adsorption by 10 mg of TMU-66; Ce, the 

equilibrium concentration of adsorbate; qe, the adsorbed amount of CR. 

 

The two-step adsorption phenomenon could be explained by two types of sites on TMU-66, 

which have different affinities and capacities for CR molecules. Site 1 has a high affinity and 

a low capacity, while site 2 has a low affinity and a high capacity. In Region I, most of the CR 

molecules are adsorbed on site 1, which results in a fast and linear increase in qe. In Region II, 

site 1 is saturated, and most of the CR molecules are adsorbed on site 2, which results in a slow 

and nonlinear increase in qe.
35,36 

To establish an appropriate correlation between experimental and theoretical data, we used a 

qualitative approach to identify the isotherm class, subgroup, and sorption model proposed by 

Christoph Hinz.37 As he suggested, we considered three plots: 1) qe vs. Ce (Fig.3.23), 2) qe/Ce 

vs. qe (Fig. 3.24-a), 3) log (qe/Ce) vs. Log (qe) (Fig. 3.24-b) and corroding to his method, we 

reach the L4-type adsorption isotherm. It is one of the categories of adsorption isotherms in the 

Giles classification,38-40 which is based on the shape and slope of the curve. L4-type adsorption 
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isotherm has a concave downward or L-shaped curve, which indicates the adsorption process 

involved a monolayer formation of CR molecules on the surface of TMU-66. 

 

Figure 3.24. Isotherm classification, according to Giles et al. 1974 shown with differently 

transformed coordinates.37 

 

To fit the experimental data, the two-site Langmuir model (see the chapter 2) is used, which is 

a mathematical equation that describes the adsorption isotherm of an adsorbate on a solid 

surface that has two types of sites with different affinities and capacities for the adsorbate. The 

values of q1
max and q2

max, K1 and K2 are obtained by fitting the experimental data with this 

model using a nonlinear regression and linear regression analysis for each step (Table 3.4). The 

correlation coefficients are 0.998, 0.999, and 0.999, respectively, which indicates that the two-

site Langmuir model is well-fitted with the experimental data (Fig. 3.25).  
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Figure 3.25. Two-step Langmuir (a) linear plot step 1, (b) linear plot step 2, and (c) two-site 

Langmuir nonlinear fit for adsorption of CR on TMU-66 (amount of adsorbent=10 mg, 

contact time=2 h, sample volume=50 mL, pH=6.8 and T=298 K). 

Table 3.4. The values of parameters of the two-site Langmuir model. 

Sample q1
max q2

max K1 K2 

TMU-66 180.18 473.41 0.94 0.03 
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Table 3.5. Adsorption capacities for CR on Various MOFs. 

Adsorbent 

Maximum Congo Red 

Adsorption Capacity 

(mg/g) Reference 

Fe3O4@ZTB-1 458.0 41 

[Cd (5-aip) (bpy)] 211.0 42 

ZT-MOF@Ag@C 416.6 43 

Zr6O4(OH)4(BDC)6 340.0 44 

TMU-66 473.5 This work 

3.3.4. Thermodynamic Studies 

Table 3.6 displays the thermodynamic parameters for CR adsorption on TMU-66. Briefly, the 

adsorption capacity increases with increasing temperature. During the adsorption process, the 

enthalpy change (ΔH) is positive, indicating that heat is required from the surroundings, 

making the process endothermic. Furthermore, the entropy change (ΔS) is positive, implying 

that the adsorption process increases the disorder or randomness of the system. This shows that 

the adsorption process is entropy-driven or favors disorder. Lastly, the Gibbs free energy 

change (ΔG) of the adsorption process is negative, which makes the adsorption process 

thermodynamically favorable and spontaneous. 

Table 3.6. Thermodynamic parameters for CR adsorption on TMU-66. 

T (K) ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS°, (kJ mol−1 K−1) R2 

283 -5.713 +16.870 +79.843 0.995 

297 -6.830    

305 -7.468    

315 -8.266    

325 -9.064    
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Figure 3.26. The plot of lnK0 vs. 1/T. 

 

3.3.5. Adsorption mechanism 

To further understand the interaction between CR and TMU-66, we performed FTIR 

spectroscopy, PXRD analysis, N2 adsorption/desorption, EDS, and SEM of TMU-66 before 

and after adsorption. Characteristic peaks of Congo red, according to Figure 3.27, are N=N 

stretching (1583 cm-1), N-H stretching (1446 cm-1), C-N bending (1363 cm-1), SO3
- stretching 

(1178 and 1226 cm-1), S=O stretching (1122 cm-1), and C-N vibration of aliphatic amines (1062 

cm-1). The FTIR spectrum of TMU-66 after adsorption, Figure 3.28, shows the characteristic 

peaks of the dye, confirming the presence of CR on TMU-66. However, the peaks related to 

the amine and sulfonic acid groups exhibit a redshift to 1432 and 1020 cm-1 (N-H stretching 

and C-N vibration of aliphatic amines) and 1206, 1157 and 1103 cm-1 (SO3
- and S=O stretching 

and other peaks like N=N, C-N, and C-H bending appear in the same place without any shift. 

It could be proof of the interaction between hollow spheres and dye from these two functional 

groups. Figure 3.29 presents the FTIR spectra of TMU-66 at four different times of adsorption 

(t = 0, 30 min, 1 h, 2 h) to better understand the mechanism behind the appearance of peaks. 
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The peaks related to the μ3-O and the μ3-OH stretchings in Zr nodes feature a blue shift from 

640 to 667 cm-1 and 462 to 485 cm-1, respectively, with increased adsorption time. This suggests 

that Zr nodes play an important role in the adsorption process. The band at 1235 cm-1, ascribed 

to N–O stretching vibration coordinates to the Zr nodes at 1235 cm-1, gradually decreases as 

the adsorption time increases and redshifts to 1226 cm-1. This indicates that this group has weak 

interactions with CR molecules. Additionally, as the adsorption time increases, two new peaks 

appear in the FTIR plot of TMU-66. A shoulder at 1300 cm-1 and another at 1704 cm-1 

corresponding respectively to the N-O and C=O related to the INO linker. However, inductively 

coupled plasma optical emission spectrometry (ICP-OES) analysis of the solution after 

adsorption illustrates a zero percentage of Zr, indicating no leaching or significant release of 

Zr into the solution during the adsorption process.  

 

Figure 3.27. FT-IR spectrum of Congo red. 
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Figure 3.28. FT-IR spectra of (a) TMU-66 after CR adsorption and (b) CR. 

 

Figure 3.29. FT-IR spectra of TMU-66 after CR adsorption at different times: (a) t= 0, (b) t= 

30 min, (c) t= 1 h, (d) t= 2 h. 
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To ensure the stability of the structure, we analyzed the sample by PXRD following adsorption. 

