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SUMMARY 

Metal-organic frameworks (MOFs) and nanoparticles in MOFs (NP@MOF) are 

investigated for carbon monoxide adsorption and catalytic oxidation. In this work, gold 

nanoparticles (AuNPs) are encapsulated in UiO-66, a zirconium-based MOF. The use of 

zirconium propoxide (Zr(OnPr)) in place of zirconium chloride (ZrCl4) leads to an 

alternative synthesis route for producing high-quality crystals of UiO-66 without 

generating by-product HCl.  This new method enables the inclusion of HCl-sensitive gold 

nanoparticles into the mother solution for encapsulation by UiO-66.  

Further investigations examine the effects of the solvent ratio, modulator 

concentration, AuNP capping agent, and UiO-66(Zr(OnPr)) modulator on the UiO-

66(Zr(OnPr)) structure and porosity, AuNP diameter, UiO-66(Zr(OnPr)) particle 

geometry, and AuNP location. These studies show that the AuNP capping agent and 

UiO-66(Zr(OnPr)) modulator have the most significant effect on the Au@UiO-

66(Zr(OnPr)) properties. Conclusive evidence showing that the AuNPs are completely 

confined within the UiO-66(Zr(OnPr)) particles is not attained, but the preliminary data 

will guide future endeavors. Additionally, this HCl-free synthesis is applied to the 

functional versions of UiO-66 resulting in the preparation of a series of UiO-66-

X(Zr(OnPr)), where X = {–H, –NH2, –NO2, –Naph, –Anth, –Cl2, –Br, –(CH3)2, –COOH, 

–OH, and –(OH)}.  

In addition, the potential of UiO-66 as a catalyst support is probed using CO 

oxidation as a probe reaction throughout this work. First, preformed AuNPs are deposited 

onto the surfaces of UiO-66, titanium dioxide (TiO2), and zirconium dioxide (ZrO2). This 

colloidal deposition effectively decouples the AuNP factors such as size, shape, and 
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oxidation state, from the support effect allowing a systematic study of the key support 

attributes. This study reveals a correlation between the oxygen storage capacity (OSC) 

and the catalytic activity of the materials with Au on UiO-66 exhibiting an enhanced 

OSC, due to the unusual chemistry introduced by the metal-linker interactions. 

Lastly, Au@UiO-66 prepared via encapsulation is compared to physical mixtures 

of Au on UiO-66 prepared with various AuNP diameters to probe the effects of the 

encapsulation procedure. Au@UiO-66 showed improved activity compared to the 

corresponding physical mixture. The enhanced catalytic activity suggests that synergism 

is introduced during the encapsulation procedure. This synergism potentially occurs due 

to partial confinement within UiO-66 particles and/or aggregates which increases the 

surface area of contact between the AuNPs and UiO-66. This increased contact area 

results in more interface sites which are typically believed to be responsible for the 

catalytic abilities of supported AuNPs. 

 This dissertation concludes by summarizing the experimental results, determining 

trends between the chapters, and recommending topics for future research projects. In 

addition, limitations are acknowledged and possible solutions presented.
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CHAPTER 1 

INTRODUCTION 

1.1 Metal-Organic Frameworks 

Metal-organic frameworks (MOFs) are crystalline, nanoporous materials formed 

by linking metal or metal oxide clusters with organic ligands. The numerous 

combinations of metal node and organic moiety give MOFs exceptional structural 

diversity; specifically, there are more than 20,000 known and 120,000 hypothetical 

structures currently in existence.
1, 2

 Advantageous properties include high surface areas 

and pore volumes, uniform pore size distributions, structural diversity, and chemical 

tunability.
3, 4

 These aspects make MOFs promising materials for applications such as gas 

storage and separation,
3, 5

 drug delivery,
6, 7

 biomedical imaging,
6, 8

 air purification,
9-11

 and 

catalysis.
12, 13

 

 

1.1.1 Metal-Organic Framework Structures and Properties 

 Initially, the focus of MOF investigations was to create new compounds and 

structures with interesting properties. However, the field has matured.  Currently, studies 

probe specific properties and determine the advantages and disadvantages of these 

characteristics. For instance, instead of creating new structures, multiple series of 

isostructural MOFs have been developed and used to study the effects of metal center, 

functional groups, and pore diameter. The most well-known being the IRMOF series;
14, 15

 

however, other isostructural systems such as zeolite imidazolate frameworks (ZIFs),
16
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University of Oslo (UiO) materials,
17, 18

 Materials of  Institute Lavoisier (MIL),
19-22

 and 

DMOF-1
23-25

 have also been utilized to investigate the effects on MOF properties. 

 With the abundance of structures, understanding the significance of specific 

properties and functionalities is paramount. For instance, HKUST-1 (also known as 

CuBTC or MOF-199)
26

 and MOF-74 (also known as CPO-27)
14, 27

 contain open metal 

sites or coordinatively unsaturated metal sites (CUS), which introduce Lewis acid sites 

which are extremely attractive from an applications perspective. Additionally, acid or 

base groups, such as –NH2,
28, 29

 –NO2,
29-31

 and –SO3H
18

 have been introduced by 

incorporating modified linkers.  

Typically, isostructural MOFs with varied metals and linker functionalities are 

prepared by directly introducing various metal centers or functionalized ligands to the 

synthesis. However, not all materials can be prepared by a direct substitution; 

occasionally, varying the metal center or organic moiety produces new structures.
31

 

Alternatively, post-synthetic modification (PSM) has been explored and has been used to 

prepare isostructural compounds that cannot be synthesized directly.
32-35

  

 

1.1.2 Metal-Organic Framework Limitations 

MOFs offer many advantages; however, they are also plagued by several 

limitations. The most prominent constraint for MOFs is the tendency of many structures 

to degrade under humid conditions.
36

 Kaskel et al. suggested that the combination of the 

hydrophilic metal centers and hydrophobic organic moiety in many MOFs causes the 

water molecules to cluster near and hydrolyze the metal-ligand bond.
37

 For this reason, 

structures with CUS are often sensitive to humid environments. The available Lewis acid 
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sites that make these structures so promising also chemisorb water, which accumulates 

near the metal-ligand interface and, subsequently hydrolyzes the bond causing the crystal 

structure to irreparably degrade. Techniques to improve the water stability of MOFs are 

currently under investigation; in particular, tuning the metal inertness and the 

hydrophobicity and steric factors of the MOF have shown promise.
36

  

Another limitation of MOFs is the ability to obtain large quantities of high-quality 

