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Abstract
The main focus of this thesis is the exploration of inorganic and metal-organic heteroge-

neous catalysts for hydrogen (H2) energy applications. In particular, we investigated metal

nanoparticles (NPs) and metal-organic frameworks (MOFs) for their employment in different

perspectives of H2 energy. Our investigation includes; (i) H2 generation from water by MOFs,

(ii) H2 release from a chemical storage medium (ammonia borane (AB)), and (iii) utilization

of H2 for hydrogenation reactions. Our research was aimed at understanding the catalytic

behavior of these materials and proposing approaches for improving their efficiency and

sustainability.

MOFs have been promising candidates for the photocatalytic H2 evolution reaction (HER)

from water. As yet, the main criteria for MOFs to be considered as “photocatalysts” have

mostly been their light absorption capability, optical band gap and the alignment of their band

edges with respect to the relevant redox levels. In Chapter 2, we present the synergy between

the experiments and computations, to show that a deeper understanding is needed for eval-

uating their potential. We investigated isostructural pyrene-based MOFs (M-TBAPy, where

TBAPy = 4,4’,4”,4”’-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid and M = Sc, Al, and In), which

have similar band gap energies. Despite all being isostructural MOFs, Sc-TBAPy performed

better in H2 generation compared to its Al and In counterparts. Our investigation allowed us

to identify that, in addition to optical and electronic properties, the chemical characteristics

of the metal nodes and the morphology of the structure also play an important role on the

photocatalytic HER rate. We conclude that all these key factors should be studied together

for the optimization of photocatalytic activity. The knowledge obtained in this study can be

transferred to other MOF photocatalysts.

AB has been considered as a promising H2 storage medium owing to its high gravimetric

capacity. Although non-noble metal NPs have been used for the release of H2 from AB, they

might suffer from deactivation during cycles. In Chapter 3, we demonstrate that the in-situ

formation of copper NPs (Cu0 NPs) upon reduction of the earth-abundant Jacquesdietrichite

mineral (Cu2[(BO)(OH)2](OH)3) with AB can provide an alternative solution for stability issues.

The mineral catalyzes the release of almost all H2 from AB. During the reaction, the CuII ions
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Abstract

in mineral are in-situ reduced to Cu0 NPs, and after the reaction, following exposure to air,

they re-form the fresh mineral. As a consequence, the catalytic activity of mineral remains

unchanged over cycles. The regeneration of synthetic mineral gives a new perspective in

heterogeneous catalysis.

In Chapter 4, we present that our approach presented in Chapter 3 can be applied in industrial

hydrogenation reactions. We demonstrated that during the in-situ formation of Cu0 NPs, the

released H2 gas can be utilized for the reduction of nitroarenes to their corresponding anilines,

at room temperature and under ambient pressure. After the nitroarene-to-aniline conversion

is complete, regeneration of the mineral occurs upon the exposure of Cu0 NPs to air. Thus,

the hydrogenation reaction can be performed multiple times without the loss of any activity

of Cu0 NPs. As a proof-of-concept, the hydrogenation of drug molecules “flutamide” and

“nimesulide” was also performed and their corresponding amino-compounds were isolated in

high selectivity and yield.

Keywords: Hydrogen energy, photocatalysis, metal-organic frameworks, heterogeneous catal-

ysis, ammonia borane, hydrogenation, copper nanoparticles, in-situ generation.
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Résumé
L’objectif principal de cette thèse est l’exploration de catalyseurs hétérogènes inorganiques

et organométalliques pour les applications de l’énergie hydrogène (H2). En particulier, nous

avons étudié les nanoparticules métalliques (NPs) et des charpentes métalliques-organiques

(MOFs) pour leur emploi dans différentes perspectives de l’énergie de l’H2. Notre enquête

comprend; (i) H2 génération à partir de l’eau par les MOF, (ii) la libération d’H2 à partir

d’un milieu de stockage chimique (ammoniac borane (AB)), et (iii) utilisation de H2 pour

les réactions d’hydrogénation. Notre recherche inclut la compréhension du comportement

catalytique de ces matériaux et la proposition d’approches pour améliorer leur efficacité et

leur durabilité.

Les MOFs ont été des candidats prometteurs pour la réaction d’évolution photocatalytique

H2 (HER) à partir de l’eau. Jusqu’à présent, les principaux critères pour lesquels les MOFs

doivent être considérés comme des “photocatalyseurs” ont été principalement leur capa-

cité d’absorption de la lumière, leur bande interdite optique et leurs alignements de bandes.

Dans le Chapitre 2, nous présentons la synergie entre les expériences et les calculs, pour

montrer qu’une meilleure compréhension est nécessaire pour évaluer leur potentiel. Nous

avons étudié les MOFs isostructuraux à base de pyrène (M-TBAPy, où TBAPy = 4,4’,4”,4”’-

(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid et M = Sc, Al, and In), qui ont des énergies de bande

interdite similaires. Bien que tous soient des MOFs isostructuraux, Sc-TBAPy a mieux per-

formé dans la génération d’H2 par rapport à ses homologues Al et In. Notre enquête nous

a permis d’identifier l’effet des caractéristiques morphologiques et liées aux métaux sur le

taux de HER photocatalytique. Nous concluons que tous ces facteurs clés doivent être étudiés

ensemble pour l’optimisation de l’activité photocatalytique. Les connaissances acquises dans

cette étude peuvent être transférées à d’autres MOFs.

AB a été considéré comme un support de stockage H2 prometteur en raison de sa grande

capacité gravimétrique. Bien que des NP de métaux non nobles aient été utilisées pour la

libération de H2 de AB, elles pourraient souffrir de désactivation au cours des cycles. Dans le

Chapitre 3, nous démontrons que la formation in-situ de NPs de cuivre (Cu0NPs) lors de la

réduction du minéral Jacquesdietrichite abondant en terre (Cu2[(BO)(OH)2](OH)3) avec de
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Résumé

l’ammoniaque borane (AB) peut fournir une solution alternative aux problèmes de stabilité.

Le minéral catalyse la libération de presque tous les H2 d’AB. Pendant la réaction, les ions

CuII dans le minéral sont in-situ réduits en Cu0 NPs, et suite la réaction, après exposition à

l’air, ils sont re formant le minéral frais. En conséquence, l’activité catalytique du minéral

reste inchangée au fil des cycles. La régénération du minéral synthétique en l’absence de tout

apport d’énergie supplémentaire donne une nouvelle perspective en catalyse hétérogène.

Dans le Chapitre 4, nous présentons que notre approche présentée au Chapitre 3 peut être

appliquée dans les réactions d’hydrogénation industrielle. Nous avons démontré que lors

de la formation in-situ de Cu0 NPs, le gaz H2 libéré peut être utilisé pour la réduction des

nitroarènes en leurs anilines correspondantes, à température ambiante et sous pression am-

biante. Une fois la conversion nitroarène-aniline terminée, la régénération du minéral se

produit lors de l’exposition des NPs Cu0 à l’air. Ainsi, la réaction d’hydrogénation peut être

effectuée plusieurs fois sans perte de toute activité de Cu0 NPs. Comme preuve de concept,

l’hydrogénation des molécules médicamenteuses “flutamide” et “nimesulide” a également

été réalisée et leurs composés amino correspondants ont été isolés avec une sélectivité et un

rendement élevés.

Mots clés : Énergie hydrogène, photocatalyse, charpentes métalliques-organiques, catalyse

hétérogène, ammoniac-borane, hydrogénation, nanoparticules de cuivre, génération in-situ.
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1 Hydrogen Energy: A Summary

1.1 Importance of Hydrogen Energy

In 1984, a research study on power for the future alleged that: “Without a continuing supply of

energy, in the right form, in the right place and at the right price, civilization as we know it today

would collapse” [1]. After few decades, it is still a valid argument. One of the most important

concerns of the 21st century is to provide sufficient amount of energy sources that can meet

the accelerating global energy demand. With the increasing population, developments in

technology, and growing industrialization, the energy demand has been augmented in the last

decades. The world energy consumption is expected to reach its maximum in the next 20 years;

therefore, the possible energy supplies have to be evaluated and secured [2]. Right now, more

than 80% of the global energy consumption has been sourced by fossil fuels; such as petroleum,

natural gas, and coal [2]. However, the abundance of fossil fuels is finite. Another problem is

that, fossil fuels are not environmentally friendly due to the release of greenhouse gases and

other pollutants, which results in affecting our environment sorely. Therefore, building an

energy system based on a clean, abundant and renewable source has been targeted.

In recent times, hydrogen energy has been recognized as a cleaner candidate compared

to fossil fuels and the research on this future energy source has been growing rapidly. At

standard temperature and pressure conditions, hydrogen is a colorless, non-toxic and highly

combustible diatomic gas with the formula of H2 [3]. When it burns, the only product is water

which makes H2 clean [4]. Since H2 has to be generated by using energy from a hydrogen-rich

compound, it is considered as an “energy carrier” instead of being fuel itself. Table 1.1 shows

that H2 contains the highest energy per unit mass (143 MJ kg–1), which is three times larger

than those of natural gas (53.6 MJ kg–1) and gasoline (46.4 MJ kg–1) [5]. Moreover, unlike

conventional petroleum-based fuels and natural gas derivatives, H2 has a very small and

light-weight molecular structure [6]. Although H2 has been an important raw material in

chemical and petrochemical industry for many years, the interest in H2 energy for different
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Table 1.1: Volumetric and gravimetric energy densities of common fuels [6].

Material Energy per kilogram (MJ kg–1) Energy per liter (MJ L–1)
(H2) (liquid) 143 10.1

(H2) (compressed, 700 bar) 143 5.6
(H2) (ambient pressure) 143 0.0107

Methane (ambient pressure) 55.6 0.0378
Natural gas (liquid) 53.6 22.2

Natural gas (compressed, 250 bar) 53.6 9.0
Natural gas 53.6 0.0364

LPG propane 49.6 25.3
LPG butane 49.1 27.7

Gasoline (petrol) 46.4 34.2
Diesel 45.4 34.6

Biodiesel oil 42.2 33

applications has increased immensely in the last decades, not only by researchers but also by

industry.

H2 has the potential as a promising energy carrier in several applications, where fossil fuels are

used today. It has been an appealing candidate especially for transportation, where it would

offer several advantages for reduced pollution and cleaner environment [7]. Different vehicle

companies such as Toyota, Hyundai and Honda have developed cars where H2 can be either

used directly in an internal combustion engine or utilized in a fuel cell [8]. H2 has started to

be considered as an aviation fuel due to the absence of CO2 emissions after its combustion,

as well as its high energy content [9]. Airbus has recently introduced the first zero-emission

commercial aircraft named “ZEROe”, which is targeted to be launched by 2035 [10]. The

aircraft is planned to be powered by the combustion of liquid H2 with oxygen (O2). NASA has

used H2 as rocket fuel in different space shuttle vehicles to deliver crew and cargo to space

[11]. H2 has also been attractive for residential purposes. In 2009, Japan has commercialized

the use of fuel cell systems for the residential use (named as “ENE-FARM”), in which the

cumulative number of sales has exceeded 150,000 in December 2015 [12]. In this system, the

fuel cell extracts H2 from liquefied petroleum gas and combines it together with ambient O2 to

generate electrical power, while simultaneously capturing residual heat to warm up water. In

2016, Toshiba Corporation introduced a H2-based energy supply system called H2One™ into

the market [13]. The system produces H2 by the electrolysis of water, stores it in the tank, and

converts it into electricity when needed. The examples will develop further in the following

years with the increasing importance of H2 energy in our lives.
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1.2 Generation of Hydrogen Energy

In order to produce H2 from different sources, various processes are available. They can be

mainly grouped as “conventional” and “renewable” technologies, based on the raw materials

used for the H2 generation. The first category includes fossil fuels, which meet almost the

entire H2 demand on the world currently. The conventional methods used in the industry

are: (i) steam reforming of natural gas, (ii) partial oxidation of hydrocarbons, and (iii) coal

gasification [14]. The distribution of these methods among the current hydrogen generation

methods can be given as: 48% from natural gas, 30% from hydrocarbons (i.e. heavy oils and

naphtha), and 18% from coal processes [15]. The main disadvantage of the steam reforming

process is that, large amounts of carbon dioxide (CO2) are released into the atmosphere due

to the use of fossil fuels as raw materials. In the case of partial oxidation of hydrocarbons,

the use of heavy oil or petroleum refinery residual oil as feedstocks cause the emission of

carbon monoxide (CO) along with CO2. Similar products are also released in the case of coal

gasification [14]. It should be highlighted that H2 can be counted as a clean energy carrier only

if it is directly generated by solar light, or indirectly via electricity from a renewable source (e.g.

wind power or hydro power) [16].

Figure 1.1: Overview of the different generation methods and applications of H2. Reproduced
from [17].

Due to the disadvantages of conventional methods, the research on H2 energy has shifted

to its production from the renewable sources. Renewable sources can be listed as biomass,

geothermal, wind, and solar energy; which are ideal candidates for replacing fossil fuels in

the near future. Among renewable energy technologies, a huge research effort has been paid
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for solar H2 generation. Solar H2 energy is considered as the most promising method of H2

generation using a source of renewable energy due to its abundance and efficiency [18]. It

can take place by splitting water via electrolysis, thermolysis, and direct photoconversion

(including photocatalytic, photoelectrochemical, and photobiological generation), utilizing

water as the only material input [19]. Here, we will focus on H2 generation from water by

photocatalysis in more detail, which has been a highly popular research topic lately.

1.2.1 Photocatalytic Hydrogen Evolution Reaction (HER) from Water

Photocatalytic water splitting to generate H2 and O2 has been of interest due to being a promis-

ing approach for eliminating the use of fossil fuels. It has drawn attention after the discovery

of the activity of titanium dioxide (TiO2) for UV light-induced water splitting by Fujishima and

Honda in early 1970s [20]. In order to drive water splitting reaction, a “photocatalyst” which is

active upon light illumination is needed. The two important characteristics of a photocatalyst

are the width of the band gap, and the energetic positions of the conduction band (CB) and

valence band (VB). The band gap energy of the photocatalyst defines the required energy

to excite an electron from VB (highest occupied band) to CB (lowest unoccupied band). To

promote this transfer, the energy of photons that excites the photocatalyst should be greater

than or equal to band gap of the photocatalyst. For water splitting reaction, the bottom level

of the CB (CB minimum, CBM) has to be more negative than the redox potential of H+/H2 (0 V

vs. NHE), while the top level of the VB (VB minimum, VBM) has to be more positive than the

redox potential of O2/H2O (1.23 V) [21]. Therefore, the theoretical minimum band gap energy

for water splitting is 1.23 eV [22, 23].

There are 3 major steps in photocatalytic water splitting: (i) absorption of photons by the

photocatalyst to form electron–hole pairs, (ii) charge separation and migration of photogener-

ated carriers, and (iii) chemical reactions (redox reactions) to split water [22]. The schematic

representation of water splitting is given in Figure 1.2. Each of these steps is equally important

to achieve an efficient photocatalytic activity:

(i) A numerous semiconducting materials have been investigated as photocatalysts for water

splitting; including d0 metal (e.g. Ti4+ and Zr4+) oxide photocatalysts, d10 metal (e.g. In3+ and

Ga3+) oxide photocatalysts, f0 metal (e.g. Ce4+) oxide photocatalysts, and semiconductors

free from metal species (e.g. black phosphorous and carbon nitride (C3N4)). However, the

main bottleneck about these materials is that, they mostly present activity only under UV-light

irradiation [23, 24]. The solar spectra is mainly composed of visible (43%) and infrared (53%)

light, while the UV light only corresponds to 4% of it [25]. Therefore, it is important to design

photocatalysts which can function under realistic solar spectra conditions. The bandgap

energy of the photocatalyst should be < 3.0 eV (> 400 nm) to perform water splitting under
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Figure 1.2: Schematic energy diagram of photocatalytic water splitting using a photocatalyst.
Modified and reproduced with permission from [28].

visible-light [22]. Therefore, the identification of the electronic structure of a material is highly

important to determine the densities of the relevant energy states [26].

(ii) The desired light absorption capability of the photocatalyst does not guarantee a good

photocatalytic efficiency. The generated free charge carriers (electrons and holes) upon light

illumination should be separated efficiently and they must travel through the photocatalyst

to reach the redox active sites. The charge separation and recombination are competitive

processes in photocatalysis. Therefore, the water-splitting redox reactions should be occuring

within the lifetimes of photoexcited charges [27]. This step is highly affected by the crystal

structure, the level of crystallinity, and particle size [22]. Moreover, the understanding of elec-

tronic structures of the photocatalysts is important to achieve the desired carrier separation

and transport.

(iii) The electrons and holes should be trapped by the active sites and rapidly participate in

the reactions with adsorbed species, to prevent the electron-hole recombination. It should be

emphasized that the step (ii) and step (iii) are correlated to each other [27]. A highly common

method to improve the efficiency of electron-hole separation is to introduce co-catalysts to

the photocatalytic systems (e.g. Pt, Ru, or nickel phosphide (Ni2P) nanoparticles (NPs)) as the

active sites [22].

Although it is a highly desirable reaction, overall water splitting is challenging to achieve

thermodynamically. This is mainly due to the Gibbs free energy value of the reaction (237.13

kJ mol–1), which means an energy input is required [29]. Overall water splitting involves two

half-reactions: the oxidation of water to form O2 and the reduction of protons to form H2.
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While photocatalytic oxidation of water requires the coupling of 4 electrons, the reduction of

water is less demanding and it only involves 2 electrons [30]. Therefore, oxidation of water is

usually repressed by including sacrificial reagents in the photocatalytic reaction. The role of

sacrificial reagent (i.e. electron donors or hole scavangers) is to be oxidized instead of water by

the photogenerated holes when the electron is excited. By this way, a possible electron-hole

recombination is eliminated and photocatalytic H2 evolution reaction (HER) is promoted

[22, 31]. Different sacrificial reagents (e.g. methanol, triethylamine (TEA), triethanolamine

(TEOA), Na2S/Na2SO3) have been applied in photocatalytic HER studies up to date [32, 33].