The PXRD patterns (Fig. 3.30) show that after adsorption, the main peak of TMU-66 shifts to 

the smaller 2θ angles, indicating that the lattice parameters of TMU-66 increased due to the 

insertion of CR molecules into the pores.  

 

Figure 3.30. PXRD patterns of TMU-66 (a) before and (b) after CR adsorption (initial CR 

concentration=150 mg L-1, the amount of adsorbent=10 mg, sample volume=10 mL, t= 2hr, 

T=298 K). 

 

Figure 3.31 shows that the morphology of TMU-66 after CR adsorption is not altered. The 

unchanged morphology of the Zr MOF suggests that the overall physical appearance of the 

material remains unaffected by the adsorption. Still, it seems the size of spheres is increased 

from 1.5 to 2 µm, and the smooth surface before adsorption turns to a rough surface after 

adsorption, indicating the attachment of CR molecules on the framework. The EDX plot also 

reveals an increase in the peak intensity corresponding to the S element, which could be 

attributed to the sulfonic acid groups of CR molecules. The EDX mapping images exhibited a 

uniform distribution of Zr, O, C, and Cl elements on the surface of the hollow Zr-MOF sphere, 
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suggesting a homogeneous framework structure. However, the distribution of the S and N 

elements was more heterogeneous, indicating selective adsorption of CR molecules on some 

sites of the hollow Zr-MOF sphere. Also, EDS analysis of TMU-66 after adsorption (Figs. 3.32) 

featured an increase in wt% of C and especially N; it can prove the presence of CR on the 

structure. A decrease in the wt% of O could be a sign of removing the OH and H2O on Zr-

nodes.  

 

Figure 3.31. SEM image and EDX mapping images of TMU-66 after CR adsorption (initial 

CR concentration=150 mg L-1, the amount of adsorbent=10 mg, sample volume=10 mL, t= 

2hr, T=298 K). 
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Figure 3.32. EDS spectrum of TMU-66 after CR adsorption (initial CR concentration=150 

mg L-1, the amount of adsorbent=10 mg, sample volume=10 mL, t= 2hr, T=298 K). 

Table 3.7. Quantitative results of EDS of TMU-66 after CR adsorption. 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg 

C Ka 37.1 10.4425 0.2115 0.0763 28.64 41.45 0.2665 22.94 

N Ka 7.5 10.4425 0.0579 0.0209 13.70 17.01 0.1525 5.18 

O Ka 62.7 10.4425 0.1782 0.0643 32.59 35.41 0.1973 52.86 

S Ka 13.6 7.2716 0.0181 0.0065 0.80 0.44 0.8141 6.83 

Cl Ka 51.5 7.2716 0.0761 0.0275 3.56 1.74 0.7713 11.79 

Zr La 231.5 7.2716 0.4582 0.1653 20.70 3.94 0.7988 37.86 

    1.0000 0.3609 100.00 100.00   

 

XPS analysis of TMU-66 after adsorption displays two significant peaks at 182.08 and 184.57 

eV, indicating a peak shift to lower binding energy (Fig. 3.33). This shift indicates that Zr has 

a lower oxidation state and a lower coordination number after dye adsorption, which means 

that Zr transfers some electrons to the oxygen atoms of isonicotinic acid or the dye molecules. 
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This transfer of electrons reduces the charge and the size of Zr, which in turn reduces its binding 

energy and its coordination number.45 

 

Figure 3.33. High-resolution XPS spectra of Zr 3d for TMU-66 before (red) and after (green) 

CR adsorption (initial CR concentration=150 mg L-1, the amount of adsorbent=10 mg, 

sample volume=10 mL, t= 2hr, T=298 K). 

 

Based on these results and analyses, we propose the following mechanism for CR adsorption 

on TMU-66. The adsorption process consists of two steps: (1) a fast and primary adsorption of 

CR molecules on the surface of TMU-66 through electrostatic and π-π stacking interactions, 

and (2) a slow and secondary adsorption of CR molecules into the pores of TMU-66 through 

interactions with the linker C=O and N-O groups and Zr-nodes. The adsorption process is 

favored by high temperature and high initial concentration of CR. The adsorption process 

results in a monolayer formation of CR molecules on TMU-66 with a high adsorption capacity. 
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3.4. Conclusion 

In conclusion, the adsorption studies on TMU-66, a hollow Zr-MOF sphere with isonicotinic 

acid N-oxide, have unveiled its remarkable capability as an efficient adsorbent for anionic dyes, 

particularly those with multiple sulfonic or carboxylic acid groups, and high negative charges. 

The pH-dependent adsorption behavior of CR onto TMU-66 showcases its highest adsorption 

capacity at the pH between 5 and 10 when CR molecules carry the highest negative charge and 

solubility. Notably, the time-dependent behavior reveals rapid initial adsorption, followed by a 

slower process indicative of the involvement of micro-mesopores shell structure and N-oxide 

functional groups on TMU-66 hollow spheres. The adsorption isotherm and analysis of FT-IR, 

PXRD, and XPS data support the formation of a monolayer of CR molecules on the surface of 

TMU-66, showcasing key interactions, such as electrostatic attraction, π-π stacking, and 

interactions with linker and Zr-nodes. These findings provide key insights into the mechanism 

of CR adsorption on TMU-66 and highlight its potential for effective dye removal in 

environmental applications. 
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4. Solar-driven ammonia production through engineering of the electronic 

structure of MOF-808 

4.1 Introduction 

Ammonia (NH3) is an essential component in multiple industries, including fertilizers and 

pharmaceuticals.1,2 Moreover, it is widely recognized as a significant energy source and 

commonly referred to as "the other hydrogen" in the fuel sector.3 One potential solution to the 

problem of hydrogen storage is to use NH3 as a hydrogen carrier, as it is relatively inexpensive 

and has a simple decomposition process.4 The Haber-Bosch approach is one of the most 

frequently utilized methods for generating NH3. Unfortunately, this industrial process for 

nitrogen fixation demands extreme conditions, such as high pressure and temperature, to 

overcome significant activation energy. In addition, this method faces several drawbacks, 

including significant energy usage and emission of substantial amounts of carbon dioxide 

(CO2).
5,6 Consequently, exploring more cost-effective and environmentally-friendly methods 

for NH3 production is of uttermost importance. 

The use of solar energy provides a potential answer to problems related to energy and 

environment. The effective transformation of sustainable and clean energy into chemical 

energy makes the process extremely attractive.7,8 Currently, efforts have been made on 

developing photocatalysts that can function efficiently under visible light exposure. 

Unfortunately, several inorganic semiconductor photocatalysts cannot operate under visible 

light.9 Thus, several approaches have been developed for enhancing the ability to harness 

visible light through structural modifications. The prevalent technique for narrowing band gaps 

is foreign element doping of ultraviolet-active metal oxides. One practical approach can be 

through the use of organic chromophores as receptors to capture visible light. The reason 

behind this approach lies in the fact that organic dye molecules are highly customizable. 