MOF materials. BASF has made five MOFs commercially available: ZIF-8 (Basolite
®

 

Z1200), MIL-53(Al) (Basolite
®
 A100), HKUST-1 (Basolite

®
 C300), FeBTC (Basolite

®
 

F300), and MOF-177 (Basolite
®
 Z377); however, this scope of materials is too limited 

and expensive to make MOFs competitive compared to cheaper alternatives such as 

activated carbon. In addition, many other MOFs are prepared in batches that yield less 

than a gram of material. However, investigations into large-scale preparation methods of 

MOFs are currently underway. For instance, UiO-66
38

 and MIL-100(Fe)
39

 have been 

prepared in scaled-up batch reactors with space-time yields exceeding those of 

commercially available MOFs.
40

 In addition, early reports have shown that continuous 

processes can be utilized to produce a variety of MOFs including MIL-88B,
41

 MOF-5,
42

 

IRMOF-3,
42

 HKUST-1,
42, 43

 UiO-66,
42, 43

 UiO-66-NH2,
44

 and NOTT-400.
43

 These studies 

have launched the development of techniques for producing a wide range of high-quality 

MOFs at the industrial scale; however, to date, there are a limited number of MOFs 

capable of being produced in large quantities. 

Lastly, these highly porous MOFs are low density materials which make them 

promising for gravimetric applications. However, this also means that they have a 

relatively low density of active sites capable of strong interactions with target molecules. 
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There are several methods for increasing the active site density in MOFs: (1) using 

structures with CUS, (2) introducing functional groups via the linker, and (3) 

incorporating metal or metal oxide nanoparticles in the MOF. This work focuses on the 

addition of metal nanoparticles to MOFs to increase the active site density in known 

water-stable MOFs. 

 

1.2 Metal-Organic Framework Composites 

The incorporation of metal or metal oxide nanoparticles (NP) in MOFs, denoted 

in this work as NP@MOF, exploits the unusual chemical and physical properties of the 

nanoparticles and the MOF to produce composites with unprecedented physical and 

chemical properties. For example, Huo et al. incorporated a wide range of nanomaterials 

with magnetic, luminescent, and catalytic properties in ZIF-8, a known stable MOF.
45

 

The ZIF-8 composites exhibited enhanced magnetic, luminescent, and catalytic 

capabilities, respective to the nanomaterial, compared to parent ZIF-8. This study shows 

that incorporating nanomaterials in MOFs is an effective way to tune the material 

properties while preserving the overall structure and stability. In addition, it allows for 

the exploitation of knowledge already collected, mainly the stability of MOFs and the 

nanomaterial properties, to design materials for specific applications. For instance, MOF 

composites have demonstrated promise for applications such as catalysis,
46

 chemical 

sensing,
47

 plasmonics,
48

 and drug delivery.
49, 50

 Therefore, the modification of stable 

MOFs with nanomaterials will effectively tune the material properties allowing for well-

designed materials. 
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1.2.1 Preparation Techniques 

There are two main synthesis techniques used to incorporate nanomaterials within 

MOFs: impregnation and encapsulation (illustrated in Error! Reference source not 

found.). Impregnation indicates that the nanoparticles are formed within the MOF pores, 

whereas encapsulation describes the crystallization of the MOF around preformed 

nanomaterials. Additionally, several alternative nanomaterial incorporation methods have 

been reported.  

 

 
Figure 1.1: Illustration of MOF composite synthesis via (a) impregnation and (b) 

encapsulation 

 

1.2.1.1 Impregnation 

As illustrated in Figure 1.1, the impregnation technique occurs in three steps: (1) 

the preparation and activation of the MOF; (2) the infiltration of a metal precursor into 
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the preformed MOF pores; and (3) the reduction, oxidation, or decomposition of the 

metal precursor. There are several predominant infiltration methods used for preparing 

NP@MOF via impregnation: solution impregnation,
51-53

 the double solvent approach,
54

 

incipient wetness impregnation,
55

 chemical vapor deposition (CVD),
56-58

 and solid 

grinding.
59, 60

 After infiltration, the metal precursor is either oxidized
58

 or reduced using  

UV irradiation,
54

 redox-active MOFs,
53, 61

 or chemical reducing agents such as NaBH4
51

 

or H2.
52, 55, 56, 59

 Studies have shown that the infiltration method influences NP@MOF 

properties such as metal loading and nanoparticle location. For instance, solvent-based 

infiltration methods are limited by the solubility of the metal precursors, competitive 

incorporation of the metal and solvent in the pore space, and solvent desorption, which 

causes the precursors to deposit on the surface of the MOF.
62

 However, solvent-free 

methods are also limited; mainly, solvent-free impregnation requires volatile and often 

moisture- and air-sensitive precursors. 

Overall, the impregnation technique offers both advantages and limitations. The 

most notable advantage is the utilization of the uniform pore size distribution to quench 

nanoparticle growth, which stabilizes the particles in the MOF pores and yields 

nanoparticles with the size and shape of the MOF pores. Theoretically, impregnation 

offers a method for controlling nanoparticle size and shape by exploiting the extensive 

collection of MOF structures, specifically the various pore structures, to tune the 

nanoparticle properties. However, there are several limitations. First, strong interactions 

between the nanoparticles and the MOF are often necessary to control the particle 

location and limit growth. There are only a limited number of MOFs known to 

sufficiently interact with the particles in order to limit particle mobility and growth. 
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Often, functional groups are necessary to sufficiently immobilize the metal nanoparticles 

within the pores to limit particle aggregation on the surface.
57, 63-65

 Second, many MOFs 

are microporous, which is advantageous for gas separation; however, the metal 

precursors are often too large to penetrate the micropores limiting the framework 

selection. Third, the high temperatures and reduction procedures can destroy the MOF 

structure and porosity.
56, 59

  Lastly, the particles block the pores, reducing the available 

surface area and pore volume.
59, 60

 

 

1.2.1.2 Encapsulation 

As depicted in Figure 1.1, encapsulation describes the growth of the MOF on and 

around preformed nanomaterials. The preformed nanomaterials, either functionalized 

with a surface-assembled monolayer (SAM)
66, 67

 or “naked,”
68-70

 are incorporated with 

the MOF precursors and crystallization proceeds around the nanomaterials. There have 

been several MOF synthesis procedures used to encapsulate nanomaterials, mainly: 

solvothermal,
71, 72

 microwave,
73, 74

 sonochemical or ultrasonic,
75

 mechanochemical,
76

 and 

room temperature crystallization.
45, 77

 

Encapsulation has the potential to overcome many of the limitations presented by 

impregnation. Specifically, growing the MOF around the nanomaterial adds the 

nanomaterial to the framework, rather than trapping it within the pores. The specific 

surface area of the composite will still be reduced relative to the parent MOF because of 

the increased density; however, pore blockage will be limited. Also, by starting with 

preformed, stabilized nanomaterials, the complete collection of MOF structures can, 

theoretically, be utilized since specific MOF chemistry is not required to quench and 
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immobilize the NPs. Finally, the greatest advantage of encapsulation is the capability to 

incorporate nanomaterials that exceed the MOF pore size,
45, 48

 which means that 

nanomaterials designed for specific applications can be coupled with the MOF support.  

