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ABSTRACT 

Functionalized Metal-Organic Frameworks for Catalytic Applications 

Feng Xie 

 

The development and design of efficient catalysts are essential for catalytic energy 

technologies, accompanied with the fundamental understanding of structure-property 

relationships of these catalysts. Metal-organic frameworks (MOFs), as the new class of 

promising catalysts, have been intensively investigated primarily in their fundamental 

electrochemistry and the broad spectrum of catalytic applications due to their structural 

flexibility, tailorable crystalline, and multi-functionality. In this work, we combine 

experiments and mechanism investigation to gain a fundamental understanding of how 

the surface property and the structure of MOFs affect their catalytic performance. 

With the aim of material design for MOFs catalysts, we developed two novel 

superhydrophilic and aerophobic metal-organic frameworks (AlFFIVE-1-Ni MOFs and 

FeFFIVE-1-Ni MOFs) used as electrocatalysts for the first time during oxygen evolution 

reactions (OER). Under the facilitation of hydrophilicity and aerophobicity, developed 

FeFFIVE-1-Ni MOFs electrocatalysts deliver optimal OER performance, better than that of 

the state-of-art RuO2 and referred NiFe-BDC MOFs electrocatalysts. Most importantly, the 

practical strategy demonstrated that the hydrophilic and aerophobic structure of MOFs 

does indeed deliver the optimal electrocatalytic performance. 
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With the aim of investigating the structural transformation process of metal-organic 

framework, we used a series of advanced characterization techniques to monitor the 

structure evolution and defects presence for post-heating treated UiO-66 MOFs. The 

structural and electronic features of UiO-66 MOFs were intensely studied in their 

hydroxylated, dehydroxylated, defected, and pyrolytic forms. Meanwhile, one concept 

about the framework situation, quasi-MOF (like a transition state, defined high activation 

along the structure evolution corresponding to the presence of many defects), was 

presented and demonstrated. Compared with pristine UiO-66 MOF, the Quasi-MOF with 

the presence of active defects showed enhanced catalytic activity on the Meerwein-

Ponndorf-Verley reduction reaction, which offers an opportunity to understand the 

structure-property relationship along with the structure evolution process of UiO-66 

MOFs.  
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Chapter 1 

Introduction 

The global demand for energy resources has increased continuously and dramatically with 

the economic boom, giving rise to urgent global concerns on the sustainability of fuel 

reserves and environmental problems.[1] It is highly desirable to develop sustainable 

energy conversion technologies to deal with environmental pollution and the imminent 

energy crisis, both of which have attracted much attention in the energy conversion 

research area.[2, 3] 

During the development of innovative energy technologies, porous materials, which can 

facilitate fast mass and electron transportation for energy conversion, have been 

explored extensively to identify the best materials for catalytic energy applications[4]. As 

one new class of porous materials, metal-organic frameworks (MOFs) interconnected by 

the coordination bonds of metal ions/clusters and organic ligands possess high 

crystallinity and long-range order.[5] Compared with traditional inorganic porous 

materials, metal-organic frameworks (MOFs) have a highly porous structure, uniform 

spatial dispersion of components, tunable pore sizes and topologies, structural flexibility, 

and multi-functionality, which enable them to outperform other porous materials in 

catalytic applications.[6] Furthermore, the well-defined structure is helpful for the direct 

and exact rationalization of the related structure-property relationship, which is an 

essential aspect of optimizing materials.[7] 
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1.1 Electrocatalytic Oxygen Evolution Reaction 

With the rising global population, increasing energy demands and impending climate 

change, significant concerns have been raised over the security of our energy future. 

However, most advanced technologies rely on carbon-based fuels such as coal, natural 

gas, and petroleum.[8] The development of sustainable, fossil-free, effective technologies 

to produce fuels and chemicals of global importance has drawn increasing attention in 

the past decades.[3, 9] These technologies play a crucial role in reducing carbon dioxide 

emissions while providing the feed-stocks necessary to make the products we use daily. 

Numerous innovative ideas have been proposed to achieve more efficient energy 

conversion or storage systems such as water electrolysis, regenerative fuel cells, and 

rechargeable metal-air batteries.[10-13] Oxygen evolution reaction (OER), as a center 

reaction among these superior renewable technologies, involves the  transfer of four 

electrons from two water molecules to generate one molecule of dioxygen. However, this 

process is kinetically sluggish and typically requires the larger overpotential to achieve an 

apparent current density or electrochemical reaction rate, which limits the performance 

and commercialization of these renewable devices.[8, 14, 15] 

State-of-the-art materials for OER under both alkaline and acid electrolytes are generally 

based on precious metal oxides such as RuO2 and IrO2.[16-18] Although RuO2 shows 

excellent OER performance in both alkaline and acid electrolytes, it is unstable and 

suffering from a fatal problem which is that it will be oxidized to RuO4 and then dissolved 

into electrolytes under high anodic potential.[19] Compared with RuO2, IrO2 is more 
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stable, and it can be sustained at the higher anodic potential in both acidic and alkaline 

electrolytes.[20] However, IrO2 shares larger overpotential and lower reaction rates for 

oxygen evolution.[21] In any case, both of them are composed of precious metals, which 

have limited commercial viability due to low abundance and high cost. Therefore, it is 

highly desirable to develop well-defined and cost-effective electrocatalysts with high 

activity and durability for optimal OER performance. 

 

Figure 1.1. Polarization curves for HER and OER of overall water splitting. The ƞc and ƞa 

are the overpotentials for cathode and anode at the same current (j), respectively. 

1.2 Meerwein-Ponndorf-Verley Reduction 

The reduction of carbonyl compounds provides a beneficial method for handling 

functional groups in organic chemistry.[22] Especially prominent in this respect is the 

Meerwein-Ponndorf-Verley (MPV) reaction, which involves the reduction of a carbonyl 

compound to the corresponding alcohol in 2-propanol as the hydrogen donor.[22, 23] 
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This reduction process provides an exciting pathway for reducing ketones to alcohols by 

its being highly selective towards C=O groups.[23] 

 

Figure 1.2. Carbonyl oxidation exchange of Meerwein-Ponndorf-Verley (MPV) reduction. 

The MPV reaction has traditionally been carried out using homogeneous catalysts like 

aluminum, titanium, or zirconium alkoxides.[24-26] The materials include hydrotalcites, 

metal oxides, alkoxides (Al, Zr, and Hf) grafted to high surface area mesoporous materials, 

zeolites, and MOFs.[25, 27, 28] MOFs with their well-defined porous geometry, tunable 

acidity, high surface area, water tolerance and thermal stability are potentially useful 

catalysts for these routes.[29, 30] In particular, a Zr-terephthalate based metal-organic 

framework named UiO-66 shows exceptional stability, which allows its use in a wide range 

of thermal and chemical conditions.[31, 32] It is known that defects are present in the 

structure when linkers, metal ions or nodes are missing from the crystalline network.[33] 

Their amount can be tuned without compromising the high stability of the material.[34, 

35] The presence of defects in these materials can have an enormous impact on their 

catalytic properties, so that the defects can be used to introduce new functionality into 

MOFs, further showing great promise for these types of MPV reactions.[34] 

 



 
 

23 
 

1.3 Scope and Contributions 

In this dissertation, a systematic framework combining material design and mechanism 

investigation helps to develop and design advanced catalysts with enhanced performance 

for catalytic applications.  