However, the uncontrollable movements of these molecules can cause self-quenching and 
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photobleaching, which are unavoidable issues.10,11 The ongoing goal in solar-to-fuel conversion 

is to enhance catalytic efficiency when exposed to visible light by creating new photocatalyst 

materials. 

Recently, photocatalytic nitrogen (N2) fixation has gained significant attention, owing to its 

simple reaction conditions and eco-friendly nature.12 This process has a significant advantage 

over traditional industrial methods, because it can activate molecular N2 under normal 

conditions and replace H2 with H2O as the hydrogen source. However, several factors restrict 

the process, including the limited range of light absorption, frequent charge recombination, and 

the difficulty of activating highly stable N2 molecules.13,14 Therefore, developing 

photocatalysts for N2 fixation can be a huge challenge. It requires creating semiconductor 

materials that can supply the high energy requirements of N2, while exhibiting a short band gap 

to allow the use of optimal visible light exposure.15 

The combination of inorganic and organic photocatalysts in metal-organic frameworks (MOFs) 

holds immense potential in developing innovative materials for solar fuel production. MOFs 

offer an extensive range of choices, including different metal nodes, organic linkers, and 

flexible coordination modes. Their high porosity and compatibility have made them a popular 

subject of study in photocatalysis in recent years.16,17 One of the advantages of MOFs is their 

compatibility with various catalysts, which makes them an ideal choice for the fabrication of 

novel composite materials.18 Zr-MOFs undoubtedly stand out as one of the most viable MOF 

materials for real-world implementation, owing to their remarkable porosity, extensive range 

of structure types, excellent water and thermal stabilities, and simple post-modification.19,20 

However, they have limited absorption in the visible region, which results in restricted charge 

transfer for excitation and facilitates the recombination of electrons and holes generated by 

light.21 Thus, they require modification or combination with different effective substances to 

enhance their photocatalytic function. In the past few decades, there have been numerous 
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articles about using Zr-MOFs in photocatalysis. However, only a handful of papers have 

specifically explored band gap engineering through both experimental and theoretical 

approaches.22  

There are three ways to reduce the energy required for photons to excite the outer shell electrons 

of an atom (band gap) in MOFs. These methods include enhancing the conjugation of linkers, 

choosing ligands and metal nodes that are electron-rich, and incorporating amino and nitro 

groups into linkers.23 A group of researchers led by Duan provided a comprehensive overview 

on how MOFs can enhance photoelectronic performance for efficient photocatalysis.24 Their 

study examined three strategies for modifying the band gap of MOF-based semiconductors by 

analysing the energy systematization of photocatalysis. According to Zeng et al., organic 

linkers together with metal doping reduce the band gap and can improve photocatalytic 

performance.25 There is currently a lack of understanding regarding how electronic properties, 

such as optical absorption and band levels, can be effectively modulated. It is worth noting that 

the energy levels of MOF bands are crucial in determining their capacity to transform solar 

energy into fuel, because the proper band energy levels are essential for the target reactions to 

take place successfully from a thermodynamic perspective.21 

Polymeric graphitic carbon nitride (g-C3N4) is a well-known substance for solar-to-fuel 

applications, because its band structure is ideal for visible light excitation.26 Also, there have 

been reports on g-C3N4 exhibiting commendable photocatalytic N2 fixation performance.27,28 

The chemical stability, simple synthesis process, and adjustable electronic structure make g-

C3N4 a promising material for photocatalytic applications. However, its major disadvantage is 

the significant occurrence of electron-hole pair recombination, as well as low efficiency in 

terms of quantum yield and surface area.29 To enhance photocatalytic performance and surpass 

the restrictions of MOFs and g-C3N4, it is useful to produce g-C3N4/MOF heterostructure 

composites. The organic ligands in MOFs form π-π interactions with the triazine rings of g-
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C3N4, resulting in strong electrostatic interactions and efficient electron transfer. This enables 

the construction of a heterojunction and close contact between the two materials.30 According 

to the research conducted by Ding and colleagues, utilizing nano-MOF and a flawed layer of 

C3N4 could significantly enhance the capability of N2 fixation in photocatalysis under visible 

light through the Z-scheme method. This improvement was observed compared to the 

performance of pure flawed film of C3N4. They utilized a sol-gel technique to disperse nano-

size MOF-74 particles (less than 20 nm) onto a nitrogen-defective C3N4 thin film (4 nm) and 

then subjected it to calcination at 200 ºC.31  

Herein, a Zr-based MOF, MOF-808/NIP@g-C3N4, composite was prepared as a suitable 

photocatalyst for N2 photoreduction with the aim of proper catalytic performance under visible 

light irradiation. First, introducing a linker containing a nitro group similar to the primary linker 

of the MOF-808 was used to reduce the band gap energy of the framework. Then, to reach a 

suitable photocatalytic performance for NH3 production, it was combined with g-C3N4, which 

has a confirmed performance for this reaction and band gap energy close to that of the modified 

MOF-808 structure. The obtained composite recorded higher photocurrent than both its 

constituent materials and is also able to absorb light in the entire UV-visible region. Our 

comprehensive literature review revealed that MOF-808/NIP@g-C3N4 exhibited one of the 

highest performances for N2 photoreduction under visible light, surpassing other MOFs studied 

so far. 
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Scheme 4.1. Schematic illustration of the preparation of MOF-808/NIP@g-C3N4. 

4.3.1 Characterization of photocatalysts 

The mixed linker method was used to incorporate specific amounts of the 5-nitro isophthalic 

acid (NIP) ligand into the structure of MOF-808, a method proven for decreasing Zr-based 

MOFs' bandgap energy.23,33 Thus, 10 mg of g-C3N4 were added to prepare MOF hetero-

composites during the synthesis of MOF-808 with NIP linker (Scheme 4.1). Characterization 

of the formed compounds was comparatively carried out using various techniques, such as FT-

IR, 1H-NMR, PXRD, XPS, and Brunauer-Emmett-Teller (BET) adsorption-desorption 

isotherms.  