There are extensive studies of nanomaterials that demonstrate the ability to tune 

the optic, electric, magnetic, and catalytic properties by controlling the size, shape, 

composition, and structure (e.g. hollow vs. solid) of the materials.
78

  For instance, the 

optical properties of Ag and Au nanomaterials can be tuned by varying the size and shape 

of the material.
79, 80

 Additionally, magnetic properties are strongly dependent on 

nanoparticle size; as the size decreases, the ferromagnetic to superparamagnetic transition 

occurs at lower temperatures.
81

 Furthermore, the catalytic activity is strongly dependent 

on the nanoparticle diameter.
82

 The nanomaterial shape is also influential. For instance, 

Cheon et al. demonstrate an enhanced magnetic coercivity for cobalt nanorods due to 

shape effects.
83

 The crystal surface facets are also controlled by the nanomaterial shape. 

For example, ceria nanorods predominately expose well-defined {001} and {110} planes, 

whereas the surface facets for ceria nanoparticles are mostly the {111} planes. The 

crystal facet, in turn, effects both catalytic activity and selectivity.
84

 Lastly, the shape 

determines the number of atoms at the corners and edges which are essential for catalytic 

activity.
85

 

Realizing the importance of fine tuning nanomaterials, the ability to control the 

size, shape, composition, and structure of the materials is paramount to designing novel 

composites. To date, the minute tuning of nanoparticle diameter is possible by varying 

the ratio of the nanoparticle capping ligand to metal precursor and by seed-mediated 

synthesis.
86, 87

 The nanomaterial shape can also be controlled by altering the synthesis 
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conditions. For instance, palladium can be shaped into nanocubes,
88

 nanorods,
89

 and 

nanoplates.
90

 Additionally, synthesis procedures have been developed to tune the size and 

shape of silver, gold, platinum, and copper nanomaterials.
78

 Therefore, the synthetic 

control and understanding of nanomaterials is available, and by using the encapsulation 

technique, well designed nanomaterials can be coupled with MOFs to engineer 

chemically unique nanoporous materials. 

 

1.2.1.3 Alternative MOF Composite Preparation 

In addition to impregnation and encapsulation, several other techniques have been 

utilized to prepare MOF composites. For instance, Zhan et al. incorporated ZnO nanorods 

in ZIF-8 by using the ZnO nanorods to supply the Zn
2+

 ions for MOF crystallization 

subsequently growing ZIF-8 from the nanorods.
47

 In addition, the nanoparticle metal 

precursor has been incorporated in UiO-67(bipyridine) by adding the nanoparticle metal 

precursor to the UiO-67(bipyridine) precursors; the nanoparticle precursor coordinates to 

the bipyridine functionality on the linker subsequently incorporating it in the structure.
91, 

92
 Furthermore, Kitagawa et al. have integrated NiNPs in Ni-MOF-74 by partially 

decomposing Ni-MOF-74 by heating under vacuum.
93

 Lastly, MOF composites can be 

prepared by colloidal deposition creating physical mixtures.
94, 95

 

 

1.2.2 Characterization Techniques 

The characterization of NP@MOF is a challenging problem. In particular, 

conclusively determining the location of the nanomaterials either within the MOF 

particles or on the surface has proven difficult. Typically, transmission electron 
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microscopy (TEM) is used to determine the size and shape of the nanoparticles. When 

impregnation techniques are used, nanoparticle confinement can be elucidated from TEM 

images when the nanoparticles are smaller than the MOF pores.
96, 97

 However, TEM is a 

two-dimensional technique and, therefore, other techniques are necessary to definitely 

determine the nanoparticle location. To date, a couple of alternative methods have been 

employed: TEM tomography
57, 98

 and selective catalysis.
45, 99

 

TEM tomography is a three-dimensional imaging technique that rotates the 

sample stage from -70-70° under the electron beam recording images every 1-2°. These 

images are then aligned, and a three-dimensional reconstruction developed.
100

 However, 

TEM tomography is limited to specific systems because many MOFs degrade upon 

exposure to  the electron beam.
98

 Alternatively, selective catalysis exploits the MOF 

microporosity. Briefly, molecules too cumbersome to permeate into the MOF pores are 

used either as the reactant
45

 or added as a catalyst poison
99

 to determine if the 

nanoparticles are actually confined within the MOF or merely on the particles’ surface. 

The presence or lack of a reaction is used to determine the NP location. 

 

1.3 Objectives and Overview of this Work 

The overall goal of this work is to design novel, water-stable MOF composites for 

the removal of toxic gases for use in one pass filtration devices. This goal will be 

achieved through the completion of three objectives: (1) development of efficient 

methods of preparing MOF composites via the self-assembly of the MOF from the 

surface of preformed functionalized nanoparticles; (2) determination of the effect of the 

nanoparticle size and the composite preparation method on the structure-property 
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relationship of the composites; (3) and evaluation of the adsorptive and catalytic 

capabilities of MOF composites towards toxic gases. Objective 1 is addressed in Chapters 

3, 6, and 7 and Appendices A and B using AuNPs in three MOF systems: UiO-66, MIL-

125, and ZIF-8. Objective 2 is documented in Chapters 3 and 5 with AuNPs and UiO-66. 

Lastly, Objective 3 is covered by Chapters 4 and 5 and Appendices A and B utilizing the 

materials from Objectives 1 and 2. 

Chapter 3 is adapted from a peer-reviewed article on the establishment of an 

alternative UiO-66 synthesis procedure that produces high-quality UiO-66 crystals 

without generating by-product HCl, which allows for the incorporation of HCl-sensitive 

materials. Briefly, the conventional synthesis uses zirconium chloride (ZrCl4) as the 

metal precursor; herein, ZrCl4 is substituted with zirconium propoxide (Zr(OnPr)), which 

effectively eliminates by-product HCl. Crystallization is dependent upon the inclusion of 

acetic acid. Further investigation suggests a rapid nucleation rate that requires the 

addition of a modulator, such as acetic acid, to competitively coordinate with the metal 

centers to regulate the nucleation rate and enhance crystal growth. In addition, HCl-

sensitive AuNPs are added to the reaction slurry to test the compatibility of the UiO-

66(Zr(OnPr)) synthesis with HCl-sensitive materials. The resulting Au@UiO-

66(Zr(OnPr)) composite reveals AuNPs randomly scattered throughout the material. 