 In Chapter 2, we will present two developed superhydrophilic and aerophobic 

metal-organic frameworks (AlFFIVE-1-Ni and FeFFIVE-1-Ni) that are designed for 

electrocatalytic oxygen evolution. These two kinds of developed MOFs show the 

excellent property for H2O affinity and O2 repulsion. The electrocatalytic OER 

involves the H2O adsorption and O2 release steps. The first and fourth steps are 

not electrochemical, without the proton and electron-transfer processes. 

Furthermore, these two developed novel superhydrophilic and aerophobic MOFs 

were used as electrocatalysts during oxygen evolution reaction, and delivered 

optimal OER performance. 

 In Chapter 3, heating TEM and advanced characterization techniques are 

introduced to provide insight into the structure evolution process and active sites 

of defected metal-organic frameworks that show enhanced MPV catalytic 

performance. The structure and functionality of post-treated UiO-66 MOFs (in the 

vacuum from room temperature to 550 °C) are investigated. The treatment-

induced defects are on the partially retained UiO-66 framework of the quasi-MOFs 

station, which shows high catalytic activity for the reduction of carbonyl 

compounds (MPV reduction) compared with pristine UiO-66 MOFs. 
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Chapter 2 

Superhydrophilic and Aerophobic Metal-Organic Frameworks for 

Electrocatalytic Oxygen Evolution 

2.1 Introduction 

As the current energy generation shifts to a heavier reliance on renewable sources, the 

development of electrocatalytic materials that facilitate electrochemical energy 

conversion reactions has attracted increasing attention.[36] One of the most important 

reactions, oxygen evolution reaction (OER) plays a crucial role in many renewable energy 

technologies, such as regenerated fuel cells, rechargeable metal-air batteries, and water 

electrolysis.[12, 37, 38] OER is a center reaction involving the transfer of four electrons 

from two water molecules to generate one molecule of dioxygen. Unfortunately, the large 

overpotential and sluggish kinetics of OER, limit the performance and commercialization 

of these renewable devices.[14] Although state-of-the-art RuO2 and IrO2 show a 

persuasive OER performance, their scarcity and high cost hinder commercial viability.[17, 

39, 40] Therefore, it is highly desirable to develop well-defined and cost-effective 

electrocatalysts with high activity and durability for optimal OER performance. 

Metal-organic frameworks (MOFs), one of the new class of electrocatalysts, are 

composed of metal ions or clusters linked by organic ligands to afford well-defined 

chemical structures.[6] With the base of unique structural characteristics, MOFs could 

provide the inherent advantage of the flexible structural property and accessible active 
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sites for catalytic reactions. Recent studies revealed that MOFs exhibit great promise to 

effectively mitigate the drawbacks of OER, especially bimetal MOF systems such as NiFe-

MOFs, NiCo-MOFs, and FeCo MOFs, which show better intrinsic performance compared 

with single metal component MOFs.[14, 41-43] However, even for these superior 

electrocatalysts, their electrocatalytic performance still suffers from poor hydrophilicity 

and aerophobicity. 

As a general electrode reaction, OER involves a three-phase contacting interface (liquid-

solid-gas). During the large-scale catalytic oxygen evolution, tremendous quantities of 

water molecules and oxygen bubbles need to be quickly absorbed and desorbed at 

catalyst surface, respectively.[44, 45] The hydrophilic and aerophobic property of 

catalysts remarkably affects the electrocatalytic performance. The poor hydrophilicity of 

electrocatalysts impedes the adsorption of the reacted water molecule, which slows the 

rate of electron transfer.[46] Meanwhile, the aggregation resulting from poor 

aerophobicity on the contact surface severely hinders the liquid mass transport and 

decreases the number of exposed active sites, which leads to inferior electrocatalytic 

activity.[47, 48] Thus, the remaining major challenge in advancing industrial oxygen 

production is to develop effective catalysts to efficiently attract reacted electrolytes and 

disengage as generated gas bubbles for improved OER performance.
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2.2 Experiment Methodology 

2.2.1 Chemicals 

All the following chemicals were obtained commercially and used without further 

purification: Ni(NO3)2·6H2O (99.0%, Sigma-Aldrich), Al(NO3)3·9H2O (99.0%, Sigma-Aldrich), 

Fe(NO3)3·9H2O (99.0%, Sigma-Aldrich), FeCl3·6H2O (99.0%, Sigma-Aldrich), Pyrazine 

(99.0%, Sigma-Aldrich), Terephthalic acid (99.0%, Sigma-Aldrich), KOH (>85%, Sigma-

Aldrich), HF (47%-51%, Alfa Aesar), N,N-Dimethylformamide (99.9%, Fisher), and Nafion 

solution (5 wt%, Alfa Aesar). 

2.2.2 Synthesis and Preparation 

Synthesis of AlFFIVE-1-Ni (KAUST-8) 

Pyrazine (768.8 mg, 9.6 mmol), Ni(NO3)2·6H2O (349.0 mg, 1.2 mmol), Al(NO3)3·9H2O 

(450.0 mg, 1.2 mmol) and HFaq 48% (0.52 ml, 14.3 mmol) were mixed in a 20 ml Teflon 

liner. The mixture was diluted with 6 ml deionized water and then the autoclave was 

sealed and heated to 85 °C for 24 h. After cooling the reaction mixture to room 

temperature, the resultant blue-violet square-shaped crystals were collected by filtration, 

washed with ethanol, and dried overnight at 80 °C in a vacuum.[49, 50] 

Synthesis of FeFFIVE-1-Ni (KAUST-9) 

Pyrazine (768.8 mg, 9.6 mmol), Ni(NO3)2·6H2O (349.0 mg, 1.2 mmol), Fe(NO3)3·9H2O 

(484.8 mg, 1.2 mmol) and HFaq 48% (0.52 ml, 14.3 mmol) were mixed in a 20 ml Teflon 
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liner. The mixture was diluted with 6 ml deionized water and then the autoclave was 

sealed and heated to 85 °C for 24 h. After cooling the reaction mixture to room 

temperature, the resultant orange-blue square-shaped crystals were collected by 

filtration, washed with ethanol, and dried overnight at 80 °C in a vacuum. 