The FT-IR spectrum of MOF-808 (Fig. 4.2-b) shows bands at 647, 763, 1375, 1617 and 1707 

cm-1 assigned to the vibrations of Zr-O, Zr-O-Zr and various stretching modes of Zr-

carboxylate bonds related to the MOF-808, respectively.34 The stretching vibrations of the nitro 

group at 1537 and 1346 cm-1 confirmed the incorporation of the NIP ligand into the mix-linker 

structure and composite (Fig. 4.2-c).35 In the spectrum of MOF-808/NIP, there are two peaks 

at 737 and 1452 cm-1 related to Zr-O-N and N=O, respectively.36,37 The presence of these peaks 

suggests that a small portion of nitro groups may be interacting with zirconium nodes from one 

end. Also, the bands at 805 cm-1 (breathing mode of the triazine unit) and 1250-1700 cm-1 
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(stretching vibrations of conjugated CN rings) are characteristic of g-C3N4 in the hetero-

composite (Fig. 4.2-d&a).38 In the MOF composite spectrum (Fig. 4.2-d), in addition to the 

presence of the characteristic peaks of both components, the peaks at 1020, 1205, and a doublet 

at 1452 and 1465 cm-1 are also seen, which are related to the N–O bond stretching characteristic 

of the nitrito (ONO) group, the N–N stretching, and the N=O stretching frequency, 

respectively.39,40 Considering these new peaks, it seems that the connection of the two 

components in this composite is through the NO2 functional group on the NIP linker inserted 

in the MOF-808 structure and the nitrogen atoms on the graphitic carbon.  

Verification of the BTC: NIP ratio (1.33) in the structure was done by digestion of the mixed-

linker structure in D2SO4/D2O solution, followed by 1H-NMR spectroscopy analysis. One 

doublet peak at 9.02 ppm and one triplet peak at 8.92 ppm are related to the NIP ligand, and a 

singlet peak at 8.78 ppm is attributed to the BTC linker (Fig. 4.3).  

 

Figure 4.2. FT-IR spectra of (a) g-C3N4, (b) MOF-808, (c) MOF-808/NIP, (d) MOF-

808/NIP@g-C3N4. 
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Figure 4.3. 1H NMR spectrum of the MOF-808/ NIP. 

 

PXRD analyses revealed that all compounds synthesized have crystalline structure  (Fig. 4.4). 

The similarity of the diffraction patterns of the synthesized structures proved that they are 

isostructural with MOF-808.41 The first six primary peaks in PXRD patterns of the mixed-

linker MOF and MOF composite, related to the (3,1,1), (2,2,2), (3,3,1), (4,2,0), and (4,2,2) 

diffraction plans and showed a minor shift (0.06°), towards smaller 2θ values. This shift could 

be related to defects in the network due to the introduction of the second linker. Furthermore, 

the single peak related to g-C3N4 at 2θ= 27.5° (Fig. 4.6) overlaps with the peaks related to the 

MOF structure. The structural peaks in the MOF composite are located on a broad peak in the 

2θ range of 25° - 35°. This broad peak is associated with g-C3N4 in the composite material. 
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Figure 4.4. I) PXRD patterns of (a) MOF-808, (b) MOF-808 with NIP, and (c) MOF 

composite. II) Peak shift in mixed-linker structures. 
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Figure 4.5. Lebail refinement and lattice parameters of the MOF-808 and MOF-808-NIP. 

 

 

Figure 4.6. PXRD pattern of g-C3N4. 

 

Pore structure analysis was performed by nitrogen gas adsorption-desorption studies. As shown 

in Fig. 4.7-a, the shape of N2 adsorption isotherms of prepared materials are between types I 

and IV based on the most recent IUPAC classification.42 For all three synthesized materials, 

the adsorption capacity of nitrogen significantly increases at very low relative pressures. This 
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behavior is characteristic of microporous systems with a narrow pore size distribution. Based 

on the pore size distribution plot presented in Fig. 4.7-b, it is evident that, besides the 

microporous distribution, there is a wide range of mesopores distribution between 15 to 50 nm 

in the mixed-linker structures, especially in the MOF/g-C3N4 composite. This may be related 

to the roughness of the crystal surface, the MOF−g-C3N4 interface, and the particle sizes that 

are all responsible for an increase in the external surface area. These experiments showed that, 

by inserting the NIP linker in the network, the BET surface area of MOF-808 (1303 m2/g) 

decreased to 577 m2/g; this is mainly because the pores of MOF-808 contain NIP linkers that 

are connected to the Zr clusters through carboxylate sites. The specific surface areas of g-C3N4 

and MOF composite were 3.8 and 570 m2/g, respectively. 

Figure 4.7. (a) Nitrogen adsorption/desorption isotherms, and (b) Pore size distribution of the 

prepared materials by BJH method. 

 

Scanning and transmission electron microscopies were used to investigate the morphologies of 

synthesized samples. As expected, 2D g-C3N4 nanosheets are seen in Fig. 4.8. MOF-808 

displayed a nanoparticulate shape with a size of about 100-200 nm (Fig. 4.9-a). Upon insertion 

of the second linker in the structure, the size of the nanoparticles decreased to 50-100 nm. In 

addition, particle aggregation of the mixed-linker MOF was significantly reduced compared to 

the MOF-808 (Fig. 4.9-b). As shown in Fig. 4.9-c and 4.10, the composite material consisted 
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of nanoparticles of mixed-linker structure placed on the surface of g-C3N4 nanosheets. The 

elemental analysis confirmed the presence of both components in the composite. The g-C3N4 

is rich in nitrogen, and the MOF structure contains Zr and Cl. In the TEM image (Fig. 4.10), 

the 2D sheet edges are indicated by yellow dots. Focusing on the yellow dots makes it possible 

to observe the 2D sheet edges of g-C3N4 in the nitrogen and carbon chemical map, but not in 

the chemical maps of zirconium, chlorine, and oxygen. This light sheet is associated with g-

C3N4 and linked to the darker particles corresponding to MOF nanoparticles. 

 

Figure 4.8. SEM images of g-C3N4. 

 

Figure 4.9. SEM images at different magnifications of (a) MOF-808, (b) MOF-808/NIP, and 

(c) MOF-808/NIP@g-C3N4-composite. 
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Figure 4.10. TEM image and chemical elemental mappings of C, Zr, Cl, N, and O in MOF-

808/NIP@g-C3N4. 

 

Thermogravimetry analysis (TGA) was recorded to evaluate the thermal stability of g-C3N4, 

MOF, and its composite. As shown in Fig 4.11-A, C, the TGA curves for the MOF and its 

composite exhibit similar shapes, with two significant decomposition stages occurring at 

approximately 300 and 420 °C. The two primary steps before these two significant 

decomposition stages are related to the loss of water and solvent inside the structure.43 In Fig 

4.11-B, a slow decomposition between 520 and 620 °C declines sharply from 675 °C, ending 

at 760 ºC and material turning into carbon and nitrogen-containing gases. Based on the TGA 

plot, it can be concluded that the prepared g-C3N4 is thermally stable and almost pure according 

to the literature.44 It exhibits remarkable robustness and can maintain stability even at high 

temperatures of around 600 °C. These features are attributed to the stable construction of the 

material, which is based on heptazine-based units. The difference in the weight loss observed 

in the last stage for composite material compared to MOF-808 is evidence for the presence of 

g-C3N4 in the composite. 
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Figure 4.11. Thermogravimetry analysis (TGA) and differential thermogravimetric (DTG) of 

(A) MOF-808, (B) g-C3N4, and (C) MOF-808/NIP@g-C3N4 composite. 
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X-ray photoelectron spectroscopy (XPS) was used to assess the elemental composition and 

surface properties. XPS spectra are, for the most part, quantified in terms of peak intensities 

and peak positions. The peak intensities measure how much of a material is at the surface, 

while the peak positions indicate the elements' oxidation state and local chemical environment. 

