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Abstract 
The reliance of global energy production on fossil fuels leads to drastic changes in the world´s 

climate. Renewable energy derived from natural sources like sunlight or wind is abundantly 

available, but its intermittent nature requires new solutions for storing this energy. Hydrogen 

represents an interesting option as a sustainable energy carrier that can be generated from 

water upon irradiation with sunlight by means of photocatalysis. However, current 

photocatalytic systems do not meet the requirements for scalable hydrogen production, with 

heterogeneous systems lacking activity and selectivity and homogeneous catalysts degrading 

quickly under reaction conditions. The incorporation of single-metal sites onto heterogeneous 

support materials has the possibility to bridge the two concepts, creating catalysts with well-

defined active sites and maximum atom utilization efficiency. Metal-organic frameworks 

(MOFs) are an ideal platform for integrating such single sites due to their large surface area 

and high structural tunability. 

In this thesis, single-site cocatalysts were introduced into the MOF systems UiO-67 and 

COK-47 as organometallic complexes containing noble Pt or earth-abundant Ni that also 

function as MOF linkers. Two synthesis strategies were used to obtain such single-site-

functionalized MOFs: direct one-pot synthesis where the functionalization occurs during the 

MOF synthesis and post-synthetic ligand exchange. The obtained materials were 

characterized carefully and their activity for photocatalytic hydrogen production was evaluated. 

Pt or Ni single-metal sites on UiO-67 showed excellent photocatalytic performances for 

already very low metal loadings below 0.5 wt-% and they were more active than their 

nanoparticle counterparts obtained by photodeposition. In contrast to this, the functionalization 

of COK-47 with Ni sites resulted in almost no photocatalytic activity and while Pt single sites 

on COK-47 did produce hydrogen, the performance was considerably worse than with Pt 

nanoparticles, highlighting that the concept of functionalization with single-site cocatalysts 

works better for UiO-67 than for COK-47. Compared to one-pot synthesis, ligand exchange 

increased flexibility for the synthesis and enabled more MOF-cocatalyst combinations. 

However, the ligand exchange procedure most likely introduced missing ligand defects in the 

MOF structure and electron trap states close to the conduction band which resulted in a 

decreased catalytic activity. This work highlights the importance of single-metal sites as 

cocatalyst in photocatalysis and also shows the strong influence of different implementation 

strategies, providing ground for future research. 
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1 Abbreviations 
ATR .............................................................................................. attenuated total reflectance 

bdc ................................................................................................. benzene-1,4-dicarboxylate 

bpdc ............................................................................................... 4,4’-biphenyldicarboxylate 

bpy .................................................................................................................... 2,2’-bipyridine 

bpydc ....................................................................................2,2’-bipyridine-5,5’-dicarboxylate 

DMF ................................................................................................... N,N-dimethylformamide 

DMSO ......................................................................................................... dimethyl sulfoxide 

DRS ...................................................................................... diffuse reflectance spectroscopy 

FTIR ........................................................................... fourier-transform infrared spectroscopy 

GC .......................................................................................................... gas chromatography 

HER ............................................................................................. hydrogen evolution reaction 

HOMO ............................................................................... highest occupied molecular orbital 

LED ............................................................................................................ light-emitting diode 

LUMO ................................................................................. lowest uncopied molecular orbital 

M........................................................................................................ metal (general) or mol/L 

Me ....................................................................................................................... methyl group 

MOF ................................................................................................. metal-organic framework 

NHE .............................................................................................. normal hydrogen electrode 

NMR ..................................................................... nuclear magnetic resonance spectroscopy 

OER ................................................................................................ oxygen evolution reaction 

PL ....................................................................................... photoluminescence spectroscopy 

ppy ................................................................................................................ 2-phenylpyridine 

PS ....................................................................................................................photosensitizer 

PSM ................................................................................................. post-synthetic metalation 

SBU .................................................................................................... secondary building unit 

TGA .............................................................................................. thermogravimetric analysis 

TXRF ............................................................. total-reflection x-ray fluorescence spectroscopy 

UV .............................................................................................................. ultraviolet radiation 

Vis .......................................................................................................................... visible light 

XPS .................................................................................... x-ray photoelectron spectroscopy 

XRD ................................................................................................................ x-ray diffraction 
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2 Introduction 
2.1 Global Energy Crisis 
Climate change is one of the main issues our society is facing today. In the Paris Agreement 

from 2015, 196 parties agreed to limit global warming to less than 2°C compared to pre-

industrial levels, ideally even 1.5°C.1 The average global temperature has already increased 

by 1°C, so quick and efficient solutions are necessary. Climate change is mainly caused by 

CO2 emissions, to which burning of fossil fuels represents a primary player. What makes the 

issue even more difficult is an increasing energy demand which is progressing faster than the 

decarbonization of energy production.2 Solar energy constitutes an abundant renewable 

energy source, as the sun provides almost 4 · 1024 J of energy per year, of which 

approximately 5 · 1022 J are considered easily harvestable, which is, in theory, more than 

enough to satisfy humanity´s demands. One issue with solar energy is its fluctuating 

availability depending on time and season.3 Therefore, the development of emission free 

energy carriers is essential. Hydrogen offers an exciting and efficient alternative to 

conventional fuels, as its combustion only produces water, and it can be obtained renewably 

from water by electrolysis. However, electrolysis requires a high energy input to split water.4 

Today, hydrogen is mainly produced by steam reforming of natural gas, which again produces 

high emissions of CO2.5 An important scientific breakthrough were the experiments of 

Fujishima and Honda, where they reported the photoelectrochemical splitting of water under 

visible light irradiation. The use of the light´s energy can significantly reduce the required bias 

voltage, which is 1.23 V for the electrolysis of water.6 Besides photoelectrocatalysis and a 

combination of photovoltaics and electrolysis, photocatalysis is another method for using solar 

energy for hydrogen production from water. Of these techniques, photocatalysis stands out as 

the one with the lowest complexity, as only the photocatalyst dispersed in water, a source of 

light and a system for separating the formed oxygen and hydrogen are required.7 

2.2 Photocatalysis 

2.2.1 Heterogeneous Photocatalysis 
Heterogeneous catalysis is one of the two main branches of catalysis. Its definition is that the 

catalyst is not in the same phase as reactants and products. In heterogeneous photocatalysis, 

solid semiconductors are used as catalyst. When irradiated with light of a wavelength smaller 

than the band gap of the semiconductor, a photon is absorbed which leads to the excitation 

of an electron from the valence band to the conduction band of the semiconductor. This 

creates a negatively charged electron and a positively charged electron hole as charge 

carriers. When these charge carriers are separated, they can migrate to the catalyst surface. 

Species that are adsorbed on the surface can then be reduced or oxidized by the electrons or 
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holes, respectively.8–10 Applications of heterogeneous catalysis are for example water 

treatment and air purification, also for low concentration of pollutants. Another possible 

prominent application is photocatalytic water splitting. Different reaction setups are possible. 

On a laboratory scale, the photocatalyst is often dispersed in a liquid. However, for industrial 

scale applications, it is desirable to immobilize the catalyst on a support material, as this does 

not require energy intensive dispersing and enables elaborate light harvesting techniques by 

following the movement of the sun.10,11 The potential scalability of photocatalytic water splitting 

was demonstrated by Nishiyama et al. in 2021, when they reported a 100 m2 large array of 

reactors containing photocatalyst sheets that was operated for several months.12 In the 

following chapters, the basics of photocatalytic water splitting and material requirements for 

such catalysts will be discussed. 

2.2.1.1 Basics of Photocatalytic Water Splitting 

Water splitting is a thermodynamically unfavorable reaction, exhibiting a Gibbs free energy of 

around +237 kJ/mol. It can be divided into two half-reactions, the hydrogen evolution reaction 

(HER) and the oxygen evolution reaction (OER): 2 + 2 →  HER (1) → 12 + 2 + 2  OER (2) 

In order to accomplish photocatalytic water splitting, the band gap of the semiconductor needs 

to encompass both the oxidation and the reduction potential of water, which lie at 1.23 V and 

0 V vs the normal hydrogen electrode (NHE) at pH 0. Therefore, the minimum band gap is 

1.23 eV when neglecting additional overpotentials for enhancing the reaction kinetics. This 

would correspond to electromagnetic radiation with a wavelength of approximately 1000 nm, 

which is already in the near-infrared region. Small band gaps are preferred to absorb a high 

portion of the solar spectrum, but too narrow band gaps are detrimental for the process as 

well as they limit the reaction pace. Difficulties in actually achieving even visible-light-active 

photocatalysts for water splitting will be discussed in the next chapter. A scheme of the 

processes behind photocatalytic water splitting can be seen in Figure 1. After absorption of a 

photon, the formed charge carriers need to be separated without recombining or being 

trapped. One phenomenon that can facilitate charge separation is band bending which occurs 

when the semiconductor is immersed into a solution due to the alignment of the fermi level of 

the semiconductor and the redox potential of the solution at the interface by electron transfer 

between the two. The resulting electric field can facilitate separation of the charge carriers 

after excitation. This effect is especially important for semiconductor electrodes and less for 

nanoparticles because the space charge region can be larger than the nanoparticle itself, 
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nevertheless it can still have an important influence on charge separation within a single 

nanoparticle.9 High crystallinity is desired for successful charge migration to the surface as 

this reduces the number of recombination sites. Small nanoparticles can be beneficial because 

they exhibit a shorter migration path for the charge carriers to the surface.8 The final step of 

photocatalytic water splitting are the redox reactions on the surface. HER requires a two-

electron transfer process, whereas OER requires a four-electron transfer process. Therefore, 

OER is generally considered to be the bottleneck of water splitting,13 despite the fact that many 

pure oxide semiconductors are less active for photocatalytic hydrogen evolution than oxygen 

evolution.9 

  
Figure 1: Fundamental steps of photocatalytic water splitting 

One way to optimize the catalytic reactions on the surface is the addition of cocatalysts. These 

show a lower activation barrier for the corresponding reaction and consequently decrease the 

required overpotentials to drive the reaction. Besides the improved kinetics, the introduction 

of a cocatalyst also leads to an electrical field due to the formed Schottky or p-n junction at 

the interface for metal or semiconductor cocatalysts, respectively. This electrical field can 

enhance charge carrier separation. In some cases, even better light absorption can be 

obtained due to a plasmonic enhancement effect.8 On the other hand, a cocatalyst can 

sometimes also show unwanted side effects like trapping of charge carriers at the interface.8 

Common cocatalysts for hydrogen evolution are metals like Pt, Rh, Ru, Ir and Ni. For oxygen 

evolution, oxides of Co, Fe, Ni, Mn, Ru and Ir are often used. HER cocatalysts are usually 

necessary to achieve efficient water splitting, while OER cocatalysts alone have a smaller 

effect on the overall catalytic activity. Best results can be obtained by introducing both types 

of cocatalysts. It should be noted that cocatalysts can not only catalyze the desired reaction, 

but can also promote the backward reaction, namely water formation. This can be addressed 

by using bimetallic promoters.10 
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2.2.1.2 Photocatalysts Based on Oxide Materials 

Semiconductor oxides like TiO2 are the most typical photocatalysts used for water splitting. 

This is mainly attributed to their high stability under both oxidative and reductive conditions. 

Unfortunately, the frequently used oxides have a large band gap which prevents efficient 

utilization of the solar spectrum, but oxides with a smaller band gap like WO3, BiVO4 and Fe2O3 

are not active for water splitting, due to unsuitable band positions.10 This can be explained by 

looking at the composition of the conduction and the valence band. The conduction band of 

oxide semiconductors mainly consists of empty d orbitals in the case of d0 transition metal-

based semiconductors or sp hybridized orbitals for d10 metal semiconductors. The position of 

the conduction band can thus be tuned by changing the metal cation and it is too low in the 

case of narrow band gap oxides like WO3. The valence band is mainly made up of oxygen 2p 

orbitals and is therefore more or less fixed at a reduction potential of around +3 V vs NHE (at 

pH 0). This is a lot deeper than it would be needed for OER which explains the large band gap 

needed to achieve overall water splitting on an oxide-based photocatalyst.9 

One possibility to achieve visible light photoactivity is the so-called Z-scheme, which is inspired 

by photosynthesis in plants. Here, two photocatalysts are used, one for the oxidation reaction 

and the other for the reduction reaction. The two catalysts are connected by a redox mediator, 

of which the oxidized form gets reduced on the oxidation catalyst and the reduced form 

oxidized on the reduction catalyst. This setup leads to a two-step photoexcitation, whereby 

each step requires absorption of a photon with lower energy compared to a single 

photocatalyst. That enables the use of oxide semiconductors with narrow band gaps and a 

better utilization of the solar spectrum. However, it needs to be considered that two photons 

are required to generate a single electron-hole pair that can be used to conduct the water 

splitting reaction. Still, due to the low quantity of UV radiation in sunlight (around 4 %), Z-

scheme photocatalysis can significantly enhance sunlight absorption and overall reaction 

quantum yields. In some cases, it was possible to perform the same process without the use 

of a redox mediator. Electron transfer then takes place via direct contact between the two 

photocatalysts.9,10 

2.2.1.3 Non-Oxide Photocatalysts 

As discussed in the previous chapter, the oxygen orbitals forming the valence band are limiting 

for visible-light-driven water splitting. This makes non-oxide semiconductors very interesting 

candidates for visible light activity. N 2p as well as S 3p orbitals form a valence band with a 

suitable position for visible light water splitting as it is higher than a valence band consisting 

of O 2p orbitals, but still low enough to drive water oxidation. Nitrides and oxynitrides, as well 

as sulfides and oxysulfides therefore have received increasing attention.9 An illustrative 

example is the comparison of Ta2O5, TaON and Ta3N5. The conduction band lies at a similar 
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redox potential for all three semiconductors, between -0.3 V and -0.5 V vs NHE (at pH 0). The 

band gap, however decreases from 3.9 eV for Ta2O5 to 2.4 eV for TaON or 2.1 eV for Ta3N5, 

with the valence band stills staying below the +1.23 V necessary for water oxidation. These 

band gaps correspond to electromagnetic radiation of 520 or 600 nm, respectively, well within 

the region of visible light.14 As a drawback, non-oxide semiconductors are usually catalytically 

less active for water splitting and less stable for oxidation than oxide photocatalysts.9 

2.2.2 Homogeneous Photocatalysis 
In homogeneous catalysis, the other main branch of catalysis, reactants and products are in 

the same phase as the catalyst, usually the liquid phase. Applications of homogeneous 

photocatalysis include wastewater treatment, gas purification as well as water splitting and 

CO2 reduction. Excitation of a molecular photocatalyst with light leads to the transfer of an 

electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) in contrast to an excitation from the valence band to the conduction 

band in heterogeneous photocatalysts. The LUMO can then donate an electron to reduce a 

reactant, whereas the HOMO can accept an electron to drive an oxidation reaction.15 In many 

instances, however, a photosensitizer (PS) is used to account for light absorption. In this case, 

an additional redox cycle is established between the PS and the molecular catalyst, which, 

after being reduced or oxidized by PS*, is able to drive the process of interest. 

A prevalent group of compounds used for homogeneous photocatalytic water spitting are 

organometallic complexes. Here, the first fundamental step is the coordination of water, 

instead of surface adsorption of water as it is the case for heterogeneous photocatalysts. This 

requires sufficient thermodynamics, so strong bonds need to be formed. Possible modes of 

water coordination include a dative bond via the free electron pairs of oxygen, hydrogen 

bonding between another ligand and H of the water molecule, side-on coordination of water 

at the metal center, addition of H or OH ligands, formation of an ion pair or the oxidative 

addition of both H and OH ligands. The coordination via a free electron pair of oxygen 

represents the simplest coordination and also the most important one in water splitting. An 

early, prominent example where such coordination takes place is the so-called blue dimer, a 

µ-oxo-briged ruthenium(III) complex for water oxidation with the formula cis-cis-

[(bpy)2(H2O)Ru(µ-O)Ru(H2O)(bpy)2]4+ (bpy = 2,2’-bipyridine).16 The stability of such aqua 

complexes is heavily dependent on the other ligands present. Oxidative addition 

predominantly takes place at electron-deficient complexes. Most examples where oxidative 

addition is the water coordination mode are based on late transition metal complexes, 

especially iridium complexes like [Ir(PMe3)4] or [IrCl(PMe3)3].16 The addition products are often 

very reactive in these cases. Reaction mechanisms for water splitting after the successful 

coordination of water vary from case to case. Intermediates during the catalytic cycle include 



 

7 
 

besides hydroxide and aqua complexes also metal-oxo and metal-peroxide species as well 

as oxyl radicals.16 

A typical design for a homogeneous photocatayst is a combination of a water oxidation 

catalyst, a proton reduction catalyst and a photosensitizer. The components can be linked for 

example via covalent bonding or form supramolecular complexes.16 In this three-species 

design, the photosensitizer absorbs light which leads to photoexcitation. The excited electron 

is transferred to the reduction catalyst and the photosensitizer receives an electron from the 

oxidation catalyst to fill the formed electron hole. A typical photosensitizer is the [Ru(bpy)3]2+ 

complex which shows visible light absorption centered at 450 nm. When irradiated with this 

wavelength, an electron is excited from a t2g orbital of the metal to a π* orbital of a ligand. This 

process is called a metal-to-ligand charge transfer and results in the oxidation of Ru(II) to 

Ru(III) and the reduction of the ligand. The initial excited state of the complex undergoes 

intersystem crossing to a triplet state. This triplet state exhibits a long lifetime of around 1 µs 

due to the spin selection rule. The excited state can then be oxidized or reduced rather easily 

compared to the ground state.17 For hydrogen evolution at the proton reduction catalyst, a 

two-electron process needs to take place. However, the photosensitizer can only offer one 

electron at a time. A possible solution is the disproportionation of the one-electron reduced 

catalyst to the original catalyst and a two-electron reduced species.16 Examples of 

homogeneous catalysts for hydrogen evolution include Pt-complexes, but also complexes 

based on abundant elements like Ni or Co can be used. The water oxidation catalyst needs to 

be able to perform a four-electron process. An efficient catalytic reaction therefore requires 

special properties, like complexes based on metals with many possible oxidation states or the 

use of multinuclear complexes. An example for the first is presented by nature, namely by the 

oxygen-evolving complex (OEC) for photosynthesis in plants. The OEC includes a Mn4Ca 

cluster where Mn can show oxidation states from +3 to +5.16,17 For research purposes, Ru-

complexes are prominent water oxidation catalysts because of their large range of possible 

oxidation states.18 One important thing to consider when performing the water oxidation 

reaction with a homogeneous photocatalysis is whether the active species is actually a 

homogeneous one. In oxidizing conditions, complexes often tend to form metal oxides or 

hydroxides that can catalyze water oxidation as well. Elaborate spectroscopy techniques need 

to be employed to be sure about the nature of the active species. An early example of a 

working water oxidation catalyst is the aforementioned blue dimer, a dinuclear Ru(III) complex 

where high oxidation states are stabilized by electron coupling via the oxo-bridge. The 

structure allows for a concerted proton and electron transfer, called proton-coupled electron 

transfer (PCET), which enables the charge of the complex to remain unchanged.17 
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2.2.3 Bridging Homogeneous and Heterogeneous Catalysis 

2.2.3.1 Comparison of the two Branches 

Homogeneous catalysts generally show higher activity and selectivity than their 

heterogeneous counterparts. However, such catalysts are rather hard to recover, as they are 

in the same phase as the reactants and products, and are relatively unstable. Additionally, 

homogeneous catalysts are often expensive, toxic and based on scarce elements. 