An extensive research has been performed on semiconductor materials (especially on metal

oxides, such as TiO2 and ZnO) as promising candidates for photocatalytic HER from water.

However, their large band gaps ranging between 3.0-3.3 eV result in poor efficiency under the

visible light conditions [34]. Therefore, it is important to design materials that can have visible-

light-driven band gap excitation (< 3.0 eV), efficient electron-hole separation, high carrier

mobility and photocatalytically active sites. With this aim, different approaches have been fol-

lowed to enhance the photocatalytic HER performance of semiconductor materials; including

anion/cation doping, coupling with other metal/semiconductor materials, and incorporating

photosensitizers for better light utilization [23]. Recently, metal-organic frameworks (MOFs)

have been suggested as promising and practical alternatives due to the combination of many

advantageous characteristics in one porous network [34]. The promising features of MOFs for

photocatalytic HER will be discussed in Chapter 2 in detail.

1.3 Storage of Hydrogen Energy

1.3.1 Challenges in Hydrogen Storage

Although a wide range of methods have been investigated for the production of H2, its storage

still remains a challenging task to achieve. It is promising to store H2 as an energy carrier

and use in different technologies; including power generation, fuel cells, internal combustion

engines, and turbines [2]. While liquid and compressed H2 have the highest energy density

of common fuels by weight, they have lower energy density by volume compared to that of

gasoline (Table 1.1) [5]. Another concern is that, H2 can explode violently when it is in contact

with air. Therefore, its safe and efficient storage is of great importance for large-scale utilization

of H2 energy. The methods for H2 storage have been under development for two systems:

stationary applications and mobile applications. Stationary applications mainly cover the

on-site H2 storage and power generation, while mobile applications involve the transport of

H2 and its utilization in a vehicle as fuel [2]. Therefore, there are different requirements for

each application.

6



1.3 Storage of Hydrogen Energy

The stationary storage systems are less restricted in terms of requirements compared to those

of mobile storage systems. The weight and volume of H2 are not the major concerns for sta-

tionary storage. These systems can occupy more space and can function at high temperatures

and pressures. Nevertheless, different storage capacities by appropriate storage vessel are

desired and the material used in the design of vessel is important [35]. Distinctively, mobile

applications have many more requirements compared to those of stationary H2 systems, due

to the importance of “gravimetric” and “volumetric” capacities. While “gravimetric capacity”

defines the quantity of H2 gas that is stored at a given weight of storage material, “volumetric

capacity” refers to the amount of H2 gas contained in a specific volume of storage material

[5]. For the mobile applications, there should be a balance between these two capacities in

order to prevent any weight or volume restrictions in the vehicle. There are other important

parameters for mobile storage systems, including: (i) low-operating pressure and temperature,

assuring safe operating conditions, (ii) fast and efficient release of H2 and its reversible storage,

(iii) minimum energy loss during charge and discharge of H2, and (iv) resistance to oxygen

and humidity for long cycles [2]. In order to meet aforementioned criteria for both systems,

different H2 storage methods have been extensively explored in the last decades.

1.3.2 Hydrogen Storage Methods

The H2 storage technologies can be divided into two main groups as physical-based storage

and material-based storage, as shown in Figure 1.3. These methods will be summarized in the

following sections.

Physical Storage of Hydrogen

Currently, H2 is mostly stored using physical-based methods, in which H2 does not interact

with the storage media. Physical-based storage can be performed either in “compressed” form

of H2 in high-pressure tanks (350-700 bar tank pressure), or in its “liquid” form in cryogenic

tanks. At present, most of the fuel cell vehicles in the market use high-pressure cylinders to

store H2 on board [36]. However, compressed H2 has safety issues due to the requirement of

high pressure values for storage, which arises from the low density of H2. Another problem

is the cycles of filling and consumption of the H2 gas, which make the storage tank fatigued.

Therefore, there are specific requirements for the design of the tanks [5]. In the case of liquid

H2, the temperature should be kept below the boiling point of H2 (20 K), which is energy

demanding. Moreover, the evaporated H2 gas should be released regularly in order to prevent

the undesired pressure increase in the tank [5]. It should be highlighted that the volumetric

energy densities of compressed and liquid H2 are still not compatible with that of gasoline, in

addition to their high costs and safety issues. Therefore, the research efforts have been shifted

towards material-based storage in the last years.
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Material-Based Storage of Hydrogen

All material-based storage methods involve the interaction of H2 with the storage media, via

strong covalent/ionic bonds or via weak van der Waals forces [37]. The main goal of material-

based H2 storage has been to find materials which can overcome the ultimate gravimetric (6.5

wt%) and volumetric density (50 g L–1) targets determined by the Department of Energy (DOE)

[38]. Material-based H2 storage can be divided into two main groups as molecular storage and

atomic storage.

Molecular storage is a process where H2 molecules adsorb on the surface of the material

through van der Waals bonding. Porous materials such as MOFs, carbon-based materials

(fullerenes, nanotubes and graphene) and zeolites are the main candidates for the molecular

storage of H2 [37]. This approach can take advantage of the high surface area of the materials

and the low binding energy of H2 (promoting faster kinetics for the adsorption and desorp-

tion). However, it suffers from the weight of the carrier materials and the requirement of low

temperature and high pressure to efficiently store H2. For example, although MOFs are good

sorbents at cryogenic temperatures and high pressures (as high as 9 wt.% at 56 bar and 77 K)

their storage capacities diminish to ∼ 1 wt.% at ambient conditions, which arises from the

weak interaction (usually 4-12 kJ mol–1) between H2 molecules and the MOFs [39].

In atomic storage, H2 molecules are coordinated in the chemical structure of the storage

material. Atomic storage suggests stronger binding energy (50-100 kJ mol–1) of H2 molecules

compared to that of molecular storage [40]. Therefore, the source material should be subjected

to either thermal or catalytic decomposition to release the H2 [41]. Atomic storage materials

can be listed as solid storage media (e.g. metal hydrides and chemical hydrides) and liquid

storage media (e.g. liquid organic hydrogen carriers (LOHC), alcohols, and formic acid) [41].

Among these methods, H2 storage in chemical hydrides has drawn attention in the recent

years since chemical hydrides are typically composed of lighter elements, leading to high H2

density. In addition, they can release H2 easily under relatively moderate operating conditions

compared to those of metal hydrides, which can suffer from slow kinetics and uptake/release

H2 at a high temperature range [2]. Among chemical hydrides, boron- and nitrogen-based

compounds, such as metal borohydrides, hydrazine borane, hydrazine, and ammonia borane

(AB) have been increasingly investigated in the past years [42]. These materials are promising

not only because of their high H2 density but also thanks to their easy storage and transport

without requiring harsh conditions. In Chapter 3, AB as one of the most promising chemical

hydrides will be presented in detail.
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Figure 1.3: Summary of physical and material-based H2 storage methods.

1.4 Catalytic Hydrogenation Reactions

Utilization of H2 in different applications has been as significant as its production and stor-

age. In majority of industries where H2 is used as a reactant, hydrogenation takes place [43].

Hydrogenation can be defined as the reduction reaction, where H2 is inserted to the target

molecule. Catalysts are mostly required for the hydrogenation reactions, to realize the reaction

or to enhance the reaction rate and selectivity. Hydrogenation reactions have been important

for different processes; including saturation of liquid oils, Haber–Bosch process for ammonia

synthesis, and Fischer–Tropsch process for hydrocarbon synthesis [44]. In addition, the hydro-

genation of organic compounds in the presence of a catalyst has been of great importance

not only for research purposes but also in the chemical and pharmaceutical industries. It

should be emphasized that the conditions of hydrogenation reactions; including temperature,

H2 pressure, and solvent, are important due to their effects on reaction kinetics and product

selectivity [45].

Hydrogenation has been performed mainly by gaseous H2 in the industry. However, the main

concerns of gaseous H2 are its storage and transportation due to the chemical properties of H2.

Another problem is the low solubility of H2 in most solvents, which causes the requirement

of high pressure and high temperature, resulting in safety issues [46]. Therefore, different
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alternatives which can eliminate the use of high-pressure storage equipment and challenges

of H2 activation dynamics have been investigated [47]. Lately, the supply of H2 from chemical

hydrides have been of interest as alternatives for gaseous H2. A tandem route that couples

the dehydrogenation of chemical hydride with hydrogenation of target compounds has been

found as an efficient strategy to boost the productivity of the reduction process remarkably

[48, 49, 50, 51]. In Chapter 4, the use of AB as the H2 source for one of the most important

industrial hydrogenation reactions, hydrogenation of nitroarenes to anilines, will be discussed

in detail.

1.5 Thesis Objectives and Organization

This thesis focuses on H2 energy in different aspects; including its production from water,

release from a storage medium, and utilization for important hydrogenation reactions. We

focus on the generation of H2 energy from water by photocatalysis, which is a renewable way

and is highly important considering the need of today’s world for cleaner energy production.

Bearing in mind that the storage is as crucial as the generation of H2, we study the catalytic

release of H2 from a safe and efficient storage medium, AB. Then, we demonstrate that the H2

storage medium can be utilized adequately for important industrial hydrogenation reactions.

In all three cases, we aim to put the emphasis on the importance of the catalyst, since it plays

a crucial role for both activity and sustainability.

In Chapter 2, we provide a brief summary about the importance of MOF characteristics for the

efficient photocatalytic HER from water. We discuss the important parameters that can affect

the efficiency of a MOF-photocatalyst; including metal-related properties (e.g. electronic

structure and optical characteristics), as well as morphological features. We chose isostructural

pyrene-based MOFs as our catalysts due to the favorable optical and electronic characteristics

of pyrene molecule for photo-related applications.

In Chapter 3, we introduce an efficient and sustainable catalyst for releasing H2 from its

storage medium. Due to its advantageous storage features, AB was investigated as the H2

storage material. The simultaneous in-situ release of H2 from AB with the in-situ generation

of active Cu0 NPs from a copper-rich earth-abundant mineral are presented as an efficient

approach for the most common deactivation problems of Cu0 NPs.

In Chapter 4, we demonstrate the applicability of our approach that we present in Chapter 3

for hydrogenation of nitroarenes to their corresponding anilines. We discuss the advantages

of in-situ generation of H2 with the simultaneous in-situ generation of Cu0 NPs during the

hydrogenation reaction. We generalize our concept from most commonly studied nitroarene

molecules to some complicated drug molecules.
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2 Optimized Photocatalytic Hydrogen

Generation with Pyrene-Based MOFs

2.1 Introduction

2.1.1 MOFs for Photocatalytic HER

MOFs are porous materials composed of metal-containing units connected by organic linkers,

creating open crystalline frameworks with permanent porosity. Thanks to the possibility of

combining different organic ligands with different metal ions/clusters, a numerous MOFs

with high structural tunability, versatile porosity and internal surface features, as well as

adjustable catalytic and optoelectronic properties can be synthesized [52]. In particular, MOFs

suggest an ideal platform for photocatalytic applications due to their availability for photon

absorption and catalytic activity. The photocatalytic activities of MOFs are originated from

their semiconductor-like behaviors. Previous theoretical calculations showed that MOFs can

have band gaps ranging from 1.0 eV to 5.5 eV by ligand functionalization, which shows that

they can act as an insulating or semiconducting materials by tailoring the structure [53]. In

addition, it was demonstrated that the band gaps of MOFs can be also tuned by altering

the dimensions of the metal clusters involved in the structure [54]. These band gap values

depend on the differences between the energy levels of VB and CB [53]. This indicates that

the opto-electronic/catalytic properties of MOFs can be significantly altered by tuning the

This chapter is based on our manuscript in preparation: “Kinik, F. P., Ortega-Guerrero, A., Ebrahim, F. M.,
Ireland, C. P., Kadioglu, O., Mace, A., Asgari, M., and Smit, B. Towards optimal photocatalytic hydrogen generation
from water using pyrene-based metal-organic frameworks.” F. P. K. synthesized the MOFs, performed the pho-
tocatalysis and characterization experiments, analyzed the experimental data, and wrote the manuscript with
the contribution from all authors. Calculations were performed by A. O. G and transient absorption spectroscopy
data was collected by F. M. E. In addition, a part of introduction is based on our literature review “Kinik, F. P.,
Ortega-Guerrero, A., Ongari, D., Ireland, C. P., Smit, B., 2021. Pyrene-based metal organic frameworks: from
synthesis to applications. Chemical Society Reviews, 50, 3143-3177”.
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structure of MOFs.

MOFs have exciting features that can be highly promising for photocatalytic HER from water

[55]. The catalytic active sites (metal nodes/clusters) in MOFs are exposed and easily accessible

for the reactants owing to the high porosity of the structures. Moreover, porosity promotes

the efficient electron-hole separation by shortening the charge transfer path. Thanks to

the high surface areas and well defined pore structures of MOFs, co-catalysts (e.g. noble

and non-noble metal NPs) can be incorporated into the pores, to increase the efficiency of

photogenerated electron-hole pairs and prolonging their lifetimes [55]. The light absorption

spectra of MOFs can be tuned in a wide range, from UV to visible, in different ways: (i) by the

careful selection of the ligand (e.g. chromophore molecules such as porphyrin and pyrene),

(ii) by the functionalization of the ligand (e.g. the attachment of -OH and -NH2 groups), and

(iii) by the incorporation of photosensitizers (e.g. dyes) in the structure [55]. The promising

features of MOFs for photocatalytic HER is summarized in Figure 2.1.

Figure 2.1: Schematic representation of the roles of catalytically active parts of MOFs in
photocatalysis: (a) part I, inorganic cluster nodes including active metal centers, (b) part II,
organic linker, acting as photon antenna to promote both light-harvesting and the electron
transfer, and (c) part III, encapsulated guests in the porous structure (e.g. co-catalysts), which
can enhance the lifetime of charge carriers. These three active sites are considered together to
evaluate the electron transfer process in a MOF. Reproduced with permission from [56].

Depending on the combination of organic linker and metal node in the MOF, different photo-

generated charge transfer mechanisms might occur upon light excitation, which is summa-

rized in Figure 2.2 [57]. While designing MOFs for photocatalytic HER, enhancing the lifetime

of the photo-generated charge carriers is important. Therefore, the use of metals having unoc-

cupied states has been a popular approach to promote spatial charge separation. In this case,

ligand-to-metal charge-transfer (LMCT) occurs when CB is localized in the organic ligand
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[57]. Another possibiliy is metal-to-ligand charge-transfer (MLCT), where easily oxidizable

metals are coordinated with reducible ligands. In both LMCT and MLCT, the recombination of

photo-generated charges are expected to be prohibited since the charges are localized in either

the ligand or the metal cluster of the MOF [57]. It should be highlighted that ligand-centered

(LC) and metal-centered (MC) charge transfers are also observed in MOFs, which result in

short and intense emission exploited in photoluminescence applications [57]. LC charge

transfers have been studied in MOFs since π - π stacking interactions play an important role

for promising electronic and optical properties [58]. Light-induced ligand-to-ligand charge

transfer (LLCT) and metal-to-metal charge transfer (MMCT) are the other charge transfer

mechanisms that have been reported in MOFs [57].

Figure 2.2: Possible photo-generated charge transfer mechanisms in MOFs: A) LMCT, B) MLCT,
C) LC charge transfer, and D) MC charge transfer. In the structures having more than one
ligand or metal, E) LLCT and F) MMCT charge transfers can be observed, respectively. In
each charge transfer representations, black and red colors demonstrate ligand or metal states,
respectively. In (E) and (F), black and red colors represent different ligands or different metals,
respectively. Reproduced with permission from [57].

2.1.2 Pyrene-Based MOFs for Photocatalytic HER

A chromophore is a molecule which is capable of absorbing particular wavelengths of visible

light, giving rise to some changes in electron density after the excitation process. Chromophore

organic molecules have unique characteristics; such as high charge carrier mobility, light

absorption, solution processability, thermal stability, and availability for the coordination with

metal ions [59]. Among chromophoric materials, conjugated π-systems are perfect candidates

for applications based on fluorescence, phosphorescence, or charge separation [60]. Pyrene is

a highly symmetrical four-benzene-ringed polycyclic aromatic hydrocarbon, which is one of

the most studied chromophore molecules after its discovery in the residue of the distillation

of coal tar in 1837 [61]. After it became commercially available, the first use of pyrene was

for the synthetic dye industry thanks to its intense yellow colour. With the discovery of its

favorable properties as being a “fluorophore” with excellent emission properties, having long
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excited-state lifetime, and successful electron hole-pair dissociation, pyrene has been one of

the most investigated aromatic hydrocarbons [62].

Pyrene molecule allows the addition of different functional groups by traditional synthetic

techniques such as formylation/acetylation, bromination, oxidation, and borylation reactions

[59]. In this way, pyrene-based molecules have been used as substrates in the synthesis of

molecules such as nanographenes and metal cages [63]. In addition, the optical properties

of pyrene have been exploited in different materials such as organic light-emitter diodes

(OLEDs) due to its emission characteristics, as well as organic photovoltaics (OPVs) and solar

cells due to its absorption properties [59]. Owing to their promising optical and structural

characteristics, pyrene-based molecules have attracted the researchers in the MOF field to be

used as ligands. The interest in the design of pyrene-based MOFs has tremendously increased

after the synthesis of some novel pyrene-based tetratopic ligands. An important milestone was

the synthesis of 4,4’,4”,4”’-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid (TBAPy) ligand, which was

obtained using a standard Suzuki-Miyaura reaction between 1,3,6,8-tetrabromopyrene and (4-

(ethoxycarbonyl)phenyl)boronic acid, to design a fluorescent-MOF to respond to small guest

molecules [64]. TBAPy is a fluorescent ligand where the pyrene core is relatively rigid, and

the benzoate groups substituted at the 1-, 3-, 6-, and 8-positions have a degree of rotational

freedom (Figure 2.3). The carboxylate groups make this molecule attractive to link to the metal

in a MOF. To date, different types of metals including alkali earth metals, transition metals,

and post-transition metals have been coordinated with TBAPy ligand, resulting in 2D and 3D

networks [65].