The full scan spectrum in Fig. 4.12 shows that the MOF-808, MOF-808/NIP and MOF-

808/NIP@g-C3N4 comprise C, O, Zr, and N atoms. Table 4.1 displays the surface element 

compositions following background subtraction and fitting. The MOF composite spectrum 

displays a stronger peak related to N 1s compared to MOF-808/NIP, indicating the presence of 

g-C3N4 in its structure. 

 

Figure 4.12. The full-scan XPS spectra of MOF-808 [red], MOF-808/NIP [blue], g-C3N4 

[black] and MOF-808/NIP@g-C3N4 [green]. 

Table 4.4. Atomic concentration of elements on the surface determined by XPS. 

 



136 

 

The core-level scans of the C 1s of the prepared samples are illustrated in Fig. 4.13-A. The 

bands at 284.68 and 288.10 eV, assigned to C-C and sp2 N=C–N bonds, respectively, are the 

characteristic carbon species in g-C3N4 (Fig. 4.13-A-I). Two small peaks at 285.42 and 288.86 

eV are attributed to the sp N-C=N and C=O originating from the surface functional groups, 

respectively.45–47 The C 1s XPS spectrum of MOF-808/NIP (Fig. 4.13-A-II) could be curve-

fitted with four peaks at 284.51, 285.06, 285.98 and 288.57 eV, which are ascribed to the sp2 

C=C, C-N, C–O, and O–C=O, respectively.48,49 The appearance of the C-N peak alongside the 

other three peaks can be attributed to the presence of the NIP linker within the MOF-808 

structure. The C 1s spectrum of the MOF-808/NIP@g-C3N4 sample is deconvoluted into six 

peaks (Table 4.2, Fig. 4.13-A-III). In this sample, there is a slight shift to the lower binding 

energy for following peaks: sp2 N-C=N at 287.89 eV, which is associated with g-C3N4, the C-

N peak at 284.89 eV, which is related to MOF-808/NIP and the C=C/C-C at 284.37 eV. This 

means that these groups play an active role in the interaction between the g-C3N4 structure and 

MOF-808/NIP in the composite MOF structure. 

Table 4.2. The fitting parameters of the high-resolution XPS spectrum of the C 1s of the 

synthesized materials. 
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In the high-resolution XPS spectrum of the N 1s of the mixed-linker structure (Fig. 4.13-B-II), 

two peaks are observed and can be split into four smaller peaks at 398.33, 399.74, 404.64, and 

405.45 eV corresponding to the Zr-O-N, C-N, N=O bounds and -NO2 group in the NIP linker, 

respectively.50–52 These peaks confirm the presence of the second linker in the MOF-808/NIP 

structure. It seems that part of the NO2 groups on the NIP linker is connected to the zirconium 

nodes at least from one end, and another part is present in the structure as free NO2. Regarding 

the g-C3N4 sample (Table 4.3, Fig. 4.13-B-I), it is worth noting that the N 1s XPS peak can be 

fitted with bands at C-N=C (398.83 eV), N-(C)3 (399.61 eV), (C)2-NH (401.11 eV), and π-

excitation (404.69 eV) [47]. The N 1s spectrum of the composite sample (Table 4.3, Fig. 4.13-

B-III) is deconvoluted into peaks corresponding to C-N=C (398.85 eV), N-(C)3 (399.98 eV), 

and (C)2-NH (401.10 eV) associated with g-C3N4 and the peaks Zr-O-N (398.19 eV), C-N 

(399.45 eV), N=O (404.26 eV), NO2 (406.28 eV) are related to MOF-808/NIP. Furthermore, 

the band at 402.9 eV is believed to be due to N-N=O species.36,53,54 Additionally, the electron 

density of the nitrogen in N-(C)3, Zr-O-N, C-N, and N=O peaks has increased and shifted to 

lower binding energies. In comparison, electron density of the nitrogen in NO2 peak has 

experienced a decrease and shifted to higher binding energies (Fig. 4.13-B-III). 

The O 1s XPS spectrum of g-C3N4 in Fig. 4.13-C suggests the presence of oxygen atoms of 

different chemical environments. In Fig. 4.13-C-I, the bands at binding energies of 531.83 and 

533.21 eV can be assigned to N–C=O and C–OH, respectively as the characteristic oxygen 

species in g-C3N4.
48 In addition, MOF-808/NIP displays a distinct XPS O 1s spectrum with six 

different peaks at 530.01, 531.04, 531.84, 532.39, 533.03, and 533.86 eV corresponding to Zr-

O2, Zr-O-N, C=O, N=O, Zr–OH and O-N=O peaks, respectively (Fig. 4.13-C-II).51,55 Upon 

analysing the composite sample, it was found that the O 1s spectrum can be divided into eight 

peaks (Table 4.4). These peaks correspond to Zr-O2 (530.35 eV), Zr-O-N (531.24 eV), N–C=O 

(531.67 eV), N=O (531.95 eV), C=O (532.19 eV), Zr-OH (533.14 eV), and O-N=O (533.93 
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eV) with an additional band at 532.61 eV (N-N=O).54,55 Interestingly, all the components 

showed a slight shift towards higher binding energy except N-C=O associated to g-C3N4 and 

N=O in MOF-808/NIP, which shifted towards lower binding energies (Fig. 4.13-C-III). 

Table 4.3. The fitting parameters of the high-resolution XPS spectrum of the N 1s of the 

synthesized materials. 

 



139 

 

Table 4.4. The fitting parameters of the high-resolution XPS spectrum of the O 1s of the 

synthesized materials. 
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Figure 4.13. Core-level XPS scan of A) C 1s, B) N 1s and C) O 1s of the synthesized 

materials. 

 

For all the samples, the Zr 3d spectra showed one double peak at approximately 182 and 184 

eV corresponding to Zr  3d5/2 and Zr  3d3/2, respectively.56 Based on the collected spectra, 

incorporating the NIP linker into the MOF-808 structure causes an electronic perturbation in 

the Zr  3d orbitals. The Zr  3d spectrum of MOF-808/NIP is displaced toward lower binding 

energies and can be divided into two main peaks with a shoulder (Table 4.5). Based on the 

spectrum analysis, it is apparent that the shoulder is more suitable for values related to a Zr-O-

N bonding environment rather than Zr-O.51,57 The Zr  3d5/2 orbital in the MOF-808/NIP structure 

has decreased binding energy from 182.63 to 182.35 eV (Fig. 4.14-A). This suggests that the 
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Zr node is binding with the less electronegative N-O group rather than the more electronegative 

aqua and hydroxide moiety. In MOF composite, in contrast to MOF structure (Fig. 4.14-B), 

these peaks shifted slightly to higher binding energies (from 182.35 to 182.73 eV and 184.69 

to 185.05 eV). The positive shift observed appears to align with the interaction between g-C3N4 

and MOF-808/NIP, which can enhance the electron density on Zr nodes. 