Heterogeneous catalysts exhibit higher stability and can be separated easier and therefore 

have better recyclability, but they are lacking behind in activity, often due to low visible light 

absorption.15 For industrial applications, heterogeneous catalysts are preferred because of 

their practicability, but the small number of active sites needs to be compensated by high 

temperatures and the lower selectivity leads to a large number of side products which hampers 

their economic profitability. An important drawback of heterogeneous catalysts for research is 

the difficulty to properly characterize and study them because of their less defined nature. This 

makes it hard to systematically develop better catalysts compared to homogeneous catalysts, 

whose structure and reaction mechanisms are better understood.19 It is therefore desirable to 

find catalysts that combine both worlds and exhibit the high activity, selectivity and defined 

structure on an atomic scale of homogeneous catalysts and the stability and recyclability of 

heterogeneous ones. A prominent approach to achieve these properties is the design of 

single-site catalysts. 

2.2.3.2 Single-Site Photocatalysis 

Instead of using nanoparticles for facilitating charge separation and providing catalytically 

active surfaces, single-site photocatalysis relies on single metal atoms. This makes it possible 

to study and understand the catalyst on the atomic scale. Furthermore, such single-site 

catalysts provide more active centers, as potentially all metal atoms can be utilized, but also 

every active site has the potential to be more active due to different geometric and electronic 

properties of single metal atoms compared to nanoparticles. The electronic properties of small 

particles heavily depend on the exact number of atoms. A typical example is the oscillation of 

the work function of gold particles of less than 30 atoms when plotted against the number of 

atoms. A decrease in particle size also leads to an increase in the ratio of unsaturated surface 

atoms to bulk atoms, resulting in a changed catalytic reactivity.20 

The surface energy of single metal atoms is very high. Accordingly, they tend to agglomerate 

to form nanoparticles. This makes stabilization of such particles necessary by immobilizing 

them on a support material. The interaction of the support and the single metal atoms is of 

high importance, as they mutually change the electronic properties of each other, which 

influences the adsorption of reactants and can reduce the activation barrier for the catalytic 

reaction. Another difference between nanoparticles and single metal atoms on a support is 
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that the latter are usually charged.20 It was shown that photocatalytic reactions can be 

enhanced by introducing single-site cocatalysts. As an example, single Pt atoms on TiO2 

showed activity 6-13 times higher than larger Pt particles.21 

Strategies for obtaining single-site catalysts include physical procedures like atomic layer 

deposition (ALD), chemical techniques like impregnation and co-precipitation, and other 

methods like pyrolysis of precursors. Surface defects or functional groups on the surface of 

the support can act as binding sites for stabilization of the single metal atoms. An interesting 

class of materials that is also labeled single-site catalysts involves organometallic complexes 

anchored on a support surface.22 In addition, they can be immobilized within porous materials 

like zeolites, mesoporous silica or metal-organic frameworks (MOFs). Anchoring to the surface 

can take place via chemical bonding, for example when functional groups on the support 

surface act as ligands, or via spatial confinement, among others.23 Considering the special 

nature of MOFs as organic-inorganic hybrids and their unique properties, the following chapter 

will explore MOFs as a platform for single-site photocatalysis. 

2.3 Metal-Organic Frameworks (MOFs) 
MOFs are a class of materials that generated a lot of interest in the last years due to their high 

stability and high microporosity with tunable pore size. They are also often relatively easy to 

synthesize and made of cheap precursors. MOFs are coordination polymers with metal-

containing clusters as building blocks, the so-called called secondary building units (SBUs), 

connected by organic ligands in a defined fashion. There are many ways of tuning their 

structure by changing either the metal in the clusters or the ligand. Possible applications of 

MOFs are energy storage, gas storage and separation, gas sensors or photocatalysis. 

Methods for preparing them include solvothermal or hydrothermal synthesis, precipitation from 

solution or synthesis in the microwave.24–26 MOF synthesis is usually considered to be 

thermodynamically controlled, although kinetic products are also known when the formation 

of the thermodynamic product is sterically hindered.27 

Light absorption of MOF photocatalysts is usually achieved by the organic ligand. The 

electrons are then transferred to the metal clusters, in a so-called ligand-to-metal charge 

transfer (LMCT). This leads to the reduction of the metal which can often be observed as a 

(transient) color change of the catalyst. The reduced metal species can then further reduce 

the reactants. Changing the ligand can enhance light absorption, for example by using NH2-

functionalized ligands. In MOFs that are built of Fe-O-based clusters light absorption does not 

solely take place via the ligands. Here, the clusters themselves are able to absorb light.25 

There are many photocatalytic reactions that can be driven by MOF-based catalysts like HER, 

OER, overall water splitting, nitrogen reduction, CO2 reduction or degradation of organic 
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pollutants. However, there are still many challenges for photocatalysis with MOFs. Poor 

electronic conductivity, rapid recombination of free charge carriers and insufficient long-term 

recyclability, related to the degradation of the framework, have prevented an application 

outside of research so far. To overcome these drawbacks, composites of MOFs with other 

materials are often created. The integration of carbon materials like graphitic carbon nitride, 

carbon nanotubes or graphene can improve conductivity. Metal or metal oxide cocatalysts can 

be introduced to enhance charge carrier separation and catalytic activity, with noble metals 

like Pt being a typical cocatalyst for HER. Defect engineering of the catalysts is another 

possibility, which can be achieved by controlling the number of defects using a modulator 

(molecules competing for the binding sites) to slow down or regulate the MOF synthesis. In 

OER, the most effective cocatalysts are also noble-metal-based.24 Overall water splitting can 

be achieved by simultaneously immobilizing an oxidation and a reduction cocatalyst. Zhang 

et al. reported the photocatalyst Pt@NH2-UiO-66@MnOx consisting of Pt and MnOx 

nanoparticles and the MOF NH2-UiO-66. The Pt particles act as the proton reduction catalyst, 

while MnOx drives the water oxidation. In this case, they were also able to spatially separate 

the two cocatalysts by embedding the Pt nanoparticles into the MOF structure and 

photodepositing MnOx on its surface.28 This example stresses the importance of controlling 

the location of the cocatalyst which shifts the focus again to single-site catalysis. 

2.3.1 MOFs as a Platform for Single-Site Photocatalysts 
Considering their defined nature, high surface area and ample options for tuning the structure, 

MOFs represent an ideal platform for attaching single-site catalysts. The uniform structure of 

MOFs and the atomically defined structure of single-site catalysts provide excellent conditions 

for carrying out mechanistic studies of photocatalytic reactions. High surface area enables the 

introduction of many catalytically active sites. High tunability can be useful for achieving 

selectivity towards reactants with different size by controlling the pore diameter. In 

comparison, zeolites can perform size-selective reactions as well. However, their small pore 

size of often less than 1 nm drastically reduces the number of possible catalysts. Mesoporous 

silica has larger pores of usually between 2 and 50 nm. This results in multiple catalyst species 

being in the same pore and therefore close proximity to each other, which can amplify 

aggregation and leaching. With MOFs, on the other hand, it is possible to design a desired 

intermediate pore size which can facilitate better catalytic performance.29 

Obtaining single-site photocatalysts on a MOF can be achieved in various ways. One 

possibility is the incorporation of metal ions at the nodes of the framework. This can be 

performed by exchanging the original cluster ions with others pre- or post-synthesis, but also 

by attaching metal atoms to linker vacancies on the node surface. Another way is the 

immobilization of single-site catalysts or single atoms via spatial confinement in the MOF 
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cavities.30 The most prominent functionalization of MOFs with single-site catalysts is via linker 

design. Some MOF ligands exhibit coordination sites for external metal atoms in addition to 

the functional groups binding to the nodes. Porphyrins show a pocket ideal for forming a 

complex with several metals. When properly functionalized, such porphyrins can be used as 

linkers in MOFs. MOF-525 is a Zr-based MOF with TCPP (4,4’,4’’,4’’’-(porphyrin)-(5,10,15,20-

tetrayl)tetrabenzoate) as a linker, that can incorporate many metal atoms. As an example, 

complexation of Co yields an efficient, visible-light-active photocatalyst for CO2 reduction.31 

2,2’-Bipyridine-5,5’-dicarboxylate (bpydc) is another MOF linker that can form stable 

complexes. NH2 groups, which exist on some linkers can act as a monodentate ligand. More 

stable complexes can be obtained when the NH2 group is further functionalized, usually with 

an aldehyde, to introduce another binding site.32 A more exotic but still frequently encountered 

group of ligands are N-heterocyclic carbenes (NHCs). They are derived from imidazole and 

are functionalized with groups to bind to the metal nodes. The free electron pair of the carbene 

C enables complex formation with metals like Ir, as reported by Carson et al. in a Zr-based 

MOF.33 

2.3.2 MOF Model Systems for Single-Site Photocatalysis 

2.3.2.1 Zr-based MOFs 

The prototypical Zr-based MOF is UiO-66, named after the University of Oslo where it was 

first synthesized. Its SBU consists of zirconium oxide clusters with the formula Zr6O4(OH)4. In 

this structure, the Zr4+ ions form octahedra, while O2- and OH- are located at the facets of these 

octahedra and every cluster is connected to 12 others by terephthalate linkers.34 This 

coordination results in crystals with a face-centered-cubic structure (fcc) containing 

tetrahedron and octahedron cages and a high porosity with surface areas often exceeding 

1000 m2/g.35 This high surface area and its thermal, mechanical and chemical stability explain 

the great interest in UiO-66. Its high stability can be attributed to the strong Zr-O bond, which 

actually breaks only after the C-C bonds of the ligands. When heating to 300°C, the initially 

hydroxylated form Zr6O4(OH)4(bdc)6 (bdc = benzene-1,4-dicarboxylate) can be 

dehydroxylated reversibly under elimination of two water molecules to result Zr6O6(bdc)6. The 

synthesis of UiO-66 is most of the time performed in N,N-dimethylformamide (DMF) as a 

solvent, terephthalic acid and a metal precursor, with the most typical being ZrCl4. In addition, 

a modulator is usually used as well, which binds reversibly to the SBU as a competitive ligand 

and therefore slows down the reaction. Single carboxylic acids like acetic acid, formic acid, 

benzoic acid or trifluoroacetic acid are often used for this purpose, as they prevent the 

propagation of the crystal formation. When no modulator is used, the MOF will form very quick, 

which often yields gel like products instead of highly ordered crystals. By using a modulator, 
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a higher surface area, as well as a larger particle size and more uniform particle size 

distribution can be obtained.35 

While ideal UiO-66 is a very nice model system, it is often not preferred for photocatalysis due 

to its low conductivity and poor visible-light-absorption. One way how the catalytic properties 

can be improved is the introduction of defects, which can be divided into two sub groups: 

missing linker and missing cluster defects.36 Owing to the high coordination number of 12 of 

every SBU, the structure of UiO-66 can remain stable even after removing some ligands or 

nodes. The presence and type of defects can be influenced by many factors, like the type of 

metal precursor, the linker-to-metal ratio or the temperature during synthesis. For example, 

high temperature or high linker-to-metal ratio leads to fewer missing linker defects. Using more 

modulator increases the amount of missing linker defects, as the modulator blocks the binding 

sites for bdc on the nodes. Modulators with a pKa value similar to the linkers leads to more 

ideal UiO-66, while ones with low pKa result in many defects in the final MOF. In 

photocatalysis, defects can be beneficial by lowering the energy of empty d orbitals of Zr and 

therefore improving light absorption by decreasing the band gap. Missing cluster defects can 

have an additional effect as they enlarge the pores and facilitate access of reactants to the 

active sites.36 

Another aspect that makes UiO-66 interesting is the large number of isoreticular structures. 

These are MOFs with the same topology (the same SBU and the same coordination) as 

UiO-66 that often differ in the ligand connecting the SBUs. UiO-67, which structure is shown 

in Figure 2, contains 4,4’-biphenyl dicarboxylate (bpdc) instead of bdc, leading to an increase 

in the pore aperture from 6 to 8 Å due to the larger ligand.35 Furthermore, Fei and Cohen 

reported the synthesis of UiO-67-bpydc with bipyridine sites via direct MOF synthesis using 

H2bpydc instead of H2bpdc or post-synthetic ligand exchange of UiO-67. Introducing bipyridine 

sites enabled complexation of PdCl2, which turned the MOF into an active catalyst for the 

Suzuki-Miyaura cross-coupling reaction.37 
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Figure 2: (a) coordination environment of Zr6O4(OH)4 clusters in UiO-67 and (b) fcc unit cell of the clusters (blue: 
Zr, red: O) from cif 38 

2.3.2.2 Ti-based MOFs 

Ti, like Zr, is also a metal that forms tetravalent ions and is therefore another candidate for the 

formation of MOFs with high stability. The most prominent example is MIL-125, that is 

constructed of Ti8O8(OH)4 clusters and terephthalate linkers and stands out due to its high 

chemical and water stability, as well as photocatalytic activity.39 The SBU is composed of TiO6 

octahedra that form cyclic octamers by corner- and edge-sharing of O. Each SBU is connected 

to 12 other SBUs via the terephthalate linkers, whereby 4 linkers each are on the top, on the 

side and on the bottom of a cyclic octamer. The resulting structure is a body-centered 

tetragonal lattice with both tetrahedron and octahedron cages. Surface areas of MIL-125 

usually lie between 1350 and 1550 m2/g. The synthesis is mostly performed solvothermally, 

with titanium chloride or more often titanium alkoxides as a precursor, DMF as a solvent and 

terephthalic acid as a linker. One major drawback for the application of MIL-125 as a 

photocatalyst is that due to the relatively large band gap of 3.69 eV, it is only photoactive under 

UV irradiation. When functionalizing the ligand with an amino group and using 2-

aminoterephthalic acid instead of terephthalic acid, the resulting material MIL-125-NH2 shows 

a decreased band gap with light absorption up to 550 nm instead of 350 nm.39 This MOF is 

active for CO2 reduction to HCOO- under visible light illumination. When performing this 

reaction, Ti4+ in clusters will be reduced to Ti3+ upon illumination, which acts as the active 

species for the redox reaction. When no CO2 or O2 is provided to consume the reduced Ti 

species, a reversible color change from yellow to green is observed.40 

Besides MOFs with Ti8 clusters like MIL-125, others with Ti6 or Ti3 clusters were also reported, 

as well as single Ti atoms as SBUs. However, MOFs with such 0D SBUs exhibit poor charge 

carrier migration, as the orbitals of the individual Ti clusters or atoms cannot overlap 

sufficiently. This problem can be overcome by increasing the dimensionality of the SBUs which 

a b 
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enables direct contact of the Ti species.41 As an example, the SBU of MIL-177-HT is built of 

1D nanowires of edge-sharing Ti6O9 clusters with trigonal pyramidal shape. This material can 

be obtained by calcination of MIL-177-LT, made of Ti12O15 clusters and 3,3’,5,5’-

tetracarboxydiphenylmethane (mdip) as a ligand. The formation of a 1D SBU leads to a 

pronounced increase in photoconductivity of the material.42 In 2019, Smolders et al. developed 

a Ti-based MOF with a 2D SBU. In this new material, called COK-47, edge-sharing TiO6 

octahedra form double chains and these double chains are connected to each other by corner 

sharing of the octahedra to form Ti-O sheets. The SBU sheets are interconnected by bpdc 

linkers, always binding to an edge-sharing octahedra on one end, and to a corner-sharing 

octahedra on the other end (see Figure 3). They synthesized two different materials, COK-47L 

and COK-47S, which differ in particle size (L and S indicate large and small), of which COK-47S 

proved to contain a high amount of missing linker defects of 39 %. Those defects are capped 

by either bridging or terminal methoxide groups. As an application, they were able to show 

that COK-47S is active for oxidative desulfurization of benzothiophene.43 

  
Figure 3: structure of COK-47 from cif 43 

2.4 Synthesis Strategies for MOF-based Single-Site Catalysts 
Many different approaches to obtain single-site catalysts based on MOFs have been reported. 