However, the Au@UiO-66(Zr(OnPr)) composite is not ideal; the AuNPs grow during 

crystallization and many AuNPs are deposited on the UiO-66(Zr(OnPr)) particles’ 

surfaces. Therefore, optimization of the Au@UiO-66(Zr(OnPr)) procedure is necessary, 

but the development of this procedure allows for the improved understanding of UiO-66 
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crystallization and lays the foundation for the development of designed HCl-sensitive 

UiO-66 composites. 

Chapter 4 investigates the practicality of using MOFs as catalyst supports for 

oxidation reactions. Herein, AuNPs and CO oxidation are used as the catalyst and probe 

reaction, respectively. AuNPs are deposited on three supports, UiO-66, TiO2, and ZrO2, 

via colloidal deposition, and the physical and catalytic properties are examined. 

Extensive characterization shows that the AuNP properties were similar; therefore, 

variations in the catalytic activity are entirely dependent on the support. Further 

investigation reveals that the key attribute of the support is its oxygen storage capacity 

(OSC) or the ability to donate oxygen to the reaction. This is concluded by the strong 

correlation between OSC and catalytic activity. Interestingly, UiO-66 has a larger OSC 

than commercially available TiO2 and ZrO2 showing that there are material attributes 

other than reducibility, that affect the OSC. To the best of the authors’ knowledge, this is 

the first time that OSC was measured for MOFs, and UiO-66 demonstrates an enhanced 

OSC compared to commercially available TiO2 and ZrO2. Theoretically, the unusual 

chemistry that evolves from the combination of metal nodes and organic linkers affects 

the oxygen donation capabilities of MOFs, revealing potential as catalyst supports.  

At this point, the author has developed a synthesis procedure capable of using the 

encapsulation technique to prepare Au@UiO-66, although it is not optimized. In addition, 

Au on UiO-66 has proven catalytically active for CO oxidation affirming an effective 

probe reaction for Au@UiO-66 composites. Moving forward, Chapter 5 investigates the 

impact of the preparation method, specifically, impregnation, encapsulation, and colloidal 

deposition, on the physical and catalytic properties of UiO-66 composites. The 
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combination of TEM, STEM tomography, and CO oxidation suggests that the 

impregnation technique produces an Au@UiO-66(Zr(OnPr)) composite with AuNPs 

mainly dispersed on the UiO-66(Zr(OnPr)) particles’ surfaces. Alternatively, the 

encapsulation procedure generates a composite that exhibits partial confinement of the 

AuNPs within either single UiO-66(Zr(OnPr)) particles or an aggregation of UiO-

66(Zr(OnPr)) particles. This partial confinement increases the degree of contact between 

the AuNPs and the UiO-66(Zr(OnPr)) support, enhancing the catalytic capabilities of the 

composite. This study highlights the advantages of the encapsulation procedure, 

specifically, showing that, even un-optimized, this technique generates synergistic 

effects. Therefore, optimization of the Au@UiO-66(Zr(OnPr)) encapsulation method is 

worthwhile. 

After showing that the encapsulation technique generates synergistic effect in 

Au@UiO-66(Zr(OnPr)), the author proceeds to tune the procedure in Chapter 6. Several 

synthesis parameters are modified and the effect on the Au@UiO-66(Zr(OnPr)) 

examined. Specifically, the solvent ratio, modulator concentration, AuNP capping agent, 

and UiO-66(Zr(OnPr)) modulator are varied and the UiO-66(Zr(OnPr)) crystal structure 

and porosity, AuNP diameter, UiO-66(Zr(OnPr)) particle geometry, and AuNP location 

are analyzed to determine the next logical step toward controlling these properties. These 

studies show that the AuNP capping agent and UiO-66(Zr(OnPr)) modulator have the 

most prominent effects on the AuNP diameter and location and the UiO-66(Zr(OnPr)) 

particle size and shape. Specifically, proper selection of both the AuNP capping agent 

and UiO-66(Zr(OnPr)) modulator controls AuNP aggregation and the propensity of the 

AuNP capping agent to coordinate to the metal center, respectively. Although conclusive 
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evidence of completely confined AuNPs in Au@UiO-66(Zr(OnPr)) is not obtained, these 

preliminary studies guide further optimization. 

Chapter 7 explores extending the HCl-free UiO-66(Zr(OnPr)) synthesis procedure 

to include a multitude of UiO-66 analogues. UiO-66-X(Zr(OnPr)) nucleates rapidly and, 

therefore, requires the incorporation of an acid in the synthesis to act as a modulating 

agent. Herein, UiO-66-NH2(Zr(OnPr)) is used to examine the effects of the acid (acetic 

acid, benzoic acid, formic acid, trifluoroacetic acid (TFA), and HCl) selected as the 

modulator and the acid concentration on the UiO-66-NH2(Zr(OnPr)) properties. These 

studies suggest that the role of the acid is to regulate the nucleation rate via two-main 

mechanisms: (1) competitive coordination with the Zr
4+

 sites, and (2) adjustment of the 

deprotonation equilibrium of 2-aminoterephthalic acid (BDC-NH2). Based on this 

analysis, the synthesis procedure is extended to produce high-quality UiO-66-

X(Zr(OnPr)), where X = {–H, –NH2, –NO2, –Naph, –Anth, –Cl2, –Br, –(CH3)2, –COOH, 

–OH, and –(OH)2}. 

Chapter 8 outlines the conclusions from this overall work. Specific topics include 

the preparation of Au@UiO-66(Zr(OnPr)) via encapsulation, OSC of MOFs, the effect of 

the preparation methods on the physical and catalytic properties of Au@UiO-66, and the 

preparation of UiO-66-X(Zr(OnPr)). In addition, recommendations for future work are 

provided, including suggestions for optimizing the Au@UiO-66(Zr(OnPr)) encapsulation 

procedure and utilizing the un-optimized Au@UiO-66(Zr(OnPr)) material to explore 

alternative applications such as plasmonic-assisted photocatalysis.  