Table 4.5. The fitting parameters of the high-resolution XPS spectrum of the Zr 3d of the 

synthesized materials. 
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Figure 4.14. Zr 3d core level XPS spectra: (A) MOF- 808, mixed-linker structure MOF-

808/NIP and (B) composite MOF-808/NIP@g-C3N4 compare with MOF-808/NIP. 

4.3 Photocatalytic activity of the material 

The Nessler's reagent method, a dependable and swift technique for detecting NH3 under acidic 

conditions (Fig. 4.15)58, was applied to measure the photocatalytic performance of the prepared 

samples. Figure 4.16-a illustrates the photocatalytic activity of g-C3N4, MOF-808/NIP, and 

MOF-808/NIP@g-C3N4 samples for reducing N2 to NH3 in water. Under visible light 

irradiation, the NH3 evolution rate reached 178 and 327 μmol g−1 h−1 in the presence of MOF-
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808/NIP and g-C3N4 photocatalysts, respectively. Interestingly, the g-C3N4 nanosheets coated 

with MOF-808-NIP nanoparticles exhibited a higher NH3 generation rate of 490 μmol g−1 h−1. 

Control experiments demonstrated that MOF composite was inactive for N2 reduction in 

absence of irradiation and Ar-saturated solution under irradiation (Figs. 4.17 and 4.16-a).  

To evaluate the reusability of the MOF-808/NIP@g-C3N4 photocatalyst, the N2 reduction 

system was recycled four times (Fig. 4.16-b).  In the initial three reaction cycles, there was little 

change in the efficiency of NH3 production. In addition, the NH3 production rate in the fourth 

cycle reached 91% of the initial value, indicating the good stability of the MOF composite 

photocatalyst. To ensure the stability of the structure after the reaction, FT-IR, PXRD, SEM, 

and XPS were performed on the recycled photocatalyst (Fig. 4.18). Table 4.6 compares N2 

reduction rates of MOF composite (MOF-808/NIP@g-C3N4) with other MOF-based 

photocatalysts in this field. Based on the data presented in this table, it is evident that the MOF-

808/NIP produced an adequate amount of ammonia. Notably, when compared to other MOF-

based materials, MOF-808/NIP@g-C3N4 featured superior photocatalytic activity for N2 

reduction under comparable reaction conditions. 

 

Figure 4.15. Standard plot using the Nessler's reagent method. 
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Figure 4.16. Photocatalytic performance of the different structures as determined by the 

Nessler’s reagent method: (a) NH3 evolution using MOF-808/NIP@g-C3N4 composite and its 

components, (b) Photocatalytic stability of MOF-808/NIP@g-C3N4 during 4-cycling tests, 

conditions: water, pH=2, visible light (420-700 nm), P = 0.2 W. 

 

 

Figure 4.17. Photocatalytic nitrogen fixation activity of MOF-808/NIP@g-C3N4 under light 

irradiation and with no light irradiation. 
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Figure 4.18. Characterization of the recovered MOF-808/NIP@g-C3N4: (A) PXRD patterns, 

(B) FT-IR spectra, (C) The full-scan XPS spectra, and (D) SEM image. 

4.3.1 Optical and photoelectric properties 

The UV-vis absorbance spectra of the synthesized materials in the 260–800 nm range are 

depicted in Fig. 4.19-A. According to the literature, the absorbance of the MOF-808 is below 

400 nm, resulting in low photocatalytic activity in the visible region, due to its wide band gap 

(~3.8 eV).59 The absorbance in the visible area was enhanced by incorporation of NIP linker 

into the MOF-808 structure. According to the Tauc plots (Fig. 4.19-B), the band gap energy of 

MOF-808/NIP and g-C3N4 samples were determined to be 2.63 and 2.78 eV, respectively. The 

close band gap values of these samples could be at the origin of the complete light absorption 

of their composite in the entire UV-visible region. The Mott-Schottky plots were measured to 

determine the flat-band position (Fig. 4.20). The flat-band potentials of g-C3N4 and MOf-
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808/NIP were approximately -1.23 and -0.55 V, respectively. It is worth mentioning that the 

Mott-Schottky plot of the MOF composite validates the existence of the flat band potentials of 

both constituents of the photocatalyst (Fig. 4.21). In n-type semiconductors with a positive 

slope in the Mott-Schottky curves, the CB potential is usually around 0.1 V higher than the flat 

band potential.60 As a result, the CB positions of g-C3N4 and MOF-808/NIP were determined 

to be -1.33 and -0.65 V, respectively. Finally, the valence band potentials were deduced from 

the band gap and CB for g-C3N4 and MOF-808/NIP as 1.55 and 2.08 V, respectively. 

 

Figure 4.19. (A) UV-vis diffuse reflectance plots of the synthesized materials, (B) Tauc plots 

of MOF-808/NIP and g-C3N4.  

 

Figure 4.20. Mott−Schottky plots of MOF-808/NIP and g-C3N4. 
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Figure 4.21. Mott−Schottky plot of MOF-808/NIP@g-C3N4 composite. 

Fig. 4.22 illustrates the results of the electrochemical impedance spectroscopy and 

photocurrent measurements. In Figure 4.22-a, the MOF composite displayed a smaller radius 

than its components. This indicates that the interfacial resistance of the MOF composite was 

lower, leading to more efficient electron-hole pair separation and charge transfer. Additionally, 

as shown in Figure 4.22-b, a rapid photocurrent response was observed upon periodic light 

on−off cycles. The photocurrent intensity of MOF composite was higher than that of g-C3N4 

and MOF-808/NIP, indicating better charge separation of the MOF composite. Based on the 

experimental findings, the MOF composite featured enhanced light absorption and 

photoelectrical characteristics than its individual components. 

 

Figure 4.22. a) EIS spectra and b) photocurrent measurements of the prepared photocatalysts. 
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4.3.2 The Mechanism for Photocatalytic Nitrogen Fixation 

To better understand the photochemical nitrogen fixation mechanism, it is crucial to identify 

the specific role of each component in the performance of the prepared MOF composite. There 

are several benefits in using MOF-808/NIP as a photocatalytic component. Firstly, the 

unsaturated metal sites act as Lewis acids and significantly improve the adsorption of N2 

molecules. Secondly, Zr6 clusters can receive photoexcited electrons from ligands, generating 

a long-lived charge-separated state. Thirdly, the porous structure facilitates the movement of 

photoinduced carriers and reduces charge diffusion. Fourthly, the open framework structure 

allows for free access to substrates and products. Finally, the modified form with NIP linker 

has a lower band gap energy than MOF-808, making it an excellent source for harvesting 

visible light. While g-C3N4 nanosheets are effective semiconductors that provide a suitable 

surface for hosting MOF nanoparticles, they are also capable of capturing visible light and 

generating charge carriers to activate the particles. The combination of these two materials 

creates a heterojunction composite that can harness light energy to facilitate the reduction of 

N2 into ammonia (NH3). The mechanism of N2 photoreduction using MOF-808/NIP@g-C3N4 

as a photocatalyst involves several steps. 