This chapter will only discuss the introduction of single-site cocatalysts at binding sites of the 

MOF linkers. Other possibilities were briefly touched in chapter 2.3.1 and will not be further 

discussed here. The common strategies to achieve immobilization of single metal atoms on 

the MOF linkers are post-synthetic metalation, one-pot synthesis and post-synthetic ligand 

exchange as shown in Figure 4. These methods differ significantly in their synthetic 

procedures and each of them has its advantages and drawbacks. The following chapters will 

focus on them in detail to explain those differences. 
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Figure 4: Common synthesis strategies to obtain single-site cocatalysts on MOF linkers 

2.4.1 Post-Synthetic Metalation 
Post-synthetic metalation, sometimes also referred to as metal insertion44 or linker docking45 

is a form of post-synthetic modification of suitable MOFs. It starts with the pristine MOF that 

undergoes a reaction with a metal precursor, creating a metal complex at pre-existing binding 

sites on the MOF linker. This strategy enables high metal loadings and a wide range of linker-

metal combinations is possible, as the resulting complex does not need to be pre-synthesized 

and isolated in molecular form. On the downside, one has little control over the metal 

distribution in the framework and diffusion of the precursors inside the micropores may 

become a limiting factor. It can happen that the precursors block the MOF pores, possibly 

resulting in outer-shell-only functionalization.45 One example for such an approach was 

already mentioned in chapter 2.3.2.1, the complexation of PdCl2 at the bipyridine sites of 

UiO-67-bpydc0.5/bpdc0.5, that Fei and Cohen reported together with the novel MOF 

UiO-67-bpydc. The presence of single Pd sites led to catalytic activity of the MOF in the 

Suzuki-Miyaura cross coupling reaction of aryl halides and arylboronic acids.37 While noble 

metal-based catalysts often show good catalytic activity, the use of earth-abundant metal 

alternatives becomes increasingly important. It was shown that Cu single-sites can be as well 

incorporated into the same UiO-67-type MOF with 100 % bpydc as linker. Impregnating with 

CuBr2 yields a Cu complex with square planar geometry on the linker sites. The prepared 

material proved to be an active catalyst for selective oxidation of cyclooctene to cyclooctene 
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oxide, showing no significant activity loss after threefold recycling, and being more active than 

the homogeneous counterpart [Cu(bpy)Br2].46 Similarly, metalation of UiO-67-bpydc with 

[NiBr2(DME)] (DME = dimethoxyethane) yields the analogous [Ni(bpydc)Br2] complex on the 

linkers. This functionalized MOF was able to catalyze the oligomerization of ethylene, where 

it was shown that the selectivity towards oligomers or polymers is influenced by the linker 

composition (bpydc or mixture of bpydc/bpdc) due to different pore environments.47 An 

example where post-synthetic modification is obligatory for creating the structure is the 

metalation of the so-called Al-ATA MOF with Ni2+. Al-ATA MOF is an Al-based MOF consisting 

of AlO4(OH)2 octahedra connected by 2-aminoterephthalate (ATA) linkers. The addition of the 

precursor Ni(NO3)2 ∙ 6 H2O leads to the formation of a Ni2+ complex, whereby Ni not only binds 

to the amino group of the MOF linker, but to an SBU as well (see Figure 5a). The MOF 

framework is therefore necessary for the complex formation. As Al-ATA MOF itself is an active 

photocatalyst for water oxidation, and Ni2+ can promote photocatalytic hydrogen evolution, Al-

ATA-Ni MOF proved to be a photocatalyst for overall water splitting.48  

One possibility to strengthen the binding between the monodentate amino group and the metal 

cation and avoid coordination to an SBU is to react the amino group with an aldehyde to form 

the corresponding imine. If the aldehyde is properly functionalized with another electron pair 

donor, a bidentate ligand is created. This can be achieved either by functionalization of the 

metal precursor, as it was shown for NiCl2-functionalization of 2-pyridine carboxaldehyde and 

reacting the resulting complex with the amino group of the MOF linker,49 or by directly 

functionalizing the amino group, like in the case of the Zn-based MOF IRMOF-3 that was 

functionalized with salicylaldehyde to chelate Au3+ ions.50  

While UiO-67 represents a popular starting material for single-site catalysts, Ti-based MOFs 

are encountered less frequent. Recently, during the work of this thesis, a Pt-functionalized 

derivative of COK-47 was reported (using bpydc as linker instead of bpdc) where Pt single 

sites were introduced by impregnation with H2PtCl6. This hybrid material then underwent 

pyrolysis at 400°C to form small amounts of TiO2 on the surface (see Figure 5b), yielding a Z-

scheme heterojunction that enabled photocatalytic hydrogen evolution under visible light 

illumination.51  
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Figure 5: (a) Ni2+ coordination in Al-ATA MOF 48 and (b) structure of TiO2/Ti-BPDC-Pt 51 

2.4.2 One-Pot Synthesis 
In this strategy, metal-functionalized MOF linkers need to be prepared first, which are then 

used for a MOF synthesis (see Figure 4). It is a straightforward approach with good control 

over the metal position, as it is already bound to the linker beforehand. However, there are 

certain restrictions limiting the use of this synthetic approach. One needs to first prepare the 

derivatized ligand, which has to be stable during the MOF synthesis conditions and show 

sufficient solubility in the used solvent.52 In most cases, this metalloligand does not make up 

all of the ligand used in the MOF synthesis due to steric hindrance. Instead, a mixture of the 

metalloligand and the original MOF linker is usually applied. When the ligands are not based 

on the same organic compound (for example bpdc and a bpydc-based organometallic linker), 

their lengths need to match in order to obtain a highly crystalline framework. This approach is 

called mix-and-match strategy.30 Hou et al. applied this mix-and-match strategy to create Pt 

single sites in UiO-67 for hydrogen production by performing the MOF synthesis with the 

metalloligand [Pt(H2bpydc)Cl2] in addition to H2bpdc. Furthermore, they also introduced 

[Ru(bpy)2(H2bpydc)]Cl2 as photosensitizing centers in the same manner as shown in 

Figure 6a. The spatial proximity of the HER catalyst sites and the photosensitizer resulted in 

their material Ru-Pt@UiO-67 being an efficient visible light-active hydrogen evolution 

catalyst.53 In another work, Kim et al. incorporated an Ir(III)-based photosensitizer into UiO-67-

bpydc via the linker Na[Ir(bpydc)(ppy)2] (ppy = 2-phenylpyridine). They afterwards performed 

post-synthetic metalation with the Pt(II) complex Zeise’s salt to generate proton reduction sites 

(structure see Figure 6b). Introducing those in a one-pot synthesis with a Pt-containing linker 

produced Pt nanoparticles instead of single sites. The prepared MOF turned out to be active 

for photocatalytic hydrogen evolution from water, showing high stability in the process, which 

was ascribed to self-healing of the metal complexes: using bpydc instead of bpdc to construct 

the framework facilitated rebinding of leached metal ions. This is essential, since Pt 

nanoparticles can further autocatalyze their own formation, quickly consuming the remaining 

Pt(II) species. When the Pt-content was kept low with a resulting bpydc-to-Pt-ratio of 100, 

there was no Pt leaching observed even after 6.5 days of photocatalytic reaction.54  

a b 
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An example for a single-site-functionalized Ti-based MOF obtained by one-pot synthesis is a 

framework made of Ti3(OH)2 clusters linked with bpdc, combined with Ir- or Ru-based 

photosensitizers by performing the MOF synthesis with [Ir(H2bpydc)(ppy)2]Cl or 

[Ru(bpy)2(H2bpydc)]Cl2 in addition to the precursors H2bpdc and Ti6O6(OiPr)6(abz)6 (iPr = 

isopropyl, abz = 4-aminobenzoate). In both cases, the product could be used as an HER 

photocatalyst under visible light illumination. The mechanism of the catalytic reaction was 

studied in detail using 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) as 

sacrificial agent.55 The so far listed studies on MOF-based single-site catalysts via one-pot 

synthesis focused on noble metal cocatalysts or photosensitizers. Reports on earth-abundant 

element-based cocatalysts are rare. In 2010, it was claimed in a research note that 

[Ni(H2bpydc)Cl2] was used as a ligand for an Al-based MOF but no proof of the structure was 

presented.56 

  
Figure 6: (a) synthesis of Ru-Pt@UiO-67 53 and (b) structure of Ptn_Ir_BUiO 54 

2.4.3 Post-Synthetic Ligand Exchange 
Another strategy is post-synthetic ligand exchange (see Figure 4), which was first reported by 

Kim et al. in 2012 for UiO-66.57 It has the benefit of the metal atom already being located at 

the desired linker binding site, but doesn´t require as harsh conditions as a one-pot synthesis. 

To perform post-synthetic ligand exchange, or sometimes also called solvent-assisted linker 

exchange (SALE), the pristine MOF is suspended in solution containing the new, derivatized 

linker which will then be incorporated into the original MOF. This exchange process favors the 

replacement of weaker with stronger bases. Additionally, ligand solubility and therefore the 

solvent plays a crucial role to guarantee diffusion into the framework interior.52 The 

requirement of only mild conditions can be illustrated by UiO-67 doped with Rh single sites. 

Here, the original UiO-67 interchanged with the complex [Rh(H2bpydc)Cp*Cl]Cl (Cp* = 

pentamethylcyclopentadiene) in water at room temperature for 24 h, resulting in the structure 

shown in Figure 7a. When the resulting material was combined with the homogeneous 

photosensitizer [Ru(bpy)3]Cl2 the system became active for photocatalytic CO2 reduction to 

formate, with activity comparable to a corresponding fully homogeneous system, but better 

a b 
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stability, selectivity and recyclability.58 Another photocatalyst for CO2 reduction prepared by 

post-synthetic ligand exchange is UiO-67 functionalized with the Re complex 

[Re(bpydc)(CO)3Cl] that can serve both as photosensitizer and catalyst. This material was 

also synthesized at room temperature in an aqueous medium and with a reaction time of 5 

days.59 A method similar to solvent-assisted linker exchange is solvent-assisted ligand 

incorporation (SALI), first reported by Deria et al. in 2013. In this case, a bare or metallized 

monofunctionalized ligand is used instead of a bifunctionalized one, which binds to an SBU 

without linking it to another one. In their work, they used this method to attach perfluoroalkane 

carboxylates to the Zr-based MOF NU-1000.60 SALI was then later also applied for introducing 

organometallic compounds into MOFs. The same MOF NU-1000, which is composed of Zr6-

based nodes and 1,3,6,8-tetrakis(p-benzoic acid)pyrene linkers, can be taken as a platform to 

attach fac-[Re(bpydc)Br(CO)3] and [CoCl(dmgH)2(4-COOH-py)] (dmgH = dimethylglyoxime, 

py = pyridine) as shown in Figure 7b for the Re complex. The reaction is in this case carried 

out in DMF at 65°C for 24 h. As the Re complex works as a CO2 reduction catalyst and the Co 

complex as an HER catalyst, the composite is able to produce syngas (CO + H2) by the means 

of photocatalysis. The ratio of CO to H2 is adjustable by varying the ratio of the 

metalloligands.61 

  
Figure 7: structure of (a) Cp*Rh@UiO-67 obtained by post-synthetic ligand exchange 58 and (b) a NU-1000 node 
after solvent-assisted ligand incorporation of a monofunctionalized ligand 61 

  

a b 
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3 Motivation and Aims 
As described in the introduction, single metal atoms as active sites show great benefits for 

photocatalysis compared to larger particles due to their defined nature and the possibility of 

maximum atom utilization efficiency, resulting in materials with new electronic and catalytic 

properties. Metal-organic frameworks represent an ideal platform for such single-site 

cocatalysts, as they exhibit a large surface area and their high tunability enables ample 

possibilities for stabilizing single metal atoms. Hereby, the usage of pre-functionalized 

organometallic complexes as MOF linkers allows the highest control over the structure of the 

catalytic sites compared to node functionalization or post-synthetic metalation of linker binding 

sites, as the metal atom is already sitting at the desired spot. Additionally, the scarcity and 

price of the most commonly used cocatalysts limit their economic utility, where earth-abundant 

metals are much preferred. 

The aim of this thesis is therefore to use organometallic complexes to incorporate catalytically 

active single sites into MOF model systems via direct one-pot synthesis or post-synthetic 

ligand exchange. Another goal was to study, how the substitution of noble metals with cheaper 

alternatives effects the properties and catalytic activity for hydrogen evolution of such 

materials. For that purpose, single sites of Pt and Ni were selected as desired cocatalysts. 

UiO-67 and COK-47 were chosen as MOF model systems. UiO-67 is a widely-used and well-

understood model system, for which a successful one-pot synthesis with a Pt-containing MOF 

linker has already been reported and HER activity was shown.53 However, we believe that the 

influence of the synthesis strategy and the amount of cocatalyst loading can be further 

elucidated. The introduction of Ni single sites onto UiO-67 has, to our knowledge, so far only 

been reported by post-synthetic metalation and for other applications than photocatalytic water 

splitting.47 The other chosen model system, COK-47, is a very interesting material with 2D 

SBUs, where previous experience in the group showed excellent activity for photocatalytic 

hydrogen evolution after photodeposition of Pt nanoparticles as active sites.62 The 

immobilization of single site cocatalysts on COK-47 has, to our knowledge, not been reported 

before the start of this thesis. Recently however, post-synthetic metalation with Pt of a 

COK-47-derived material has been published.51   
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4 Materials and Methods 
4.1 List of Chemicals 
Information about the used chemicals is given in Table 1. All chemicals were used without 

further purification. 

Table 1: List of used chemicals 

Name 
Molecular 
Formula 

CAS 
Registry 
Number 

Purity Supplier 

Acetic acid CH3COOH 7732-18-5 98 % 
Fisher 

Scientific 

Biphenyl-4,4′-dicarboxylic acid C14H10O4 787-70-2 98 % abcr 

2,2’-Bipyridine-5,5’-dicarboxylic 

acid 
C12H8N2O4 1802-30-8 98.0 % 

Tokyo 

Chemical 

Industry 

Bis(cyclopentadienyl)titanium(IV) 

dichloride 
[Ti(C5H5)2Cl2] 1271-19-8 98.0 % 

Sigma-

Aldrich 

Deuterium oxide D2O 7789-20-0 

99,9 

atom-% 

D 

Sigma-

Aldrich 

Dimethyl sulfoxide (CH3)2SO 67-68-5 99.5 % 

PanReac 

AppliChem 

ITW 

Reagents 

Dimethyl sulfoxide, absolute (CH3)2SO 67-68-5 

Absolute 

(≤ 0.02 % 

water) 

Sigma-

Aldrich 

Ethanol, absolute C2H5OH 64-17-5 99.8 % Chem-Lab 

Hexachloroplatinic acid, 8 wt-% 

in water 
H2PtCl6 

16941-12-

1 
 Fluka 

Methanol CH3OH 67-56-1 Technical 
Donau 

Chemie 

Methanol, HPLC grade CH3OH 67-56-1 99.99 % 

VWR 

Chemicals 

BDH 
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Methanol, absolute CH3OH 67-56-1 99.8 % 
Thermo 

Scientific 

Nickel(II)chloride NiCl2 7718-54-9 98 % 
Sigma-

Aldrich 

Nickel(II)chloride hexahydrate NiCl2 ∙ 6 H2O 7791-20-0 98 % Merck 

N,N-Dimethylformamide C3H7NO 68-12-2 98 % 

VWR 

Chemicals 

BDH 

N,N-Dimethylformamide, 

absolute 
C3H7NO 68-12-2 99.8 % 

Thermo 

Scientific 

Potassium 

trichloro(ethylene)platinate(II) 

hydrate / Zeise´s salt 

K[Pt(C2H4)Cl3] 

∙ H2O 

123334-

22-5 
 

Sigma-

Aldrich 

Propylene carbonate C4H6O3 108-32-7 99.0 % Merck 

Sodium hydroxide NaOH 1310-73-2 98 % 
Sigma-

Aldrich 

Titanium(IV) isopropoxide Ti[OCH(CH3)2]4 546-68-9 97 % 
Sigma-

Aldrich 

Zirconium(IV) chloride ZrCl4 
10026-11-

6 
99.5 % 

Sigma-

Aldrich 

 

4.2 Characterization Methods 
The band gap and the absorption profile of synthesized materials was determined by diffuse 

reflectance spectroscopy (DRS) with a JASCO V-670 spectrometer. The sample was pressed 

onto a quartz disc and the reflectance was measured in the range from 200 to 900 nm. 

Anhydrous MgSO4 was used for baseline acquisition. 

Fourier-transform infrared spectroscopy (FTIR) in attenuated total reflectance (ATR) mode 

was applied to analyze vibrations of chemical bonds. The measurements were acquired with 

a Perkin Elmer Spectrum Two from 4000 to 400 cm-1 by pressing the sample onto the ATR 

crystal. 

Powder x-ray diffraction (XRD) allows phase identification for crystalline samples. An XPERT 

II: PANalytical Xpert Pro MPD was used in Bragg-Brentano geometry. Diffractograms were 

acquired from 5 to 90°, using Cu Kα radiation (1.5406 Å) as x-ray source and an X´Celerator 

(2.1°) semiconductor detector. 
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Structural information of synthesized organometallic complexes was carried out with proton 

nuclear magnetic resonance spectroscopy (1H NMR) at 250 MHz. Samples were dissolved in 

0.15 M KOH solution in 9:1 H2O:D2O and measured with a Bruker Advance 250 NMR 

spectrometer. 