Figure 2.3: The structure of TBAPy ligand.

The optical characteristics of pyrene as a MOF-ligand gives pyrene-based MOFs some promis-

ing optical properties; including long-lived excited states, high fluorescence quantum yield,

and the sensitivity of excitation spectra to micro-environmental changes [62]. The coordi-

nation of pyrene-based ligands with metal centers can give rise to new photophysical and
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photochemical properties, which cannot be observed if the pyrene molecule is isolated [66].

These properties have been successfully incorporated in MOFs, which make them promis-

ing for luminescence and photocatalytic applications. The introduction of pyrene-based

ligands into the MOF structure can enhance the electron transfer efficiency due to the strong

π - π interactions between the pyrene and the reactant molecule, resulting in promising ac-

tivity in catalytic applications. Consequently, pyrene-based MOFs are a growing field with

published structures in the literature displaying an interesting rich topological, optical, and

physicochemical properties covering a suprisingly large number of different applications.

The photo-sensitizing properties of pyrene-based MOFs have been exploited in promising

energy applications like photocatalytic HER [67]. Theoretical and experimental studies have

shown key features of photocatalytic systems like absorption [68], charge transfer [69, 70], and

charge-separation [70, 71] present in pyrene-based MOFs. TBAPy linker has been combined

with different metals such as Cd, Bi, and Ti which has led to materials with compelling

photocatalytic HER properties. Cd-based pyrene MOF (Cd-TBAPy) is a 2D layer material

exhibiting visible-light absorption around 600 nm and is capable of water reduction combined

with Pt [72]. Although the MOF itself was not active toward photocatalytic HER, after loading

Pt as co-catalyst, the HER rate could reach up to 86 μmol g–1 h–1. The Bi-based pyrene MOF

(Bi-TBAPy) is another example of pyrene-based MOFs with good photocatalytic HER rate

when combined with co-catalyst, where photocatalytic HER rate was 140 μmol g–1 h–1 in the

presence of Pt [73]. Differently, Ti-based pyrene MOF (ACM-1) synthesized by Cadiau et al.

[74] showed that pyrene-based MOFs can be also active for photocatalytic HER without the

addition of co-catalyst. ACM-1 exhibits a typical LMCT leading to intrinsic charge separation

confirmed by X-ray photoelectron spectroscopy (XPS) measurements and density functional

theory (DFT) calculations. The optimal photocatalytic HER rate of ACM-1 was found to

be 147.5 μmol g–1 h–1, which is more than those of Cd-TBAPy and Bi-TBAPy when they

are combined with co-catalysts. Therefore, it is clear that there is still a large room for the

investigation of pyrene-based MOFs for photocatalytic HER since the number of structures

investigated for this application is still small, while the potential of these materials is really

high due to their promising electronic and optical characteristics.

2.2 Toward Optimal Photocatalytic HER with Pyrene-Based MOFs

To design MOFs for photocatalytic HER from water, it is important to understand different

factors that contribute to overall performance. Like any photocatalytic material, the HER

photocatalytic activity of a MOF relies on having a material with adequate light absorption ca-

pability, optical band gap, and band alignment [75]. In addition, Guo et al. [76] demonstrated

that different morphologies of the same MOFs can have strikingly different performances.

Nasalevich et al. [77] showed that MOFs having different electronic properties perform dif-
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ferently toward photocatalytic HER. However, the lack of a systematic study investigating all

these affects together makes it difficult to compare the relative importance of these different

factors.

In this chapter, we present a combined experimental and computational study on a family of

pyrene-based isostructural MOFs. We believe that isostructural MOFs offer a good platform

for this investigation, thanks to their similar crystal structures. We systematically investigate

the different factors that contribute to the photocatalytic HER from water. In particular, we

study: (i) the effect of metal coordinated in the MOF, causing differences in electronic and

optical properties, and (ii) the effect of morphological characteristics. We show how these

insights can be used to tune different factors that effective on the HER performance of MOFs,

and generalized to other photocatalytic MOFs.

2.2.1 Synthesis and Characterization

For our study, we compared the performances of photocatalytic HER for a family of isostruc-

tural pyrene-based MOFs, which we refer to as “M-TBAPy” (M = Al, In, and Sc) (Figure 2.4(a)).

AlPyrMOF [78] and ROD-7 [64] were synthesized using the procedures from the literature.

In this work we refer to these two materials as Al-TBAPy and In-TBAPy, respectively. We

synthesized the novel isostructural Sc version of the M-TBAPy MOFs, Sc-TBAPy, where TBAPy

ligand and Sc3+ salt were reacted at 85 °C for 12 hours (for more details, see Appendix). The

framework of Sc-TBAPy is based on chains of octahedral ScO4(OH)2 units, where each Sc(III)

is bound to four TBAPy ligands and two μ2 trans hydroxide anions (Figure 2.4(a)). The com-

parison of experimental powder X-ray diffraction (PXRD) with the simulated pattern shows

that for each of the three materials we obtained the desired structure (Figure 2.4(b)). Scanning

electron microscopy (SEM) images revealed that, although the synthesis conditions for all

three MOFs are the same (85 °C for 12 hours, in a mixture of DMF/dioxane/H2O), the metal

has a pronounced effect on the crystal morphology. Sc-, Al-, and In-TBAPy form spherical

crystals, circular discs, and intergrown rectangular plates, respectively (Figure 2.4(c)). The

size of Al-TBAPy crystals is close to the Sc-TBAPy crystals, while the size of In-TBAPy crystals

is an order of magnitude bigger. Cadiau et al. [74] reported the synthesis of the Ti version of

M-TBAPy MOFs (ACM-1), which we refer to as Ti-TBAPy in our study. As the detailed HER

experiments for Ti-TBAPy have been reported, we used the data from the reported study [74]

in our comparison of the different properties. It should be highlighted that while Sc, Al and In

have 3+ oxidation state in the M-TBAPy MOF structure, Ti has 4+ oxidation state. Therefore,

there is a slight difference in the structure of Ti-TBAPy, being that the μ2-OH groups in Sc, Al

and In-TBAPy are μ2-O in Ti-TBAPy to account for the 4+ oxidation state of Ti [74]. Despite

the differences in the oxidation states, this family of M-TBAPy allows us to systematically

study the effect of metal on the HER activity thanks to their isoreticular structures. In addition,

16



2.2 Toward Optimal Photocatalytic HER with Pyrene-Based MOFs

Figure 2.4: (a) Crystal structure of M-TBAPy (where M = Sc, Al, and In) MOFs. Color code: M:
yellow, O: red, C: gray, H: white. (b) PXRD patterns of isostructural M-TBAPy MOFs, showing a
good match between the individual experimental and simulated patterns. (c) SEM images of
Sc-TBAPy (top), Al-TBAPy (middle) and In-TBAPy (bottom), demonstrating different structural
characteristics of the MOFs.

we investigate in detail how the metal impacts the different factors that contribute to the

photocatalytic HER, such as electronic structure and the optical characteristics of the MOF.

2.2.2 Photocatalytic Activity of M-TBAPy MOFs

The photocatalytic HER performances of Sc-, Al-, and In-TBAPy MOFs were investigated

under visible-light irradiation using a 300W Xe lamp, with a 420 nm cut off filter to remove

any UV light. Reactions were performed in the presence of TEA as the sacrificial reagent.

The same conditions (17 mg MOF in 17 mL photocatalytic solution in a 25 mL reactor, 3

hours of reaction) were established for all MOFs for the comparability of the photocatalytic

performances. Figure 2.5 shows that all three MOFs are capable of producing H2 from water

under specified conditions. The HER rates of In-TBAPy (4.7 μmol g–1 h–1) and Al-TBAPy (6.3

μmol g–1 h–1) are comparable, while Sc-TBAPy has a higher HER rate of 32.8 μmol g–1 h–1. The
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HER rate of Sc-TBAPy was found to be less than that of Ti-TBAPy (147.5 μmol g–1 h–1) [74].

Therefore, it can be envisioned that the differences in the photocatalytic HER performances

are arising from different effects of different metals.

Figure 2.5: Photocatalytic HER rates of Sc-, Al- and In-TBAPy MOFs, under visible light irradia-
tion (λ ≥ 420 nm, 3h reaction). Ti-TBAPy was included for comparison, where photocatalysis
was conducted under visible light irradiation (λ ≥ 380 nm, data from Cadiau et al. [74]).

Investigation of Electronic Characteristics

There can be different factors that can explain the effect of the metal on the HER performance.

One of these factors is the position of the band edges with respect to the redox potential

of water. A thermodynamic requirement is the proper alignments of the band edges of the

materials with the reduction and oxidation potential for water splitting, i.e., the CBM is above

the H+/H2 reduction potential for HER and the VBM below the H2O/O2 oxidation potential for

O2 evolution reaction (OER). To analyze the positions of these band edges of the M-TBAPy

MOFs (M = Al, In, Sc, and Ti), DFT calculations were carried out. In these calculations, the

structures were optimized with the PBE0 functional using the Cmmm space group symmetry.

Figure 2.6 shows that for all materials this requirement is fulfilled. The alignment of the

VBM in Ti-TBAPy is lower than in the other materials despite their similarities, which can be

associated to the difference in coordination of the μ2-OH groups in Al-, In-, and Sc-TBAPy

MOFs compared to μ2-O in Ti-TBAPy [74].

Our DFT calculations also provide us the band structures of M-TBAPy MOFs. From the shape

of the band structure, we can obtain some insights into the photoconductive properties and

the mobility of the charge carriers. The curvature of the CBM and VBM will be related to the
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Figure 2.6: Energy diagrams of fundamental band gaps and the band edge positions with
respect to the vacuum potential computed at the pore centre for Al-TBAPy, In-TBAPy, Sc-
TBAPy, and Ti-TBAPy. The dashed lines are redox potentials of water splitting.

mobility of the photo-excited electrons and holes, respectively. The flatter the shape of the

band, the higher the effective mass, and as a high effective mass gives a low charge mobility,

such a flat shape can be associated with poor photoconductivity [79]. Figure 2.7 shows the

band structure calculations of the different M-TBAPy MOFs together with a visualization of

the CBM and VBM orbitals. All MOFs show a similar flat band for the VBM, but for the CBM we

see the effect of the metals. For Al- and In-TBAPy the CBM orbitals are located on the pyrene

core of the ligands, while for Sc- and Ti-TBAPy these are localized along the coordination

complex, involving the metal and phenyl groups. For all four materials, the VB is the result

of the contribution of pyrene π orbitals (Figure 2.7). The metals do impact the shape of the

CB. Al-TBAPy and In-TBAPy have a flat band for the CBM and have the same band gap. For

Al-TBAPy and In-TBAPy the VBM and CBM are both localized on the π and π∗ pyrene orbitals

of the TBAPy ligand, respectively [80]. As the band gaps for Al-TBAPy and In-TBAPy materials

are dominated by the pyrene orbitals of the ligand, the calculation will predict the same values

for band gaps. In contrast, Sc-TBAPy and Ti-TBAPy have a CBM placed below the pyrene

orbitals, leading to smaller band gaps. Sc-TBAPy presents a slightly smaller band gap than

Al- and In-TBAPy, since the CBM composed by orbitals of the Sc and phenyl groups is placed

just below the pyrene orbitals (Figure 2.7(c)). The former are the ones associated with the

one-dimensional Sc metal-rod like structure form in the topology of the M-TBAPy MOFs.

Ti-TBAPy MOF has the smallest band gap of the four materials, since its CBM is localized

only in the Ti d-orbitals and it has a more pronounced dispersion among the four materials

(Figure 2.7(d)).
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Figure 2.7: Band structure calculations and CBM and VBM crystal orbitals of the pyrene-based
MOFs using PBE0 functional with Cmmm space group (symmetrical structure). (a) Al-TBAPy,
(b) In-TBAPy, (c) Sc-TBAPy, and (d) Ti-TBAPy. The blue square highlights the CB in Sc-TBAPy.

In this scenario, Ti-TBAPy (curved) band structure depicts a system with higher electron

mobility among the four MOFs. In the case of Al-TBAPy and In-TBAPy, due to having a low

dispersion (flat bands), and having carriers localized on the pyrene, carrier mobility is through

a much slower hopping transport regime. In the case of Sc-TBAPy, in its bandstructure, the

CBM presents less curvature than Ti-TBAPy, yet it suggests a better electron photoconductivity

than its Al and In counterparts. CB of Sc-TBAPy suggests a better participation from the

pyrene and the Sc metal-rod orbitals (i.e. π∗-orbitals of the benzoic acid fragment of the

ligand and d-orbitals of Sc metal) in the mobility of the photogenerated electrons. However,

the contribution of Sc orbitals in the CBM is small unlike the case of Ti-TBAPy, where the

Ti d-orbitals present most of the contribution (Figure A.6(a), Appendix). The above depicts

LMCT in the case of Ti-TBAPy as it was reported by Cadiau et al. [74].

Sc-TBAPy is particularly interesting from a theoretical point of view because of the proximity

of the CBM to the orbitals of the pyrene ligand. This proximity makes the calculations very

sensitive to the exact orientation of the phenyl groups in the ligands [81]. The optimized

ground state structure of Sc-TBAPy is with high symmetry. We conducted vibrational fre-

quencies calculation on Sc-TBAPy, where the vibrational mode of the phenyl rotations has a
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Figure 2.8: Representation of the different character of the VB and CB edges in Sc-TBAPy for
the symmetric and rotated structures.

vibration temperature of 48.9 K. To investigate the effect of the rotation of the phenyl groups

on the electronic structure, we conducted PBE0 geometrical relaxations calculation on all four

M-TBAPys in both the symmetric and the rotated position of the phenyl rings. We refer to

these as “symmetrical” and “rotated”, respectively. Sc-TBAPy has a local minimum, with an

energy that is slightly higher than the ground state. In this local minimum, the phenyl groups

have a rotation angle of 8° (Figure 2.8). The energy barrier between the ground state and this

local minimum is relatively low (∼ 3.35 meV). Therefore, it can be expected that because of

the thermal fluctuations, the phenyl groups can be found in both orientations.

Figures 2.7 and A.7 (see Appendix) show the band structures of the symmetrical and rotated

systems, respectively. For Al- and In-TBAPy systems, we see that the rotated case causes the

CBM orbital to be at a lower energy. The rotation changes the localization of the pyrene core

orbitals, causing the π∗-orbitals to move down, hence we see a small decrease in the band

gap. As for Ti-TBAPy, the CBM is dominated by the orbitals on Ti, these rotations of the phenyl

group have therefore little impact. In contrast, in the CBM of Sc-TBAPy, there are contributions

from both the ligand as well as the metal orbitals. In the rotated case, the CBM is localized on

the π∗ orbital of the pyrene ligand and the Sc metal orbitals lies above, but in the symmetric

case, this description was the opposite (Figure 2.8). This result suggests that the probability

of Sc orbital states being occupied in the excited-states dynamics of the Sc-TBAPy system is

higher than in the Al- and In- counterparts, given their proximity to the pyrene orbitals.
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Table 2.1: Ground state Egs and optical Eopt bandgaps including the nature of the Eopt transi-
tions orbitals. The calculations are conducted using the symmetrical and phenyl rings rotated
structures with PBE0 exchange-correlation functional.

Symmetric Rotated
System Egs Eopt Orbitals Transition a Egs Eopt Orbitals Transition a

(eV) (eV) (eV) (eV)
Al-TBAPy 4.01 3.40 π→ π∗ LC 3.76 3.18 π→ π∗ LC
In-TBAPy 4.01 3.41 π→ π∗ LC 3.72 3.14 π→ π∗ LC
Sc-TBAPy 3.82 3.40 π→ π∗ LC 3.77 3.21 π→ π∗ LC
Ti-TBAPy 2.93 2.86 π→ d LMCT 2.94 2.82 π→ d LMCT

a LC stands for “Ligand-centered” transition and LMCT stands for “Ligand to Metal Charge Transfer”.

Since Sc-TBAPy CBM contains contributions from both the ligand as well from the Sc orbitals,

it is important to establish whether the mechanism of charge transfer is LMCT, LC, or both.

For this, we first computed the optical band gap (or the first optical excitation) of the four

materials to establish the nature of the optical transition. For these calculations, we used

linear-response time-dependent DFT (LR-TDDFT). Table 2.1 shows the values of the ground

state and optical band gaps in both the symmetric and rotated cases. It can be seen that in Al-,

In- and Sc-TBAPy MOFs the nature of the optical band gap is the π - π∗ optical transition. The

rotated cases present smaller optical band gaps than the symmetric cases, keeping the same

behavior as the one described before for the ground state band gaps. Although Sc-TBAPy has

a CBM with a contribution of the Sc orbitals, the first optical transition is associated with a

LC transition, despite the pyrene orbitals being higher in energy. Ortega et al. demonstrated

that this is a result of the excitonic effects (originated from the electron–hole Coulombic

interactions) [82]. On the other hand, Ti-TBAPy’s first excitation is from the pyrene to the Ti

orbitals as it was reported as well by Cadiau et al. [74].

From our electronic structure calculations we can conclude that Sc-TBAPy and Ti-TBAPy

coordination promote a better CBM dispersion. In the case of Ti-TBAPy, LMCT leads to

beneficial electronic properties for HER than the ones with Al-TBAPy and In-TBAPy. Sc-

TBAPy’s electronic properties are different from the other isoreticular M-TBAPy MOFs due to

the presence of the ligand as well as the metal orbitals near the CBM, which leads to a better

electron mobility compared to Al- and In-TBAPy.

Investigation of Optical Characteristics

For the photocatalytic activity it is important that the MOFs absorb light at the desired fre-

quencies. The differences between the M-TBAPy MOFs in terms of their light absorption can

be seen from the diffuse reflectance ultraviolet-visible (UV-Vis) spectra shown in Figure 2.9(a).