Light absorption: The g-C3N4 component of the MOF-808/NIP@g-C3N4 composite 

absorbs visible light, owing to its semiconducting properties. This absorption promotes 

electrons from the valence band to the conduction band, generating electron-hole pairs. 

Electron transfer: The excited electrons from g-C3N4 are transferred to MOF-808. The 

latter acts as a co-catalyst, facilitating electron transfer and visible light absorption to 

provide active sites for subsequent reactions. 
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Protonation: Protons (H+) from water as a sacrificial donor source and H2SO4 interact with 

the reduced MOF-808/NIP, forming metal hydrides (M-H). This step typically occurs at 

metal centres within the MOF structure. 

N2 adsorption: The N2 molecules are adsorbed onto the MOF-808/NIP surface, specifically 

at metal sites. The presence of adsorbed N2 is essential for the subsequent reduction 

reaction. 

Electron and proton transfer to N2: The excited electrons and protons, generated in the 

previous steps, are transferred to the adsorbed N2 molecules. The electrons reduce N2 to 

form adsorbed nitrogen intermediates, while the protons combine with these intermediates 

to form NH3. 

Desorption and release: The NH3 product is desorbed from the surface of the MOF-

808/NIP, completing the N2 photoreduction process. 

 

Scheme 4.2. Energy levels of g-C3N4 and MOF-808/NIP and mechanism of nitrogen 

reduction by MOF-808/NIP@g-C3N4. 

 

Density functional theory (DFT) was performed to further explain the mechanism of 

photocatalytic nitrogen fixation. 
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Figure 4.23. Optimized geometries of various mechanisms involved in the nitrogen reduction 

reaction (NRR). 

The catalytic surface can accommodate the adsorbed N2 in two initial configurations: the side-

on and end-on configurations, as shown in Figure 4.23. The side-on configuration is composed 

of consecutive and enzymatic pathways, while the end-on configuration contains alternating 

and distal pathways, each involving six hydrogenation steps. In case of distal and consecutive 

mechanisms, the hydrogenation first targets one nitrogen pair, which is transformed into NH3, 

followed by the interaction with the other N atom to produce the second NH3 molecule. While, 

in alternating and enzymatic reduction pathways, the two nitrogen atoms undergo interaction 

with hydrogen alternatively. To assess the catalytic performance of MOF-808/g-C3N4 in 

reducing N2 to NH3, we examined all possible pathways, as shown in Figure 4.24. In case of 

side-on (end-on) configuration, the adsorbed N2 reacts with hydrogenation to form *N-*NH 

(*N-NH) with a downhill free energy of -1.59 eV (-1.07 eV). This indicates that the parallel 

mode of N2 adsorption is more energetically favourable than the perpendicular mode. However, 

the enzymatic pathway was found to have the highest limiting potential of 0.71 eV (*NH2-

*NH2 → *NH2), while the consecutive pathway possesses 0.62 eV (*N-*NH → *N-*NH2). In 

case of alternating and distal pathways, the limiting potential was determined to be 0.56 eV 

(*NH2 → *NH3). Upon considering the side-on configuration, the second hydrogenation takes 

place on the reactive intermediate *N-*NH, resulting in either the formation of *NH-*NH 
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through an enzymatic mechanism or *N-*NH2 via consecutive pathway. When the reactive 

intermediate is subjected to hydrogenation, it can either produce NH3 or result in the formation 

of *NH-*NH2. However, in case of end-on mechanism, the second and third hydrogenations 

lead to the formation of *NH-NH and *NH-NH2 via the distal pathway, while the alternating 

mechanism results in the formation of *N-NH2, followed by the release of NH3. The highly 

exergonic adsorption of *NH2-*NH2 and the subsequent hydrogenation in the enzymatic 

pathway lead to the dissociation of N-N, thereby releasing the NH3 molecule. However, the 

strong binding of the ammonia molecule to the catalyst in the enzymatic route could potentially 

hinder the effectiveness and practicality of the N2 reduction. Both mechanisms share the same 

last two steps of hydrogenation, with the desorption of the *NH3 molecule in the final step 

exhibiting a slight uphill trend. Overall, these findings suggest that MOF-808/g-C3N4 exhibits 

high efficiency in terms of exothermic N2 adsorption, facilitating the reduction process and 

resulting in the release of NH3. 

 

Figure 4.24. Free energy profile of the nitrogen reduction reaction (NRR) along consecutive, 

enzymatic, alternating and distal pathways. 
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Table 4.6. Performance comparison of various MOF-based photocatalysts for N2 reduction. 

Catalysts Reaction 

medium 

Scavenger Light 

source 

Detection 

Method 

Ammonia generation 

rate (μmol gcat.
-1 h-1) 

Ref. 

UiO-66-UV-vis H2O None Xenon 

Lamp (300 

W) full 

spectrum 

Colorimetry 198.4 61 

ZIF-67@PMo9V3 H2O/ 

Ethanol 

80:20 

None Xenon 

Lamp 

(300w) Full 

spectrum 

Nessler’s 

reagent 

149 62 

Au@UiO-66/PTFE 

membrane 

H2O None Xenon 

lamp (300 

W) 

λ≥400 nm 

Nessler’s 

reagent 

330 63 

MOF-74@C3N4 H2O/ 

Methanol 

48ml/2ml 

None Xenon 

lamp (300 

W) 

λ≥400 nm 

Nessler’s 

reagent 

2320 64 

g-C3N4 H2O 

pH=2 

None Xenon 

lamp (150 

W) 

λ≥400 nm 

Nessler’s 

reagent 

327 This 

work 

MOF-808/NIP H2O 

pH=2 

None Xenon 

lamp (150 

W) 

λ≥400 nm 

Nessler’s 

reagent 

177.5 This 

work 

MOF-808/NIP@ 

g-C3N4 

H2O 

pH=2 

None Xenon 

lamp (150 

W) 