Elemental analysis of relevant elements was performed by total-reflection x-ray fluorescence 

spectroscopy (TXRF) with an ATOMIKA 8030C. Excitation was usually done with Mo Kα 

radiation (17.480 keV) with the exception being UiO-67 samples, where W bremsstrahlung 

(centered around 35 keV) was used because, as the Zr K lines overlap with Mo Kα. However, 

it needs to be considered that this excitation source is also not ideal, as its energy is already 

well above the elemental lines that are to be excited. The intensity of the emitted x-rays was 

measured with an energy dispersive Si(Li) detector. MOF samples were put on a quartz 

reflector and were covered with 5 µL of 1 % polyvinyl alcohol (PVA) solution, after which they 

were dried to fix the sample on the surface. Calculation of the cocatalyst loading was done via 

the ratio of the MOF metal (Zr or Ti) to the cocatalyst metal (Pt or Ni), initially assuming a 

defect-free MOF structure. MOF linkers were analyzed as 1 mg/mL solutions/suspensions in 

0.3 M NaOH or KOH. 10 ppm of Y were added as internal standard to calculate the 

concentration of the cocatalyst metal. 5 µL of this sample solution were put on a quartz 

reflector and dried. 

UiO-67 shows fluorescence in the UV region. To observe its quenching by the cocatalyst and 

changes in the relaxation mechanism, photoluminescence spectroscopy (PL) measurements 

were performed, using a FluoTime 300 spectrometer. Steady state measurements were 

carried out with a Coaxial UV-Xenon arc lamp with a high resolution excitation double 

monochromator, where an excitation wavelength of 315 nm was selected. This is below the 

excitation maximum of UiO-67 as a 320 nm low-pass filter was needed to cut off the excitation 

wavelength. For time-resolved measurements, a PDL 820 diode laser driver with an LDH-P-

C-375 laser head was used (emission at 375 nm), with a 395 nm low-pass filter eliminating 

the laser wavelength after interaction with the sample. A PMA Hybrid 07 detector with a high 

resolution emission double monochromator was used for detection. A detection wavelength of 

400 nm was selected for time-resolved measurements, which is higher than the emission 

maximum, again due to constraints with available filters. 

X-ray photoelectron spectroscopy (XPS) was measured for the functionalized MOF linkers to 

observe oxidation state changes upon binding of the metal cation. Measurements were 

performed on a SPECS XPS spectrometer with monochromatized Al Kα radiation (µFocus 

350) for excitation and a hemispherical WAL-150 analyzer for detecting the emitted 
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photoelectrons. Samples were immobilized on the sample holder with double-sided carbon 

tape. 

The amount of missing ligands in the MOF structures was determined by means of 

thermogravimetric analysis (TGA) with a PerkinElmer TGA 8000. Samples were put into Al2O3 

crucibles and heated from 30 to 600°C with 5°C/min in N2 or synthetic air atmosphere. 

  



 

25 
 

5 Experimental Part 
5.1 Synthesis Procedures 

5.1.1 Organometallic Complexes 

5.1.1.1 [Pt(H2bpydc)Cl2] 

[Pt(H2bpydc)Cl2] alias Pt ligand (see Figure 9a) was synthesized based on reported 

procedures with minor adaptions.54,63 0.27 mmol Zeise´s salt (104 mg for monohydrate) and 

0.24 mmol H2bpydc (59 mg) were mixed and flushed with Ar at a Schlenk line. 3.5 mL MeOH 

(HPLC grade) were added with a syringe and the mixture was heated to reflux within approx. 

25 min. After refluxing for another 15 min under Ar atmosphere, the resulting orange 

suspension was separated by vacuum filtration and washed 3 times with 3.5 mL MeOH 

(technical) each. The product was pre-dried at 50°C for 1 h under vacuum, milled in a mortar 

and dried at 60°C under vacuum over night. The resulting powder was of red/brown color. 

5.1.1.2 [Ni(H2bpydc)Cl2] 

The synthesis of [Ni(H2bpydc)Cl2] alias Ni ligand (see Figure 9b) was adapted from 

literature,56 as H2bpydc proved to be not soluble in EtOH at room temperature. NiCl2 was pre-

dried under vacuum at 110°C over night. The dried NiCl2 (amount see Table 5 in appendix) 

was mixed with 0.5 eq. H2bpydc and 6 mL EtOH (absolute) per 100 mg NiCl2 and flushed with 

Ar at a Schlenk line. The mixture was heated to reflux and stirred for 4.5 h under Ar 

atmosphere. Afterwards, the green suspension was separated by vacuum filtration and 

washed 3 times with the respective reaction volume of EtOH each. The green product was 

pre-dried at 50°C for 1 h under vacuum, milled in a mortar and dried at 70°C under vacuum 

over night. 

5.1.2 MOF synthesis 

5.1.2.1 UiO-67: One-Pot Synthesis and non-functionalized MOFs 

The following procedure was used to obtain both pristine UiO-67 and corresponding mixed-

ligand MOFs additionally containing bpydc, Pt ligand or Ni ligand as linkers. 0.5 mmol ZrCl4 

(116.5 mg) were weighed into an Ar-filled 30 mL microwave vial and 4 mL DMF (technical) 

and 15 mmol acetic acid (860 µL) were added. The solution was sonicated for 5 min and a 

mixture of 0.5 mmol MOF linker(s) (either only H2bpdc or a mixture of H2bpdc and another 

linker, see Table 5 in appendix) in 5 mL DMF (technical, sonicated for 5 min) was added. The 

reaction mixture was sonicated for 1 min and heated in a microwave oven (Anton Paar 

Monowave 300) at 120°C for 2 h at 600 rpm stirring. The MOF was isolated by vacuum 

filtration and washed 3 times with 10 mL DMF (technical) each, followed by washing 3 times 

with 10 mL MeOH (technical) each. The product was pre-dried at 50°C for 1 h under vacuum, 

milled in a mortar and dried at 100°C under vacuum over night. 
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5.1.2.2 COK-47: One-Pot Synthesis and non-functionalized MOFs 

The following procedure was used to obtain both pristine COK-47 and corresponding mixed-

ligand MOFs additionally containing bpydc, Pt ligand or Ni ligand as linkers. A varying amount 

of MOF linker(s) (either only H2bpdc or a mixture of H2bpdc and another linker, see Table 5 in 

appendix) was flushed with Ar in a 30 mL microwave vial. 9 mL DMF (absolute) and 1 mL 

MeOH (HPLC grade) were added and the mixture was sonicated for 5 min. Afterwards, 

0.5 mmol Titanium(IV) isopropoxide (TTIP, 148 µL) were added under Ar atmosphere. The 

reaction mixture was then sonicated for 1 min and heated in the microwave oven at 600 rpm 

stirring (temperature and time see Table 5 in appendix). The MOF was isolated by vacuum 

filtration and washed 3 times with 10 mL DMF (technical) each, followed by washing 3 times 

with 10 mL MeOH (technical) each. The product was pre-dried at 50°C for 1 h under vacuum, 

milled in a mortar and dried at 100°C under vacuum over night. 

5.1.2.3 COK-47S 

The missing-ligand (i.e. porous) version of COK-47 from Smolders et al., COK-47S,43 was 

obtained by an adapted method. 0.619 mmol H2bpdc (150 mg) were mixed with 0.375 mmol 

[Ti(C5H5)2Cl2] (93.8 mg) and approx. 300 mg glass beads in a 30 mL microwave vial that was 

then flushed with Ar. 1.5 mL DMF (absolute), 375 µL mL propylene carbonate and 300 µL 

acetic acid were added and the reaction mixture was sonicated for 5 min. Afterwards, it was 

heated to 185°C in the microwave oven within 5.5 min, and kept at this temperature for 15 min 

at 600 rpm stirring. COK-47s was then isolated by vacuum filtration under Ar atmosphere and 

was washed 2 times with 5 mL DMSO (absolute) each, then 4 times with 2.5 mL MeOH 

(absolute) each. The yellow-brown product was then dried at 200°C under vacuum over night, 

milled in a mortar and stored in a desiccator under vacuum. 

5.1.2.4 Post-Synthetic Ligand Exchange of UiO-67, COK-47 and COK-47S 

The general procedure for ligand exchange synthesis was adapted from literature.58 50 mg of 

the pristine MOF (UiO-67, COK-47 or COK-47S) were mixed with the desired functionalized 

MOF linker (Pt ligand or Ni ligand) so that the functionalized linker would constitute 4 mol-% 

of the total amount of linkers, assuming a defect-free MOF structure, and 2.5 mL reaction 

medium (H2O or technical DMF, see Table 5 in appendix). The suspension was sonicated for 

5 min and afterwards stirred for 24 h at 400 rpm at room temperature. The solid was isolated 

by vacuum filtration and 2.5 mL of washing medium were added (technical DMF or DMSO, 

see Table 5 in appendix). After 5 min of sonication, the suspension was stirred for 1 h at 

400 rpm at room temperature. The functionalized MOF was isolated by vacuum filtration and 

washed 3 times with 2.5 mL DMF (technical) each, followed by washing 3 times with 2.5 mL 

MeOH (technical) each. The product was pre-dried at 50°C for 1 h under vacuum, milled in a 

mortar and dried at 100°C under vacuum over night. 
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5.2 Evaluation of the Photocatalytic Activity 
The activity of prepared MOFs for photocatalytic hydrogen evolution was determined by 

illuminating a catalyst suspension in a mixture of water (as proton donor) and MeOH (as 

sacrificial agent) for a defined time and measuring the amount of formed H2 by gas 

chromatography (GC). A suspension with a catalyst concentration of 1 mg/mL in a 1:1 mixture 

of water and MeOH (HPLC grade) was prepared and sonicated for 3 min. 2 mL of this 

suspension were filled into a 9 mL reactor with a cooling jacket (see Figure 8). In case of 

cocatalyst photodeposition, a small amount of precursor solution was added in the dark. For 

Pt photodeposition, a 4.10 mmol/L H2PtCl6 solution (1:50 dilution of the 8 wt-% stock solution) 

was used, of which 50 µL are necessary for 2 wt-% Pt on the catalyst. For Ni photodeposition, 

a 4.09 mmol/L NiCl2 solution was added, where 50 µL equal 0.6 wt-% Ni. The reactor was 

closed and purged with 10 mL/min Ar flow for 10 min, the reaction mixture was stirred at 

600 rpm and cooled with 15°C water. Headspace samples for GC analyses were collected 

before illumination, after 30 min illumination and after 60 min illumination. The light source was 

placed so that the light enters the reactor from the side, using a SOLIS-365C LED (365 nm) 

from Thorlabs for COK-47-based samples and a Lumatec SUV-DC super pressure Hg lamp 

in deep UV mode (220 to 400 nm) for UiO-67-based samples, as UiO-67 is not photoactive at 

365 nm. For quantifying the formed H2 amount, illumination was shortly stopped and a 200 µL 

aliquot of the headspace was injected into a Shimadzu Nexis GC-230 with a split ratio of 4. 

The GC was equipped with a micropacked ShinCarbon ST column, that was operated at 

100°C with 7 mL/min He as carrier gas, and a barrier discharge ionization (BID) detector. 

 
Figure 8: Reactor setup for photocatalytic experiments (illumination with Hg lamp) 
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6 Results and Discussion 
The organometallic complexes [Pt(H2bpydc)Cl2] (Pt ligand) and [Ni(H2bpydc)Cl2] (Ni ligand) 

were synthesized and incorporated into the frameworks of UiO-67 and COK-47 by direct one-

pot synthesis and post-synthetic ligand exchange as described in the experimental section. In 

order to keep the structure as close as possible to the pristine MOFs, only a small amount of 

those functionalized ligands was introduced (up to 4 %) with the initial bpdc making up the 

remaining linkers. An overview about which parts of the have been reported previously in 

literature is given in Table 2. Pt single sites on UiO-67 were used as a reference system, as 

one-pot synthesis of such materials had already been reported before, but new insights into 

the influence of the cocatalyst loading and a comparison to post-synthetic ligand exchange as 

an alternative synthesis method were provided nevertheless. The other photocatalytic 

systems used in this work were more novel. The following chapters will first discuss the 

characterization of the organometallic complexes, followed by the characterization and activity 

evaluation of metal-functionalized UiO-67 and COK-47 MOFs. The influence of synthesis 

method and cocatalyst, comparing single-metal-sites and corresponding nanoparticles, will be 

explained in detail. 

Table 2: Overview about reported and not reported parts of the thesis (PSM = post-synthetic metalation) 

 Cocatalyst 

Pt single sites Ni single sites 

MOF model 

system 

UiO-67 Reported 53 Only PSM reported 47 

COK-47 Only PSM reported 51 Not reported 

 

6.1 Organometallic Complexes 

  
Figure 9: expected structures of (a) Pt ligand and (b) Ni ligand 

The intended structures of both Pt ligand and Ni ligand are shown in Figure 9. Both complexes 

were isolated as crystalline powders, which was proven by powder XRD (see Figure 10a and 

b). Different batches of the same compound show the same main features, but some peaks 

appear for certain batches that do not appear for others, which may arise from impurities. One 

batch of Ni ligand (Ni-bpydc-2) also exhibits shifted peaks at low angles compared to the other 

two, possibly because of non-ideal alignment in sample preparation. 

a b 
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Figure 10: Powder XRD diffractograms of (a) different batches of Pt ligand (Pt-bpydc-1, Pt-bpydc-2, Pt-bpydc-3, 
top to bottom) and (b) different batches of Ni ligand (Ni-bpydc-2, Ni-bpydc-3, Ni-bpydc-4, top to bottom) 

FTIR spectra of Pt ligand and Ni ligand show distinct changes compared to the 

unfunctionalized organic compound H2bpydc. There is also a shift of the C=O band at 

1682 cm-1 64 to higher wavenumbers as depicted in Figure 11a. This indicates that the 

carboxylic groups, which constitute the future binding sites to the MOF nodes, are still intact, 

as carboxylate formation would result in a major shift to lower wavenumbers.65 Successfully 

synthesized batches of the same complex (Pt ligand or Ni ligand) all show the same FTIR 

spectrum which indicates reproducibility of the syntheses when neglecting possible impurities 

seen in XRD. 

An interesting phenomenon occurred when Ni ligand came in contact with water. Its color 

changed irreversibly from green to turquoise. FTIR was consequently also used to analyze 

the effect of water on Ni ligand. It can be seen in Figure 11b that the C=O band disappears or 

possibly strongly shifts to lower wavenumbers after H2O treatment, which can be attributed to 

decarboxylation of H2bpydc or carboxylate formation, respectively. This suggests that Ni 

ligand is not stable in aqueous suspension. When treating Ni ligand with DMF, the FTIR 

spectrum changes as well, but the C=O band remains around 1710 cm-1. 

  

a b 
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Figure 11: FTIR Spectra comparing (a) Pt ligand (Pt-bpydc-2) and Ni ligand (Ni-bpydc-3) to the unfunctionalized 
H2bpydc with the C=O band shifting to higher wavenumbers (see arrow) and (b) Ni ligand (Ni-bpydc-3) as 
synthesized (pristine) to itself after treatment with H2O or DMF with the C=O band disappearing for H2O treatment 
(see arrow) 

UV/Vis DRS spectra of the synthesized organometallic complexes are shown in Figure 12. 

Successfully synthesized batches of the same complex (Pt ligand or Ni ligand) all show the 

same DRS spectrum which again indicates reproducibility of the synthetic procedures. Pt 

ligand absorbs considerably in the visible range, explaining its dark red-brown color which was 

also reported in literature for the used synthesis method.54,63 Interestingly, however, other 

synthesis methods starting from cis-PtCl2(DMSO)2 yield complexes of yellow color,53,66,67 

possibly due to a different coordination environment. For Ni ligand, The bands at 415 nm and 

690 nm are well-reported for d-d transitions of octahedral Ni(II) species, with the former 

corresponding to a 3A2g(3F) to 3T1g(3P) and the latter to a 3A2g(3F) to 3T1g(3F) transition.68,69 

While this suggests that ionic instead of metallic Ni is present as intended, it also indicates 

that Ni ligand might not exhibit the targeted coordination number of 4, but rather 6. The 

additional two bonds might arise from additional coordination of the already present ligands, 

H2bpydc or Cl, or by coordination of solvent molecules. 

  
Figure 12: UV/Vis DRS spectra of (a) Pt ligand (Pt-bpydc-2) and (b) Ni ligand (Ni-bpydc-3) 

a b 

a b 
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The elemental loadings of Cl and the respective metal, Pt or Ni, were determined by TXRF 

and compared to the theoretical values (see Figure 13). The absolute loadings fluctuate quite 

a lot between different batches, which could be attributed to either deviations in sample 

preparation or impurities. A likely impurity for Pt ligand would be K, as it is contained in the 

precursor, Zeise´s salt, however, K was only found in very small amounts in samples that were 

not dissolved in 0.3 M KOH. Deviations from sample preparation are very plausible, as they 

could stem from weighing errors of the samples themselves, pipetting errors when adding the 

solvent or internal standard, or inhomogeneity of the sample solution since Pt ligand was not 

fully soluble in 0.3 M NaOH.  