The UV-Vis spectra of Al-TBAPy exhibits a broad light absorption ranging from 250 to 475

nm, with two main peaks at 278 and 350 nm. The absorbance maxima are red-shifted for
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both In-TBAPy (375 nm) and Sc-TBAPy (415 nm) compared to that of Al-TBAPy at 350 nm.

This result shows that Sc-TBAPy absorbs better in the visible light region than the other two

MOFs, which contributes to its better HER rate. To determine the experimental optical band

gaps, Tauc plots were generated based on the UV-Vis absorption spectra of M-TBAPy MOFs.

Optical band gaps are found as 2.58, 2.68, and 2.63 eV for Sc-TBAPy, Al-TBAPy, and In-TBAPy,

respectively (Figure 2.9(b)). The optical band gaps values obtained via LR-TDDFT are found

to be higher than the experimental values (Table 2.1). It is noteworthy to mention that the

experiments are performed at room temperature while our calculations are performed at 0 K.

Our calculations do not consider the thermal effects and the quantum motion of the nuclei

contributions on the band gap. The inclusion of these effects has shown a decrease in the

calculated band gaps and better agreement with experiments [83].

Figure 2.9: (a) UV-Vis spectra of M-TBAPy MOFs. (b) Tauc plots of M-TBAPy MOFs (inset:
calculated optical band gaps of M-TBAPy MOFs).

Whereas the absorption spectra gives us information on which photons are absorbed, the

apparent quantum yields (AQYs) gives us fraction of absorbed photons arriving on the sample

that cause a chemical reaction to take place [84]. The AQYs of Al-TBAPy and Sc-TBAPy were

measured by ferrioxalate actinometry at 400 and 450 nm, respectively (Table A.1, Appendix)

[85]. While both MOFs showed similar AQY yields at 400 nm irradiation (∼ 0.076%), Sc-TBAPy

showed better AQY (0.364%) compared to that of Al-TBAPy (negligible) at 450 nm.

Another important quantity for the analysis of the efficient HER is the lifetime of the photo

excited electrons. It is important that electrons in excited state should have long enough

lifetime to perform the reduction of water and produce H2. We performed time-resolved

photoluminescence measurements to record the duration of the decay of the photo excited

electrons. The photoluminescence lifetimes of Sc-, Al-, and In-TBAPy show two decay features,

with the longer lifetime (t2) feature corresponding to the decay localized on the pyrene core,

and the shorter lifetime (t1) corresponding to the rotation of the phenyl rings [70]. Table A.2
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shows that Sc-TBAPy has a shorter photoluminescence lifetime ((t1) = 2.40 and (t2) = 11.70

ns) than its Al-TBAPy ((t1) = 2.72 and (t2) = 13.42) and In-TBAPy ((t1) = 2.84 and (t2) = 12.18

ns) counterparts. The shorter lifetime of Sc-TBAPy can be attributed to the localization of

the CBM around the phenyl rings and Sc rods rather than on the pyrene core, resulting in an

overall shorter-lived excited state [70]. Due to the rigidity of the MOF structure the aggregation

of the adjacent linkers is unlikely, therefore it can be excluded as a contributing factor to the

lifetimes of the M-TBAPy MOFs. Moreover, the overall structures are quite stable since the

rotations on the ligand only occur on the phenyl groups. Consequently, we do not expect

to see any rearrangement among linkers. These results present an interesting example of

the complexity of photocatalytic HER. If we would only consider the photoluminescence

lifetime, one would conclude that those MOFs with the long photoluminescence lifetimes

are those with an efficient charge separation and are thus often directly linked to better

HER performance [74, 86, 87]. The case of Sc-TBAPy, however, demonstrates that different

mechanisms can propose different explanations for lifetimes.

To gain further insights in the mechanism that causes these differences in photoluminescence

lifetimes, we carried out nanosecond transient absorption spectroscopy (nTAS) analysis. nTAS

is a pump-probe technique which is used to measure dynamic changes in the absorption

of a photo-excited sample [88]. A broad-spectrum probe light illuminates the sample at

nanosecond time intervals, before and after it has been photo-excited by a pump pulse. By

plotting the difference in the sample’s absorbance before and after photo-excitation as a

function of wavelength and time, we gain insights into the dynamics of photo-excited charge

carriers. For example, as molecules are promoted to the excited state through the pump

pulse, the number of ground-state molecules decreases. Consequently, the ground-state

absorption in the excited sample is less than that in the non-excited sample. This creates

a negative signal in the absorption spectrum, which is known as ground state bleach (GSB)

[88]. Figure 2.10(a-c) shows the GSB of M-TBAPy MOFs at the two absorption bands, around

300 nm and 500 nm. As expected, the shape of the GSB reflects the steady-state UV-Vis

absorption spectra of the MOFs, with Sc-TBAPy exhibiting a broad single peak from 450 -

550 nm, and In- and Al-TBAPy exhibiting slightly blue-shifted peak maxima around 425 nm,

and as well as a broad shoulder above 450 nm. The GSB recovery of the three MOFs matches

their photoluminescence lifetimes, with Sc-TBAPy having the shortest recovery, followed by

In-TBAPy and then Al-TBAPy.

A key characteristic of the In- and Al-TBAPy nTAS profiles, in particular, is the clear red-shifting

of the principal 425 nm peak with time, indicated by the black arrows in Figure 2.10(b) and

(c). Such a red-shift is typically indicative of non-radiative, vibrational losses, from the higher

vibrational S1 energy states to the CBM, that lower the energy of the excited state with time, and

are typically seen in photoexcited pyrene [89, 90]. In the case of Al-TBAPy and In-TBAPy MOFs,
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the transient red-shift can be seen over a longer timescale than what is typically observed

due to vibrational decays [89]. This is likely due to inter-ligand interactions in the Al- and

In-TBAPy MOFs. Since the CBM in both these structures is localized on the pyrene core, it is

expected that electrons from adjacent pyrene cores will interact in the excited state, to form

excimers [70, 91]. The decay of these excimers presumably adds a long lifetime component

to the vibrational red-shift of the GSB. We can therefore conjecture that while localization of

the CBM on the phenyl rings in Sc-TBAPy results in a shorter lifetime and a single prominent

feature in its transient and steady-state absorption spectra, the distribution of charges around

the pyrene core in In- and Al-TBAPy accounts for their longer excited-state lifetimes and the

distinct vibrational features in their nTAS profiles.

Comparing the UV-Vis absorption of the three MOFs with their respective excitation spec-

tra further supports the hypothesis that Al- and In-TBAPy suffer from more non-radiative,

vibrational losses than Sc-TBAPy [70]. As seen in Figure 2.10(d-f), when probing the 500 nm

emitting S1 state, the excitation spectrum of Sc-TBAPy (shaded region) closely follows its

UV-Vis absorption spectrum (solid line). This suggests that absorbed photons are efficiently

populating on the S1 excited state of the MOF. This is less evident in In- and Al-TBAPy, where a

discrepancy between the absorption profiles and excitation spectra suggests that a portion of

photoexcited electrons are undergoing vibrational decay.

Studies of pyrene suggest that the vibrationally unrelaxed state of pyrene molecules tends

to be the active state for energy or charge transfer to a nearby acceptor [89, 92]. Therefore,

the absence of vibrational features in the Sc-TBAPy spectra implies that its photoexcited

electrons are maintained in a vibrationally unrelaxed state, where they are in an energetically

favorable position for water reduction. The combination of enhanced absorption, spatial

localization of the CBM, and efficient photoexcitation of the active excited state, all contribute

to the superior performance of Sc-TBAPy as a photocatalyst. Our optical investigation thus

highlights these three critical points: (i) LMCT is not a requisite for MOFs with high rates of

HER, (ii) photoluminescence lifetime is not the only decisive parameter for photocatalytic

HER and distribution of charges in the MOF structure should be also considered, and (iii)

vibrational losses due to the localization of charges in the core of TBAPy may depopulate the

active state for water reduction in photocatalytic active pyrene MOFs.

2.2.3 Investigation of Morphological Characteristics

Our findings showed that the combination of its electronic and optical characteristics made Sc-

TBAPy favorable toward photocatalytic HER compared to its Al and In counterparts. Nonethe-

less, it should be kept in mind that the structural characteristics should not be neglected

when exploring photocatalytic activity [76, 93]. Sc-TBAPy was selected as the case study and
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Figure 2.10: Upper panel: nTAS measurements of (a) Sc-TBAPy, (b) Al-TBAPy and (c) In-TBAPy
(upon excitation at 420 nm). Lower panel: steady-state UV-Vis absorption spectra (solid lines)
and excitation spectra (shaded regions) of (d) Sc-TBAPy, (e) Al-TBAPy, and (f) In-TBAPy.

different synthesis conditions were applied to obtain different morphologies.

A structure-capping surfactant (cetyltrimethylammonium bromide (CTAB)) was used during

the syntheses, to allow the formation of different morphological characteristics [76]. When

CTAB is added to the synthesis, the surfactant molecules are preferentially adsorbed on a

specific facet of the crystal, and thus slowing down the growth of that surface by hindering the

reactants to reach. Consequently, the final crystal morphology is determined by the slowest

growing surface. It was observed that when the synthesis temperature was increased to 120 °C

and the synthesis was performed for 72 h, the spherical particles of Sc-TBAPy were evolved

to rectangular rods (named as “Sc-2”, Figure 2.11(a)). When the same synthesis condition for

Sc-2 was performed in the absence of the acid modulator (HNO3), smaller rectangular-shaped

crystals were obtained (named as “Sc-3”, Figure 2.11(b)). Previous studies presented similar

results that different acids (e.g. acetic acid, benzoic acid, or hydrofluoric acid) can act as

"modulators" during the synthesis and alter the shape and/or size of MOF crystals [94, 95].

PXRD patterns showed that Sc-2 and Sc-3 have comparable patterns to that of Sc-TBAPy

(Figure 2.11(c)). Light absorption characteristics of Sc-TBAPy samples were investigated by

UV-Vis spectroscopy, demonstrating that all 3 materials have similar visible-light absorption

(Figure A.5, Appendix).

Sc-2 and Sc-3 samples were investigated as photocatalysts for HER using the same photocat-
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alytic conditions as mentioned before. Sc-3 presented the highest H2 evolution rate (82.5 μmol

g–1 h–1), followed by Sc-2 (60.6 μmol g–1 h–1) and Sc-TBAPy (32.8 μmol g–1 h–1) (Figure 2.11(d)).

Previous studies on different MOFs showed that the photocatalytic activity of MOFs can be

directly related to their particle size [96, 97]. When the size of MOF particles gets smaller,

the photocatalytic performance tends to enhance. This can be attributed to the fraction of

catalytic sites on edges and corners which mainly determines the electron transfer efficiency.

Smaller particles were found to have higher density of these sites [96, 98]. The shape and the

facet of MOFs exposed to the catalysis is another important parameter [76, 93, 99]. Therefore,

the better performance of Sc-3 might be attributed to the combination of its smallest size

among all Sc-TBAPy MOFs, in addition to its exposed facet to the photocatalytic HER.

Figure 2.11: SEM images of (a) Sc-2 and (b) Sc-3 MOFs. (c) PXRD patterns of Sc-2 and Sc-3,
showing that all 3 samples have the same crystallographical identity. (d) Photocatalytic HER
rates of Sc-TBAPy, Sc-2 and Sc-3.

2.3 Summary and Conclusions

In this study, we investigated different aspects of photocatalytic HER by MOFs using the

synergy between the computational calculations and experiments. We synthesized a new

TBAPy-based MOF with Sc(III) metal centers, which is isostructural to previously reported
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Al-, In- and Ti-TBAPy MOFs. Our photocatalytic experiments demonstrated that Sc-TBAPy

performs a better HER rate (32.8 μmol g–1 h–1) compared to its Al and In counterparts (6.3 and

4.7 μmol g–1 h–1, respectively).

Our ab-initio calculations showed that there are some distinctions in the band alignments

and band structures of M-TBAPy MOFs. Sc-rod orbitals are found to be located in the CBM in

Sc-TBAPy, unlike the cases of its Al and In counterparts, where the CBM is localized on the

pyrene orbitals. Interestingly, it was found that the vibrational rotations of the phenyl groups

in TBAPy can modify the nature of the CBM in Sc-TBAPy. Our calculations showed that Sc and

Ti metals promote a better electron dispersion around the CBM in the band structure.

Optical investigations demonstrated that Sc-TBAPy has an extended visible light absorption

capability compared to Al- and In-TBAPy. nTAS measurements combined with the UV-Vis

absorption and the respective excitation spectra of three M-TBAPy MOFs show that Al- and

In-TBAPy suffer from more non-radiative, vibrational losses than Sc-TBAPy. The combination

of enhanced light absorption, spatial localization of the CBM, and efficient photoexcitation of

the active excited state contribute to the superior performance of Sc-TBAPy as a photocatalyst.

Along with the electronic and optical investigation, morphological characteristics of Sc-TBAPy

were modified to optimize the photocatalytic HER performance. It was observed that with the

optimized synthesis conditions of Sc-3, it is possible to increase the HER rate to 82.5 μmol g–1

h–1. This increase can be attributed to the size- and facet-dependent photocatalytic activity of

MOFs as suggested in the previous studies.

Our study highlights that different chemical and structural factors come together and deter-

mine the photocatalytic performances of MOFs. Therefore, we believe that the future design of

MOFs to create an ideal candidate for photocatalytic HER should consider all different criteria

presented in this study together.
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3 Hydrogen Release from Ammonia

Borane by Cu-based Mineral

3.1 Introduction

3.1.1 Ammonia Borane as Hydrogen Storage Medium

The safe and efficient storage and release of H2 are of great importance and still remain

challenging tasks to achieve for large-scale utilization of H2 energy as previously discussed.

Among different chemical hydrides, boron-nitrogen-based (B-N) compounds, such as am-

monia borane (AB, NH3BH3), have drawn attention due to their capability of storing and

releasing significant quantities of H2 [100]. AB, being the simplest B-N chemical hydride, is

composed of nitrogen, hydrogen and boron. It was first prepared by Shore and Parry in 1955

as a white crystalline powder [101]. AB has high H2 content (19.5 wt%), low molecular weight

(30.9 g mol–1), non-toxic nature, and enough thermal stability at ambient temperature to be

transported and stored. The structural representation of AB is shown in Figure 3.1(a). It has

particularly high stability in both aqueous solutions and air, making it more advantageous

compared to the most B-N based compounds (e.g. hydrazine borane (N2H4BH3)) or metal

borohydrides (e.g. sodium borohydride (NaBH4) and lithium borohydride (LiBH4)), which

suffer from self-hydrolysis in water [102]. AB exceeds many different storage systems in terms

of H2 capacity as shown in Figure 3.1(b); therefore, it is today a very promising boron hydride

for H2-related applications.

The release of H2 from AB can be achieved by either thermolysis or solvolysis; the latter can be

It should be noted that our publication “Kinik, F. P., Nguyen, T. N., Oveisi, E., Valizadeh, B., Ebrahim, F.
M., Gładysiak, A., Mensi, M. and Stylianou, K. C., 2019. Discovery of a self-healing catalyst for the hydrolytic
dehydrogenation of ammonia borane. Journal of Materials Chemistry A, 7, 23830-23837” has been reused for this
thesis chapter. F. P. K. synthesized the materials, designed and performed the experiments, analyzed the data, and
wrote the manuscript with contribution from all authors.
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Figure 3.1: (a) Molecular structure of AB (color code: N: blue, B: light pink, H: grey). (b)
Volumetric and gravimetric H2 density of AB compared to some other H2 storage materials,
showing its potential to be used as storage medium. Reproduced from [103].

further classified into hydrolysis and methanolysis, in which the dehydrogenation reaction

occurs in water or methanol, respectively. In thermolysis, high temperatures for the release of

H2 may be required or unwanted by-products such as borazine (B3N3H6) might be produced

during the dehydrogenation reaction [102]. In methanolysis, a lower H2 capacity compared to

other methods is obtained [104]. Hydrolysis is an attractive method for obtaining H2 from AB

because: (i) it can be performed at room temperature, (ii) it can proceed rapidly with various

catalysts, and (iii) it can be controlled or stopped by means of removing catalyst from the

solution [105]. Therefore, hydrolysis has been a benign method to obtain all 3 equivalents of

H2 from 1 equivalent of AB based on the following equation,

NH3BH3 + 2H2O ⇒ NH +
4 + BO –

2 + 3H2

without the need of elevated temperature or toxic solvent, although a catalyst is often required

[106]. Transition metals have been explored as catalysts for the hydrolysis of AB. It was

demonstrated that the catalysis takes place on the metal catalyst surface. Due to the interaction

between the NH3BH3 molecule and the catalyst surface, the active complexes are formed

and the H2O molecule attacks the B–N bonds to dissociate them. As a result, ammonium ion

(NH +
4 ) and borate product (BO –

2 ) are formed along with the H2 release [105]. The possible H2

release mechanism from AB is demonstrated in Figure 3.2.

So far, the hydrolytic dehydrogenation of AB has been catalyzed by a wide range of catalysts;
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Figure 3.2: The plausible mechanism of AB hydrolysis on a catalyst. AB interacts with the
surface of the catalyst to form an active complex, followed by its interaction with H2O molecule,
leading to the dissociation of the B–N bonds. At the end, ammonium (NH +

4 ) and borate (BO –
2 )

ions are produced along with the release of H2. Color code: O: red, B: light pink, N: blue, H:
light grey. H atoms are omitted for the clarity.

including: (i) monometallic noble metal NPs such as Ru [107], Rh [108], Pt [109], Ag [110],

and Pd NPs [111], (ii) monometallic earth-abundant transition metal NPs such as Cu [112],

Ni [113], Co [114], and Fe NPs [115], (iii) bimetallic/multimetallic NPs such as RuRh [116],

RuCo [117], and RuCuCo NPs [118], (iv) NPs of transition metal oxides such as Cu2O [119], (v)

phosphides such as Ni2P [120] and CoP [121], and (vi) transition metal complexes such as the

iridium pincer complex [122].