λ≥400 nm 

Nessler’s 

reagent 

490 This 

work 

 4.4 Conclusion 

In summary, 5-nitro isophthalic acid linker was incorporated into MOF-808 to create a 

photocatalyst that absorbs visible light. The modified structure was combined with g-C3N4 to 

synthesize the MOF-808/NIP@g-C3N4 heterojunction composite. This composite was used for 

photochemical N2 fixation and NH3 production in water under visible light irradiation and 

ambient conditions. The results of the N2 photoreduction showed that the synthesized MOF 

composite had better optical properties and performance (490 μmol g−1 h−1) than both of its 

components (g-C3N4 (327 μmol g−1 h−1) and MOF-808/NIP (178 μmol g−1 h−1) and can absorb 
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light in the entire UV-visible area. Based on the data analysis, the different parts of the 

composite worked together seamlessly. The acceptor groups in the MOF structure, consisting 

of nitro groups, effectively interacted with the N-(C)3 free electron pairs in the g-C3N4 network 

nodes. Furthermore, the results of DFT calculations suggested that MOF-808/g-C3N4 features 

remarkable effectiveness in exothermic N2 adsorption, which greatly aids in the reduction 

process and consequently leads to the release of NH3. The findings from this study offer 

valuable insights into the engineering of band gap energy in MOF structures and the selection 

of appropriate semiconductors for hybridization. These insights can be applied in developing 

solar-driven photocatalytic reactions such as N2 or CO2 photoreduction processes. 
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5.1 General Conclusion 

Innovative approaches to sustainable water treatment and solar fuel conversion have been 

developed in response to worldwide concerns about water shortage and energy security. With 

their unique qualities and adaptable topologies, metal-organic frameworks (MOFs) have been 

recognized as potential materials in this field. In this thesis, we concentrated on the synthesis 

and characterization of Zr-based metal-organic frameworks (MOFs), particularly MOF-

808/NIP@g-C3N4 for N2 photoreduction and TMU-66 for water pollutant adsorption. Our 

study provided essential knowledge about these materials' properties and prospective uses. 

In our study of adsorption using TMU-66, a hollow Zr-MOF sphere with isonicotinic acid N-

oxide, we found that this material is an effective adsorbent for anionic dyes bearing multiple 

sulfonic or carboxylic acid groups and high negative charges. Among the investigated dyes, 

Congo Red (CR) exhibited the highest adsorption capacity on TMU-66 in the pH range of 5 to 

10, where CR molecules carried the highest negative charge and displayed good solubility. 

TMU-66 achieved a high adsorption capacity of 475 mg g-1 for Congo red at pH 6.8 and 25 °C. 

The adsorption of CR onto TMU-66 was a two-step process, with a rapid initial adsorption 

followed by a slower process, indicating the involvement of micro-mesoporous shell structures 

and N-oxide functional groups in TMU-66 spheres. We confirmed the formation of a 

monolayer of CR molecules on the surface of TMU-66 by analyzing the adsorption isotherm 

and using various techniques, such as FT-IR, PXRD and XPS. Our findings revealed crucial 

interactions, such as electrostatic attraction, π-π stacking, and linker and Zr node interactions. 

These results provided valuable insights into the mechanism of CR adsorption on TMU-66 and 

highlighted its potential in effective removal of dyes from wastewater. 

Next, we successfully synthesized a photocatalyst that can absorb visible light by incorporating 

a 5-nitro isophthalic acid linker into MOF-808. This modified structure was combined with g-

C3N4 to produce a MOF-808/NIP@g-C3N4 heterojunction composite. Under ambient 
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conditions and visible light, this composite showed remarkable performance in photochemical 

N2 fixation and NH3 production. Our results demonstrated that the synthesized MOF composite 

had superior optical properties and performance (490 μmol g−1 h−1) compared to its individual 

components, such as g-C3N4 (327 μmol g−1 h−1) and MOF-808/NIP (178 μmol g−1 h−1), as 

evidenced in the N2 photoreduction tests. Our research revealed that the composite had a 

remarkable ability to absorb both UV and visible light. Through careful analysis of the data 

and DFT calculations, it was found that the acceptor groups, particularly the nitro groups, 

within the MOF structure interacted seamlessly with the N-(C)3 free electron pairs  in the g-

C3N4 network nodes. Additionally, our results demonstrated that MOF-808/g-C3N4 was 

efficient in N2 adsorption, which facilitated the reduction process and release of NH3. These 

valuable findings provided crucial insights into band gap energy engineering in MOF structures 

and the selection of appropriate semiconductors for hybridization, with significant implications 

for advancing solar-driven photocatalytic reactions, such as N2 or CO2 photoreduction 

processes. 

In summary, our research on Zr-MOFs revealed their immense potential for addressing critical 

global challenges related to water scarcity, energy security, and environmental degradation. 

The findings presented in this dissertation are significant in advancing sustainable water 

treatment and solar-to-fuel conversion solutions. Further investigation and improvement of 

these materials are promising for developing effective and eco-friendly technologies in 

environmental science and catalysis. 

 

 



160 

 

5.2 Perspectives 

In this work, we have demonstrated the synthesis and characterization of Zr-MOFs and their 

composites for the adsorption of water pollutants and N2 photoreduction. However, some 

limitations still need to be addressed, and some opportunities can be explored for further 

improvement and extension of this work. Some of the possible directions for future research 

are suggested below: 

✓ Despite the inherent stability and catalytic activity of Zr-MOFs, it is crucial to note that 

these compounds possess a wide band gap, rendering them unsuitable for solar-fuel 

applications without modification or hybridization with other semiconductors. This 

thesis highlighted the importance of bandgap engineering and the exploration of mix-

linker Zr-MOFs to enable their effective utilization in solar-fuel applications. As a step 

towards this goal, we also synthesized Bi-based MOFs for N2 photoreduction. 

✓ To mitigate the errors associated with colorimetry methods like Nessler's reagents, we 

suggest alternative direct methods such as ion chromatography or HNMR to accurately 

detect ammonia production during the N2 photoreduction process. 

✓ Overcoming the challenges involved in N2 photoreduction, including the high stability 

of N2, necessitates the exploration of methods such as photo-electrochemical or photo-

piezo catalytic methods to enhance the ammonia production yield. In pursuit of this, we 

evaluated the N2 fixation results using a Bi-Fe oxide compound under piezo and 

photocatalytic conditions. 

✓ The synthesis methods employed in this research, namely solvothermal and vial 

methods, were relatively simple and convenient but had certain drawbacks, such as 

prolonged reaction time, high temperature, high pressure, or solvent consumption. 

Hence, it would be advantageous to develop alternative synthesis approaches like 
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microwave-assisted, ultrasound-assisted, or electrochemical methods that reduce 

synthesis time, energy consumption and environmental impact. 

✓ The photocatalytic investigations conducted on MOF@g-C3N4 composites were 

primarily focused on N2 photoreduction under visible light under ambient conditions. 

Further exploration of these composites in other photocatalytic reactions, such as CO2 

reduction, H2O splitting, or organic degradation, would be worthwhile. Evaluating their 

efficiency and selectivity under different light sources and reaction conditions would 

provide valuable insights. 

 

 