A sandwich complex of two H2bpydc ligands binding to the metal cation without any Cl ligands 

is unlikely for both Pt ligand and Ni ligand, as Cl was found for both samples. For Pt ligand, 

the ratio of Pt to Cl is in reasonable agreement with the theoretical values. Ni ligand on the 

other hand contains a lot less Cl than expected. This could be explained by Cl ligands either 

being partially replaced by other ligands like solvent molecules, or by the sample containing a 

mixture of two complexes, where one of them doesn´t contain any Cl ligands. Figure 13b also 

compares the measured Ni and Cl loadings of Ni ligand to a possible octahedral complex (as 

suggested by DRS), but definite clarification of the structure cannot be offered due to the 

strong fluctuation between different batches. 
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reference 1 

reference 2 reference 3 

 

 

 

 

Figure 13: Elemental loadings of (a) Pt ligand batches (Pt-bpydc-1, Pt-bpydc-2, Pt-bpydc-3) and (b) Ni ligand 
batches (Ni-bpydc-2, Ni-bpydc-3, Ni-bpydc-4) determined by TXRF compared to the theoretical loadings (ideal) 
and other possible reference structures 

To confirm the coordinative bond between a metal cation and an organic ligand, 1H NMR can 

be used as a simple and reliable method, as donation of electron density from the ligand to 

the metal will result in deshielding of the organic ligand´s protons which leads to a shift of the 

corresponding NMR signals to higher ppm values. This phenomenon was observed for Pt 

ligand as shown in Figure 14a and the shifts were also confirmed by measuring 1H NMR 

spectra of a physical mixture of Pt ligand and the non-functionalized bpydc2- linker to exclude 

shifts resulting from other factors (see Figure 33a in appendix). Interestingly, the formation of 

the complex also led to a decrease in intensity of the proton signals. For Ni ligand, the signals 

disappeared almost completely after complex formation, which can be explained by 

considering the expected magnetism of the structures. Pt ligand is expected to be a square 

planar complex and would therefore be diamagnetic as illustrated in Figure 14b. For Ni ligand, 

however, the expected lower ligand field split would likely result in a tetrahedral complex for a 

coordination number of 4. Such a complex would contain unpaired electrons and consequently 

be paramagnetic. An octahedral d8 complex, as DRS spectra suggested Ni ligand to be, would 

be paramagnetic as well. The absence of 1H NMR signals for Ni ligand can therefore be seen 

as an indirect indication that a complex did form (either tetrahedral or octahedral). 

a 

b 
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Figure 14: (a) 1H NMR spectrum of Pt ligand (Pt-bpydc-2) compared to non-functionalized bpydc2-, (b) exemplary 
energy level diagrams of square planar (expected for Pt ligand), tetrahedral (intended for Ni ligand) and octahedral 
(possible for Ni ligand) d8 complexes 

To further confirm the coordination bond between the H2bpydc ligand and the respective metal 

cation as well as the metal oxidation states, XPS measurements were conducted. The spectra 

are very noisy, but certain conclusions can still be drawn. The Pt 4f and Ni 2p regions, 

displayed in Figure 15a and b, show that ionic species of Pt and Ni are present, as signals of 

metallic Pt or Ni would appear at significantly lower binding energies and with different peak 

shapes.53,70–72 Furthermore, the binding energies of the N 1s electrons strongly indicate an 

interaction between the N-moieties of H2bpydc with Pt and Ni, as they shift from 399.2 eV to 

401.6 eV and 400.2 eV for Pt ligand and Ni ligand, respectively (see Figure 15c). This shift 

matches well with the NMR results that the N atoms donate electron density to the metal 

centers, leading to the withdrawal of electron density from the organic linker and a higher 

binding energy of the N core electrons.51 The XPS results also suggest that the interaction of 

H2bpydc with Pt is stronger than with Ni.  
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Figure 15: XPS spectra of (a) the Pt 4f region of Pt ligand (Pt-bpydc-2), (b) the Ni 2p region of Ni ligand (Ni-bpydc-
2) and (c) the N 1s region of the non-functionalized H2bpydc, Pt ligand and Ni ligand 

The results from XPS, 1H NMR and TXRF analysis in combination with the red-brown color of 

Pt ligand highly suggest that the intended structure, as shown in Figure 9a, was obtained. The 

situation was less clear for Ni ligand due to low Cl loadings and DRS spectra suggesting the 

presence of an octahedral complex. In order to address this, it was tried to grow single crystals 

of Ni ligand to perform single-crystal XRD. However, solvothermal recrystallization in ethanol 

or DMF as well as slow solvent evaporation from a solution in 0.3 M KOH (the latter to obtain 

the potassium salt of the complex) did not yield large enough crystals. Nevertheless, XPS and 
1H NMR results indicate the formation of some Ni complex with H2bpydc which is in principle 

everything that is needed for the following MOF syntheses. As the exact structure of Ni ligand 

remains unclear, further calculations were performed assuming the intended structure of Ni 

ligand as shown in Figure 9b. 
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6.2 UiO-67-based MOFs 

6.2.1 Influence of the Cocatalyst 
The incorporation of small amounts of Pt ligand or Ni ligand into the UiO-67 framework didn´t 

affect its overall structure. This can be seen from the XRD diffractogram of UiO-67 remaining 

almost unchanged upon introduction of either metalloligand, as shown in Figure 16a. The FTIR 

spectrum of UiO-67 also didn´t change if Pt ligand or Ni ligand was present (see Figure 16b), 

as the amount of functionalized linker in the MOF is low. The spectrum contains the 

asymmetric and symmetric OCO stretching vibrations of the carboxylate groups at 1593 and 

1409 cm-1, respectively, the CC stretching vibration of the aromatic ring at 1504 cm-1, the 

collective mode of the bpdc linker at 1180 cm-1, combination bands of the bpdc linker as well 

as Zr-µ3-O stretching between 670 and 770 cm-1, and the Zr-µ3-OH stretching vibration at 

456 cm-1.73 It does not contain the C=O band of the free ligand´s carboxylic groups at 

1674 cm-1, proving the absence of significant amounts of uncoordinated H2bpdc. 

  
Figure 16: (a) XRD diffractograms of pristine UiO-67 (UiO-67-1) and UiO-67 where 4 % bpdc is exchanged with Pt 
ligand (UiO-67-4Pt) or Ni ligand (UiO-67-4Ni), obtained by one-pot synthesis and (b) FTIR spectra of the same 
samples 

When Hou et al. reported their functionalization of UiO-67 with the very same Pt ligand as in 

this thesis, they observed an absorption feature around 410 nm which was ascribed to metal-

to-ligand charge transfer (Pt(dπ) to bpydc(π*)).53 UV/Vis DRS therefore provides an effective 

method to proof the integrity of Pt ligand after incorporation into the MOF. Such a feature was 

indeed found at 405 nm for Pt-functionalized MOFs (see Figure 17a), and it increased in 

intensity with increasing amount of Pt ligand. In addition to that peak, there was also a shoulder 

evolving around 340 nm, which could originate for example from Pt states or defects 

introducing electronic states close to the conduction band. The former would be a desired 

phenomenon, as it could mean that Pt extracts excited electrons, leading them directly to the 

active sites for hydrogen evolution from water. The incorporation of Ni ligand into UiO-67 did 

not lead to any new features compared to the pristine MOF.  

a b 
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The DRS spectra were also used to determine the band gap of synthesized MOFs. Generally, 

this can be done via the Tauc function ( ∙ ℎ ) / , where  is the absorption coefficient, ℎ  is 

the photon energy and  is a factor that equals ½ for direct semiconductors and 2 for indirect 

semiconductors. For UiO-67, the factor of ½ for direct semiconductors needs to be used.74,75 

The absorption coefficient  can be exchanged with the Kubelka-Munk function: 

( ) = (1 − )2 ∙  
(3) 

Here,  is the reflectance of a sample (ideally infinitely thick) relative to a standard. This way, 

the Tauc function can be calculated from the measured reflectance and extrapolating the slope 

of the Tauc function in the absorption edge to the abscissa gives the band gap value of the 

material. This method, however, is not applicable anymore for materials with significant 

absorption below the band gap energy, which is the case for UiO-67-based samples 

containing Pt ligand. A possible workaround for such materials is intersecting a linear fit of the 

Tauc function in the absorption edge with a linear fit of the Tauc function before the absorption 

edge. The energy value where the two fits cross gives a good estimation for the band gap 

energy.76 An example for determining the band gap of a sample this way is given in Figure 33b 

in the appendix. Depending on the presence of electronic states in the band gap, the band 

gap energies of the samples were determined by the just explained method or the 

conventional Tauc method (extrapolating a linear fit of the Tauc function in the absorption 

edge to the abscissa). Due to the fact that two different methods were used here, the resulting 

band gap energies should be considered estimations rather than exact values. The 

determined band gaps for UiO-67-based MOFs with increasing content of bpydc, Pt ligand or 

Ni ligand are plotted in Figure 17b. Pristine UiO-67 exhibited a band gap energy of 3.81 eV. 

This decreased slightly for mixed-ligand UiO-67 with increasing content of bpydc as linker. A 

similar trend seemed to occur for increasing content of Pt ligand. For Ni ligand, the trend was 

not that clear.  
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Figure 17: (a) UV/Vis DRS spectra of pristine UiO-67 (UiO-67-1) and UiO-67 with increasing mol-% Pt ligand (UiO-
67-0.2Pt-3, UiO-67-0.5Pt, UiO-67-1Pt, UiO-67-2Pt, UiO-67-4Pt) obtained by one-pot synthesis and (b) band gap 
plot of UiO-67 with increasing mol-% bpydc (UiO-67-1, UiO-67-0.2bpy, UiO-67-0.5bpy, UiO-67-1bpy-3, UiO-67-
2bpy, UiO-67-4bpy), increasing mol-% Pt ligand (UiO-67-0.2Pt-3, UiO-67-0.5Pt, UiO-67-1Pt, UiO-67-2Pt, UiO-67-
4Pt) and increasing mol-% Ni ligand (UiO-67-1Ni, UiO-67-2Ni, UiO-67-4Ni) obtained by one-pot synthesis 

Photoexcited states of UiO-67 can undergo radiative recombination with the emission 

maximum reported to be around 390 nm.77 Photoluminescence experiments were therefore 

performed to gain insights into the charge separation mechanism upon photoexcitation of Pt- 

and Ni-functionalized UiO-67. PL steady-state spectra acquired for UiO-67 in this thesis 

showed an emission maximum around 350 nm. The emission spectra for increasing amounts 

of bpydc, Pt ligand or Ni ligand are shown in Figure 18a, b and c, respectively. Partial 

exchange of the bpdc linkers with bpydc led to successive quenching of the fluorescence, 

accompanied by a red shift of the emission maximum up to around 380 nm for 4 % exchange. 

This shift has been attributed to the decreasing amount of bpdc.77 When incorporating Pt 

ligand or Ni ligand instead of bpydc, the quenching effect was even stronger, with Pt ligand 

showing the largest decrease in intensity as can be seen when plotting the intensity of the 

emission maximum depending on the amount of second ligand (see Figure 18d). The 

aforementioned red shift of the emission maximum was however absent for both incorporation 

of Pt and Ni ligand.  

A possible explanation for the appearance of that shift with increasing bpydc content, but its 

absence for incorporation of a metal-functionalized linker could be the introduction of new 

electronic states by the bpydc linker which lie close to the conduction band. The observed shift 

might then actually be the gradual disappearance of the initial peak and the emergence of a 

new one at a higher wavelength due to charge transfer to those new electronic states. Pt and 

Ni single sites might then be able to extract electrons from those bpydc-related states, leaving 

only the initial emission peak with low intensities. It should be noted that the spectra for 1 % 

bpydc and 0.2 % Pt ligand were acquired during different measurement sessions than the rest 

and therefore might look a bit different. 

a b 
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Figure 18: Steady-state PL spectra of pristine UiO-67 (UiO-67-1) compared with (a) increasing mol-% bpydc (UiO-
67-0.2bpy, UiO-67-0.5bpy, UiO-67-1bpy-3, UiO-67-2bpy, UiO-67-4bpy), (b) increasing mol-% Pt ligand (UiO-67-
0.2Pt-3, UiO-67-0.5Pt, UiO-67-1Pt, UiO-67-2Pt, UiO-67-4Pt) and (c) increasing mol-% Ni ligand (UiO-67-1Ni, UiO-
67-2Ni, UiO-67-4Ni) obtained by one-pot synthesis and (d) decrease of the intensity at the emission maximum for 
the same samples 

Time-resolved measurements were acquired at an emission wavelength of 400 nm and the 

photoluminescence decays were fitted using a biexponential function, as a monoexponential 

fit proved to be insufficient. The necessity of multiexponential functions has been ascribed to 

different microenvironments of the excited species.77,78 It becomes evidently clear that more 

than a single exponential fit is needed when looking at the decay curve of UiO-67-based MOFs 

with higher loadings of Pt or Ni ligand (see Figure 19a). The short and long lifetimes (τ1 and 

τ2, respectively) for varying amounts of second linker are plotted in Figure 19b and c. For an 

increasing amount of Pt ligand or Ni ligand in the MOF structure, τ1 is reduced significantly. A 

decrease in lifetime in combination with an emission intensity decrease is characteristic for 

dynamic quenching, meaning that the excited state forms without being hindered, but then 

interacts with a quencher resulting in deactivation to the ground state.79 This is in good 

agreement with the hypothesis that Pt or Ni single sites take up the electrons after 

photoexcitation of the MOF. It should be noted that this dynamic quenching and therefore the 

decrease in fluorescence does not necessarily mean a decrease in recombination, since 

decay to the ground state can also take place by non-radiative deactivation. Increasing 

amounts of unfunctionalized bpydc did not lead to a decrease of τ1 but rather the opposite, 

a b 
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highlighting that quenching by bpydc follows another mechanism as for Pt ligand and Ni ligand. 

The longer lifetime τ2 changed less pronounced and with an inverse trend compared to τ1 

(slightly decreasing with bpydc, slightly increasing with Pt ligand or Ni ligand). Those longer 

lifetimes seem to correspond to excited states that are unavailable for electron transfer with 

the Pt or Ni single sites as already speculated by Hou et al.53 

 

  
Figure 19: (a) Photoluminescence decay curve of UiO-67 where 4 % bpdc is exchanged with Pt ligand (UiO-67-
4Pt) and changes in the (b) short and (c) long lifetime for increasing mol-% of bpydc (UiO-67-1, UiO-67-0.2bpy, 
UiO-67-0.5bpy, UiO-67-1bpy-3, UiO-67-2bpy, UiO-67-4bpy), Pt ligand (UiO-67-0.2Pt-3, UiO-67-0.5Pt, UiO-67-1Pt, 
UiO-67-2Pt, UiO-67-4Pt) and Ni ligand (UiO-67-1Ni, UiO-67-2Ni, UiO-67-4Ni), all obtained by one-pot synthesis 

Pt and Ni loadings of the synthesized MOFs were determined with TXRF and were in relatively 

good agreement with theoretical values. They will be shown later in Figure 24 when discussing 

the TGA data, as TGA enabled refining of the TXRF data. To analyze the catalytic activity of 

synthesized samples, hydrogen evolution experiments under UV illumination were performed 

and compared to suitable references with photodeposited Pt or Ni. A suitable reference was 

considered a UiO-67-based MOF with the same molar amount of bpydc as Pt ligand or Ni 

ligand in the to be compared MOF. The chosen precursors for photodeposition were H2PtCl6 

for Pt80 and NiCl2 for Ni.81,82 The precursors were used in appropriate concentrations, so that 

the resulting Pt or Ni loading would match the one of the to be compared MOF. The results of 

these photocatalytic tests for various Pt or Ni loadings are summarized in Figure 20a and b. 

a 

b c 
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UiO-67 itself without any cocatalyst proved to be an active photocatalyst with 0.34 µmol H2/mg 

catalyst formed after 60 min. The presence of Pt sites led to a steep increase in activity for 

already small loadings, with the activity peaking around 0.25 wt-% Pt for both single sites and 

photodeposition. At higher loadings, the amount of formed H2 decreased again, which in the 

case of photodeposition is expected because more Pt will most likely also result in larger 

nanoparticles, which take up electrons, but can only form hydrogen if the electron is located 

at the nanoparticle surface. For Pt single sites, the decrease for loadings above 0.25 wt-% 

could be attributed to different factors. One relevant effect is definitely the increasing amount 

of bpydc that is anchoring the Pt sites. UiO-67 with 4 % of the bpdc linkers exchanged with 

bpydc and photodeposition of 2 wt-% Pt has only approximately half the HER activity of 

pristine UiO-67 with 2 wt-% Pt photodeposition. Another effect possibly playing a role is the 

expected decrease in accessible pore volume due to the bulky nature of the 

metalloligand.29,52,53 Unfortunately, adequate techniques to determine the pore volume of the 

synthesized MOFs like Brunauer-Emmett-Teller (BET) analysis would have gone beyond the 

scope of this thesis. The dependence of the photocatalytic activity on the Ni loading was far 

less pronounced than for Pt. Already a small loading of 0.15 wt-% Ni single sites led to an 

increase of the HER activity after 60 min by a factor of 2.3. A strong decrease at higher 

loadings like for Pt was not observed, possibly because the Ni loading was generally smaller 

than the Pt loading due to the lower molar mass of Ni. An interesting observation was a strong 

activation effect for higher Ni loadings for both single sites and photodeposition. While the 

amount of formed H2 after 30 min was very low for 0.6 wt-% Ni, even lower than for UiO-67 

without any Ni, the amount of H2 after 60 min was more than 4 times the one after 30 min. For 

photodeposition, this might stem from Ni nanoparticles taking time to form. A report on 

photocatalytic water splitting with MOx cocatalysts on TiO2 nanoparticles showed that 

illumination of NiOx-TiO2 slowly led to photoreduction of Ni2+ to Ni0 which resulted in continuous 

activation of the catalyst.83 Whether a similar effect takes place for Ni single sites remains 

unclear. Overall, MOFs with Pt or Ni single sites as cocatalyst were more active for 

photocatalytic HER than their counterparts with photodeposition. Unsurprisingly, Pt turned out 

to be a better cocatalyst than Ni, but being worse by only a factor of 3 can be considered a 

success for an earth-abundant element like Ni.  