Synthesis of Referred FeNi-BDC 

The synthesis of FeNi-BDC followed reported literature. 1,4-Benzendicarboxylic Acid 

(H2BDC) (1.5 mmol, 249.2 mg), FeCl3·6H2O (0.75 mmol, 202.7 mg), and Ni(NO3)2·6H2O 

(0.75 mmol, 218.1 mg) were added to 35 mL of N,N-dimethylformamide (DMF) in a Teflon 

vessel (50 mL) in sequence. Subsequently, the mixture was stirred for 30 minutes to form 

a uniform solution. The vessel was transferred to a stainless steel autoclave and heated 

at 140 °C for 4 h. After cooling to room temperature, the final product was collected by 

centrifuge, repetitively washed with DMF, ethanol, water and dried in a vacuum 

overnight. 

Preparation of Electrocatalyst Electrodes 

The catalyst dispersion or ink was firstly prepared using a mixture of 5 mg of catalyst, 750 

uL of distilled water, 250 uL of ethanol, and 35 uL of 5 wt% Nafion solution followed by 

ultrasonication for 2 hours. Then the electrocatalyst electrodes were prepared by 

uniformly loading 5 uL catalyst dispersion ink onto a freshly polished glassy-carbon 

electrode (diameter 3 mm), which was used as the working electrode with a loading of 

~0.3 mg cm-2 catalysts. Finally, the electrocatalyst electrodes were dried in ambient air at 

room temperature for the electrochemical measurements. 
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2.2.3 Characterization of Materials 

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance X-ray 

powder diffractometer with Cu Kα radiation (λ = 1.5418 Å) at a low scanning speed of 3o 

per min. Scanning electron microscopy (SEM) images were observed using a Magellan 

field emission scanning electron microscope at 5 kV with the software package for 

automated electron tomography. Samples for TEM measurements were suspended in 

ethanol and dispersed ultrasonically. Drops of suspension were applied on a copper grid 

coated with carbon. High-resolution transmission electron microscopy (HRTEM) was 

performed on the FEI Titan 60-300 electron microscope equipped with a spherical 

aberration (Cs) corrector and Gatan K2 direct-detection camera operated in electron-

counting mode under 300 kV. HAADF-STEM images were obtained on the Cs-corrected 

FEI Titan G2 60–300 Microscope operated at 300 kV. Probe Cs corrector was applied to 

get better spatial resolution. Moreover, elemental mapping analysis was collected by the 

TEM equipped with an electron energy loss spectroscopy (EELS). The specific surface area 

was obtained using the Brunauer-Emmett-Teller (BET) method on a Micromeritics ASAP 

2420 system. X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos Axis 

Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν=1486.6 

eV) operating at 150 W, a multi-channel plate, and a delay line detector under vacuum. 

Binding energies were referenced to the C1s peak (set at 284.8 eV) of the sp3 hybridized 

carbon. The contact angles of sample film-glass were measured on the Dataphysics 

OCA20 contact angle system in ambient air at room temperature with 4 uL pure water. 
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2.2.4 Electrochemical Measurements 

The electrochemical performance of the synthesized MOF electrocatalysts and 

commercial RuO2 was conducted on a conventional three-electrode electrochemical cell 

(Autolab Nova Instruments). The three-electrode system was used with the prepared 

electrocatalysts supported on glassy carbon as the working electrode, a platinum wire 

electrode and an Ag/AgCl (saturated KCl) as the counter electrode and reference 

electrode, respectively. All the electrochemical measurements were recorded in 1 M KOH 

(pH = 13.62) electrolytes and measured potentials were calibrated to reversible hydrogen 

electrode (RHE) via the following equation: E(RHE) = E(Ag/AgCl) + 0.197 + 0.059pH.  Before 

electrochemical testing, high-purity N2 gas was continuously bubbled through the 

electrolyte for over 10 mins to remove the dissolved O2. The electrochemical accessibility 

of the working electrode was optimized by potential cycling between 1.10 and 1.65 V vs. 

RHE at scan rates of 20 mV s-1 in 1 M KOH electrolytes until stable voltammogram curves 

were obtained. In the OER measurements, linear sweep voltammetry (LSV) was 

performed at a scan rate of 5 mV s-1 for polarization curves and 2 mV s-1 for Tafel plots. 

All polarization curves of electrocatalysts in this work were corrected with 95% IR 

compensation. The electrochemical impedance spectroscopy (EIS) data were collected for 

the electrodes under 0.55 V vs. Ag/AgCl with the frequency from 1 to 105 Hz. 

2.2.5 Metal Leaching Measurement 
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Inductively coupled plasma mass spectroscopy (ICP-MS) methodology was used for the 

elemental analysis conducted on a Perkin-Elmer Optima 83000 ICP spectrometer. The 

quantity of leached elements into the electrolyte during OER was investigated via ICP-MS. 

We used 0 ppm, 0.1 ppm, 1 ppm and 10 ppm Nickel, Iron, and Aluminum as standards for 

the calibration. The leached metal mass ratio of the loaded catalyst was calculated using 

the following equation: 

𝜔𝑚 =
𝐶𝐼𝐶𝑃 × 𝑉

𝑚𝑐𝑎𝑡.
× 100% 

CICP is the concentration of metal leached into electrolyte measured by ICP. V is the total 

volume of reaction electrolyte. mcat. is the total loading mass of catalysts on the glass-

carbon electrode. 

2.2.6. Column Breakthrough Test 

The experimental set-up used for dynamic breakthrough measurements is shown in a 

typical experiment. 100 mg of adsorbent (in the column) was treated at 100 °C overnight 

under vacuum in the tube oven. After the sample was activated, helium reference gas 

was flushed through the column and then the gas flow was switched to the desired gas 

mixture at the same flow rate of 10 cm3 g-1 (0.25 cm3 g-1 of O2, 0.25 cm3 g-1 of H2O, and 

9.5 cm3 g-1 of He). The gas mixture downstream of the column was monitored using a 

Hiden mass-spectrometer. 
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2.2.7. Heat of Adsorption Analysis 

The adsorption and desorption instrument was used for the heat of adsorption 

measurements at 25 °C, 0 °C and -10 °C in a flow of oxygen. The obtained signal was then 

integrated to give the corresponding amount of heat in Joules. The increments of 

adsorption were read directly from the curve. For the heat of adsorption analysis, the 

samples were placed in platinum pans and before each experiment, activated by heating 

in a vacuum at 105°C for 12 h and brought to the adsorption temperature. In each 

experiment, adsorption on the sample was performed after flushing the activated sample 

by oxygen flow for 1 hour. 

2.3 Results and Discussion 

2.3.1 Structure Characterization of Materials 
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Figure 2.1. Structure description and characterization of AlFFIVE-1-Ni and FeFFIVE-1-Ni 

MOFs (Ni, green; Al or Fe, orange; C, brown; N, blue; F, grey; H atoms are omitted for 

clarity). (a) The project along [001] of the single-crystal structure with a primitive cubic 

topology. (b) The project along [010] of the single-crystal structure with a primitive cubic 

topology. 

 

Figure 2.2. Powder X-ray diffraction patterns. (a) Simulated and experimental patterns of 

AlFFIVE-1-Ni MOFs. (b) Simulated and experimental patterns of FeFFIVE-1-Ni MOFs. 