Appendix A reports a modified synthesis procedure for parent MIL-125, which 

produces porous, crystalline MIL-125. This is necessary because the previously reported 
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procedure generates an amorphous powder. In addition, AuNPs are encapsulated in MIL-

125, and the physical and catalytic properties of Au@MIL-125 are examined. 

Appendix B studies the effects of several synthesis parameters on the physical 

properties of Au@ZIF-8. In addition, CO oxidation is used to probe the potential of ZIF-

8 as an oxidation reaction support. However, Au@ZIF-8 is inactive for temperatures as 

high as 523K. 

Appendix C contains supplemental information for Chapters 3-7, including 
1
H 

NMR spectra; nitrogen sorption isotherms at 77K; tables reporting CO conversions, CO 

conversion rates, and turnover frequencies; and tabulations of CO2, CO, and O2 

adsorption at 298, 308, and 318K. The information is broken down by chapter. 

Supplemental TEM images are omitted due to length but are available upon request. 

Appendix D contains a tabulated literature review for NP@MOF. It is divided 

into two tables that review the impregnation and encapsulation reports to date. These 

tables have been continuously updated throughout the timeframe of this dissertation to 

include a majority of the NP@MOF literature.  
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CHAPTER 2 

EXPERIMENTAL MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Gold Nanoparticles (AuNPs) 

Gold nanomaterials are widely studied due to their unusual optic and catalytic 

properties, and extensive studies have led to the preparation of AuNPs with controlled 

size, shape, and structure. 
1-6

 For gold nanomaterials, the unusual optical properties occur 

upon reduction in size into the nanoscale, which causes the electrons in the conduction 

band to oscillate at a frequency within the visible region. This oscillation gives rise to the 

surface plasmon resonance (SPR) absorption, which is observed by the red coloration of 

gold nanomaterials. The SPR can be tuned by varying the size and shape of the gold 

nanomaterials, as illustrated in Figure 2.1; therefore, the geometric tuning of the AuNPs 

controls the optical properties of the materials which are useful for sensing and imaging 

applications.
1, 2

 In addition, supported AuNPs have been proven catalytically active for 

numerous oxidation; selective hydrogenation; C-C coupling; oxophilic, alkyne, and 

hydrosilane activation; and cyclization reactions.
7-9

 Moreover, the AuNP diameter often 

affects the catalytic activity and selectivity of the materials further highlighting the 

importance of geometric control of AuNPs for catalytic applications.
10, 11
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Figure 2.1: Light absorption of gold nanomaterials of various diameters and shapes. 

Reproduced from El-Sayed et al.
2
 

 

 

AuNPs with a mixed monolayer of 1-dodecanethiol (DDT) and 11-

mercaptoundecanoic acid (MUA), as illustrated in Figure 2.2, are used throughout this 

work. DDT is necessary to control the AuNP diameter during the nanoparticle synthesis, 

and MUA adds carboxylic acid functional groups for integration in the MOF. The AuNPs 

are prepared in two steps: (1) a two-phase reduction reaction followed by (2) a ligand 

place exchange. The two-phase reduction procedure, known as the “Brust-Schiffrin Two-

Phase Approach,” is previously reported and illustrated in Figure 2.3.
12

 Briefly, gold(III) 

chloride trihydrate (HAuCl4·3H2O) is transferred from an aqueous solution to an organic 

medium using the phase transfer agent, tetraoctylammonium bromide. Then, the gold salt 

is reduced using sodium borohydride (NaBH4) in the presence of DDT, producing DDT 

protected AuNPs. Multiple studies have examined the various synthesis parameters and 

shown that the diameter of the DDT capped AuNPs can be tuned by varying the DDT to 

HAuCl4·3H2O ratio, where larger ratios yield smaller AuNPs.
5
 The DDT-protected 

AuNPs are then functionalized with MUA using a ligand exchange reaction previously 

reported and outlined in Eq. 2.1
13
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-

,
m m m x

x MUA DDT AuNP x DDT MUA DDT AuNP    (2.1) 

 

where x is the number of ligands place-exchanged and m is the original number of DDT 

molecules on the AuNPs. The resulting DDT/MUA protected AuNPs are used for 

encapsulation throughout this work. 

 

 

 

 
 

Figure 2.2: Illustration of (a) AuNPs with a mixed monolayer of DDT and MUA; (b) 

structure of DDT; (c) structure of MUA 

 

 
Figure 2.3: Scheme for AuNP synthesis using the Brust-Schiffrin Two-Phase Approach 

reproduced from Sardar et al.
14
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2.1.2 Metal-Organic Frameworks (MOFs) 

2.1.2.1 UiO-66 

UiO-66, depicted in Figure 2.4, is a zirconium-based MOF that consists of 

Zr6O4(OH)4 octahedron linked by 1,4-benzenedicarboxylic acid (BDC). UiO-66 is a 

promising material due to its thermal, mechanical, and chemical resistance and 

straightforward chemical functionalization.
15-17

 UiO-66 and its analogues have been 

investigated for a multitude of applications including hydrogen storage,
18, 19

 carbon 

capture,
20, 21

 gas separation,
22, 23

 toxic industrial chemical (TIC) removal,
24-26

 drug 

delivery,
27

 heavy metal removal,
28

 degradation of chemical warfare agents (CWAs),
29-32

  

catalysis,
33-35

 and photocatalysis.
36, 37

 In addition, various methods have been explored to 

scale-up the synthesis procedure to yield large quantities of UiO-66.
38-41

  

 

 
Figure 2.4: Illustration of UiO-66 structure where zirconium atoms are blue, oxygen 

atoms are red, and carbon atoms are gray 

 

The conventional synthesis of UiO-66 uses zirconium chloride (ZrCl4), which 

generates hydrochloric acid (HCl) as a by-product during the solvothermal reaction. 

Unfortunately, HCl dissolves AuNPs, which is problematic for the encapsulation of 
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AuNPs in UiO-66. Therefore, an alternative synthesis was developed that substitutes 

ZrCl4 with zirconium propoxide (Zr(OnPr)). This alternative synthesis mixes Zr(OnPr) 

(0.227 mmol), BDC (0.454 mmol), and acetic acid (6.81 mmol) in methanol and N,N’-

dimethylformamide (DMF) at 393 K for 24 h.
42

 

 

2.1.3 MOF Composites 

2.1.3.1 Colloidal Deposition 

Preformed metal nanoparticles are deposited on the surface of MOFs using a 

colloidal deposition process. In this work, AuNPs were deposited on the surface of UiO-

66. Briefly, 40-50 mg of UiO-66 were sonicated in methanol (9.9 mL) for 5 min. Then, 

various amounts of AuNPs were added, and the mixture was stirred at room temperature 

for 24 h. 