So far, the metal single sites were always considered to be the active species for the reduction 

reaction. However, the possibility of them functioning as oxidation catalyst for MeOH should 

not automatically be discarded, as the acceleration of the other half reaction would also 

increase H2 production. To clarify their role in the reaction, some UiO-67-based MOFs 

containing Pt or Ni single sites were additionally combined with 2 wt-% Pt nanoparticles 

introduced by photodeposition. If the single sites worked as an oxidation catalyst, the addition 
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of HER active Pt nanoparticles would further increase the amount of formed H2. In fact, the 

opposite effect was observed, with the amount of produced H2 decreasing strongly for 

additional photodeposition (see Figure 20c). This rather suggests that both metal single sites 

and Pt nanoparticles act as proton reduction catalyst and the existence of both leads to 

competitive charge carrier extraction between the two. Since Pt nanoparticles in such large 

amounts are less active than Pt or Ni single sites, they reduce the overall catalytic activity by 

taking electrons away from more active sites. Combining these results from the HER activity 

evaluation and the results from PL, the following reaction mechanism seems plausible for 

UiO-67 containing Pt or Ni single sites. The bpdc linkers absorb radiation of the suitable 

wavelength, followed by the electrons being transferred to the inorganic nodes by LMCT, while 

the holes stay at the bpdc linkers where they will be scavenged by MeOH. The electrons travel 

through the framework to a Pt ligand or Ni ligand where they stay and can react with H2O 

molecules to form H2. 

  

 
Figure 20: Amounts of formed H2 comparing single sites and photodeposition of (a) Pt and (b) Ni for various 
loadings after 30 and 60 min illumination (samples: mean of UiO-67-1 and UiO-67-2, UiO-67-0.2bpy, UiO-67-
0.5bpy, UiO-67-1bpy-3, UiO-67-2bpy, UiO-67-4bpy, UiO-67-0.2Pt-3, UiO-67-0.5Pt, UiO-67-1Pt, UiO-67-2Pt, UiO-
67-4Pt, UiO-6-1Ni, UiO-67-2Ni, UiO-67-4Ni) and (c) amounts of formed H2 for selected UiO-67-based single-site 
catalysts with and without additional photodeposition of 2 wt-% Pt after 30 and 60 min illumination 

a b 
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6.2.2 Influence of the Synthesis Method 
So far, all results were presented for UiO-67-based MOFs obtained by one-pot synthesis. 

Many of the described phenomena also occurred for samples obtained by post-synthetic 

ligand exchange, but there were also a lot of differences that will be discussed in this chapter. 

Like one-pot synthesis, the introduction of single-sites via ligand-exchange did not change the 

FTIR spectra or XRD diffractograms of UiO-67 (for successful batches). DRS spectra also 

showed the feature at 405 nm of metal-to-ligand charge transfer when Pt ligand was 

introduced via ligand exchange (see Figure 21a). One possible difference between samples 

obtained by one-pot synthesis and ligand exchange may be a slightly different band gap. While 

one-pot synthesis led to a band gap decrease from 3.81 eV to 3.75 or 3.77 eV for 4 % 

exchanged Pt ligand or Ni ligand, respectively, the determined band gap for comparable 

samples after ligand exchange was around 3.85 eV. However, it again needs to be considered 

that the presence of intra-band gap states reduces the accuracy of the Tauc method and the 

determined band gap values should be treated with caution. Another observation for samples 

where ligand exchange was applied was a shoulder in the absorption edge around 330 nm in 

many cases. While a similar shoulder around 340 nm did already appear for MOFs containing 

Pt ligand, such features were not seen for samples containing Ni ligand obtained by one-pot 

synthesis as shown in Figure 21b. This may indicate that ligand exchange introduced 

additional electronic states close to the conduction band. 

  
Figure 21: (a) UV/Vis DRS spectra of UiO-67 with 4 % bpdc exchanged with Pt ligand, obtained either via one-pot 
synthesis or ligand exchange (LE, samples: UiO-67-4Pt, UiO-67-4Pt-LE, UiO-67-4Pt-LE-4) and (b) offset UV/Vis 
DRS spectra of UiO-67 with 4 % bpdc exchanged with Ni ligand by one-pot synthesis or ligand exchange (LE), 
indicating intra-band gap states in the case of ligand exchange (samples: UiO-67-4Ni, UiO-67-4Ni-LE-5) 

The phenomenon of new electronic states in the band gap was further elucidated by steady-

state PL measurements. Ligand exchange with both Pt ligand and Ni ligand caused a strong 

shift of the emission maximum from around 350 nm to around 380 nm as well as a drastic 

intensity increase compared to one-pot synthesis, which is displayed in Figure 22a and b, for 

Pt and Ni ligand, respectively. The emission intensity was higher for ligand exchange in DMF 

a b 
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compared to water while the position of the maximum seemed independent from the reaction 

medium. These results highlight two things. First, there were indeed new electronic states 

close to the conduction band introduced by ligand exchange, which led to an emission 

maximum at higher wavelengths. Second, radiative recombination of electron-hole pairs can 

take place from these states and incorporated Pt or Ni single sites were not able to quench 

this process as well as for samples prepared by one-pot synthesis. The new electronic states 

can therefore be labeled as trap states. 

  
Figure 22: Steady-state PL spectra of UiO-67 with 4 % bpdc exchanged with (a) Pt ligand (UiO-67-4Pt, UiO-67-
4Pt-LE, UiO-67-4Pt-LE-4) or (b) Ni ligand (UiO-67-4Ni, UiO-67-4Ni-LE-3, UiO-67-4Ni-LE-5), obtained either via 
one-pot synthesis or ligand exchange (LE) 

As XRD diffractograms were seemingly not affected, the overall crystallinity of such MOFs 

was not decreased by the ligand exchange procedure. Small amounts of certain defects, 

however, do not necessarily have to decrease crystallinity and might introduce the observed 

trap states. A typical type of defects for MOFs in general are missing ligand defects, which in 

the case of UiO-type MOFs lead to open Zr sites at the nodes.35 An accomplished method for 

detecting and quantifying missing ligand defects is TGA. TGA experiments of interesting 

samples were performed in N2 and synthetic air atmosphere, whereas only the latter enabled 

reliable quantification, as the chemical composition of the residue after heating in N2 is hard 

to predict. The initial sample composition was assumed to be Zr6O6(bpdc1-yLy)6∙(1-x), where the 

second ligand L constituted either bpydc, Pt ligand or Ni ligand, y being the fraction of the 

second ligand and x being the fraction of missing ligands. The assumed residue after 

temperature treatment in air was 6 ZrO2 
35 and potentially 6∙(1-x)∙y Pt 84 or NiO. For the initial 

structure, the dehydroxylated state of UiO-67 is taken, because this one is formed at lower 

temperatures than the ligand removal.35 An example of a TGA curve including the temperature 

limits for which the weight loss was calculated is shown in Figure 23a. The TGA results 

revealed that the introduction of Pt ligand or Ni ligand reduced the thermal stability of UiO-67, 

as can be seen in Figure 23b, with the stability loss being more pronounced for Pt ligand. The 

decomposition temperature was not noticeably affected by the synthesis method. More 

a b 
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importantly, the TGA results proved that post-synthetic ligand exchange indeed introduced 

missing ligand defects. Pristine UiO-67, the way it was synthesized in this thesis, already had 

20 % ligands missing, but this value increased to up to 34 % for ligand exchange with Pt ligand 

in water. Samples containing Ni ligand exhibited fewer missing ligand defects than Pt-

functionalized UiO-67, but samples obtained by ligand exchange again exhibited more missing 

ligand defects than samples obtained by one-pot synthesis. The exact results are listed in 

Table 3. 

  
Figure 23: TGA curves for (a) pristine UiO-67 (UiO-67-5) showing the temperature limits for the weight loss 
calculation and (b) pristine UiO-67 (UiO-67-5) compared to UiO-67 with 4 % bpdc exchanged with Pt ligand (UiO-
67-4Pt) or Ni ligand (UiO-67-4Ni), obtained by one-pot synthesis 

 
Table 3: Determined amounts of missing ligands for UiO-67-based samples from TGA 

Sample Description % Missing Ligands 
UiO-67-5 Pristine UiO-67 20 

UiO-67-4bpy 
4 % bpydc 

One-pot synthesis 
22 

UiO-67-4Pt 
4 % Pt ligand 

One-pot synthesis 
22 

UiO-67-4Pt-LE 
4 % Pt ligand 

Ligand exchange in H2O 
34 

UiO-67-4Pt-LE-4 
4 % Pt ligand 

Ligand exchange in DMF 
29 

UiO-67-4Ni 
4 % Ni ligand 

One-pot synthesis 
17 

UiO-67-4Ni-LE-3 
4 % Ni ligand 

Ligand exchange in H2O 
22 

UiO-67-4Ni-LE-5 
4 % Ni ligand 

Ligand exchange in DMF 
24 
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The TGA results were used to refine the Pt and Ni loadings obtained by TXRF. Because the 

fraction of present bpdc linkers that are exchanged with functionalized linkers is expected to 

be unchanged, missing ligands lower the expected Pt or Ni loading, due to the overall amount 

of linkers decreasing. Missing ligand defects also increase the Zr content of the MOF, which 

is needed to calculate the cocatalyst loading, as TXRF actually determined the ratio of Zr and 

Pt or Ni. The correction of TXRF data was performed using the determined amount of missing 

ligands or by making an educated guess based on the TGA results, which was 20 % missing 

ligands for samples prepared by one-pot synthesis. For the sample with the lowest Ni loading 

(UiO-67-1Ni, 0.15 wt-% Ni expected), quantification of Ni was not possible, however, overall, 

the determined Pt and Ni loadings were in relatively good agreement with calculated values, 

as can be seen in Figure 24a, b and c. Interestingly, post-synthetic ligand exchange with Pt 

ligand led to even higher Pt loadings than expected (see Figure 24b). Ligand exchange in 

MOFs is considered to be facilitated by polar solvents and water would be expected to lead to 

more incorporation of the second ligand.52 This effect could not be observed here, as the use 

of both solvents resulted in cocatalyst loadings close to the intended values. 
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Figure 24: (a) Pt loadings as measured by TXRF of UiO-67 with increasing mol-% Pt ligand, obtained by one-pot 
synthesis (UiO-0.2Pt-3, UiO-67-0.5Pt, UiO-67-1Pt, UiO-67-2Pt, UiO-67-4Pt; Zr content corrected by TGA) 
compared to the theoretical Pt loadings of a defect-free (ideal) structure and the theoretical loadings corrected by 
TGA; cocatalyst loadings as measured by TXRF of UiO-67 with (b) 4 % bpdc exchanged with Pt ligand or (c) 2 or 
4% bpdc exchanged with Ni ligand, obtained either via one-pot synthesis (UiO-67-4Pt, 2% Ni ligand: UiO-67-2Ni, 
4% Ni ligand: UiO-67-4Ni) or ligand exchange (LE, samples: UiO-67-4Pt-LE, UiO-67-4Pt-LE-4, UiO-67-4Ni-LE-3, 
UiO-67-4Ni-LE-5) where the Zr content was corrected by TGA compared to the theoretical loadings corrected by 
TGA 

After unraveling the formation of missing ligand defects and possibly related trap states, their 

effect on the catalytic properties becomes of high interest. The amounts of formed H2 after 30 

and 60 min illumination for samples prepared by ligand exchange are compared to samples 

prepared by one-pot synthesis and photodeposition of the cocatalyst in Figure 25a and b, for 

Pt and Ni as cocatalyst, respectively. Generally, it can be said that ligand exchange seemed 

to reduce the HER activity compared to samples obtained by one-pot synthesis. Ligand 

exchange in water yielded only low amounts of H2 that were similar or even worse than for 

suitable references with photodeposition of the cocatalyst, while ligand exchange in DMF 

resulted in higher activities compared to that. In the case of the incorporation of Ni ligand by 

ligand exchange in DMF, the HER activity was still lower than for a corresponding sample 

prepared by one-pot synthesis. Interestingly, the amount of H2 formed by UiO-67 with 4 % 

bpdc exchanged with Pt ligand was almost the same for both one-pot synthesis and ligand 

exchange in DMF. This was unexpected, because PL showed more radiative recombination 

and Pt loadings were even higher for ligand exchange in DMF, which at such high loadings is 

a 
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expected to result in lower activity as shown in chapter 6.2.1. It has been reported that missing 

ligand defects in UiO-67 can be beneficial for charge separation and reduce recombination 

due to induced trap states.85 While this might be possible, the PL results highlight that the 

cocatalyst single sites are seemingly not able to extract those trapped electrons sufficiently, 

so a beneficial effect for catalytic activity due to the trap states seems unlikely. A possible 

explanation could be a different local distribution of the functionalized linker in the MOF 

crystals. For example, if ligand exchange preferably leads to surface functionalization of the 

crystals, the inside of the crystals will have a lower concentration of the bulky metalloligand, 

which could increase pore accessibility and catalytic activity. As ligand exchange in MOFs is 

reported to be facilitated by polar solvents 52 and DMF is less polar than water, ligand 

exchange in DMF could even enhance this effect compared to water, possibly explaining the 

better resulting catalytic activity. Another possible explanation for the different activity 

depending on the solvent during synthesis could be the stability of the functionalized linkers 

in water. At least for Ni ligand, FTIR results and an irreversible color change indicated that 

water stability is an issue as discussed in chapter 6.1.  

  
Figure 25: Amounts of formed H2 after 30 and 60 min illumination for UiO-67 with 4 % bpdc exchanged with (a) Pt 
ligand (UiO-67-4Pt, UiO-67-4Pt-LE, UiO-67-4Pt-LE-4) or (b) Ni ligand (UiO-67-4Ni, UiO-67-4Ni-LE-3, UiO-67-4Ni-
LE-5), obtained either via one-pot synthesis (OPS) or ligand exchange (LE), compared to UiO-67 with 4 % bpdc 
exchanged with bpydc (UiO-67-4bpy) and photodeposition (PD) of the same amount of cocatalyst as the to be 
compared samples (2 wt-% Pt or 0.6 wt-% Ni) 

6.3 COK-47-based MOFs 
The previous chapter dealt with the well-studied MOF UiO-67, where the introduction of metal 

single-sites has been reported multiple times. In this section, the application of this concept to 

the lesser-known COK-47 will be discussed, for which functionalization with single sites has 

only been reported recently.51 The version of COK-47 mainly used in this thesis has previously 

been developed in the group and was labeled COK-47ISO.62 When the term COK-47 is used in 

the following without any subscript, it refers to COK-47ISO. 

a b 
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6.3.1 One-Pot Synthesis 
Previous studies in the group found a reaction temperature of 150°C to yield good results for 

microwave synthesis of COK-47.62 When the same procedure was applied to the synthesis of 

COK-47 with parts of Pt ligand, the organometallic complex decomposed and Pt nanoparticles 

were produced. This becomes evident from the XRD diffractograms (see Figure 26a) with 

peaks at 2θ values of 40° and 46°, corresponding to Pt(111) and Pt(200) diffractions, 

demonstrating the presence of Pt nanoparticles.86 The nanoparticle formation also led to Pt 

loadings 2-3 times higher than the targeted due to nanoparticles also being formed from 

excess ligand (see Figure 26b). An adaption of the synthesis procedure by lowering the 

temperature to 120°C and reducing the amount of excess ligand prevented the decomposition 

of Pt ligand, proven by the absence of the Pt peaks in XRD. This is also reflected by the TXRF 

results of samples obtained by the adapted synthesis procedure, with Pt loadings, while still 

slightly too high, matching quite well with calculated values. The color of synthesized samples 

was affected as well, as ones with Pt nanoparticles were dark grey and samples obtained at 

120°C were yellow, corresponding more to the expected color. COK-47 containing Ni ligand 

never showed any XRD peaks of Ni nanoparticles which would be expected to lie at 45° and 

52°,87 neither for the high nor for the low temperature synthesis. Interestingly however, the Ni 

loadings for both procedures where drastically higher than the expected ones (shown later in 

Figure 29c when comparing to ligand exchange), indicating that all Ni species were bound to 

the MOF structure and not just an aliquot of the deployed Ni ligand. Whether those Ni species 

were present as Ni ligand or in another form could not be clarified, but the presence of Ni 

nanoparticles can most likely be excluded. Besides preventing the formation of Pt 

nanoparticles, the low temperature synthesis also had another effect on COK-47, namely the 

intensity loss of XRD peaks for all samples (Pt ligand, Ni ligand or non-functionalized). This 

could either be attributed to a loss of crystallinity or to smaller crystallites, with the latter having 

been reported by Smolders et al.43 
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Figure 26: (a) XRD diffractograms of pristine COK-47 synthesized at 150°C (HT, COK-47-7) and 120°C (LT, COK-
47-6) and COK-47 with 4 % bpdc exchanged with Pt ligand (COK-47-4Pt synthesized at 150°C, COK-47-4Pt-2 
synthesized at 120°C) or Ni ligand (COK-47-4Ni-2 synthesized at 120°C); (b) Pt loadings as measured by TXRF 
of COK-47 with increasing mol-% Pt ligand, synthesized at 150°C (HT: COK-47-1Pt, COK-47-2Pt, COK-47-4Pt) or 
120°C (LT: COK-47-1Pt-2, COK-47-2Pt-2, COK-47-4Pt-2) where the Ti content was corrected by TGA compared 
to the theoretical Pt loadings of the nominal (ideal) structure and the theoretical loadings corrected by TGA 