3.1.2 Cu0 NPs for AB Hydrolysis: A Stability Issue to Consider

Cu0 NPs are reported to be among the most active catalysts for a wide range of catalytic

reactions, including hydrogenations and dehydrogenations [45, 123], water-gas shift [124],

organic transformations [125] and cross coupling [126], as well as photocatalytic reactions

[127]. They are attractive catalysts not only because of their activity but also due to being

earth-abundant and inexpensive. Despite the versatility of catalytic reactions with Cu0 NPs,

their low stability has been a great challenge.

Cu0 NPs are prone to be deactivated due to many different mechanisms; such as sintering and

aggregation, oxidation, deposition of reactants or products covering the surface, or poisoning

of the catalyst. Many strategies have been developed to stabilize Cu0 NPs; such as the em-

ployment of capping agents (e.g., polymers and surfactants) [128, 129, 130] and supports (e.g.,
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oxides, polymers and zeolites) [131, 132, 133], or the generation of core-shell structures with

other metals (e.g., Ag, Ni, and Pd) [134, 135, 136]. These strategies, however, often only address

one of the issues mentioned above and they are short term solutions. For example, using

capping agents can effectively prevent the aggregation of Cu0 NPs; however, they can also act

as “poison” and limit the accessibility of reactants to the catalytically active sites. Moreover,

they can be detached from the NPs under some reaction conditions, which might have a

detrimental effect on the stability of Cu0 NPs over several catalytic cycles [137]. In case of

using supporting matrices, obtaining a uniform distribution of the Cu0 NPs is challenging, and

the aggregation of NPs might still occur before or during the catalytic cycles [131, 132, 133].

Similarly, creating core-shell structures of Cu0 NPs with other metals might not prevent the

catalytic deactivation [138].

Similar problems have been encountered when Cu0 NPs were used as catalysts for AB hy-

drolysis. Zahmakiran et al. [133] confined Cu0 NPs within the framework of Zeolite-Y for the

hydrolysis of AB. The resulting material could release the H2 completely (3.0 mol H2/mol AB)

within 2 h. However, zeolite confined Cu0 NPs could retain 53% of their initial catalytic activity

at the 5th cycle of the reaction, which was attributed to their aggregation in zeolite framework.

Wang et al. [139] synthesized Cu@MoCo core-shell catalyst to promote the catalytic activity of

Cu toward AB hydrolysis. Although the core-shell catalyst performed a higher AB hydrolysis

rate than most of reported Cu-based catalysts, its catalytic activity diminished to 60% and

40% of its initial rate at the end of 2nd and 4th cycles, respectively. The reasons were given

as agglomeration of the catalyst, increase in the particle size, and surface oxidation during

repeated experiments. A similar result was observed by Meng et al. [138] where the catalytic

activity of graphene-supported trimetallic core–shell Cu@CoNi NPs was almost halved at

the end of 5th cycle. These examples clearly show that different approaches applied for the

protection of the activity of Cu0 NPs might remain insufficient.

Recyclability of the catalysts is highly important for practical applications since the long-term

catalyst activity is vital for economic viability [140, 141]. The regeneration/replacement of the

catalyst requires the shutdown of the process and the disruption of the production, which is

highly costly for the industry [142]. Therefore, a fundamentally different strategy is needed

to address the stability challenges that Cu0 NPs encounter. The “in-situ” regeneration of the

catalysts counts as a highly desired property from economical point of view, and has been

drawing attention by the researchers in heterogeneous catalysis field [143].

In this study, we explored an approach in which we aim to develop materials that can act as

a reservoir for Cu0 NPs and generate them in-situ when needed. If these materials can be

regenerated when the reaction cycle is over, Cu0 NPs can be formed freshly only when they are

needed, which helps protecting them from deactivation mechanisms.
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3.2 In-Situ Generation of Cu0 NPs for AB Hydrolysis

This chapter presents the catalytic activity of a naturally occurring copper-rich mineral toward

H2 release from AB by hydrolysis. Jacquesdietrichite mineral (which will be referred as to “syn-

thetic mineral” in the following sections) with the chemical formula of Cu2[(BO)(OH)2](OH)3

can generate Cu0 NPs in-situ as an integral part of the hydrolytic dehydrogenation of AB, which

also acts as a reducing agent. In this section, firstly, the synthesis and characterization of the

synthetic mineral will be explained. Then, its activity toward the hydrolytic dehydrogenation

of AB and its capability for in-situ generation of Cu0 NPs will be demonstrated. Finally, we

will discuss the efficiency of the regeneration of the synthetic mineral after each cycle, and

propose that it can be a promising approach for efficient AB hydrolysis reaction without any

deactivation of Cu0 NPs.

3.2.1 Synthesis and Characterization

Jacquesdietrichite mineral was discovered first in Morocco by the French geologist and min-

eralogist Jacques Emile Dietrich in 1999 [144]. The crystal structure of the mineral is given

in Figure 3.3. The formation of the synthetic mineral was achieved by the reaction of as-

synthesized Cu0 NPs with AB dissolved in water (see Appendix for details). For the synthesis,

the AB solution with Cu0 NPs was exposed to open atmosphere and stirred gently overnight

at room temperature under ambient conditions. Our hypothesis is that, since Cu0 NPs are

active toward AB hydrolysis, first the dehydrogenation reaction occurs. Then, during overnight

stirring, the Cu0 NPs are oxidized in solution under air, and combined with the BO –
2 ions in

the reaction solution, forming the synthetic mineral. It was reported that Jacquesdietrichite

mineral is the only known mineral containing BO(OH) –
2 group (named “dihydrogen borate”

anion) and its structure is not closely related to that of any other known borate mineral [144].

The synthetic mineral can be obtained under ambient conditions in a large-scale without the

need of high temperature or pressure. This synthetic advantage highlights the adequacy of the

mineral for practical catalytic applications.

Powder X-ray diffraction (PXRD) analysis and Le Bail refinement revealed that synthetic

mineral exhibits a pattern comparable to that of the Jacquesdietrichite mineral, with the

chemical formula of Cu2[(BO)(OH)2](OH)3 (Figure 3.4(a) and (b)). Mineral structure exhib-

ited stability up to 250 °C without any change in the structural identity according to ther-

mogravimetric analysis (TGA) and variable temperature PXRD analysis. (Figure A.9(a)-(b),

Appendix). N2 adsorption isotherm of synthetic mineral demonstrated that the material has a

Brunauer–Emmett–Teller (BET) surface area of 39.24 m2 g–1 (Figure A.9(c), Appendix). The

structural identity of synthetic mineral was further confirmed by Fourier transform infrared

(FTIR) spectroscopy (Figure A.9(d), Appendix), by comparing the pattern of lab-synthesized
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Figure 3.3: The structure of Jacquesdietrichite mineral [144] viewed along c-axis. CuO6 octahe-
dra are connected with triangular BO(OH)2 groups. Color code: Cu: green, O: red, B: light pink.
H atoms are omitted for the clarity.

material with that of reported structure. Cu 2p XPS spectrum revealed that the bulk synthetic

mineral powder consisted of mostly Cu(II) ions (> 95%), confirming that Cu0 NPs used in

the synthesis are almost quantitatively oxidized to form the synthetic mineral (Figure 3.4(c)).

The SEM and TEM images collected on the synthetic mineral demonstrated the emergence

of mineral consisting of cuboid shaped single crystals (Figure 3.4(d) and Figure A.10, Ap-

pendix). The concentrations of Cu and B obtained from inductively coupled plasma optical

emission spectroscopy (ICP-OES) analysis matched well with the calculated concentrations

from the molecular formula, proving the successful formation of synthetic mineral (Figure

A.11, Appendix).

3.2.2 AB Hydrolysis

The synthetic mineral was investigated as a reservoir for in-situ generation of Cu0 NPs with

simultaneous AB hydrolysis. AB is not only a H2 storage medium but also an efficient reducing

agent, therefore it is expected to reduce the mineral structure to Cu0 NPs. To optimize the

amount of synthetic mineral for this reaction, different molar ratios of mineral/AB were tested

by changing the amount of synthetic mineral while the AB amount (0.1944 mmol) was kept

constant (Figure 3.5). For the best performance mixture with the molar ratio of mineral/AB

= 0.27 (where synthetic mineral = 0.052 mmol), ∼3 equivalents of H2 were obtained after
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Figure 3.4: (a) Comparison of the simulated PXRD pattern of Jacquesdietrichite with the
experimental PXRD pattern of the synthetic mineral. (b) Le Bail refinement of synthetic
mineral: space group Pnma: Rp = 4.73%, Rwp = 6.07%, a = 9.4607(7) Å, b = 5.8514(3) Å, c =
8.7001(6) Å; λ = 1.54187 Å (experimental data: red dots, refined Le Bail profiles: solid black
lines, and difference between them: solid blue line). (c) Cu 2p XPS spectrum of as-synthesized
mineral, revealing that the majority of the structure consists of Cu(II) ions. (d) SEM image of
the synthetic mineral, demonstrating the formation of cuboid crystals. (e) The blue powder of
the as-synthesized synthetic mineral.

45 minutes of reaction at 25 °C, giving a turnover frequency (TOF) of 1.85 min–1 (with a H2

generation rate of 463.2 mmol gcat–1 h–1 at < 20% conversion). These values are higher than

those reported for other Cu-based catalysts (used with no support); such as the commercial
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Figure 3.5: Optimization of the amount of synthetic mineral toward AB hydrolysis. The
optimized amount (molmineral/molAB = 0.27) is used for all reactions performed in this study.

Cu0 NPs (0.06 min–1) [145] and Cu2O (0.18 min–1) [145], and some Cu-based catalysts grown

or deposited on supports such as Cu0/γ-Al2O3 (0.27 min–1) [146] (Table A.3, Appendix).

During the AB hydrolysis, it was observed that synthetic mineral changed color and turned

into a brown/black powder with time. After the reaction, the powder was collected and PXRD

analysis was performed. Figure 3.6(a) suggests that the majority of Cu(II) ions in synthetic

mineral were reduced to Cu0 NPs, which means that in-situ generation of Cu0 NPs from the

synthetic mineral occured. To confirm that, XPS data was collected on in-situ generated Cu0

NPs after the hydrolysis reaction (Figure 3.6(b)). XPS data show two components with binding

energies at 932.5 and 934.5 eV corresponding to the Cu 2p3/2 core level, which can be assigned

to Cu(0) and/or Cu(I) (932.5 eV), and Cu(II) (934.5 eV), respectively [147]. The observation of

Cu(I) and Cu(II) is expected because of the surface oxidation of Cu0 NPs due to the exposure of

sample to air during the sample preparation. XPS analysis also showed no noticeable B peak

in the B 1s spectrum of Cu0 NPs (Figure 3.6(c)).

Based on the observations explained above, the AB hydrolysis mechanism by the use of syn-

thetic mineral can be summarized as follows:

(1) The synthetic mineral is used for the in-situ generation of Cu0 NPs in water. Upon the

reduction by AB (which is a reducing agent), Cu0 NPs are generated.

(2) AB is also used as the storage medium for H2.

(3) Therefore, the hydrolytic dehydrogenation of AB is catalyzed by in-situ generated Cu0 NPs

simultaneously, and hydrogen is released into the reaction solution.
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Figure 3.6: (a) Comparison of the simulated PXRD pattern of Cu0 NPs, with the PXRD pattern
of in-situ generated Cu0 NPs collected after the dehydrogenation reaction. (b) Cu 2p XPS
spectra of in-situ generated Cu0 NPs. (c) B 1s XPS peaks for as-synthesized mineral (purple)
and Cu0 NPs derived from the synthetic mineral during AB hydrolysis (green).

The in-situ evolution of Cu0 NPs is demonstrated in Figure 3.7. With the curiosity of exploring

the regenerability of the synthetic mineral, in-situ generated Cu0 NPs were remained in the

catalytic reaction solution overnight and exposed in air under stirring, at room temperature. At

the end of overnight stirring, the blue powder was recovered, and Cu-based synthetic mineral

was re-formed as proved by PXRD in a quantitative yield (Figure 3.8(a)). This observation

suggests that the fresh synthetic mineral can be continuously regenerated after the end of each

cycle. The newly obtained synthetic mineral exhibited the same catalytic activity toward the

hydrolytic dehydrogenation of AB. In fact, 10 cycles of AB hydrolysis (each cycle is for 45 mins)

and synthetic mineral regeneration were performed, and the structural identity and catalytic

activity of the synthetic mineral remained unchanged (Figure 3.8(b)). The small differences in

AB conversions between the cycles might be arising from the instrument and human errors

since the injection of H2 into the gas chromatography (GC) was manually performed.

ICP-OES analysis confirmed that negligible amount of Cu(II) (0.0017 mol per mol of synthetic
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Figure 3.7: Schematic representation of the AB hydrolysis reaction: start – synthetic mineral
(blue solution) and end – Cu0 NPs (brown/black solution) of the reaction. The enlarged image
shows the production of H2 bubbles by the Cu0 NPs.

mineral) is lost into the solution during the regeneration (Figure 3.8(c)), which corresponds to

95.75% regeneration after 50 cycles. The catalyst can be used and regenerated for many cycles

without losing performance and material; this is a key characteristic for large-scale processes

where the main issue lies in catalyst deactivation over time. After the regeneration of synthetic

mineral from Cu0 NPs, which occurs at the end of the cycle, the same solution can be kept

and fresh AB solution can be fed to restart the hydrolysis. This can eliminate the solid-liquid

separation and any “off” period during the reaction. The reformation of synthetic mineral also

provides an easy handling of the active catalyst – Cu0 NPs, since their oxidation under open

atmosphere can be eliminated without using any capping agent or support materials. Our

Cu-based synthetic mineral is regenerated in air without the need of any extra energy input.

We additionally studied the kinetics of the hydrolysis reaction varying the amount of AB while

the amount of synthetic mineral was kept constant (optimized amount, 12.5 mg). The observed

sigmoidal kinetic curves are characteristic of a pre-catalyst turning into the active catalyst:

from synthetic mineral to Cu0 NPs (Figure A.12(a) and (b), Appendix). The H2 evolution

rate was then calculated and showed 0.62- and 0.70-order dependences as a function of AB

and synthetic mineral concentrations, respectively. The hydrolysis reaction with respect to

AB concentration does not follow the zero-order kinetics, which might be attributed to the

competitive interaction between water and AB molecules with the catalyst surface [148, 149].

The temperature dependence (298-318 K) of the AB hydrolysis was also studied in order to

determine the activation energy (Ea) of the reaction. Ea is the minimum amount of energy
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Figure 3.8: (a) PXRD patterns of synthetic mineral collected after each AB hydrolysis cycle,
showing the stability of the catalyst during the regeneration process. (b) Reusability of syn-
thetic mineral for the hydrolysis of AB for at least 10 cycles. (c) ICP-OES analysis of the
negligible amount of Cu lost in the solution during the regeneration of synthetic mineral.

that is required for a chemical reaction to occur and the use of a catalyst is expected to reduce

this energy. For determining Ea, the values of the rate constant k at different temperatures

were calculated from the slope of the nearly linear part of each plot (Figure A.12(c), Appendix).

From the Arrhenius plot (Figure A.12(c), Appendix), the activation energy for the hydrolytic

dehydrogenation of AB was calculated to be 22.3 kJ mol–1, which is lower than most of Cu-

based catalysts for AB hydrolysis, including noble catalysts such as RuCu/graphene (30.4 kJ

mol–1) [150], and supported catalysts such as Cu@SiO2 (36 kJ mol–1) [151] and Cu/RGO (38.2

kJ mol–1) [152]. It can be concluded that in-situ generated Cu0 NPs require less energy to

reach the transition state compared to other Cu-based catalysts. This can be observed by the

completion of reaction at shorter times even with a slight increase in the temperature.

3.3 Summary and Conclusions

Metal NPs, which are active species for catalytic reactions, tend to lose their activity with time

due to different deactivation mechanisms. Due to the limited lifetime of the catalysts, the

regeneration is required at some point of the catalytic cycles. However, this might require the
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interruption of the industrial process and result in high expenses. Therefore, new approaches

should be considered for the longer life time of the catalysts. In this chapter, we summarized

our attempts for the in-situ generation of Cu0 NPs, which are active catalysts for the H2 release

from AB. AB has been suggested as a promising H2 storage medium due to its high gravimetric

and volumetric density of H2. We demonstrated that the synthetic version of Jacquesdietrichite

mineral can efficiently release ∼ 3 equivalents of H2 from 1 equivalent of AB thanks to the

simultaneous in-situ generation of Cu0 NPs. The mineral can be easily synthesized at ambient

conditions, can be efficiently regenerated, and the H2 release activity is not decreased or

disabled for at least 10 cycles of reaction. We propose that the mineral acts as a reservoir for

Cu0 NPs; therefore, Cu0 NPs can be freshly generated during the reaction. When the reaction

is over, Cu can be stored within the mineral structure without any deactivation problem until

the next cycle.

The investigation of synthetic mineral introduces a conceptually new and unique system

for H2 release from AB, which addresses the catalyst deactivation and storage problems in

a simple, inexpensive and efficient way. This work highlights that natural minerals, which

appear to be benign, under the right conditions, could be transformed into active catalysts

that can play a key role in energy-related applications.
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4 Hydrogenation of Nitroarenes to Ani-

lines by Ammonia Borane Hydrolysis

4.1 Introduction

Anilines are key intermediates in the chemical industry for the production of polymers, dyes,

pharmaceuticals, and fragrances. The majority of anilines (85% of global production) are

produced by the catalytic hydrogenation of nitrobenzenes [153]. Although hydrogenation of

nitrobenzenes to anilines has been performed since mid-1850s, different catalytic systems

have still been under development to increase the efficiency of the reactions, as well as to

tackle with the product selectivity problems where different functional groups (e.g., OH,

Cl, C O) are present on the nitrobenzene molecule [45, 47]. Nitrobenzene compounds

have been hydrogenated in the presence of a variety of metal-catalysts by the use of H2 gas for

many years [47, 154, 155]. However, the utilization of H2 gas requires high temperature and

pressure reaction conditions. For example, the hydrogenation of nitrobenzene to aniline has

been conducted in industry by the use of H2 gas in the presence of copper or nickel catalysts,

where the high temperatures of 553–573 K and pressures of H2 of 0.1–0.5 MPa were required

[156]. The high pressure of H2 gas is necessary due to its low solubility in most solvents, which

creates safety concerns and problematic handling of high-pressure H2 gas.