Powder X-ray diffraction is used to investigate the crystallinity of these kinds of MOFs. 

PXRD patterns showed the high crystallinity of these two kinds of MOFs, and measured 

patterns consistent with the simulated MOFs patterns. 
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Figure 2.3. Scanning Electron Microscopy (SEM) images. (a) SEM image of FeFFIVE-1-Ni 

MOFs. (b) Magnified SEM image of FeFFIVE-1-Ni MOFs. 

Scanning electron microscopy (SEM) demonstrated the morphology with nanosheets of 

FeFFIVE-1-Ni MOFs. N2 adsorption and desorption isotherms showed that the surface 

area of AlFFIVE-1-Ni and FeFFIVE-1-Ni MOFs are 168.82 m2 g-1 and 283.81 m2 g-1, 

respectively. 
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Figure 2.4. N2 sorption isotherms. (a) N2 adsorption-desorption isotherms of AlFFIVE-1-Ni 

MOFs. (b) N2 adsorption-desorption isotherms of FeFFIVE-1-Ni MOFs. 

 

Figure 2.5. (a) Transmission Electron Microscopy (TEM) image of FeFFIVE-1-Ni MOFs. (b) 

and (c) HRTEM image and model structure of FeFFIVE-1-Ni MOFs, respectively. 

The transmission electron microscopy (TEM) images show the nanosheets’ morphology 

with a porous structure. HRTEM analysis reveals that these kinds of MOFs are connected 

to square frameworks which consist of clusters linked by pyrazine ligands. Moreover, the 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

and electron energy loss spectroscopy (EELS) display a uniform distribution of Al, Ni, F, 
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and N elements for AlFFIVE-1-Ni MOFs, and Fe, Ni, F, and N elements for FeFFIVE-1-Ni 

MOFs. 

 

Figure 2.6. (a) HAADF-STEM image of AlFFIVE-1-Ni MOFs. (b-e) EELS-mapping of Al, Ni, F, 

and N elements, respectively. 
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Figure 2.7. (a) HAADF-STEM image of FeFFIVE-1-Ni MOFs. (b-e) EELS-mapping of Fe, Ni, F, 

and N elements, respectively. 

 

Figure 2.8. X-ray photoelectron spectroscopy (XPS) characterization of AlFFIVE-1-Ni. (a) 

High-resolution spectra of Al 2p. (b) High-resolution spectra of Ni 2p. (c) High-resolution 

spectra of F 1s. (d) High-resolution spectra of N 1s. 

For an in-depth understanding of the atomic structure of AlFFIVE-1-Ni MOFs, X-ray 

photoelectron spectroscopy (XPS) can be employed. Two main peaks for Ni 2p3/2 and Ni 
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2p1/2 located at 857 and 874 eV are accompanied by two shake-up satellite peaks (863.2 

and 881.4 eV), respectively, which are characteristic features of Ni2+. The Al 2p XPS of 

AlFFIVE-1-Ni has binding energies of 75.1 (2p3/2) and 76.2 (2p1/2) with a spin-energy 

separation of 1.1 eV, corresponding to the Al3+ phase.  

 

Figure 2.9. X-ray photoelectron spectroscopy (XPS) characterization of FeFFIVE-1-Ni. (a) 

High-resolution spectra of Fe 2p. (b) High-resolution spectra of Ni 2p. (c) High-resolution 

spectra of F 1s. (d) High-resolution spectra of N 1s. 
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For the atomic structure of FeFFIVE-1-Ni MOFs, two main peaks for Ni 2p3/2 and Ni 2p1/2 

located at 856.6 and 874.3 eV are accompanied by two shake-up satellite peaks (863.0 

and 881.0 eV), respectively, which are characteristic features of Ni2+. The Fe 2p XPS of 

FeFFIVE-1-Ni has binding energies of 713.4 (2p3/2) and 727.5 (2p1/2) with a spin-energy 

separation of 14.1 eV, corresponding to the Fe3+ phase. 

2.3.2 Hydrophilic and Aerophobic Property Investigation of MOFs 

 

Figure 2.10. General electrode reaction and four elementary steps of oxygen evolution 

reactions.[51, 52] 

The feature of the solid-liquid contact interface between catalysts and electrolytes plays 

a vital role in OER catalysis.[53] However, even for these superior electrocatalysts, there 

are two aspects that result in the decrease of OER performance, and little attention has 
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been paid to these aspects until now. The surface structure of electrocatalysts affects the 

affinity of the reactant, and the adsorption of the reactant will be impeded when 

electrocatalysts repel reacting water molecules. The O2 bubbles generated, especially at 

high current densities, tend to aggregate or stick to the pore and surface of 

electrocatalysts, decreasing solid-liquid contact area and increasing Ohmic drop, further 

limiting electron transfer.[54] Therefore, a unique hydrophilic and aerophobic structure 

may be efficient in solving this challenging dilemma. 

 

Figure 2.11. (a) and (b) Water contact angle experimental for investigation of the 

hydrophilic property of AlFFIVE-1-Ni and FeFFIVE-1-Ni, respectively. 
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Figure 2.11 shows that a water drop is readily dispersed on the surface of AlFFIVE-1-Ni 

and FeFFIVE-1-Ni. The contact angle tests show a superfast speed off the surface, reaching 

below 10 degrees after 0.5 s of time. To further analyze the superhydrophilic and 

aerophobic property of these two kinds of MOFs, the column breakthrough experiment 

was studied, showing excellent H2O/O2 adsorption selectivity. With the same 

concentration of H2O gas and O2 in the flowing gas, O2 directly flows out without apparent 

interaction with MOFs, whereas H2O gas is almost adsorbed into MOFs until reaching 

saturation adsorption after 2 hours. We also used reported NiFe-BDC MOFs as a 

reference, and the column breakthrough experiment did not show any selectivity of 

H2O/O2 for affinity-disengagement. 
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Figure 2.12. (a) and (b) Column breakthrough test for investigation of H2O affinity and O2 

repulsion of AlFFIVE-1-Ni and FeFFIVE-1-Ni, respectively. 

 

Figure 2.13. Column breakthrough test for investigation of H2O affinity and O2 repulsion 

of referred NiFe-BDC. 

The oxygen sorption experiments were further used to investigate the oxygen adsorption 

capacity and adsorption heat. After calculation, oxygen adsorption heats of AlFFIVE-1-Ni 

and FeFFIVE-1-Ni MOFs were 18 KJ mol-1 and 19 KJ mol-1, which are much lower than 

benchmarked physisorption heat (40 KJ mol-1). Moreover, the low adsorption capacity 

also demonstrated the aerophobic property of these two types of MOFs.  
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Figure 2.14. O2 adsorption-desorption isotherm of AlFFIVE-1-Ni and FeFFIVE-1-Ni MOFs 

at 298 K and 273 K. 