 

2.1.3.2 Impregnation 

Metal nanoparticles are incorporated in MOFs by adding metal chlorides to the 

preformed MOF in a process designated as impregnation throughout this work. Herein, 

AuNPs are incorporated in UiO-66 using HAuCl4·3H2O. Briefly, 170 mg of UiO-66 was 

degassed at 473 K under vacuum for 16-18 h. The activated UiO-66 was stirred in a 

solution of g HAuCl4·3H2O (0.018 mmol) in methanol (40 mL) for 6 h. Then, NaBH4 

(0.178 mmol) was added to the slurry and stirred for an additional 1 h. Finally, the 

product was filtered and rinsed with methanol. 
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2.1.3.3 Encapsulation 

Metal nanoparticles can also be integrated in MOFs using an encapsulation 

technique by adding preformed metal nanoparticles to the MOF mother solution. Herein, 

preformed AuNPs, prepared as described above, were added to Zr(OnPr) (0.227 mmol), 

BDC (0.454 mmol), methanol (86.5 mmol), DMF (45.4 mmol), and glacial acetic acid 

(6.81 mmol) and stirred in a glass scintillation vial at 393 K for 24 h. Lastly, the resulting 

material was filtered and washed three times with DMF and three times with methanol. 

 

2.2 Experimental Methods 

2.2.1 Material Characterization 

Multiple characterization techniques were utilized in this work. Powder X-ray 

diffraction, nitrogen sorption at 77 K, and thermogravimetric analysis were used to 

characterize the MOF structures. In addition, microscopic techniques were utilized to 

determine the size and morphology of the materials; spectroscopic techniques were used 

to characterize the organic layer on the nanoparticles; and temperature programmed 

reduction (H2-TPR) was used to characterize the redox characteristics of the materials. 

 

2.2.1.1 Powder X-ray Diffraction 

Powder X-ray Diffraction (PXRD) is a non-destructive characterization technique 

that reveals the crystalline nature of a material. PXRD measures the constructive 

interference between the X-rays diffracted by the crystal structure relating the angle of 
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incidence, Ɵ, to the spacing between the crystal planes, d, as depicted in Figure 2.5. The 

incidence angle is related to the d-spacing via Bragg’s Equation (Eq. 2.2).
43

 

 

2 sind n   (2.2) 

 

The remaining constants, n and λ, refer to the order of diffraction and the X-ray 

wavelength, respectively. Destructive interference at specific incidence angles results in 

systematic absences, which yield information about the lattice geometry. 

 

 
Figure 2.5: Illustration of Bragg’s Law 

 

PXRD patterns throughout this work were obtained using the X’Pert Pro 

PANalytical X-ray diffractometer equipped with the X’Celerator detector. The scan uses 

a Ɵ-Ɵ scan configuration which means that the source and the detector both scan at Ɵ° 

relative to the sample pan. In this work, diffractograms were measured from 5-90°, and 

the peak positions were compared to published MOF structures to ensure the correct 

material is obtained. 
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2.2.1.2 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to determine the thermal 

degradation temperature of all materials. TGA curves were collected using the Netzsch 

STA 449 Jupiter Simultaneous TG-DSC apparatus under 20 mL/min of air or helium 

flow. Approximately 5-20 mg of material were placed in an alumina crucible with a lid 

and placed on a microbalance within the furnace. The temperature was ramped at rates 

ranging from 1-10 K/min, and the sample mass was recorded. Solvent loss and material 

degradation were determined from the mass and temperature results. 

 

2.2.1.3 Microscopy 

Transmission electron microscopy (TEM) is used to investigate the preformed 

nanoparticle geometry and the nanoparticle geometry and location within the MOF 

composites. The MOF composites are analyzed using several microscopic techniques 

including bright field TEM, scanning transmission electron microscopy-energy dispersive 

spectroscopy (STEM-EDS), and electron tomography. Figure 2.6 depicts a simple 

diagram of TEM operation and the various TEM modes. TEM operates by passing an 

electron beam through a thin sample. Bright field TEM is the most common mode of 

operation, where the image forms by the blockage and absorbance of the electrons by the 

sample. This means that thicker regions of the sample and materials with higher atomic 

numbers appear darker. STEM operates by focusing the beam on a small area and 

rastering the beam over the sample. The electrons are detected using a high-angle annular 

dark-field detector, which detects the electrons scattered by the sample. This means that 

materials with higher atomic numbers appear brighter. Electron tomography is a three-
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dimensional technique that operates by rotating the sample from -70° to 70° in STEM 

mode and acquiring a series of images in 2° intervals. Electron tomography is the most 

widely accepted technique for determining nanoparticle location for supported 

nanoparticles. Notably, many MOFs degrade under the electron beam; however, UiO-66 

does not have this limitation.
44-47

 

 

 
Figure 2.6: Illustration of TEM modes. Reproduced from MATE 6110 notes

48
 

 

TEM samples were prepared by suspending less than a milligram of sample in 

methanol or chloroform and dropcasting the sample onto a lacy carbon coated copper 

grid. TEM was conducted using the JEOL 100CX operated at 100 keV, the Hitachi 

HT7700 operated at 120 keV, and the FEI Tecnai F30 operated at 300 keV. STEM-EDS 

was run using the FEI Tecnai F30 coupled with the Oxford EDX 6763. The composition 

was measured at a specified point marked with a red circle and analyzed using TEM 

Imaging & Analysis (TIA) Software. Finally, TEM tomography was run in STEM mode 

using the FEI Tecnai F30 with a TEM tomography sample holder and FEI tomography 

software taking an image every 2°. 
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2.2.1.4 Proton Nuclear Magnetic Resonance Spectroscopy 

Proton nuclear magnetic resonance (
1
H NMR) spectroscopy is used to 

characterize the organic monolayer on the AuNPs. 
1
H NMR spectra were collected using 

a Varian Mercury Vx 300. Approximately 5-10 mg of AuNPs were suspended in 1 mL of 

chloroform-d or dimethyl sulfoxide-d6. The spectrum was an average of 64 scans 

measured from -2 to 14 ppm. The number of scans necessary was dependent on the 

amount of sample. The spectra were analyzed using MestReNova Lite software. 