Since sufficient interaction between the H2 and nitro compounds is required to boost the

reaction efficiency, different approaches have been investigated to generate H2 in-situ. There

has been an increasing research on tandem reactions where H2 is produced in-situ from

different H2 sources and followed by a subsequent hydrogenation reaction. By this way, H2 can

It should be noted that our publication “Kinik, F. P., Nguyen, T. N., Mensi, M., Ireland, C. P., Stylianou, K. C.
and Smit, B., 2020. Sustainable Hydrogenation of Nitroarenes to Anilines with Highly Active in-situ Generated
Copper Nanoparticles. ChemCatChem, 12, 2833–2839” has been reused for this thesis chapter. F. P. K. synthesized
the materials, designed and performed the experiments, analyzed the data, and wrote the manuscript with
contribution from all authors.
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be in contact with the catalyst surface closely and mass-transfer limitations can be eliminated

[157]. Moreover, the time of selective hydrogenation reactions can be shortened and the

possibility of over-hydrogenation can be avoided. Elimination of high H2 gas pressure and

long reaction times are significant from the industrial safety point of view [157]. For the

simultaneous dehydrogenation and hydrogenation reactions, chemical hydrides as H2 sources

have been suggested as alternatives for gaseous H2 [158].

In the literature, it has been shown that AB has been used for the hydrogenation of a diverse

range of unsaturated compounds; including alkenes [159], alkynes [160], nitriles [161] and

imines [162]. Therefore, the combination of its dehydrogenation with the hydrogenation

of nitrobenzene can propose a mild route for the synthesis of aniline molecules. There are

several studies in the literature where AB was proved to be a promising H2 source for the

hydrogenation of nitrobenzenes to anilines catalyzed by different materials, which can be

mainly grouped as metal NPs [163, 164, 165], alloy NPs [50, 166], and supported metal NPs

[167, 168, 169]. Lately, the research has been more focused on the earth-abundant catalysts

for making hydrogenation reactions sustainable.

4.2 Hydrogenation of Nitroarenes by in-situ Generated Cu0 NPs

As mentioned previously, Cu has been an active catalyst for the hydrogenation of nitrobenzene

to aniline in the industrial scale. However, Cu catalysts are exposed to a comparatively fast

deactivation, and reactivation is required after a certain amount of time under the industrial

conditions [170]. In the literature, other noble and non-noble metal NPs have been also inves-

tigated for the hydrogenation of nitroarene compounds. Since copper is an earth-abundant

and one of the cheapest non-noble metals, Cu0 NPs have been an attractive alternative for

this catalytic process. In our study, we propose a strategy to protect Cu0 NPs during the hydro-

genation of nitrobenzenes to their corresponding anilines from the most common catalyst

deactivation problems such as agglomeration and oxidation, without using any other metal,

capping agent or support material.

In this study, our particular interest of the nitro compounds are two drug molecules, flutamide

(a nonsteroidal antiandrogen drug which is used primarily to treat prostate cancer) [171] and

nimesulide (a nonsteroidal anti-inflammatory drug for pain medication and fever reducing)

[172], where the hydrogenation has been carried out to make these drug molecules more

compatible with the body [172, 173, 174]. For the hydrogenation of these molecules, Jagadeesh

et al. [175] developed an earth-abundant catalyst, Fe2O3, which performs the reaction at 120

°C with a H2 pressure of 50 bar in 15 hours. In pharmaceutical industry, H2 gas is often used

with a flammable organic solvent, which increases the safety risk within the manufacturing

facility. Moreover, H2 gas has a limited solubility in solvents (especially in water) and therefore
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there is a need for high pressure for its utilization in hydrogenation reactions [176]. Therefore,

one would expect that the introduction of active Cu0 NPs and the use of AB as the in-situ H2

source at ambient conditions would allow these reactions to be performed at milder conditions

efficiently.

Herein, we present that the approach discussed in Chapter 2 for the in-situ generation of Cu0

NPs from the synthetic mineral can be applied to hydrogenation reactions as demonstrated in

Figure 4.1. First, we will demonstrate the activity of in-situ generated Cu0 NPs toward the hy-

drogenation of nitroarene compounds to their corresponding anilines, by utilizing the in-situ

generated H2 from AB. We will illustrate the versatiliy of our strategy by the efficient reduction

of a wide range of nitro substrates, including drug molecules flutamide and nimesulide. The

catalytic activity and the integrity of the Cu0 NPs, as well as reformation of fresh synthetic

mineral at the end of each cycle will be presented.

Figure 4.1: Schematic illustration of in-situ generation of Cu0 NPs from the synthetic mineral
using AB as the reducing agent, with the simultaneous conversion of nitroarenes to anilines by
in-situ hydrogenation. Fresh synthetic mineral can be regenerated at the end of the reaction
upon the exposure of reaction solution to air, resulting in the formation of fresh Cu0 NPs for
the next cycle. Color code for synthetic mineral: Cu: green, O: red, B: light pink.

4.2.1 Hydrogenation of Nitroarenes to Anilines

To demonstrate the applicability of our strategy in hydrogenation reactions, we first investi-

gated the catalytic activity of in-situ generated Cu0 NPs toward the reduction of nitrobenzene

to aniline. This reaction was chosen as the starting point due to nitrobenzene being the

simplest molecule among different nitroarene molecules. The hydrogenation experiments

were performed at room temperature under vigorous mixing. The molar ratios between the
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Figure 4.2: (a) UV-Vis spectrum of aniline obtained from the reduction of nitrobenzene at
different times of reaction. The samples that were taken for UV-Vis analysis were diluted
200 times. (b) Calibration curve constructed for the determination of aniline yield using
the aniline standard from Sigma Aldrich. Inset: the absorbances of calibration solutions at
different concentrations of aniline.

synthetic mineral, nitrobenzene and AB compounds were optimized (mineral/nitroarene/AB

= 0.086/0.172/1) and used for the further reactions (Figure A.13, Appendix).

Nitrobenzene and aniline have distinctive light absorption spectra. While the main absorption

peak of nitrobenzene occurs at ∼ 268 nm, it occurs at ∼ 230 nm for aniline. Therefore, the con-

version of nitrobenzene can be monitored by UV-Vis spectroscopy, which has been a common

technique used in the literature [149, 177, 178, 179]. The hydrogenation of nitrobenzene was

conducted for 1.5 h and several measurements were taken at different times of the reaction

as shown in Figure 4.2(a). UV-Vis spectra show that at the end of 10 mins of reaction, all

nitrobenzene molecules in reaction solution were converted. In order to calculate the aniline

yield at different durations of the reaction, calibration curve was constructed using different

concentrations of commercial aniline standard (Figure 4.2(b)). While the aniline yield was

calculated as 84% at the end of 10 mins, it reached to 94% at the end of 1 h and did not change

when the reaction duration was extended to 1.5 h. The purity of the aniline product obtained

at the end of the reaction was demonstrated by 1H NMR measurements, showing that the

selectivity toward aniline is 100% as there is no other peak for an intermediate or another

product (Figure A.19, Appendix). In the absence of catalyst, no conversion was observed,

indicating that the presence of synthetic mineral in the reaction solution plays a key role for

the hydrogenation reaction.

After the hydrogenation of nitrobenzene to aniline was successful (Table 4.1, entry 1), the

efficiency of our reaction system toward other nitroarene molecules was investigated. The
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selected nitroarenes represent different classes and each of these classes is used for the

production of different intermediates. The halogenated anilines (Table 4.1, entries 2, 3 and

4) are commonly used intermediates in the manufacture of herbicides, drugs and laboratory

reagents [180] and 1,3-diaminobenzene (Table 4.1, entry 5) is used in the manufacture of

azo dyes [181]. 3-aminopyridine is an important building blocks in pharmaceuticals and

agrochemicals (Table 4.1, entry 6) [182]. All reactions were carried out at room temperature

using the optimized conditions. After combining all constituents of the reaction, the solution

was sampled after 1 or 2 hours depending on the completion of the reaction. The yield and

the selectivity of the products were determined by UV-Vis spectroscopy (Figure A.14 - A.18)

and 1H NMR analysis (Figure A.19 - A.24). In the absence of the catalyst, no conversion was

observed for any of the nitroarene molecules. As shown in Table 4.1, except from 1-bromo-

4-nitrobenzene and 3-nitropyridine, all investigated nitroarene compounds were converted

within 1 hour with > 90% yield and > 99% selectivity. For 3-nitropyridine, we achieved a similar

yield at the end of 2 hours while for 1-bromo-4-nitrobenzene, we obtained 40% yield after 2

hours also with 100% selectivity. The presence of the electron-withdrawing Cl– and F– groups

does not affect the reaction and the aniline products were obtained in quantitative yields

(Table 4.1, entries 2-3). In case of Br– analogue (Table 4.1, entry 4), the yield is 40%, which

might probably be due to the lower electronegativity of Br compared to Cl and F; therefore,

the nitro group is less electron deficient. The reduction of the nitro group is not affected by

the presence of another nitro group, as shown for the case of 1,3-dinitrobenzene. In fact, both

nitro groups were efficiently reduced to amines with 100% yield. Dell’Anna et al. [183] reported

similar findings, where the hydrogenation rate of 1-bromo-4-nitrobenzene is slower (61% yield

in 6 hours) than that of 1,3-dinitrobenzene (96% yield in 6 hours). In that study, mono-amino

products were observed only in negligible quantities during the reaction. Similarly, in our case,

no mono-amino product was observed at the end of 1-hour reaction as indicated by 1H NMR

analysis (Figure A.24). Therefore, it can be interpreted that the reduction of the intermediate

product is fast in the case of 1,3-dinitrobenzene, whereas electronegativity difference makes

the reaction rate slower in the case of 1-bromo-4-nitrobenzene.

As the stability and recyclability of the catalyst are highly crucial for practical applications, the

integrity and catalytic performance of in-situ generated Cu0 NPs were investigated. Figure

4.3(a) shows the recyclability of the catalyst during five consecutive runs for nitrobenzene

to aniline reduction. Within the accuracy of UV-Vis instrument, aniline yield higher than

90% for each of the runs was observed without any catalyst deactivation. As shown in Fig-

ure 4.3(b), there is no significant change in the PXRD pattern of the regenerated synthetic

mineral after each reaction cycle, which indicates that the original synthetic mineral is fully

recovered. Hence, each of the catalytic cycle is carried out with a fresh material and no loss of

catalytic activity is observed. This finding is highly important since Cu-based catalysts might

gradually lose their initial catalytic activity during the hydrogenation reaction, even when
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Table 4.1: Hydrogenation of various nitroarenes to anilines by the simultaneous in-situ forma-
tion of Cu0 NPs and dehydrogenation of NH3BH3.

they are combined with other metals or supported on porous media. For example, Yu et al.

[184] prepared as-synthesized CuNi NPs and tert-butylamine-treated CuNi NPs supported

on graphene for the hydrogenation of aromatic nitro compounds by the methanolysis of AB.

As-synthesized CuNi NPs could retain less than 40% of their initial activity at the end of the 5th

cycle, and even after the treatment with tert-butylamine and use of graphene as the support,

the catalytic activity decreased to the 80% of the initial activity at the end of the 10th cycle,

which is due to the weakened interaction between graphene and NPs through the cycles. In

another example, Madasu et al. [163] prepared polyhedral Cu crystals from Cu2O cubes by

using AB as the reducing agent, then performed simultaneous nitroarene hydrogenation at

30 °C. The hydrogenation of 4-nitroaniline to benzene-1,4-diamine was obtained with 100%

conversion in the 1st cycle, but 88% conversion was observed for the 2nd cycle due to the

catalyst deactivation.
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Figure 4.3: (a) Recycling experiments for the hydrogenation of nitrobenzene to aniline, show-
ing the stability of the hydrogenation performance. (b) PXRD patterns of regenerated synthetic
mineral at the end of each reaction cycle.

4.2.2 Hydrogenation of Drug Molecules

The hydrogenation of drug molecules, flutamide and nimesulide, was studied using the same

methodology as for the other nitroarenes to generalize our concept with different molecules.

The only difference is that deuterated methanol and deuterated water were used in the re-

action system to facilitate the determination of the purity, yield, and selectivity by 1H NMR

analysis. The yields of the reduced drugs were determined by 1H NMR analysis, using tetrahy-

drofuran (THF) at a known concentration as the internal standard (Figure A.26 - A.27) The

catalytic performance of Cu0 NPs was found to be outstanding; >99% selectivity toward the

hydrogenation of -NO2 to -NH2 with high yield was observed, at room temperature, within 1

hour and ambient pressure. In general, the reduction of nitro groups to their corresponding

amines is challenging when other reducible groups (such as carbonyl, aldehyde, or alkene)

are present in the structure. Moreover, the reduction of aromatic nitro compounds tends to

stop at an intermediate stage, resulting in hydroxylamines, hydrazines and azoarenes [185].

Although there are functional groups in drug molecules (e.g. carbonyl group in flutamide)

that can also be reduced with H2, only the -NO2 to -NH2 reduction was observed, without

the formation of any intermediate product. The 1H NMR spectrum (Figure 4.4) shows that

after the hydrogenation of flutamide, all chemical shifts are assigned to the corresponding

amino-derivative compound, without showing any additional peak appearing due to the

reduction of C O group. The decrease in the 1H chemical shifts after the replacement of

-NO2 group with -NH2 is due to the increasing electron density in the ring, resulting from the

lower electronegativity of -NH2 compared to -NO2. Moreover, for the reductions of both drug

molecules, pure and fresh synthetic mineral could be recovered at the end of the cycle, and

therefore no loss in catalytic activity is observed. One therefore would expect that the intro-
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Figure 4.4: 1H NMR spectra of commercial flutamide (top, blue) and hydrogenated flutamide
(bottom, pink) and the assignments of the peaks. The spectra of aromatic rings in commercial
flutamide and hydrogenated flutamide are demonstrated to show the chemical shifts after
the conversion of -nitro to -amino. The reaction was performed in a mixture of deuterated
methanol and deuterated water (VMeOH–d4 : VD2O = 1:9). The decrease in the 1H chemical
shifts after the replacement of -NO2 group with -NH2 is due to the increasing electron density
in the ring, resulting from the lower electronegativity of -NH2 compared to -NO2.

duction of active Cu0 NPs, and the use of AB as the H2 source, would allow the hydrogenation

reactions in pharmaceuticals to be performed at safer conditions (at room temperature and

under ambient pressure) efficiently.

4.3 Summary and Conclusions

In summary, the in-situ generation of Cu0 NPs from the synthetic Jacquesdietrichite mineral

was successfully applied for the reduction of nitroarene compounds to their corresponding

anilines with high yields. The catalytic activity and integrity of the catalyst remained unaffected

for at least 5 cycles of reaction, which is due to the reformation of the fresh synthetic mineral

at the end of each cycle. Of particular importance is the hydrogenation of the drug molecules

“flutamide” and “nimesulide” at room temperature and pressure with the use of AB as the H2

source. The superiority of in-situ generated Cu0 NPs compared to other Cu-based catalysts is

that Cu0 NPs can be formed as fresh when needed, preventing any possible aggregation or

oxidation problem during reaction cycles or the storage of the catalyst. This work paves the

way for the solution of common deactivation challenges of earth-abundant catalysts.
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Figure 4.5: 1H NMR spectra of commercial nimesulide (top, blue) and hydrogenated nime-
sulide (bottom, pink) and the assignments of the peaks. The spectra of aromatic rings in
commercial nimesulide and hydrogenated nimesulide are demonstrated to show the chemical
shifts after the conversion of -nitro to -amino. The reaction was performed in a mixture of
deuterated methanol and deuterated water (VMeOH–d4 : VD2O = 1:9). The decrease in the
1H chemical shifts after the replacement of -NO2 group with -NH2 is due to the increasing
electron density in the ring, resulting from the lower electronegativity of -NH2 compared to
-NO2.
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5.1 Summary

With the increasing importance of H2 energy in present days, different approaches for its

efficient generation, safe release after storage, and versatile utilization have been under

investigation with a tremendous interest. In order to achieve all these targets, the choice of

the catalyst has been of importance for high efficiency, long-lasting stability and sustainability.

In this thesis, we focused on different aspects of H2 energy considering the application of

inorganic and metal-organic heterogeneous catalysts. While we studied the photocatalytic

generation of H2 from water by using MOFs as photocatalysts, we presented the efficient

employment of an earth-abundant mineral as the inorganic catalyst for H2 release from AB,

followed by its use for important industrial hydrogenation reactions.

In Chapter 2, we investigated different factors that can be relevant for the optimum photocat-

alytic activity of MOFs toward H2 generation from water. The most common understanding

of MOFs as photocatalysts is that, having proper band alignment, suitable band gap, and

efficient light absorption make them promising candidates to catalyse water and generate H2.

This insight is indeed accurate; yet there are many more aspects to consider. In our study, the

synergy between the experiments and computations on pyrene-based MOFs showed that it is

possible to suggest efficient photocatalysts by studying different factors all together. This work

demonstrated that the electronic and optical characteristics should be investigated jointly

with the morphological characteristics to reach the optimum catalytic activity.