The crystalline stability of MOFs is essential for their applications. The x-ray diffraction 

pattern results showed these two types of MOFs stay crystalline after breakthrough 

experiments with heating treatment and water atmosphere. 
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Figure 2.15. Powder X-ray diffraction patterns for stability test. (a) PXRD patterns of 

AlFFIVE-1-Ni MOFs before and after column breakthrough test. (b) PXRD patterns of 

FeFFIVE-1-Ni MOFs before and after column breakthrough test. 

2.3.3 Electrochemical Performance of MOFs 

The electrode for OER performance evaluation was prepared by homogeneously 

depositing synthesized MOF electrocatalysts and commercial RuO2 onto the glass-carbon 

supporting electrode. The electrocatalytic activity measurement was carried out in a 

conventional three-electrode cell in 1 M KOH aqueous solution. Linear sweep 

voltammetry is employed to obtain polarization curves of FeFFIVE-1-Ni, AlFFIVE-1-Ni, and 

commercial RuO2 electrode. 

 

Figure 2.16. Schematic illustration for oxygen evolution reaction. 
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In polarization curves, sharp increased anodic current responses start at an onset 

potential (Eonset) of 1.36 V (defined as the potential required to reach a current density 

of 0.1 mA cm-2), acquired from the FeFFIVE-1-Ni electrode, which is smaller than 1.41 V 

of AlFFIVE-1-Ni electrode. Using overpotential at 10 mA cm-2 as the crucial parameter for 

OER performance evaluation, the FeFFIVE-1-Ni electrode exhibits the best electrocatalytic 

activity with the smallest overpotential of 250 mV, which is remarkably lower than that 

of AlFFIVE-1-Ni (300 mV) and commercial RuO2 (290 mV). Depositing FeFFIVE-1-Ni and 

AlFFIVE-1-Ni MOFs onto conductive copper foam results in the improved OER 

performance, with an overpotential of 220 mV, 246 mV at 10 mA cm-2 respectively, 

further exhibiting a much better OER performance than loading onto conductive nickel 

foam. The catalytic kinetics was analyzed by Tafel plots as shown in Figure 2.17. The 

measured Tafel slope of FeFFIVE-1-Ni (60 mV dec-1) is much smaller than those of AlFFIVE-

1-Ni (70 mV dec-1) and commercial RuO2 (97 mV dec-1), signifying superior reaction 

kinetics. Experiments on rotating ring-disk electrode (RRDE) showed that the product 

catalyzed by FeFFIVE-1-Ni was exclusively O2. The ring and disk current were collected 

when the disk potential varied from 1.1 V to 1.55 V. A negligible current density assigned 

to the oxidation of hydrogen peroxide is detected on the ring electrode, demonstrating 

the desirable four-electron process of water oxidation: 4OH- → O2 + 2H2O + 4e-. In general, 

the superhydrophilic and aerophobic MOFs demonstrate excellent OER performance 

compared to benchmarking RuO2 and other controlled NiCoFe-MOFs and NiFe-LDH 

reported in the literature.[55, 56] 
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Figure 2.17. OER electrochemical activity of AlFFIVE-1-Ni and FeFFIVE-1-Ni MOFs. (a) 

Polarization curves of AlFFIVE-1-Ni, FeFFIVE-1-Ni, and commercial RuO2 in O2-saturated 1 

M KOH solution at a scan rate of 5 mV s-1. The dotted horizontal line is the guide for the 

current density of 10 mA cm-2. (b) Tafel plots obtained from the polarization curves of 

AlFFIVE-1-Ni, FeFFIVE-1-Ni, and commercial RuO2. (c) RRDE voltammogram of FeFFIVE-1-

Ni in O2-saturated 1 M KOH solution. (d) Comparison of overpotential at 10 mA cm-2 for 

different electrocatalysts. 
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Figure 2.18. (a) and (b) OER polarization curves of AlFFIVE-1-Ni and FeFFIVE-1-Ni MOFs 

loading in Cu foam and Ni foam in 1 M KOH solution. 

2.3.4 Robustness and Stability of MOFs 

Besides electrocatalytic activities, the operating stability and durability of the OER 

electrocatalyst are also essential to their large-scale application. To characterize the 

stability of FeFFIVE-1-Ni catalyst, multistep potentiostatically cycling experiments 

between 1.49 V and 1.51 V for near 3000 s, indicated an excellent OER recoverability. 

Furthermore, running continuous electrolysis at a constant overpotential of 250 mV 

showed no appreciable decrease in current density over 10 hours, superior to that of 

commercial RuO2. To assess whether any metal from the electrocatalyst had leached into 

the electrolyte, inductively coupled plasma mass spectroscopy (ICP-MS) was empolyed. 

After the completion of two tests lasting 1 hour and 3 hours, the negligible dissolved 

metal indicated stable operation and durability of FeFFIVE-1-Ni catalyst. 
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Figure 2.19. Cycling stability test of AlFFIVE-1-Ni and FeFFIVE-1-Ni MOFs for 1 hour. 

 

Figure 2.20. (a) Chronoamperometric testing of FeFFIVE-1-Ni and Commercial RuO2 at a 

constant potential of 1.48 V and 1.52 V (vs. RHE), respectively. (b) Polarization curves of 

FeFFIVE-1-Ni MOFs before and after 500th CV cycles. 
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Table 2.1. ICP-MS results of AlFFIVE-1-Ni and FeFFIVE-1-Ni electrocatalysts after different 

hours OER in 1.0 M KOH electrolytes. 

Sample Elemental 
Concentration 

After 1 hour OER After 3 hours OER 

 

Original 

Electrolytes 

Ni (ppm) 0.01 

Al (ppm) 0.00 

Fe (ppm) 0.01 

 

AlFFIVE-1-Ni 

Ni (ppm) 0.01 0.02 

Al (ppm) 0.02 0.03 

 

FeFFIVE-1-Ni 

Ni (ppm) 0.02 0.03 

Fe (ppm) 0.05 0.07 

 

The leached Fe during the following 3 h was calculated by the equation below: 

𝜔𝐹𝑒 =
𝐶𝐼𝐶𝑃 × 𝑉

𝑚𝑐𝑎𝑡.
× 100% =

0.06 
𝑢𝑔
𝐿 × 0.1 𝐿

5 𝑚𝑔
620 𝑢𝐿 × 5 𝑢𝐿

× 100% = 0.014% 

Furthermore, the leaching rate of Fe was calculated to be 0.0045% h-1, and the leaching 

rate of metal was negligible, calculatedly can be used for 250 hours with leaching only 1% 

of metal. 
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Tab. 2.2. Comparison of OER performance of this work and recently reported active 

catalysts in 1.0 M KOH electrolytes. 