As discussed in chapter 6.2.2 for UiO-67, TGA was used to quantify missing ligand defects of 

selected samples. The initial sample composition was assumed to be 

Ti2O3(bpdc1-yLy)(1-x)(OCH3)2x,43 with L being either bpydc, Pt ligand or Ni ligand, y being the 

fraction of the second ligand L and x being the fraction of missing ligands. The assumed 

residue after temperature treatment was TiO2 and potentially (1-x)∙y Pt or NiO. In contrary to 

the results for UiO-67-based MOFs, the introduction of Pt ligand or Ni ligand into COK-47 did 

not lead to a clear change of the decomposition temperature. An exemplary TGA curve is 

shown in Figure 27a. The calculations of the amounts of missing ligands yielded negative 

values, meaning that the MOFs actually contained excess ligands. A possible explanation for 

this is the small particle size of COK-47 and the crystallites being capped by ligands. The 

methoxy groups capping open Ti sites due to missing linkers were then omitted in the 

calculations and the determined amounts of excess ligands are listed in Table 4. It seems, 

that samples synthesized by the adapted procedure contained tendentially fewer ligands than 

ones synthesized by the original procedure. Whether this occured because of the lower 

reaction temperature or the smaller excess of ligands cannot be stated with certainty. For 

refining the TXRF data, 15 % excess ligands were assumed for samples where TGA was not 

measured. As it has already been the case for UiO-67, the presence of Pt ligand or Ni ligand 

did not change the FTIR spectrum of COK-47 (see Figure 27b). UV/Vis DRS spectra of Pt-

functionalized COK-47 show a shoulder around 450 nm for increasing Pt loading as can be 

seen in Figure 27c, reminiscent of the metal-to-ligand charge transfer within Pt ligand in 

UiO-67 at 405 nm. Band gaps of the materials were determined with the adapted Tauc method 

explained in chapter 6.2.1. Batches of pristine COK-47 exhibited band gaps between 2.91 and 

2.96 eV (with the exception of one batch: COK-47-1), significantly lower than UiO-67, 

explaining its photoactivity for illumination at 365 nm. Opposite to UiO-67, the band gap of 
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COK-47 seemed to increase with higher content of Pt ligand as shown in Figure 27d. The 

band gap of COK-47 with 4 % bpdc exchanged with Ni ligand (COK-47-4Ni-2) was with 

2.99 eV higher than that of the pristine MOF as well, but when 4 % bpdc were exchanged with 

the unfunctionalized bpydc linker (COK-47-4bpy) the band gap decreased to 2.85 eV. 

  

  
Figure 27: (a) TGA curve for pristine COK-47 (COK-47-5) showing the temperature limits for the weight loss 
calculation; (b) FTIR spectra of pristine COK-47 (COK-47-6) and COK-47 where 4 % bpdc is exchanged with Pt 
ligand (COK-47-4P-2t) or Ni ligand (COK-47-4Ni-2), all synthesized at 120°C; (c) UV/Vis DRS spectra and (d) band 
gaps of pristine COK-47 (COK-47-6) and COK-47 with increasing mol-% Pt ligand (COK-47-1Pt-2, COK-47-2Pt-2, 
COK-47-4Pt-2), all synthesized at 120°C 
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Table 4: Determined amounts of excess ligands for COK-47-based samples from TGA 

Sample Description % Excess Ligands 

COK-47-5 
Pristine COK-47 

150°C 
14 

COK-47-6 
Pristine COK-47 

120°C 
6 

COK-47-4bpy 
4 % bpydc 

150°C 
19 

COK-47-4Pt-2 
4 % Pt ligand 

120°C 
15 

COK-47-4Pt-LE-3 
4 % Pt ligand 

Ligand exchange in DMF 
1 

COK-47-4Ni-2 
4 % Ni ligand 

120°C 
7 

COK-47-4Ni-LE-3 
4 % Ni ligand 

Ligand exchange in DMF 
1 

The synthesized samples were again tested on their photocatalytic activity for hydrogen 

evolution from water. Because of the smaller band gap of COK-47 compared to UiO-67, a 

365 nm LED could be used for illumination. COK-47 without any cocatalyst proved to be 

almost not active, which highlights the importance of a suitable cocatalyst. The combination 

of COK-47 with Ni seems to be incompatible for photocatalytic HER, as neither 

functionalization with Ni ligand, nor photodeposition of Ni nanoparticles from NiCl2 solution 

yielded meaningful activity. The highest measured activity in that case was 0.09 µmol H2/mg 

catalyst after 60 min illumination for the sample obtained by one-pot synthesis at 150°C with 

a very high Ni loading (COK-47-4Ni).  

Photodeposition of Pt from H2PtCl6 solution onto COK-47 synthesized at 150°C gave excellent 

HER activity of around 10 µmol H2/mg catalyst after 60 min illumination, while COK-47 

synthesized at 120°C and less excess ligand already showed less than half of that. Pt single 

sites as cocatalyst were active as well, but H2 formation rates weren´t able to compete with 

the ones after photodeposition. An obvious activity trend depending on the Pt loading could 

not be observed as can be seen in Figure 28a. The lower HER activity of COK-47 with Pt 

single sites can be correlated with another phenomenon, namely a color change of the catalyst 

suspension to dark grey upon illumination, which is ascribed to Ti3+ states 40 and also occurs 

for pristine COK-47, but is absent after photodeposition of Pt nanoparticles. The color change 

is reversible after shaking the suspension in air (see Figure 28c and d) and indicates that 
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electrons are trapped in the SBUs and cannot react with protons to form hydrogen. This 

highlights that the limiting factor of such COK-47-based catalysts with Pt single sites is not 

light absorption or charge separation, but rather the active sites themselves. Possibly they are 

mainly embedded within the crystallites and simply not available for protons, as COK-47 

synthesized by the here applied method is non-porous.62 

Additional photodeposition of 2 wt-% Pt onto single-site-functionalized samples regained 

catalytic activity. While the amounts of formed H2 were still lower than for pristine COK-47 

synthesized at 150°C and photodeposition of Pt, they exceeded the amounts for pristine 

COK-47 synthesized at 120°C and photodeposition of Pt (shown in Figure 28b), which should 

constitute a better reference for the single-site-functionalized samples. In the case of 

competitive charge carrier extraction, an activity in between the original single-site 

functionalized catalyst and the reference of pristine COK-47 with photodeposited Pt would be 

expected. If the higher activity does not stem from coincidental deviations from the syntheses, 

it could be a hint for Pt or Ni single sites potentially catalyzing methanol oxidation rather than 

proton reduction. This would explain the low activity of single-site functionalized COK-47 

without Pt photodeposition, as methanol oxidation is not considered to be the bottleneck of 

the overall reaction, as well as the improved activity when combining single sites (as an 

oxidation catalyst) and photodeposited Pt nanoparticles (as a reduction catalyst). It should be 

noted, however, that the chosen reference catalyst only contained bpdc linkers. A linker 

composition of 96 % bpdc and 4 % bpydc would compare better to the single-site 

functionalized MOFs, but such a sample was not synthesized and activity evaluation of 

COK-47 synthesized at 150°C did not show a meaningful change in performance in the 

presence of 4 % bpydc which likely translates to synthesis at 120°C as well. 

 

 
Figure 28: Amounts of formed H2 after 30 and 60 min illumination for (a) COK-47 with increasing wt-% of Pt single 
sites, synthesized at 120°C (COK-47-1Pt-2, COK-47-2Pt-2, COK-47-4Pt-2) and (b) selected COK-47-based single-
site catalysts with and without additional photodeposition of 2 wt-% Pt (activity of COK-47 without Pt ligand or Ni 
ligand, but with photodeposition of 2 wt-% Pt showed as dotted line); pictures of a sample suspension (COK-47-5) 
with trapped electrons (c) before and (d) after shaking in air 

a b c 

d 



 

53 
 

6.3.2 Post-Synthetic Ligand Exchange 
The adaption of the synthesis procedure for one-pot synthesis of single-site functionalized 

COK-47 demonstrated that the ideal synthesis conditions for the MOF can be incompatible 

with the metalloligand, as a temperature of 150°C led to the formation of Pt nanoparticles. 

Post-synthetic ligand exchange could offer a possibility to combine the ideal conditions for the 

MOF synthesis with the introduction of any chosen metalloligand. Like for one-pot synthesis, 

FTIR spectra of COK-47 did not change when Pt ligand or Ni ligand were incorporated and 

XRD diffractograms of the pristine MOF were also not affected by the ligand exchange 

procedure (for successful batches, see Figure 31a later). The UV/Vis DRS feature around 

450 nm emerged as well for COK-47 functionalized with Pt ligand (see Figure 29a).  

A difference between one-pot synthesis and ligand exchange were the amounts of excess 

ligands measured by TGA (listed in Table 4 before). The results of COK-47-based MOFs after 

ligand exchange suggested an almost perfect framework without missing or excess ligands. 

However, considering the presence of excess ligands for other COK-47-based samples and 

the introduction of missing ligand defects by ligand exchange in UiO-67 imply that missing 

ligand defects could actually be present for COK-47-based MOFs after ligand exchange and 

simply even out with excess ligands that are possibly capping the crystallites. The TGA results 

were again used to correct the cocatalyst loadings determined by TXRF that are shown in 

Figure 29b and c. If samples were not measured by TGA, ligand excess of 15 % was assumed 

for MOFs obtained by one-pot synthesis and 1 % for MOFs obtained by post-synthetic ligand 

exchange. While one-pot synthesis of Pt-functionalized COK-47 at 120°C resulted in Pt 

loadings slightly higher than the theoretical ones, ligand exchange with Pt ligand yielded a bit 

less Pt than calculated. The Ni loading after ligand exchange with Ni ligand in DMF was higher 

than the theoretical value, but a lot closer than for one-pot synthesis of Ni-functionalized 

COK-47. Ligand exchange with Ni ligand in water resulted in degradation or amorphization of 

the framework, visible by the disappearance of all XRD peaks, but this might rather be due to 

a failed synthesis than such a synthesis not being possible in general.  
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Figure 29: (a) UV/Vis DRS spectra of COK-47 with 4 % bpdc exchanged with Pt ligand, obtained either via one-pot 
synthesis at 120°C (COK-47-4Pt-2) or ligand exchange (LE, samples: COK-47-4Pt-LE-2, COK-47-4Pt-LE-3); (b) 
Pt loadings as measured by TXRF of the same samples (Ti content corrected by TGA) compared to the theoretical 
loadings corrected by TGA; (c) Ni loadings as measured by TXRF of COK-47 with 4 % bpdc exchanged with Ni 
ligand, obtained via one-pot synthesis at 150°C (HT, COK-47-4Ni) or 120°C (LT, COK-47-4Ni-2) or ligand exchange 
(LE, COK-47-4Ni-LE-3) where the Ti content was corrected by TGA compared to the theoretical loadings corrected 
by TGA 

The functionalization of COK-47 with Ni single sites by ligand exchange did not result in any 

meaningful activity for photocatalytic hydrogen evolution, just as it has been the case for one-

pot synthesis. Introducing Pt single sites by these means yielded HER activity as shown in 

Figure 30, but the amounts of formed hydrogen were lower than for a corresponding sample 

obtained by one-pot synthesis and the dark grey color after illumination due to charge carrier 

trapping was observed again. A potentially beneficial effect due to higher temperature during 

the MOF synthesis or preferential surface functionalization by ligand exchange and 

subsequent accessibility of the Pt sites could therefore not be observed. The used solvent for 

the ligand exchange procedure did not seem to have a strong effect on the catalytic activity. 

a 

b c 
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Figure 30: Amounts of formed H2 after 30 and 60 min illumination for COK-47 with 4 % bpdc exchanged with Pt 
ligand, obtained either via one-pot synthesis (COK-47-4Pt-2) or ligand exchange (LE, samples: COK-47-4Pt-LE-2, 
COK-47-4Pt-LE-3) 

6.3.2.1 Post-Synthetic Ligand Exchange with Porous COK-47 

The importance of post-synthetic procedures to obtain certain single-site functionalized MOFs 

can be demonstrated by the version of COK-47, that Smolders et al. originally reported and 

called COK-47S.43 Their synthesis relies on a short reaction time of 15 min at a high 

temperature of 185°C. When functionalizing this material with Pt single sites, a one-pot 

synthesis at this temperature would lead to the formation of Pt nanoparticles. However, when 

synthesizing the pristine MOF and applying ligand exchange afterwards, this problem can be 

avoided. COK-47S has the potential to be beneficial for single-site catalysis, because the 

material is porous, other than the COK-47ISO that was mainly used for this thesis, which could 

enhance accessibility of the active sites for protons. Therefore, COK-47S was synthesized and 

functionalized with Pt ligand post-synthesis via ligand exchange in water. XRD diffractograms 

of COK-47ISO and COK-47S before and after ligand exchange are displayed in Figure 31a. 

Comparing pristine COK-47ISO of this thesis and COK-47S, peaks at 6°, 12° and 18° appear 

for both, but COK-47S also shows a subtle reflection at 26° that remains after ligand exchange 

which has been ascribed to larger crystallite sizes parallel to the Ti sheets.43 This peak was 

completely or almost absent for COK-47ISO, besides for one batch (COK-47-1). This batch and 

COK-47S also showed more absorption of visible light and therefore a darker color, indicating 

a correlation between crystallite dimensions and electronic structure. Introduction of Pt ligand 

into COK-47S again led to a feature around 450 nm in UV/Vis DRS as can be seen in 

Figure 31b. 
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Figure 31: (a) XRD diffractograms of pristine COK-47ISO synthesized at 150°C (COK-47-7), COK-47ISO with 4 % 
bpdc exchanged with Pt ligand (COK-47-4Pt-LE-3) or Ni ligand (COK-47-4Ni-LE-3) via ligand exchange and COK-
47S before (COK-47-S-1) and after (COK-47-S-4Pt-LE) ligand exchange with 4 % Pt ligand; (b) UV/Vis DRS spectra 
of COK-47S before (COK-47-S-1) and after (COK-47-S-4-Pt-LE) ligand exchange with 4 % Pt ligand 

The photocatalytic activities of catalysts based on COK-47s are compared to COK-47ISO in 

Figure 32. While photodeposition of Pt onto pristine COK-47S showed lower HER activity than 

the same for COK-47ISO, ligand exchange of COK-47S with Pt ligand yielded a better catalyst 

than COK-47ISO after the same procedure. This effect is further highlighted by the absence of 

a color change after illumination of Pt-functionalized COK-47S, indicating that electrons were 

not trapped in the SBUs, but migrated to the Pt single sites where they reacted with protons. 

The use of COK-47S as a platform for Pt single sites did therefore turn out to be beneficial 

compared to COK-47ISO, possibly because its porosity and therefore better accessibility of the 

active sites. 

  
Figure 32: Amounts of formed H2 after 30 and 60 min illumination for COK-47ISO and COK-47S with 2 wt-% Pt as 
cocatalyst, introduced either via photodeposition (PD, samples: mean of COK-47-5, COK-47-7 and COK-47-8, 
COK-47-S-1) or ligand exchange in H2O (LE, samples: COK-47-4Pt-LE-2, COK-47-S-4Pt-LE) 

  

a b 
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7 Conclusions  
Organometallic complexes of Pt and Ni with H2bpydc as ligand were synthesized successfully 

and incorporated into the metal-organic frameworks UiO-67 and COK-47, either via direct one-

pot synthesis or post-synthetic ligand exchange of the pristine MOF. The obtained hybrid 

materials were characterized with multiple techniques and tested on their activity for 

photocatalytic hydrogen production from water. 

The successful synthesis of Pt ligand was proven by 1H NMR and XPS. The characterization 

of Ni ligand was harder, as it was a paramagnetic complex, and even though the exact 

structure of the compound remains unclear (UV/Vis DRS suggests an octahedral rather than 

a tetrahedral complex) the formation of a dative bond between H2bpydc and Ni is highly 

suggested by the combination of 1H NMR and XPS results. The integrity of the carboxylic 

groups after complex formation was demonstrated by FTIR for both Pt ligand and Ni ligand. 

The formation of a UiO-67-type framework was proven by XRD and FTIR. A reported metal-

to ligand charge transfer of Pt ligand in the framework was confirmed by UV/Vis DRS and TGA 

showed a decrease of the thermal stability of UiO-67 after incorporation of Pt ligand or Ni 

ligand. Steady-state and time-resolved PL measurements indicated an electron transfer to the 

Pt or Ni single sites after photoexcitation, which resulted in excellent HER activity of the 

functionalized UiO-67-based materials. Single sites of Pt or Ni as cocatalyst outperformed 

their nanoparticle counterparts obtained by photodeposition, with Pt exhibiting better activity 

than Ni, but Ni single sites still being a promising cocatalyst considering the low cost. It turned 

out that exchanging only small portions of the original ligand with Pt ligand yielded an activity 

optimum at Pt loadings of approximately 0.25 wt-%, which was lower than what was even 

studied in previous works, where an increasing activity was observed for increasing Pt 

loading.53 The HER activity of Ni-functionalized UiO-67 did not show a high dependency on 

the Ni loading. Combining Ni or Pt single sites with Pt photodeposition demonstrated that the 

single sites work as a reduction catalyst and competitive charge carrier extraction took place 

between the two species. Post-synthetic ligand exchange of UiO-67 led to the introduction of 

missing ligand defects as shown by TGA and electron trap states close to the conduction band 

(observed by UV/Vis DRS and PL) that facilitated radiative recombination of electron-hole 

pairs seen in PL. This reduced the HER activity of catalysts obtained by ligand exchange 

compared to one-pot synthesis. Even though water as a very polar solvent is expected to 

promote ligand exchange better, DMF also proved to incorporate functionalized ligands into 

the framework well as could be seen from the metal loadings determined by TXRF. In fact, 

samples prepared by ligand exchange of UiO-67 in DMF turned out to exhibit even higher 
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HER activities than samples synthesized in water, possibly because of limited water stability 

of the metalloligands. 