In Chapter 3 and 4, we explored a novel approach for efficient H2 release from AB as promising

storage medium, and the utilization of generated H2 in hydrogenation reactions. AB has

been extensively studied due to its promising H2 capacity and requirement for mild reaction

conditions, and proposed as a future H2 storage medium for mobile and stationary appli-

cations. Our approach suggests the in-situ generation of the active catalyst (Cu0 NPs) from
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a host structure (synthetic Jacquesdietrichite mineral) during the hydrolysis reaction, and

the reformation of host material at the end of the reaction. This way, we could propound an

efficient way to eliminate the catalyst deactivation problems by generating the active catalyst

freshly during each reaction step.

5.2 Future Work

The main focus of this thesis was to develop better understanding about metal-organic photo-

catalysts for H2 generation from water, as well as to suggest sustainable catalytic approaches

for the storage, release and utilization of H2 energy. We believe that our studies discussed in

the previous chapters can be expended.

In Chapter 2, although the outcomes of our study were rewarding to widen our understand-

ing about photocatalytic HER with MOFs, there is still a lot of room for improvement. The

MOF photocatalysis literature is mainly dominated by Ti-based materials, due to the empty

d-orbitals of Ti promoting charge separation efficiency. However, the combination of other

metals with the optically and electronically favorable ligands can end up with photocatalyt-

ically active MOFs. Therefore, theoretical screening studies of MOFs with different metals

focusing on the investigation of electronic and optical characteristics can suggest promising

candidates for photocatalytic HER. Another important aspect is the detailed understanding

of the effect of reaction elements. For example, sacrificial electron donors are mostly crucial

for photocatalytic HER. However, their efficiency and oxidation mechanisms are not well

understood yet. Therefore, we believe that a detailed study for understanding the role of

sacrificial reagents in photocatalytic HER would be worthwhile. The last but not the least,

co-catalysts are important constituents of photocatalytic HER with MOFs. Although it is

well-known that co-catalysts tend to increase photocatalytic HER efficiency, they have a lack

of detailed investigation. We believe that controlling the growth and dispersion of co-catalysts

on MOFs, as well as analyzing the interactions between them is highly important. We envision

that combining this understanding with the methodological investigation that we present in

this thesis can pave the way for the researchers.

In Chapter 3 and 4, we could propose encouraging solutions for the sustainability of Cu0 NPs

for AB hydrolysis. However, AB still needs more improvement to be implemented as H2 storage

material in industrial applications since its cost-effective synthesis and regeneration from

the residues remained as challenges. There are studies in the literature providing innovative

solutions to close the H2 cycle with the regeneration of AB after its use. However, these are

still far away from being applicable in industrial setups. We believe that there should be more

research interest towards tackling these issues, as well as scaling up the production of AB.

Hydrolysis of AB has not been performed in a prototype yet, which is an important step for its
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industrialization. The effective gravimetric H2 storage capacity of AB should be studied further

on a demonstrator, considering the effect of water amount used in the reactions. Following the

consideration of all these issues, AB can be a promising H2 storage medium for both mobile

and stationary applications.
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A Appendices

A.1 Materials

All chemicals were purchased from commercial suppliers and used without any further pu-

rification: Sc(NO3)3 · xH2O (Sigma Aldrich, 99.9%), Al(NO3)3 · 9H2O (Sigma Aldrich, ≥ 98%),

In(NO3)3 · xH2O (Alfa Aesar, 99.99%), dimethylformamide (DMF) (Carl Roth, ≥ 99%), ace-

tonitrile (CH3CN) (Sigma Aldrich, ≥ 99.5%), triethylamine (TEA) (Sigma Aldrich, ≥ 99%),

cetyltrimethylammonium bromide (CTAB) (Sigma Aldrich, ≥ 98%), copper (II) sulfate pen-

tahydrate (CuSO4 · 5H2O, Sigma-Aldrich, 98%), NaBH4 (Sigma-Aldrich, 99%) NH3BH3 (Sigma-

Aldrich, 90%), copper (II) sulfate pentahydrate (CuSO4 · 5H2O, Sigma-Aldrich, 98%), NaBH4

(Sigma-Aldrich, 99%), NH3BH3 Sigma-Aldrich, 90%), methanol (Fisher Chemical, ≥ 99.9%),

nitrobenzene (Sigma-Aldrich, 99%), 1-chloro-4-nitrobenzene (Sigma-Aldrich, 99%), 1-fluoro-

4-nitrobenzene (Sigma-Aldrich, 99%), 1-bromo-4-nitrobenzene (Sigma-Aldrich, 99%), 1,3-

dinitrobenzene (Sigma-Aldrich, 97%), 3-nitropyridine (Sigma-Aldrich), aniline (Acros Or-

ganics, 99.8%), 4-chloroaniline (Alfa Aesar, 98%), 4-fluoroaniline (Sigma-Aldrich, 99%), 4-

bromoaniline (Apollo Scientific), 1,3-diaminobenzene (Sigma-Aldrich, 99%), 3-aminopyridine

(Sigma-Aldrich, 99%), flutamide (Sigma-Aldrich), nimesulide (Sigma-Aldrich), deuterium

oxide (Sigma-Aldrich), methanol-d4 (Sigma-Aldrich).

A.2 Experimental Methods

PXRD data on all samples were collected on a Bruker D8 Advance diffractometer at ambient

temperature using monochromated Cu Kα radiation (λ = 1.5418 Å), with a 2θ step of 0.02° with

It should be noted that the sections “A.1 Materials” and “A.2 Experimental Methods” in Appendices include the
information for all chapters in this thesis.
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different 2θ ranges. Simulated PXRD patterns were generated from the corresponding crystal

structures using Mercury 3.0. FTIR measurements were performed with the Spectrum Two

FTIR spectrometer (Perkin Elmer) in the transmittance mode from 400 to 4000 cm–1. The N2

adsorption isotherm measurements were performed at 77 K by using BELSORP Mini (BEL

Japan, Inc.). Prior to measurements, samples were activated at 170 °C (M-TBAPy samples)

or at 120 °C (synthetic mineral) for 12 h under vacuum. A part of the nitrogen adsorption

isotherm in the p/p0 range 0.06 - 0.25 was fitted to the BET equation to estimate the surface

areas of the samples. The morphological characteristics were investigated by SEM on the FEI

Teneo SEM instrument. For SEM measurements, all samples were deposited on a carbon

tape. Conventional TEM images were collected on the FEI Tecnai Spirit instrument at 120

kV acceleration voltage. A PerkinElmer Thermogravimetry Analyzer was used to determine

the decomposition temperature of the samples. All measurements were performed under

air flow up to 600 °C. ICP-OES measurements were performed using a NexIon 350 (Perkin

Elmer) spectrometer. XPS analysis was performed using PHI 5000 Versaprobe-II instrument

from Physical Electronics. Samples were deposited on an insulating double sided, vacuum

compatible, tape, and charge neutralization was applied during the XPS measurements. The

binding energy scale was then corrected with the C-C bound of the C1s photoelectron peak

located at 284.6 eV. Peak fitting of the Cu 2p3/2 photoelectron peak, along with the kinetic

energy of the Cu L3M45M45 peak, were used to evaluate the chemical state of copper. 1H

NMR analyses were performed on a Varian 400 MHz NMR spectrometer.

The UV-Vis absorbance spectra were obtained with a PerkinElmer UV-Vis Spectrometer. Photo-

luminescence spectra and excitation spectra were measured with a Fluorescence Spectrometer

LS 55 (PerkinElmer). For photoluminescence measurements, the excitation wavelength was

420 nm. Excitation spectra were probed for the 500 nm emission by exciting between 350

and 470 nm. Both measurements were performed on suspensions of 1.7 mg of the MOFs

in 1.7 mL of acetonitrile. Photoluminescence lifetimes were measured on a Horiba Jobin

Vyon Fluorolog-3 instrument equipped with a photomultiplier for detection. The samples

were excited with a 355 nm pulsed LED laser and a 420 nm pulsed LED laser to determine

the photoluminescence lifetimes. The excitation wavelength had no effect on the average

lifetimes of the samples. nTAS data were recorded using a LP980 laser flash spectrometer from

Edinburgh Instruments. The samples were excited by 5 ns laser pulses at 420 nm (nanosecond

tunable Ekspla NT340 laser with 5 Hz repetition rate), and transient absorption spectra were

recorded between 250 and 650 nm with a 20 nm interval.
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A.3 Supporting Information for Chapter 2

A.3.1 Material Synthesis

The synthesis of TBAPy ligand was performed based on the previously reported procedure

[186]. Al-TBAPy and In-TBAPy were synthesized according to the synthesis methods reported

previously [78, 64]. They were obtained in powder form with ∼30% and ∼56% yield, respec-

tively. Single crystal XRD (SCXRD) data for In-TBAPy was reported in the original study [64].

The cell parameters of In-TBAPy obtained from SCXRD data (a= 30.748(18) Å, b= 7.120(4) Å, c=

15.932(9) Å) were used for the confirmation of isostructural characteristics of M-TBAPy MOFs.

The synthesis for Sc-TBAPy was performed in 12 mL Pyrex reactor, where TBAPy (0.015 mmol,

10 mg) and Sc(NO3)3· xH2O (0.03 mmol, 6.9 mg) were added to 4 mL of DMF/dioxane/H2O

mixture (2:1:1) followed by adding 10 μL of concentrated HNO3. The suspension was sonicated

for 15 minutes for the complete dissolution of ligand. The reaction mixture was heated at 85

°C for 12 h, with a heating rate of 2 °C min–1 and then cooled to room temperature at a rate of

0.2 °C min–1. The solid was recovered by centrifuge, and washed with DMF in order to remove

any recrystallized TBAPy ligand. After drying, the as-made Sc-TBAPy MOF was obtained as

a yellow solid powder with ∼50% yield. The peak indexation of Sc-TBAPy showed that the

MOF has an orthorhombic unit cell with experimental cell parameters of a= 30.25(8) Å, b=

7.13(1) Å, c= 15.32(4) Å, which are in agreement with the reported cell parameters of Ti-TBAPy

and In-TBAPy [64, 74]. Le Bail analysis of the collected powder pattern was carried out using

TOPAS5 software [187]. The profile fits confirmed that Sc-TBAPy is isostructural to the other

M-TBAPy MOFs, with the space group of Cmmm (no.65) (Figure A.1).

For the synthesis of Sc-2, the same amount of TBAPy (0.015 mmol, 10 mg) and Sc(NO3)3· xH2O

(0.03 mmol, 6.9 mg) were added to 4 mL of DMF/dioxane/H2O mixture (2:1:1), followed by

adding 10 μL of concentrated HNO3 and 4.38 mg of CTAB. In the case of Sc-3, all the amounts

remained the same except from the modulator (HNO3), which is excluded from the synthesis.

The suspensions were sonicated for 15 minutes for the complete dissolution of ligand. The

reaction mixtures were heated at 120 °C for 72 h, with a heating rate of 2 °C min–1 and then

cooled to room temperature at a rate of 0.2 °C min–1. Yellow powder samples were recovered

by centrifuge, and washed with DMF in order to remove any recrystallized TBAPy ligand.

A.3.2 Photocatalytic Experiments

The photocatalytic H2 evolution experiments were performed in a 25 mL Pyrex glass reactor at

room temperature, under continuous visible light irradiation from a 300 W Xe lamp equipped

with a UV cut-off filter (λ ≥ 420 nm). For the photocatalytic experiment, 17 mg of M-TBAPy

sample was immersed in 17 mL of photocatalytic solution, which is composed of acetonitrile,
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TEA and Millipore water in a volumetric ratio of 50:10:1, respectively. The suspension was first

sonicated for 15 minutes, and then purged with nitrogen gas for another 15 minutes under

stirring, in order to eliminate any dissolved oxygen in the reaction environment. When the

reaction is complete, 200 μL of the gaseous product was taken from the head space of the

reactor to be analyzed by gas chromatography (PerkinElmer Clarus 480 GC, N2 carrier gas),

equipped with a thermal conductivity detector and a molecular sieve 5 Å column.

A.3.3 Computational Details

The periodic structures of M-TBAPy (M = Al, In, Sc and Ti) MOFs were optimized using the 65

space group (Cmmm) symmetry in CRYSTAL17 code[188]. All the structures were optimized

using the PBE0 XC functional along with D3BJ dispersion corrections. Likewise, we further

optimized the atomic coordinates of the structures considering the rotation of the benzene

groups in the MOFs. Double-ζ basis set pob-DZVP was used to described the organic atoms,

while triple-ζ pop-TZVP basis was used to described the metal atoms. The shrinking factors

for the diagonalization of the Kohn-Sham matrix in the reciprocal space has been set to 4 for

the Monkhorst-Pack and 4 for the Gilat nets. Bandstructures calculations were computing

using the reciprocal space path within the first Brillouin zone in the primitive cell using the

Seek-path package [189] using the primitive cell.

The study of the optical excitations in the periodic structures was performed in the CP2K code

[190]. All structures were optimized initially with the PBE functional followed by second opti-

mization using the PBE0 exchange and correlation (XC) functional with the D3BJ dispersion

correction in both cases. The double-ζ polarization MOLOPT basis sets were used to describe

organic atoms, while a triple-ζ was used for metal atoms. The PBE0 calculations used the

auxiliary MOLOPT-ADMM basis functions: cFIT8 for Al, cFIT12 for In , Sc and Ti, and pFIT3

for non-metal atoms. The Truncated Coulomb operator with a long-range correction was

employed for the Hartree-Fock exchange of hybrid calculations. Both symmetric and rotated

phenyl structures were considered as well using a 1x3x1 super cell of the conventional cell

and a 4x1x1 of the primitive cell, respectively. The use of 2x2x2 Monkhorst-Pack scheme in

the initial PBE optimation guarantees the symmetrical orientation of the phenyl groups as

an starting point for the PBE0 optimizations. On the other hand, the starting configuration

of the rotated structure for the PBE0 optimization is obtained by rotating the phenyl groups

and without the use of K-points during the PBE optimization. The truncation radius is half of

the smallest edge of the unit cell (7.5 Å), and the long-range part of the exchange is computed

using the PBE exchange. All calculations conducted with PBE0 used the orbital transformation

(OT) method. The LR-TDDFT scheme including the Tamm-Dancoff approximation was used

to predict the optical bandgap of the systems. To align the conduction and valence band

energies with vacuum, the methodology proposed by Butler et al. [191] was used to calculate
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the vacuum level in the periodic systems. This method consists of evaluating the average

potential within a small sphere at the pore centre.

A.3.4 Structural and Optical Characterization

Thermogravimetric analysis (TGA) reveals that all M-TBAPy MOFs are stable up to 500 °C

(Figure A.2). Nitrogen adsorption-desorption analysis at 77 K showed that Sc-TBAPy has a BET

surface area of 1197 m2 g–1 (Figure A.2(b)), which is close to those of Ti-TBAPy (1212 m2 g–1)

[74] and In-TBAPy (1189 m2 g–1) [64].

A.3.5 Calculation of Apparent Quantum Yield

Calculation of the number of photons emitted by Xenon lamp

To calculate the apparent quantum yield for M-TBAPy samples, first the moles of photons

emitted by the Xenon lamp were calculated by using ferrioxalate actinometry [85]. This method

involves the reduction of potassium ferrioxalate (K3Fe(C2O4)3 · 3H2O) in the presence of light,

and the resulting Fe2+ ions are quantified by the complexation with 1,10-phenanthroline.

Standard values for the quantum yield of Fe2+ formation can be used for the calculation of the

apparent quantum yield of a specific photocatalytic reaction.

The conditions for the preparation of solutions, and for the reaction (the formation of Fe2+)

were taken from the literature [85]. The moles of Fe2+ were calculated by using the formula:

nFe2+ =
V1 ·V3 ·A

103 ·V2 ·L ·ε

V1: irradiation volume (17 mL), V2: sample taken (0.5 mL), V3: final volume (5 mL), L: optical

path-length (1 cm), A: absorbance difference at 510 nm (3.2589 at 400 nm irradiation, and

3.3297 at 450 nm irradiation), ε: absorbance coefficient (11100 L mol–1 cm–1).

nFe2+ were found as 4.991 * 10–5 mol and 5.099 * 10–5 mol at 400 and 450 nm radiation,

respectively.

Then, the number of photons can be calculated based on the formula below:

nphotons

nmin
=

nFe(II)

φλ · t ·F

φλ: quantum yield for iron production at wavelength λ (1.14 at ∼ 405 nm and 1.11 at ∼ 450

nm), t: time (46 min), F: mean fraction of light absorbed (1).
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Based on these calculations, nphotons / nmin at 400 nm and 450 nm were obtained as 9.518 *

10–7 mol and 9.987 * 10–7 mol, respectively.

Apparent quantum yield (AQY) determination

To calculate AQY values, first the photocatalytic reactions were carried out using the same

photocatalytic solution and setup which was mentioned previously. The H2 evolution was

investigated under 400 and 450 nm radiation by using relative band pass filters with the 300 W

Xenon lamp. Below, the moles of H2 generated for each sample (in 3 hours) are given:

Table A.1: HER rates of M-TBAPy MOFs irradiated at 400 and 450 nm.

H2 generation in 3 hours (mol)
MOF Name 400 nm 450 nm
In-TBAPy negligible negligible
Al-TBAPy negligible 6.450 * 10–8

Sc-TBAPy 6.550 * 10–8 3.270 * 10–7

AQY values were calculated based on the formula below:

AQY(%) = 2∗
nrate
min

nphotons
min

∗100

AQY values for Sc-TBAPy and Al-TBAPy can be found as:

- AQY for Sc-TBAPy at 400 nm = 0.076%

- AQY for Al-TBAPy at 400 nm = 0.076%

- AQY for Sc-TBAPy at 450 nm = 0.364%

- AQY for Al-TBAPy at 450 nm = negligible

Table A.2: Photoluminescence lifetimes (t1) and (t2) of M-TBAPy MOFs recorded at 500 nm
wavelength, based on the photoluminescence emission peaks of the MOFs.