Catalyst Eonset 
Overpotential 

(2 mA cm-2) 
Overpotential 
(10 mA cm-2) 

Reference 

AlFFIVE-1-Ni 1.41V 245mV 300mV This work 

FeFFIVE-1-Ni 1.36V 205mV 250mV This work 

FeCoNiOX 1.42V 260mV -- 
Science 340, 60-63 

(2013)[57] 

FeNiOOH 1.49V 280mV -- 
J. Am. Chem. Soc. 136, 
6744-6753 (2014)[58] 

NiFe-LDH 1.47V 270mV 300mV 
Nat. Commun. 5, 4477 

(2014)[56] 

LiNiCo-OH 1.52V -- 340mV 
Nano Lett. 15, 2498-2503 

(2015)[59] 

CoFe(OOH) 1.53V 420mV -- 
J. Am. Chem. Soc. 137, 
3638-3648 (2015)[60] 

NiCo2.7OH 1.48V 310mV 350mV 
Adv. Energy Mater. 5, 
1401880 (2015)[61] 

NiCo-
UMOFNs 1.42V 235mV 250mV 

Nat. Energy. 1, 184 
(2016)[14] 

Ni-Fe LDH 
nanoprisms -- -- 280mV 

Angew. Chem. Int. Ed. 
130, 178 (2017)[62] 

P doped 
Co3O4 1.46V -- 280mV 

Energy Environ. Sci. 10, 
2563 (2017)[63] 

NiCoP/C 
nanoboxes -- -- 330mV 

Angew. Chem. Int. Ed. 
129, 3955 (2017)[64] 

NiCoFe-MOF -- -- 320mV 
Adv. Funct. Mater. 28, 

1802129 (2018)[55] 
A2.7B-MOF-

FeCo1.6 -- 260mV 288mV 
Adv. Energy Mater. 8, 
1801564 (2018)[65] 

Ni0.6Co1.4P -- -- 300mV 
Adv. Funct. Mater. 28, 

1706008 (2018)[66] 
Co0.6Fe0.4-

MOF-74 -- -- 280mV 
ACS Energy Lett. 3, 10, 
2520-2526 (2018)[42] 

FeNi-BDC -- 245mV 280mV 
ACS Energy Lett. 4, 1, 285-

292 (2019)[41] 
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2.4 Summary 

In this project, two novel hydrophilic and aerophobic MOFs (AlFFIVE-1-Ni and FeFFIVE-1-

Ni) were developed and applied. Water contact angle tests and column breakthrough 

experiments demonstrated the unique and excellent property which particularly favor 

H2O adsorption and O2 repulsion. The developed hydrophilic and aerophobic MOFs 

exhibited specific activity at 10 milliamps per square centimeter with only 250 millivolts 

of overpotential, which is better than 290 millivolts of state-of-the-art RuO2 

electrocatalysts and 280 millivolts of referred NiFe-BDC MOF. Most importantly, the 

practical strategy demonstrated that hydrophilic and aerophobic structure can deliver 

optimal electrocatalytic performance. 
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Chapter 3 

Insight into Structure Evolution of Metal-Organic Frameworks for 

Enhanced Catalytic Reduction Activity 

3.1 Introduction 

Recently, metal-organic frameworks (MOFs) have been intensively employed as 

templates or precursors for the synthesis of diverse porous materials, including porous 

carbons, and metal-based compounds.[67, 68] Compared with traditional materials, this 

preparation procedure of MOF derivatives is straightforward and convenient, and the 

derivatives can inherit the morphology and pore size from MOFs.[69] Moreover, the large 

surface area and porous structure can guarantee the accessibility of active sites and 

efficient mass transfer during catalytic processes.[70] Therefore, these synthesized 

materials exhibit promising performance in catalytic reactions.[71] However, there are 

some underdeveloped issues which still need to be resolved. For example, this 

transformation process is still unclear, and there is a lack of in-situ techniques to track the 

MOF evolution mechanism at high temperatures. Furthermore, an in-depth 

understanding of structure-property relationships is also highly desired. 
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Figure 3.1. Schematic illustration of synthetic procedure for metal-organic frameworks. 

UiO-66 MOF is one of the most widely studied MOFs, due to its exceptional chemical 

stability, and catalytic active sites, which are linked to the presence of many structural 

defects.[34, 72, 73] These defects can arise from one or more missing linkers and other 

building units, and their nature and spatial distribution are difficult to characterize 

experimentally.[34, 74, 75] Nevertheless, their understanding is crucial and has been the 

subject of several studies on UiO-66. Several months ago, our group reported the defect 

imaging and the evolution of UiO-66, achieving real-space observation of structural 

defects in the catalytic UiO-66 via low-dose TEM and investigated the structure-property 

relationship with catalytic reactions.[34] Therefore, UiO-66 is an excellent candidate for 

understanding the structure evolution and structure-property relationship. 
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3.2 Experiment Methodology 

3.2.1 Chemicals 

All the chemicals were obtained commercially and used without further purification: ZrCl4 

(99.0%, Sigma-Aldrich), Terephthalic acid (99.0%, Sigma-Aldrich), Acetic Acid (>85%, 

Sigma-Aldrich), Methanol (99.8%, Sigma-Aldrich), and N, N-Dimethylformamide (99.9%, 

Fisher). Deionized water was used throughout this experiment. 

3.2.2 Synthesis and Preparation 

Synthesis of Pure UiO-66 

Pure UiO-66 MOFs were synthesized based on the previous report with minor 

modifications.[34, 76] A dimethylformamide (DMF) solution of ZrCl4 was first prepared by 

mixing the 10.2 g of ZrCl4 and 5 mL of DMF under ultrasonication for 5 min. Subsequently, 

5 mL of the above solution was mixed with 5 mL of DMF solution of benzenedicarboxylic 

acid (H2BDC; 6.65 mg) in a glass vial. Then, 1.2 mL of acetic acid was quickly injected into 

the mixed solution. After that, the reaction mixture was kept in an oven for 48 h at 120 

°C without stirring and then cooled to room temperature. The product was collected by 

centrifugation and washed with DMF three times. Then, the obtained gray powder was 

soaked in methanol for 2 days, replacing the soaking solvent every 24 h to exchange DMF. 

Finally, the product was washed three times with methanol and dried at 120 °C in an oven. 

Preparation of Defected UiO-66 with Heat Treatment 
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The heat-treated UiO-66 sample was prepared by heating the as-synthesized UiO-66 at 

different temperatures (120 °C, 300 °C, 400 °C, 450 °C, 500 °C, and 550 °C) under a vacuum 

for 10 h, which led to the complete removal of the solvent/guest molecules from the 

microporous channels. 

3.2.3 Characterization of Materials 

Scanning electron microscopy (SEM) images were observed using a Magellan field 

emission scanning electron microscope at 5 kV with the software package for automated 

electron tomography. The specific surface area was obtained using the Brunauer-

Emmett-Teller (BET) method on a Micromeritics ASAP 2420 system. X-ray photoelectron 

spectroscopy (XPS) was conducted using a Kratos Axis Ultra DLD spectrometer equipped 

with a monochromatic Al Kα X-ray source (hν=1486.6 eV) operating at 150W, a multi-

channel plate and delay line detector under a vacuum. Binding energies were referenced 

to the C1s peak (set at 284.8 eV) of the sp3 hybridized carbon. Fluorescence emission 

studies were performed using a BioTek Cytation 5 fluorescence microscope and a plate 

reader. UiO-66 nanoparticle samples were diluted to 0.5 mg mL-1 in water following three 

washes. UiO-66 samples were excited at 280 nm, and the fluorescence emission was 

recorded from 300 to 550 nm via using a black-walled 96-well UV transparent plate. 