 

2.2.1.5 Temperature Programmed Reduction 

Temperature programmed reduction (H2-TPR) was performed using the 

Micromeritics AutoChem II 2920. Approximately 30-50 mg of material were loaded into 

a quartz U-tube reactor. Prior to the H2-TPR experiment the samples were heated at 473 

K for 1 h under helium flow to remove any water and solvent. The H2-TPR experiment 

ramped the temperature from 323 K to 673 K at 5 K/min under a stream of 10% H2 in 

helium for UiO-66 and subsequent composites. UiO-66 decomposes at temperatures 

exceeding 673 K under 10% H2 in helium; therefore, the temperature ramp was 

terminated in order to protect the detector from the decomposition components. For metal 

oxides and metal oxide composites, the temperature was ramped from 323 K to 1073 K at 

5 K/min. In addition, before the H2-TPR analysis for some samples, there was a 

calcination step, which consisted of flowing a stream of 10% oxygen in helium at 523 K 

for 2 h, then cooling the sample to 323 K under helium before beginning the H2-TPR 

experiment. 
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2.2.2 Adsorption Measurements 

2.2.2.1 Nitrogen Sorption at 77 K 

Nitrogen sorption measurements at 77 K were obtained using a Quantachrome 

Quadrasorb SI and a Quantachrome Quadrasorb Evo volumetric analyzer. The isotherms 

were measured over a range of relative pressures from 0.003 to 0.990 using high purity 

nitrogen (99.998%) obtained from Airgas. Prior to the measurement, the samples were 

outgassed in a Quantachrome FloVac Degasser at temperatures ranging from 383-473 K 

under dynamic vacuum. The sample was backfilled with nitrogen; the activated mass was 

measured and used to normalize the uptake. 

The specific surface area of the materials was modeled using the Brunauer, 

Emmett, and Teller (BET) theory which models multilayer adsorption of gases on 

surfaces near the gas condensation temperature.
49

 There are five main assumptions used 

to derive the BET theory. First, it is assumed that the non-dissociative adsorption of a 

molecule only occurs on well-defined surface sites. Secondly, an adsorbed molecule can 

act as a single adsorption site for molecules in the upper layers. Third, the uppermost 

adsorbate layer is at equilibrium with the gas phase meaning that the rate of adsorption is 

equal to the rate of desorption. This is represented in Eq. 2.3 
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where P is pressure, S0, S1, S2, Si-1, Si represent the surface area covered by layer i of 

adsorbate, E1, E2, E3, Ei is the heat of adsorption of layer i, and a1, a2, a3, ai and b1, b2, b3, 

bi are constants. Fourth, heat is required to activate the adsorption/desorption process. 

The heat of adsorption for the first layer, represented as E1, is the heat of adsorption of 

the adsorbate on the surface. The heats of adsorption for the second and higher layers are 

similar and assumed to be the same as the condensed phase. This is shown in Eq. 2.4 

 

2 3 ... i LE E E E     (2.4) 

 

where EL represents the heat of liquefaction of the adsorbate. Finally, it is assumed that at 

the saturation pressure an infinite number of layers exist on the adsorbent surface. Using 

these assumptions the final isotherm model is calculated and reported in Eq. 2.5: 

 

 0 0
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 (2.5) 

 

where v is the total volume adsorbed, vm is the volume of the adsorbed monolayer, 0/P P  

is the relative pressure of the system, and c is a constant. Eq. 2.5 is fit to experimental 

data by plotting  0/P v P P  versus 0/P P  over the relative pressure range of 0.05 ≤ 

0/P P  ≤ 0.3, and the resulting line has a y-intercept of 1/ mv c  and a slope of  1 / mc v c . 

From this information, the BET surface area is calculated using Eq. 2.6: 

 

,m Av
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where NAv is Avogadro’s number, a is the cross-sectional area of the adsorbate, and 

msample is the mass of the sample. 

However, layer-by-layer adsorption is not realistic in MOFs, rather it has been 

suggested that adsorption occurs via a pore-filling mechanism.
50

 In order to for the BET 

model to be applied to MOFs, four consistency criteria must be met: (1) the pressure 

range used must have a  0v P P  that increases with 0/P P ,
51, 52

 (2) the y-intercept of 

the linear region must be positive to yield a meaningful c value,
51, 52

  (3) the monolayer 

loading, vm, should correspond to a relative pressure, P/P0, within the selected range, and 

(4)  1 1c   should be equal to the relative pressure corresponding to the vm from 

criterion 3. Based on these criteria, a relative pressure range of 0.005 ≤ 0/P P  ≤ 0.03 is 

typically valid, but all parameters must be verified.
50

 In addition, even when the 

consistency criteria are satisfied, the BET calculation can overestimate the monolayer 

loading in MOFs with mesopores (pore diameter ≥ 2 nm) and large micropores (pore 

diameter = 1-2 nm) due to an overlap of the pore-filling and monolayer regimes. For 

MOFs with small micropores (pore diameter ≤ 1 nm), BET theory calculates the true 

monolayer loading because it is equal to the saturation loading.
53

 

 

2.2.2.2 Equilibrium Adsorption Isotherms 

Adsorption isotherms at temperatures less than 343 K and at pressures up to 5 bar 

were collected using a home-built volumetric adsorption system. Figure 2.7 illustrates a 

single cell of the home-built system. The entire system consists of two cells, so two 

samples can be run simultaneously.  
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Figure 2.7: Illustration of home-built volumetric adsorption system 

 

Prior to an isotherm measurement, the samples were outgassed in-situ using heat 

tape that is controlled with a PID controller. During an isotherm measurement, the 

sample and reference cells were immersed in a water bath to maintain the temperature set 

point. For each pressure point, the reference cell was dosed with the adsorbate, allowed to 

reach thermal equilibrium, and the pressure was recorded. Next, the valve to the sample 

cell was opened, the gas entered the sample cell, and the valve was closed. When the 

pressure reached equilibrium, the pressure in the reference cell and sample cell was 

recorded. This procedure was repeated at intervals throughout 0 ≤ P ≤ 5 bar. Upon 

completion of the experiment, the uptake was calculated using a mass balance and the 

Peng-Robinson equation of state (Eq. 2.7-2.12). 
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where P is pressure, T is temperature, V is volume, n is moles, ω is a gas constant, and Tc 

and Pc represent critical temperature and pressure, respectively. Table 2.1 reports the 

Peng-Robinson constants used herein. For samples that require calcination before the 

isotherm measurement, the material was outgassed under vacuum at 473 K for 16-18 h to 

remove excess water and solvent. Next, the temperature was ramped to 523K, air was 

backfilled into the cells up to approximately 1 bar, and the sample was calcined for 2 h. 

Finally, the samples were cooled to room temperature under vacuum and transferred to 

the water bath to begin the isotherm as described previously.  