MOF t1 (ns) t2 (ns)
Al-TBAPy 2.72 13.42
In-TBAPy 2.84 12.18
Sc-TBAPy 2.40 11.70
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Figure A.1: Le Bail fit obtained from the PXRD data of Sc-TBAPy MOF. Orthorhombic space
group Cmmm (no. 65), a = 30.25(8) Å, b = 7.13(1) Å, c = 15.32(4) Å, V = 3305(14) Å3. GOF
parameters: wRp = 0.024, Rp = 0.019.

Figure A.2: (a) TGA curves, (b) N2 adsorption and desorption isotherms (at 77 K), and (c) FTIR
spectra of Sc-TBAPy, In-TBAPy and Al-TBAPy.
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Figure A.3: Photoluminescence spectra of (a) Sc-TBAPy, (b) Al-TBAPy, and (c) In-TBAPy. MOFs
were suspended in acetonitrile and excited at 420 nm.

Figure A.4: (a) Optimization of the amount of Sc-3 used in HER, upon visible light exposure (λ
≥ 420 nm). Reaction conditions: 13.93 mL acetonitrile, 2.79 mL TEA and 0.279 mL H2O. The
experiment duration was 5 h. The optimized amount (17 mg) was used for all other M-TBAPy
MOFs. (b) The HER rate of Sc-3 for 5 h of photocatalytic reaction.
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Figure A.5: (a) UV-Vis spectra of Sc-TBAPy, Sc-2 and Sc-3 samples, showing their similar
light absorption capability. (b) PXRD patterns of Sc-TBAPy, Sc-2, and Sc-3 samples after
photocatalysis, showing that all Sc-MOFs are stable after the HER.

Figure A.6: Projected density of states of (a) the high-symmetry structure, and (b) the phenyl
rotated structures of Al-TBAPy, In-TBAPy, Sc-TBAPy, and Ti-TBAPy with PBE0 functional,
CRYSTAL17 calculations.
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Figure A.7: Band structure calculations of the pyrene-based MOFs using PBE0 functional
(CRYSTAL17) with phenyl rings rotated structure. (a) Al-TBAPy, (b) In-TBAPy, (c) Sc-TBAPy,
and (d) Ti-TBAPy.
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Synthesis of Synthetic Mineral

For the formation of our synthetic form of Jacquesdietrichite, first 250 mg CuSO4 · 5H2O

dissolved in 25 mL H2O and 123 mg NaBH4 dissolved in 25 mL H2O were mixed together at

room temperature for 30 minutes to synthesize Cu0 NPs. The as-synthesized Cu0 NPs were

washed with deionized water, then 20 mg of NPs were dispersed in AB water solution (10

mg AB dissolved in 10 mL H2O). The solution was exposed to open atmosphere and stirred

gently overnight at room temperature under ambient conditions, resulting in the formation of

the synthetic form of Jacquesdietrichite mineral (Cu2[(BO)(OH)2](OH)3). The blue solid was

collected and washed with Millipore water and acetone several times, then dried under air at

room temperature.

AB Hydrolysis by Synthetic Mineral

The hydrolysis experiments were performed in a 25 mL Pyrex glass reactor, at room tempera-

ture under vigorous mixing. In a typical experiment, a molar ratio between the mineral and

AB (the optimum conditions = 0.27) was determined and the catalyst was suspended in 9.0

mL of Millipore water. Then, the suspension was sonicated and purged with nitrogen for 20

min under gentle stirring, to remove the dissolved oxygen. In a separate vial, 6 mg of AB was

dissolved in 1 mL of Millipore water and injected in the reaction solution. During the reaction,

the solution was continuously stirred at a stirring speed of 750 rpm in order to eliminate any

mass transfer limitation effects. When the reaction is complete, 200 μL of the gaseous product

was abstracted from the head-space and analyzed by gas chromatography (PerkinElmer Clarus

480 GC, N2 carrier gas), equipped with a thermal conductivity detector and a molecular sieve

5 Å column. The catalytic setup used for AB hydrolysis is demonstrated in Figure A.8.

Recycling experiments were performed for the synthetic mineral using the optimized molar

ratio of mineral/AB = 0.27, which involved 10 catalytic runs, each for ∼ 45 minutes. At the

end of each cycle, the septum was first removed from the Pyrex glass reactor to remove the

generated H2 from the previous run. Then, the reactor was exposed to the open atmosphere

overnight under vigorous mixing to enable the transformation of Cu0 NPs into the synthetic

mineral. To ensure the formation of the mineral at the end of each run, the blue powder

occurred in the solution was collected and dried, and its PXRD pattern was recorded. The

obtained mineral was again suspended into the Millipore water, purged with N2, then fresh

AB solution was added to the reactor and the H2 evolution was recorded.
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A.4.1 Characterization Experiments

Figure A.8: The catalytic setup for AB hydrolysis.

Figure A.9: (a) TGA of synthetic mineral, which shows that the structure is stable up to 245 °C.
(b) Variable temperature PXRD pattern of synthetic mineral up to 245 °C. (c) N2 adsorption
isotherm of synthetic mineral, demonstrating a BET surface area of 39.24 m2 g–1. (d) FTIR
spectra confirming the formation of the synthetic version of Jacquesdietrichite mineral.
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Figure A.10: (a) Bright-field TEM image of the as-synthesized synthetic mineral, showing that
the mineral is composed of crystals with cuboid shapes. (b) Bright-field TEM image of in-situ
generated Cu0 NPs after the reaction.

Figure A.11: Concentrations of (a) copper and (b) boron determined by ICP-OES measure-
ments by analyzing synthetic mineral digested in acid. For Cu analysis, a solution was prepared
by dissolving 1.88 mg synthetic mineral in dilute HNO3, giving a concentration of 100 ppm.
For B analysis, a solution was prepared by dissolving 55.24 mg mineral in a mixture of concen-
trated HNO3 and Millipore water, giving a concentration of 500 ppm. Table summarizes the
calculated and experimentally obtained concentrations of Cu and B in mineral.
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Figure A.12: H2 evolution from AB in aqueous solution (10 mL) at 298 K containing a) fixed
amount of AB (0.1944 mmol) at various mineral amounts (inset: logarithmic plots of H2
evolution rate vs catalyst concentration), and b) fixed amount of mineral (0.052 mmol) at
various AB concentrations (inset: logarithmic plots of H2 evolution rate vs AB concentration).
c) H2 evolution rate of AB hydrolysis catalyzed by mineral at different temperatures containing
fixed amount of AB and mineral (inset: Arrhenius plot (ln k vs 1/T)).
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Table A.3: Catalytic activity of some Cu-based catalysts for AB hydrolysis.

Catalyst TOF (min–1) Retained activity at reuse Ref.
Cu/zeolite 0.78 53% at 5th use [133]

Cu0.2@Co0.8/rGO 8.36 78% at 3th use [192]
p(AMPS)-Cu 0.72 93% at 4th use [193]

Annealed-RGO-Cu75Pd25 29.90 70% at 3rd run [194]
Cu(OH)2@Co2CO3(OH)2/CF 39.72 80% at 7th run [195]

Cu0.33Fe0.67 - 40% at 10th use [196]
Cu0.2Co0.8/HPC - 40% at 4th use [197]

CoNi/RGO 19.54 68% at 5th run [198]
Cu0.3@Fe0.1Co0.6 10.50 40% at 4th use [199]

Cu/RGO 3.61 95% at 4th use [152]
Cu0.2Ni0.8/MCM-41 10.00 30% at 10th use [200]
Cu@CoNi core-shell - 35% at 5th use [201]

Cu@SiO2 3.24 90% at 10th use [151]
Cu0.4@Fe0.1Ni0.5 - 90% at 5th use [113]

CuCo2O4 NPs 10.90 67% at 8th use [202]
Cu@FeCoNi/graphene 20.93 43% at 5th run [203]

RuCu/graphene 15.90 65% at 5th use [150]
NiCu nanorods@C nanofibers - 100% at 6th use [204]

Cu0.5Co0.5@SiO2 - 90% at 10th use [205]
Cu/h-BN 0.32 40% at 5th use [206]

Cu0.81@Mo0.09Co0.10 49.61 42% at 4th run [139]
Cu NPs 0.06 - [145]

Cu2O NPs 0.18 - [145]
Cu@Cu2O 0.25 90% at 9th use [145]

CuO 0.16 30% at 2nd use [207]
Cu NPs@TiO2 0.18 - [112]

CuCl2 0.23 - [208]
Cu/γ-Al2O3 0.27 - [146]

Synthetic mineral 1.85 92% at 10th use This work
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Hydrogenation of Nitrobenzene Compounds

The hydrogenation experiments were performed in a 25.0 mL Pyrex glass reactor, at room tem-

perature under vigorous mixing. In a typical experiment, a molar ratio between the mineral,

nitroarene and AB compounds (the molar ratio for the optimized conditions: mineral/ni-

troarene/AB = 0.086/0.172/1, exceptionally for nimesulide, the molar ratio: mineral/nime-

sulide/AB = 0.086/0.051/1) was determined. First, the nitroarene and mineral were suspended

in the mixture of 9 mL methanol/Millipore water solution and the glass reactor was sealed with

septum. Then, the suspension was sonicated, and purged with nitrogen for 20 minutes under

gentle stirring to remove the dissolved oxygen. In a separate vial, 18 mg AB was dissolved

in 1 mL of Millipore water and injected in the reaction solution, resulting in 10 mL of total

reaction solution (Vmethanol : VH2O = 1:9 for all reactions except from nitrobenzene to aniline

conversion, where Vmethanol : VH2O = 1:100). A stirring speed of 750 rpm was employed during

the reaction in order to eliminate any mass transfer limitation effects.

Analysis of Aniline Products

When the reaction was complete, in-situ generated Cu0 NPs were removed from the reaction

solution by centrifugation and 50 μL of reaction product was extracted from the top of the

supernatant. The extracted solution was further diluted by 200 times using methanol/water

solution for UV-Vis analysis. Calibration curves were constructed by preparing methanol/wa-

ter solutions of each commercial aniline compound at different concentrations, to determine

the yields of reaction products. The purity of products was confirmed by 1H NMR analysis by

performing the same reactions in the mixture of methanol-d4/D2O solutions. Some part of the

reaction solution was extracted and used for the 1H NMR analysis without further treatment.

The yields for the reduced drugs were calculated using 1H NMR analysis by adding THF as the

internal standard. The reaction was performed using the optimized amount of catalyst and AB,

and a known amount of reactant (0.1 mmol for flutamide and 0.03 mmol for nimesulide), in

10 mL of methanol-d4/D2O solution. After the reaction is complete, 10 μL of THF was added

and the solution was stirred for 15 minutes. Then, 1 mL of the reaction solution was extracted

and 1H NMR analysis was performed. The integration of the signal of the internal standard

and product was made for the calculations of the product yield. While the integration of each

peak for THF represents 4 hydrogens, the peak for the product was selected as it represents 1

hydrogen.
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Calibration Curves

For the calibration curves, the commercial amino compounds from Sigma Aldrich were used.

Below, the construction of the calibration curve for nitrobenzene to aniline hydrogenation is

explained as the example:

0.1 mmol nitrobenzene is reacted → 0.1 mmol aniline is produced if the conversion and

selectivity are 100%. Therefore, for the ideal reaction: (0.1 mmol aniline / 10.1 mL solution)

= 0.0099 M aniline should be expected. Since molecular weight of aniline is 93.13 g/mol →
0.0099 M aniline = 922 ppm aniline should be present after the hydrogenation finishes. To

calculate the amount of aniline in the reaction solution, calibration curves were prepared

based on different concentrations of aniline solutions (0.0002, 0.0001, 0.00005, 0.00001 and

0.000002 M).

A.5.1 UV-Vis and 1H NMR Spectra

Figure A.13: Optimization of the reaction conditions by UV-Vis spectroscopy analysis. First,
the mineral amount was optimized by using the same amount of AB in each set (experiments
with stars), then AB amount was optimized for the determined mineral amount (experiments
with circles). The yields were calculated using the calibration curves. 12 mg mineral and 18
mg AB were found as the optimum amounts for the highest yield of aniline. For all other
hydrogenation reactions, these optimized amounts are used.
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Figure A.14: (a) UV-Vis spectrum of 4-chloroaniline obtained from the reduction of 1-chloro-4-
nitrobenzene at the end of 1 hour. (b) Calibration curve constructed for the determination of 4-
chloroaniline yield. Inset: the absorbances of calibration solutions at different concentrations
of 4-chloroaniline.

Figure A.15: (a) UV-Vis spectrum of 4-fluoroaniline obtained from the reduction of 1-fluoro-4-
nitrobenzene at the end of 1 hour. (b) Calibration curve constructed for the determination of 4-
fluoroaniline yield. Inset: the absorbances of calibration solutions at different concentrations
of 4-fluoroaniline.
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Figure A.16: (a) UV-Vis spectrum of 4-bromoaniline obtained from the reduction of 1-bromo-4-
nitrobenzene at the end of 1 hour. (b) Calibration curve constructed for the determination of 4-
bromoaniline yield. Inset: the absorbances of calibration solutions at different concentrations
of 4-bromoaniline.

Figure A.17: (a) UV-Vis spectrum of 1,3-diaminobenzene obtained from the reduction of 1,3-
dinitrobenzene at the end of 1 hour. (b) Calibration curve constructed for the determination
of 1,3-diaminobenzene yield. Inset: the absorbances of calibration solutions at different
concentrations of 1,3-diaminobenzene.
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Figure A.18: (a) UV-Vis spectrum of 3-aminopyridine obtained from the reduction of 3-
nitropyridine at the end of 1 hour. (b) Calibration curve constructed for the determination of
3-aminopyridine. Inset: the absorbances of calibration solutions at different concentrations
of 3-aminopyridine.

Figure A.19: 1H NMR spectra of aniline and the assignments of the peaks. Peak assignments
show that aniline was selectively observed at the end of hydrogenation reaction.
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Figure A.20: 1H NMR spectra of 4-chloroaniline and the assignments of the peaks. Peak
assignments show that 4-chloroaniline was selectively observed at the end of hydrogenation
reaction.

Figure A.21: 1H NMR spectra of 4-fluoroaniline and the assignments of the peaks. Peak
assignments show that 4-fluoroaniline was selectively observed at the end of hydrogenation
reaction.
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Figure A.22: 1H NMR spectra of 4-bromoaniline and the assignments of the peaks. Peak
assignments show that 4-bromoaniline was selectively observed at the end of hydrogenation
reaction; however, the conversion is not complete yet.

Figure A.23: 1H NMR spectra of 1,3-diaminobenzene and the assignments of the peaks. Peak
assignments show that 1,3-diaminobenzene was selectively observed at the end of hydrogena-
tion reaction.
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Figure A.24: 1H NMR spectra of 3-aminopyridine and the assignments of the peaks. Peak
assignments show that 3-aminopyridine was selectively observed at the end of hydrogenation
reaction.
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Figure A.25: (a) Hydrogenation of flutamide and the confirmation of the purity of hydro-
genated product by 1H NMR analysis with the assignment of the peaks. (b) Hydrogenation of
nimesulide and the confirmation of the purity of hydrogenated product by 1H NMR analysis
with the assignment of the peaks. Acetone is an impurity in both cases, arising from the clean-
ing of the NMR tubes. The reactions were performed for 1 hour in a mixture of deuterated
methanol and deuterated water (VMeOH–d4:VD2O= 1:9) at room temperature.
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Figure A.26: 1H NMR analysis performed for the determination of the yield of hydrogenated
flutamide. 10 μL of THF was used in 10 mL of reaction solution as the internal standard.

Figure A.27: 1H NMR analysis performed for the determination of the yield of hydrogenated
nimesulide. 10 μL of THF was used in 10 mL of reaction solution as the internal standard.

79



Appendix A. Appendices

Table A.4: Catalytic activity of some Cu-based catalysts for nitrobenzene hydrogenation.

Catalyst Source Time Yield Recycling Ref.
Cu/NCNT H2 2 h 97% N.A. [209]
Cu/Al2O3 50 bar H2 45 min 100% N.A. [210]

LaCu0.67Si1.33 30 bar H2 9 h 99% 70% activity, 10th run [211]
Cu NPs NaBH4 5 h 34% N.A. [212]

Cu-acetate NaBH4 5 h 12% N.A. [212]
CuCl2 NaBH4 5 h 22% N.A. [212]
CuBr2 NaBH4 5 h 90% N.A. [212]

CuI NaBH4 5 h 41% N.A. [212]
CuO NaBH4 5 h 0% N.A. [212]
Cu2O NaBH4 5 h 68% N.A. [212]

Cu-Meso-PANI NaBH4 3 h 52% N.A. [213]
CP-Cu NaBH4 1 h 77-86% 86% activity, 6th run [214]

Cu@Am–Si–Fe3O4 NaBH4 12 min 97% N.A. [215]
Cu/SiO2@NiFe2O4 NaBH4 1.5 h >90% N.A. [216]

Cu2O–Cu–CuO NaBH4 4 min 100% N.A. [217]
Cu NPs HCOONH4 11 h 86% N.A. [218]

Cu NPs/zeolite 2-propanol 1 h 98% 79% activity, 7th run [219]
CuNiAlOx Glycerol 12 h 85% N.A. [220]

G-Cu36Ni64 NPs NH3BH3 30 min >97% 80% activity, 10th run [184]
CuNi@MIL-101 NH3BH3 4 min >99% 100% activity, 20th run [46]
NiFe2O4@Cu NP NaBH4 1 min >99% 91% activity, 7th run [221]

Cu@TiO2 H2 gas 8 h 90% 80% activity, 14 h [222]
Cu2O cubes NH3BH3 25 min >99% 88% activity, 2nd run [163]
CuFe2O4–G NaBH4 30 min 92% N.A. [223]

Cu6/7Co1/7/Fe2O4 NaBH4 25 min 99% N.A. [224]
Cu/Fe3O4 NPs NaBH4 1.5 h 99% 92% activity, 5th run [225]
CuO MnO2 NaBH4 22 min 100% N.A. [226]

In-situ Cu0 NPs NH3BH3 <1 h >90% 90% activity, 5th run This study
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