3.2.4 Temperature-dependent PXRD 

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance X-ray 

powder diffractometer with Cu Kα radiation (λ = 1.5418 Å) at a low scanning speed of 3o 
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per min. The in situ heating PXRD experiments were performed on a Bruker D8 Advance 

diffractometer equipped with a high temperature oven chamber (Anton Paar HTK 1200N) 

at a vacuum of ∼10-3 mbar. The heating process started at room temperature with a 

heating rate of 10 °C min-1 and stayed for 3 mins at each measured temperature. The in 

situ temperature-dependent PXRD patterns were collected in the 2θ range from 5° to 40° 

with a step of 0.02°. 

3.2.5 Heating Stage TEM 

Samples for TEM measurements were suspended in ethanol and dispersed ultrasonically. 

Drops of suspension were applied on a copper grid coated with carbon. High-resolution 

transmission electron microscopy (HRTEM) was performed on a FEI Titan 60-300 electron 

microscope equipped with a spherical aberration (Cs) corrector and Gatan K2 direct-

detection camera operated in the electron-counting mode under 300 kV. An in-situ hot 

stage holder and heater control from Gatan Smart Set Model 901 was used in this study. 

3.2.6 Meerwein-Ponndorf-Verley Reduction Reaction Procedure 

MPV reduction reactions of cyclohexanone with isopropanol were performed in Parr high-

pressure batch autoclave reactors (25 mL) at 90 C for 8 hours, where 1.84 mmol of 

ketones and isopropanol (0.7 mL, 9.16 mmol) were in contacted with 15 mg of MOF. The 

reaction products were analyzed by GC equipped with an FID detector. The yields of 

cyclohexanol were determined based on the number of ketones, and n-dodecane was 

used as an internal standard. 
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3.3 Results and Discussion 

3.3.1 Structure Characterization of Materials 

 

Figure 3.2. (a) Temperature-dependent PXRD patterns of UiO-66 MOFs upon increasing 

activation temperature (120 °C-550 °C), measured over the angular range 4.5-40°. (b) 2D 

view of temperature-dependent PXRD pattern. (c) The structure transformation process 

of UiO-66 MOFs. 

Temperature-dependent PXRD indicates the UiO-66 frameworks are stable up to 400 °C. 

No sharp changes in the PXRD pattern are appreciable until structure and pore collapse. 

2D Monitor Picture shows two line breaks with the dehydroxylation process in the 

forward 300°C interval, and pyrolysis process at 450°C interval. PXRD testifies the 

crystallinity up to 400 °C, with subsequent amorphization of the structure and pore 

collapse. The loss of benzene fragments starts around 450 °C and is already over at 550 
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°C. The residual material at the end of the experiment is simply ZrOx, with a low degree 

of crystallinity. 

 

Figure 3.3. Thermogravimetric analysis (TGA) curve of UiO-66 MOFs in N2 flux. 

The progressive structure weight loss curve exhibits three clear shoulders at around 300 

°C, 450 °C and 550 °C. The material loses physisorbed water and DMF molecules after that 

in the forward 300 °C interval. In the 300-450 °C interval, limited amount of weight losing 

is observed, and which is contributed to dehydroxylation process. In the successive 100 

°C, there is a remarkable weight loss and significant evolution of structure. The material 

is left with 45.4% of the original weight. 
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Here, we can clearly testify the quasi-MOF situation, like the transition state, defines high 

activation along with the structure evolution corresponding to the presence of many 

defects.[77] 

 

Figure 3.4. N2 sorption isotherms. (a) N2 adsorption-desorption isotherms of post-treated 

UiO-66 MOFs. (b) Pore size distribution profiles of post-treated UiO-66 MOFs. 

The surface area systematically increases during the solvent/guest removal, and sharply 

decreases after the structures begin to become damaged. With the presence of the quasi-

MOF situation, some large pores arise due to the breakage of linker-cluster connections. 
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Figure 3.5. (a) Transmission Electron Microscopy (TEM) image of pristine UiO-66 MOFs. 

(b) The HRTEM image of pristine UiO-66 MOFs along the [011] zone axis. (c) The CTF-

corrected HRTEM image of pristine UiO-66 MOFs with the same [011] zone axis.  (d) 

Selected area electron diffraction along the [011] zone axis. 

 

Figure 3.6. Heating stage TEM for the structure evolution of UiO-66 MOF. (a) HRTEM 

image and SAED pattern of UiO-66 MOF at 120 oC along the [011] zone axis. (b) HRTEM 

image and SAED pattern of UiO-66 MOF at 300 oC along the [011] zone axis. (c) HRTEM 

image and SAED pattern of UiO-66 MOF at 400 oC along the [011] zone axis. (d) HRTEM 
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image and SAED pattern of UiO-66 MOF at 450 oC along the [011] zone axis. (e) HRTEM 

image and SAED pattern of UiO-66 MOF at 550 oC along the [011] zone axis. 

The morphological character and microstructure of the synthesized pristine UiO-66 MOF 

are shown in Figure 3.5. Pristine UiO-66 MOFs show good crystal morphology. Further 

studies on the fine structure of UiO-66 MOF are carried out by high-resolution 

transmission electron microscopy (HRTEM). 

Here, the heating stage TEM was used to directly observe the structure changes in the 

UiO-66 MOFs during the framework transformation process. Under vacuum conditions, 

as the temperature rose 450 oC, the structure was gradually broken as shown in HRTEM 

images and the corresponding ED patterns. At the temperature of 450 oC, the link 

between cluster and ligand was broken, setting in a situation of quasi-MOFs. From 450 oC 

to 550 oC, the crystallization degree of the MOFs was almost lost, and finally became the 

amorphous phase. 

 

Figure 3.7. (a) Structural model of pristine UiO-66 MOF along [001] zone axes, showing a 

12-connected network with the Zr6O4(OH)4(BDC)6 structure. (b) Structural model of 
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dehydroxylated UiO-66 MOF along [001] zone axes, showing a 12-connected network 

with the Zr6O6(BDC)6 structure. (c) Structural model of the missing-linker defected UiO-66 

along [001] zone axes, showing a 10-connected network with the Zr6O6(BDC)4 structure. 

The structure models of UiO-66 MOFs are presented in their hydroxylated, 

dehydroxylated, defected forms via Materials Studio software. Structure models clearly 

demonstrated the progressive structure of pristine, dehydroxylated, and the defected 

features of UiO-66 MOFs. 