For single-site-functionalized COK-47-based MOFs, the formation of the intended framework 

was proven by XRD and FTIR, while UV/Vis DRS showed a similar feature as for UiO-67 after 

the introduction of Pt ligand. In contrary to UiO-67, the thermal stability remained unchanged 

after incorporation of the metalloligands. The combination of COK-47 and Ni as cocatalyst 

turned out to be almost inactive for photocatalytic hydrogen production. The functionalization 

of COK-47 with Pt single sites was only possible by adapting the synthesis conditions for one-

pot synthesis or by post-synthetic ligand exchange, as the original procedure at 150°C 

produced Pt nanoparticles. However, XRD measurements showed that the adapted synthesis 

at 120°C yielded MOFs with lower crystallinity or smaller particles which can reduce HER 

activity. Ligand exchange, on the other hand, probably introduced missing ligand defects that 

reduced activity like for UiO-67, just that they were likely compensated by ligands capping the 

COK-47 crystallites, as TGA of pristine COK-47 showed excess ligands in the structure. The 

HER activity of COK-47 containing Pt single sites was a lot lower than after photodeposition 

of Pt, highlighted by a reversible color change after illumination due to Ti3+ states, indicating 

trapped electrons that are unable to react with protons. One of the problems with single-site 

functionalization of the COK-47 version mainly used for this thesis was its lack of porosity. 

When Pt ligand was introduced into COK-47S, a porous version of COK-47, the HER activity 

was significantly improved compared to the non-porous version. 

Comparing the two utilized synthesis procedures, post-synthetic ligand exchange enables 

more MOF-cocatalyst combinations, as the functionalized ligands do not need to withstand 

the synthesis conditions of the MOF. However, the ligand exchange procedure also introduces 

missing ligand defects and electron trap states that lower the activity of obtained catalysts. 
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8 Outlook 
The utilized characterization methods were not sufficient to determine the exact structure of 

Ni ligand. Single crystal growth was tried, but all attempts were unsuccessful. The application 

of other solvents and different growth conditions to obtain large enough crystals would be 

worthwhile for proper characterization. Mass spectrometry (MS) could also help to identify all 

present ligands, in case the molecular ion peak can be detected. 

The effect of bulky functionalized ligands on the pore volume of MOFs and the accessibility of 

active sites was not studied during this thesis. BET analysis would show possible pore 

blockage and deepen the understanding of the correlation between the amount of exchanged 

linkers and catalytic activity. The energy levels of the MOF conduction band and electronic 

states of the cocatalyst could be determined by density-functional theory (DFT) calculations 

and explain the ability of cocatalysts to extract photoexcited electrons. In combination with 

OER experiments, the question whether Pt single sites on COK-47 act as oxidation or 

reduction catalyst could be clarified. DFT would also be useful to understand the 

thermodynamic driving force for ligand exchange with the applied metalloligands by 

calculating the charge on the carboxylic group´s oxygen atoms of both unfunctionalized and 

functionalized linkers. 

The catalytic activity of UiO-67 was possibly decreased by missing ligand defects. Those were 

introduced by ligand exchange, but were also present after one-pot synthesis. Therefore, 

finding a method to prevent the formation of such defects or heal them post synthesis seems 

promising. In the case of COK-47, the synthesis conditions for the MOF can have a strong 

effect on porosity and particle size which are affecting the catalytic performance. The adapted 

one-pot synthesis procedure in this thesis only served the purpose of preventing nanoparticle 

formation, but adapting the synthesis to optimize activity could yield better catalysts. As Ni-

functionalized ligands in COK-47 did not produce significant amounts of hydrogen, the 

utilization of other earth-abundant cocatalysts like Cu single sites on COK-47 becomes 

interesting as well. The conducted experiments on ligand exchange showed the importance 

of the solvent. Optimizing solvent and reaction time could significantly improve the catalytic 

activity by finding the ideal conditions for a sufficient ligand exchange rate, high stability of the 

organometallic complex and a small amount of introduced missing ligand defects. Lastly, 

stability under reaction conditions is a general issue for MOF-based catalysts, but was not 

studied at all during this thesis. Besides the stability of the framework, stability of the cocatalyst 

can be problematic as well for MOFs containing single-metal-sites due to leaching and 

subsequent nanoparticle formation.54 The incorporation of additional bpydc linkers could offer 

a valuable tradeoff between activity and stability of such catalysts.  
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Appendix 

  
Figure 33: (a) 1H NMR spectrum of a physical mixture of Pt ligand (Pt-bpydc-3) and non-functionalized bpydc2-, (b) 
example of how to determine the band gap if absorption also occurs below the absorption edge; the band gap 
energy equals the energy where the two red lines intersect (sample: UiO-67-4Ni-LE-5) 

Table 5: List of synthesized samples including synthesis details and performed characterization and tests 

Sample Name 
Synthesis 
Procedure 

Synthesis Details 
Charact. / 
Catalytic Tests 

Remarks 

Pt-bpydc-1 5.1.1.1  
NMR, DRS, 

FTIR, XRD, XRF 
Red-brown 

Pt-bpydc-2 5.1.1.1  
NMR, DRS, 

FTIR, XRD, XRF 
Red-brown 

Pt-bpydc-3 5.1.1.1  
NMR, DRS, 

FTIR, XRD, XRF 
Brown 

Ni-bpydc-1 Literature 56 

1.53 mmol NiCl2 

1.53 mmol H2bpydc 

110 mL abs. EtOH 

NMR, DRS, FTIR 

Green, 

H2bpydc did 

not dissolve in 

EtOH at room 

temperature, 

product soluble 

after reaction 

(recovered by 

rotary 

evaporation) 

Ni-bpydc-2 5.1.1.2 1.09 mmol NiCl2 
NMR, DRS, 

FTIR, XRD, XRF 
Green 

Ni-bpydc-3 5.1.1.2 1.69 mmol NiCl2 
NMR, DRS, 

FTIR, XRD, XRF 
Green 

a b 



 

 

Ni-bpydc-4 5.1.1.2 1.76 mmol NiCl2 
DRS, FTIR, XRD, 

XRF 
Green 

UiO-67-1 5.1.2.1  

DRS, FTIR, XRD, 

PL, HER (no PD, 

2% PD Pt, 0.3% 

PD Ni) 

White 

UiO-67-2 5.1.2.1  

DRS, FTIR, XRD, 

HER (no PD, 1% 

PD Pt, 2% PD Pt, 

0.3% PD Ni) 

White 

UiO-67-3 5.1.2.1  
DRS, FTIR, XRD, 

HER (2% PD Pt) 
White 

UiO-67-4 5.1.2.1  
DRS, FTIR, XRD, 

HER (2% PD Pt) 

White, HER 

activity bad, 

DRS shows 

intra-band gap 

states 

UiO-67-5 5.1.2.1  

DRS, FTIR, XRD, 

TGA, HER (2% 

PD Pt) 

White 

UiO-67-0.2bpy 5.1.2.1 0.2 mol-% bpydc 

DRS, FTIR, XRD, 

PL, HER (0.1% 

PD Pt) 

White 

UiO-67-0.5bpy 5.1.2.1 0.5 mol-% bpydc 

DRS, FTIR, XRD, 

PL, HER (0.25% 

PD Pt) 

White 

UiO-67-1bpy 5.1.2.1 1 mol-% bpydc 

DRS, FTIR, XRD, 

TGA, PL, HER 

(0.5% PD Pt, 

0.15% PD Ni) 

White, HER 

activity bad, 

DRS and PL 

show intra-

band gap 

states 

UiO-67-1bpy-2 5.1.2.1 1 mol-% bpydc 

DRS, FTIR, PL, 

HER (0.5% PD 

Pt) 

White 



 

 

UiO-67-1bpy-3 5.1.2.1 1 mol-% bpydc 

DRS, FTIR, XRD, 

PL, HER (0.5% 

PD Pt, 0.15% PD 

Ni) 

White 

UiO-67-2bpy 5.1.2.1 2 mol-% bpydc 

DRS, FTIR, XRD, 

TGA, PL, HER 

(1% PD Pt, 0.3% 

PD Ni) 

White 

UiO-67-4bpy 5.1.2.1 4 mol-% bpydc 

DRS, FTIR, XRD, 

TGA, PL, HER 

(2% PD Pt, 0.3% 

PD Ni, 0.6% PD 

Ni) 

White 

UiO-67-0.2Pt 5.1.2.1 0.2 mol-% Pt-bpydc-2 

DRS, FTIR, XRD, 

TGA, PL, HER 

(no PD) 

Light yellow, 

HER activity 

bad, PL shows 

intra-band gap 

states 

UiO-67-0.2Pt-2 5.1.2.1 0.2 mol-% Pt-bpydc-3 
DRS, FTIR, PL, 

HER (no PD) 

Light yellow, 

HER activity 

bad, PL shows 

intra-band gap 

states 

UiO-67-0.2Pt-3 5.1.2.1 0.2 mol-% Pt-bpydc-3 

DRS, FTIR, XRD, 

XRF, PL, HER 

(no PD) 

Light yellow 

UiO-67-0.5Pt 5.1.2.1 0.5 mol-% Pt-bpydc-2 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

HER (no PD) 

Light yellow 

UiO-67-1Pt 5.1.2.1 1 mol-% Pt-bpydc-2 

DRS, FTIR, XRD, 

XRF, PL, HER 

(no PD, 2% PD 

Pt) 

Yellow 

UiO-67-2Pt 5.1.2.1 2 mol-% Pt-bpydc-2 

DRS, FTIR, XRD, 

XRF, PL, HER 

(no PD) 

Yellow 



 

 

UiO-67-4Pt 5.1.2.1 4 mol-% Pt-bpydc-2 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

Raman, HER (no 

PD) 

Yellow 

UiO-67-4Pt-LE 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: UiO-67-1 

Reaction in H2O 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

HER (no PD) 

Yellow 

UiO-67-4Pt-LE-2 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: UiO-67-2 

Reaction in H2O 

Washing in DMF 

Dried before washing 

DRS, FTIR, XRD 

Yellow, XRD 

shows loss of 

crystallinity, 

FTIR signals 

broadened 

UiO-67-4Pt-LE-3 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: UiO-67-4 

Reaction in DMF 

Washing in DMF 

DRS, FTIR, XRD Yellow 

UiO-67-4Pt-LE-4 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: UiO-67-4 

Reaction in DMF 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

HER (no PD) 

Yellow 

UiO-67-1Ni 5.1.2.1 1 mol-% Ni-bpydc-2 

DRS, FTIR, XRD, 

XRF, PL, HER 

(no PD, 2% PD 

Pt) 

White 

UiO-67-2Ni 5.1.2.1 2 mol-% Ni-bpydc-3 

DRS, FTIR, XRD, 

XRF, PL, HER 

(no PD) 

White 

UiO-67-4Ni 5.1.2.1 4 mol-% Ni-bpydc-3 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

HER (no PD, 2% 

PD Pt) 

White 



 

 

UiO-67-4Ni-LE 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: UiO-67-1 

Reaction in H2O 

Washing in DMF 

Dried before washing 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

White, XRD 

shows loss of 

crystallinity, 

FTIR signals 

broadened 

UiO-67-4Ni-LE-2 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: UiO-67-3 

Reaction in H2O 

Washing in DMSO 

DRS, FTIR, XRD, 

HER (no PD) 

White, XRD 

signals less 

intense, FTIR 

signals 

broadened 

UiO-67-4Ni-LE-3 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: UiO-67-3 

Reaction in H2O 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

HER (no PD) 

White 

UiO-67-4Ni-LE-4 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: UiO-67-4 

Reaction in DMF 

Washing in DMF 

DRS, FTIR, XRD White 

UiO-67-4Ni-LE-5 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: UiO-67-5 

Reaction in DMF 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, TGA, PL, 

HER (no PD) 

White 

COK-47-1 5.1.2.2 
1.0 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (2% PD Pt) 

Yellow, XRD 

and HER 

activity more 

like COK-47S, 

red shift of 

band gap in 

DRS 

COK-47-2 5.1.2.2 
1.0 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (2% PD Pt) 
Light yellow 

COK-47-3 5.1.2.2 
1.0 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (2% PD Pt, 

0.6% PD Ni) 

Light yellow, 

XRD signals 

less intense 

COK-47-4 5.1.2.2 
0.5 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (2% PD Pt) 
Yellow 



 

 

COK-47-5 5.1.2.2 
1.0 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

TGA, HER (2% 

PD Pt) 

Light yellow 

COK-47-6 5.1.2.2 
0.5 mmol H2bpdc 

120°C, 2 h 

DRS, FTIR, XRD, 

TGA, HER (2% 

PD Pt) 

Light yellow 

COK-47-7 5.1.2.2 
1.0 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (2% PD Pt) 
Light yellow 

COK-47-8 5.1.2.2 
1.0 mmol H2bpdc 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (2% PD Pt) 
Light yellow 

COK-47-4bpy 5.1.2.2 

1.0 mmol ligands 

4 mol-% H2bpydc 

150°C, 1 h 

DRS, FTIR, XRD, 

TGA, HER (2% 

PD Pt) 

Yellow 

COK-47-1Pt 5.1.2.2 

1.0 mmol ligands 

1 mol-% Pt-bpydc-2 

150°C, 1 h 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Dark grey, 

XRD shows Pt 

nanoparticles 

COK-47-2Pt 5.1.2.2 

1.0 mmol ligands 

2 mol-% Pt-bpydc-3 

150°C, 1 h 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Dark grey, 

XRD shows Pt 

nanoparticles 

COK-47-4Pt 5.1.2.2 

1.0 mmol ligands 

4 mol-% Pt-bpydc-3 

150°C, 1 h 

DRS, FTIR, XRD, 

XRF, Raman, 

HER (no PD) 

Dark grey, 

XRD shows Pt 

nanoparticles 

COK-47-1Pt-2 5.1.2.2 

0.6 mmol ligands 

1 mol-% Pt-bpydc-3 

120°C, 2 h 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Light yellow 

COK-47-2Pt-2 5.1.2.2 

0.6 mmol ligands 

2 mol-% Pt-bpydc-3 

120°C, 2 h 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Light yellow 

COK-47-4Pt-2 5.1.2.2 

0.6 mmol ligands 

4 mol-% Pt-bpydc-3 

120°C, 2 h 

DRS, FTIR, XRD, 

XRF, TGA, HER 

(no PD, 2% PD 

Pt) 

Yellow 

COK-47-4Pt-LE 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: COK-47-2 

Reaction in H2O 

Washing in DMSO 

DRS, FTIR, XRD, 

HER (no PD) 

Yellow-brown, 

XRD signals 

almost not 

present 



 

 

COK-47-4Pt-LE-2 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: COK-47-1 

Reaction in H2O 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Yellow 

COK-47-4Pt-LE-3 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: COK-47-5 

Reaction in DMF 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, TGA, HER 

(no PD) 

Yellow 

COK-47-1Ni 5.1.2.2 

1.0 mmol ligands 

1 mol-% Ni-bpydc-3 

150°C, 1 h 

DRS, FTIR, XRD Light yellow 

COK-47-2Ni 5.1.2.2 

1.0 mmol ligands 

2 mol-% Ni-bpydc-3 

150°C, 1 h 

DRS, FTIR, XRD, 

HER (no PD) 
Light yellow 

COK-47-4Ni 5.1.2.2 

1.0 mmol ligands 

4 mol-% Ni-bpydc-3 

150°C, 1 h 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Yellow-green, 

TXRF shows 

too high 

loading 

COK-47-4Ni-2 5.1.2.2 

0.5 mmol ligands 

4 mol-% Ni-bpydc-3 

120°C, 2h 

DRS, FTIR, XRD, 

XRF, TGA, HER 

(no PD, 2% PD 

Pt) 

Light yellow 

COK-47-4Ni-LE 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: COK-47-3 

Reaction in H2O 

Washing in DMSO 

DRS, FTIR, XRD, 

HER (no PD) 

Light yellow, 

XRD signals 

almost not 

present, FTIR 

signals 

broadened 

COK-47-4Ni-LE-2 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: COK-47-7 

Reaction in H2O 

Washing in DMF 

DRS, FTIR, XRD, 

HER (no PD) 

Light yellow, 

XRD signals 

almost not 

present, FTIR 

signals 

broadened 



 

 

COK-47-4Ni-LE-3 5.1.2.4 

4 mol-% Ni-bpydc-3 

Pristine: COK-47-8 

Reaction in DMF 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, TGA, HER 

(no PD) 

Light yellow 

COK-47-S-1 5.1.2.3  
DRS, FTIR, XRD, 

HER (2% PD Pt) 
Yellow-brown 

COK-47-S-2 5.1.2.3  
DRS, FTIR, XRD, 

HER (2% PD Pt) 
Yellow-brown 

COK-47-S-4Pt-LE 5.1.2.4 

4 mol-% Pt-bpydc-2 

Pristine: COK-47-S-1 

Reaction in H2O 

Washing in DMF 

DRS, FTIR, XRD, 

XRF, HER (no 

PD) 

Yellow-brown 

 