 

Figure 3.8. Vibrational properties of UiO-66 MOFs during solvent/guest removal and 

progressive pyrolysis. (a) Fourier-transform infrared spectra curves of post-treated UiO-

66 MOFs in the O-H stretching region. (b) Fourier-transform infrared spectra curves of 

post-treated UiO-66 MOFs in the region of the skeletal modes. 

The IR spectra summarize the effect on the vibrational properties of solvent/guest 

removal and progressive pyrolysis of UiO-66. The left spectrum is dominated by some 
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intense and broad bands centered at 3600 cm-1 due to the small fraction of OH groups, 

while in the 3200-2950 cm-1 interval, there are weak bands due to aromatic and aliphatic 

v(C-H) modes of the benzene ring. The right side of the spectrum shows disappearance of 

the band peaks as result of the thermal treatment. The band at 1667 cm-1 is ascribed to 

DMF, and the peaks at 1589 and 1395 cm-1 are associated with the in- and out-of-phase 

stretching modes of the carboxylate group. At lower frequencies, there is OH and CH 

bending mixed with Zr-O modes (main bands at 746, 726, 702, 683, 556, and 475 cm-

1).[78] 

 

Figure 3.9. Fluorescence emission spectra for various post-treated UiO-66 MOFs. 

As can be seen from the representative spectra, one general trend was observed in 

fluorescence for different temperature-treated UiO-66. As the treated temperature 
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increases, the maximum fluorescence intensity at constant mass concentration 

decreases, demonstrating that more defects can be exposed in UiO-66 frameworks with 

treated-temperature increases.[79] Moreover, the 550°C-treated material shows the 

lowest fluorescence intensity, which means the residual material is simply ZrOx at the end 

of the heating experiment. 

 

Figure 3.10. X-ray photoelectron spectroscopy (XPS) characterization of various post-

treated UiO-66 MOFs. (a) High-resolution C 1s XPS spectra. (b) High-resolution O 1s XPS 

spectra.  (c) High-resolution Zr 3d XPS spectra. 

Electronic structures of UiO-66 were clearly demonstrated during solvent/guest removal 

and progressive pyrolysis processes.  As can be seen from C 1s representative spectra, 

with the treated temperature increase, the peaks’ intensity of the O-C=O band 

(carboxylate group) decreases continually, demonstrating the collapse of UiO-66 

frameworks with treated-temperature increase. At the same time, from O 1s spectra, 
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peak intensity percent of the Zr-O-Zr band increases dramatically with the presence of 

many amorphous zirconium oxides. The Zr 3d spectra, exhibits a distinct 0.2 eV red-shift 

with the quasi-MOF station, which can be attributed to the exposed defects effect and 

disinteraction of the Zr-O-C bond. The systematical shift of binding clearly demonstrated 

the cluster transformation process: {Zr6O4(OH)4  Zr6O6  Zr6Ox} 

3.2 Meerwein-Ponndorf-Verley(MPV) Reduction Reaction 

 

Figure 3.11. Meerwein-Ponndorf-Verley(MPV) reduction reaction formula. The reaction 

conditions used were as follows: 8 h, 90 °C, 1.84 mmol ketones, 9.16 mmol isopropanol, 

and 15 mg UiO-66 MOFs. 

The catalytic activity of UiO-66 has been correlated with the concentration of defects. 

However, previous studies did not specify or distinguish the effects from perfect 

frameworks to quasi frameworks, up to a full pyrolysis situation. Here, UiO-66 of different 

post-treated situations with heating offer the opportunity to investigate the structure 

evolution of defected MOFs and structure-activity relationship of this catalyst more 

definitively. The MPV reduction reaction was used to evaluate catalytic activities while 

structure evolution defects act as the active Lewis acid sites. As shown in Figure 3.12, 

post-treated UiO-66 samples yield higher cyclohexanone conversion (28.3%) with an 

increasing of treated temperature before the quasi MOFs situation. The yield rate 
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decreased markedly with the damage of quasi situation and the completed collapse of 

frameworks.  

 

Figure 3.12. MPV reduction performance of post-treated UiO-66 MOFs. 

3.4 Summary 

In this work, we have carried out a detailed study of the structural and electronic features 

of UiO-66 MOFs in their hydroxylated, dehydroxylated, defected, and pyrolytic forms as 

obtained through a series of advanced characterized techniques, such as temperature-

dependent PXRD, TGA, FTIR, Heating Stage TEM, and XPS. This knowledge unraveled the 

structure evolution process of post-treated UiO-66 MOFs, which is essential to make UiO-
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66 a potential candidate for practical catalytic applications. Furthermore, one concept 

about the framework situation was presented and demonstrated. The quasi-MOFs, in the 

same way as the transition state, defined high activation along the structure evolution, 

corresponding to the presence of many defects. Moreover, the MPV reduction reaction 

testified to the enhanced catalytic activity of quasi-MOFs with the presence of many 

defects, compared with pristine UiO-66 MOFs.
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Chapter 4 

Conclusion and Outlooks 

4.1 Conclusion 

In conclusion, we have demonstrated the effective strategy of functionalized metal-

organic frameworks for catalytic application. 

1) Through the development and implement of hydrophilic and aerophobic metal-

organic frameworks, optimized oxygen evolution performances were achieved. 

The developed FeFFIVE-1-Ni MOF showed excellent catalytic activity compared 

with the state-of-the-art RuO2 and referred NiFe-BDC MOF. Moreover, developed 

hydrophilic and aerophobic MOFs also showed long-term operating stability and 

robustness for practical applications. These findings not only establish structure-

function relationship bringing about the exciting prospect of further improved 

oxygen evolution performance, but also provide an opportunity to understand the 

critical functionality of each step in the oxygen evolution reaction process. 

2) The structural, vibrational, and electronic features of UiO-66 MOFs were studied 

explicitly along with the structure evolution. The transformation process of UiO-

66 MOF was clearly demonstrated from hydroxylated to dehyroxylated, defected, 

and finally pyrolytic forms through various advanced characterization techniques. 

Quasi-MOF materials, obtained at defected frameworks, showed high activity with 

the presence of many defects on reduction reactions. This work offers a definitive 
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investigation of structure-property relationships of UiO-66 MOFs, but also opens 

up a new method to develop and design highly efficient heterogeneous catalysts. 

4.2 Outlooks 

Although incredible advances have been achieved, some undeveloped challenges still 

need to be solved. For example, one essential frontier is the development of both 

experimental and computational methods that can rapidly elucidate structure effects 

and reaction mechanisms. Like hydrophilic and aerophobic MOFs, computational 

studies should be applied to demonstrate why hydrophilic and aerophobic structure 

and the synergistic interplay between bimetals can deliver further improved oxygen 

evolution performance. Other efforts would build on current frameworks for 

understanding catalysis to provide deeper insights for fine-tuning catalyst properties 

in an optimal manner. For the structure evolution of UiO-66 MOF and their active sites 

in catalytic reactions, more powerful techniques should be applied to prove the origin 

of active sites, immediate environment and the chemical nature of active sites. 
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