 

Table 2.1: Peng-Robinson constant values obtained from Smith, Van Ness, and Abbott
54

 

Molecule ω Tc (K) Pc (bar) 

CO2 0.224 304.2 73.83 

O2 0.022 154.6 50.43 

CO 0.048 132.9 34.99 

 

2.2.3 Catalytic Activity 

2.2.3.1 Packed Bed Reactor 

CO oxidation experiments were performed using a packed bed reactor with the 

outlet connected to a Hiden DSMS (Figure 2.8). Approximately 20-40 mg of sample 

were packed into the stainless steel sample cell and balanced with glass wool to minimize 

the pressure drop through the bed. There are three mass flow controllers (MFCs); two 
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have a maximum flow rate of 100 mL/min and are used for air and either helium or 

nitrogen, and the third has a maximum flow rate of 10 mL/min and controls the CO flow. 

Before each catalytic experiment, the sample is activated with helium at 473 K for 16-18 

h, and then calcined in air at 523 K for 2 h. After cooling to the reaction temperature 

under air flow, 1% CO in air flowed through the system at a total flow rate of 40 mL/min. 

 

 
Figure 2.8: Illustration of the packed bed reactor setup 
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CHAPTER 3 

AN ALTERNATIVE UIO-66 SYNTHESIS FOR HCl-SENSITIVE 

NANOPARTICLE ENCAPSULATION 

Reproduced (adapted) from Tulig, K.; Walton, K. S., An alternative UiO-66 synthesis for 

HCl-sensitive nanoparticle encapsulation. RSC Advances 2014, 4 (93), 51080-51083. 

3.1 Introduction 

Metal and metal oxide nanomaterials are of increasing interest due to their 

unusual optical, electrical, thermal, magnetic, and catalytic properties that make them 

advantageous in semiconductors, sensing, imaging, and catalysis.
1-3

 Research has led to 

the tailoring of these properties via controlled synthesis of nanomaterials to manipulate 

size, shape, composition, and structure.
4-6

 However, the high surface-area-to-volume ratio 

often makes nanomaterials such as metallic nanoparticles unstable, even under ambient 

conditions. To solve this issue, nanoparticles are often supported either by a polymer 

shell or on porous materials to retain their size and shape. Typical porous supports limit 

aggregation, but they do not protect the nanomaterials from poisons that will alter the 

material properties. For instance, organosulphur compounds strongly bind to many 

nanoparticle surfaces blocking active catalysis sites. Confinement within microporous 

supports filters out such poisons and protects the particles.
7
  

Metal-organic frameworks (MOFs) are micro-to-mesoporous, crystalline 

materials consisting of metal or metal oxide clusters connected by organic linkers. Their 

high surface areas and pore volumes, uniform pore size distributions, and chemical 

tunability give them potential in applications such as gas storage and separation, drug 
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delivery, biomedical imaging, air purification, and catalysis.
8, 9

 Using MOFs as a support 

for nanoparticles, specifically confining the nanoparticles within the structure to create 

MOF composites, allows us to exploit the chemical and physical properties of the 

nanomaterials and the selectivity of the MOFs. There have been several MOF 

composites, created by either impregnation or encapsulation of nanoparticles, reported to 

date.
10, 11

 Impregnation describes the production of the nanoparticles within the MOF 

pores, while encapsulation indicates that the MOF crystallizes around preformed 

nanoparticles. Huo et. al used encapsulation to successfully incorporate a wide range of 

nanoparticles in ZIF-8 and demonstrated good spatial control of the nanoparticles, 

improving the catalytic, magnetic, and photoluminescent properties of the parent 

structure.
12

 Synthetic control over the spatial location of the nanomaterials is paramount 

for extending the applicability of MOF composites for catalysis, sensing, photovoltaics, 

and microelectronics.
13-16

 The expansion of this controlled encapsulation technique to a 

wide variety of MOFs will open the door for the creation of designer-specific supports.  

UiO-66 is a zirconium-based MOF composed of Zr6O4(OH)4 clusters linked by 

1,4-benzenedicarboxylic acid. It is thermally stable, mechanically and chemically 

resistant, and easily tuned.
17-20

 Unfortunately, the synthesis of UiO-66 produces 

hydrochloric acid (HCl), which is problematic when encapsulating metal or metal oxide 

nanoparticles. For instance, gold nanoparticles are widely studied and have interesting 

optic and catalytic properties,
21

 but they easily dissolve in HCl. In fact, HCl either reacts 

with, or dissolves, numerous metal or metal oxide nanoparticles with favorable 

properties.
22-25

 Férey et al. have reported an alternative procedure using a zirconium 

methacrylate secondary building unit (SBU), yielding UiO-66 with reduced crystallinity 
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and porosity.
26

 However, the synthesis of the SBU precursor requires air sensitive 

materials and is time intensive.
27

 Herein, we report an alternative procedure to synthesize 

UiO-66 with equivalent crystallinity, porosity, thermal stability, and chemical resistance 

without forming HCl. A demonstration of this new method is also presented for the 

encapsulation of HCl-sensitive gold nanoparticles. 

 

3.2 Experimental Methods 

3.2.1 Synthesis Procedures 

3.2.1.1 UiO-66(ZrCl4) and UiO-66(Zr(OnPr)) 

All chemicals were obtained commercially (Sigma-Aldrich and Fisher Scientific) 

and used as obtained. UiO-66(ZrCl4) was synthesized following procedures reported 

previously.
17

 Briefly, zirconium chloride (ZrCl4) (0.227 mmol) and 1,4-

benzenedicarboxylic acid (BDC) (0.227 mmol) were dissolved in N,N’-

dimethylformamide (DMF) (340  mmol) in a glass scintillation vial. The mixture was 

then stirred at 393 K for 24 h in a silicone oil bath. The solution was allowed to cool to 

room temperature, then soaked with fresh DMF overnight three times. Finally, the 

solution was exchanged with fresh methanol (MeOH) three times. Figure 3.1 shows that 

when AuNPs were added to the reaction slurry they dissolved within 2 min. 

UiO-66(Zr(OnPr)) was synthesized by stirring a mixture of 70% solution of 

zirconium(IV) propoxide in n-propanol (Zr(OnPr)) (0.227 mmol), BDC (0.454 mmol), 

methanol (86.5 mmol), DMF (45.4 mmol), and glacial acetic acid (6.81 mmol) in a glass 

scintillation vial at 393 K for 24 h. The material was washed the same as UiO-66(ZrCl4).  
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Several synthesis parameters were varied: (1) temperature, solvent ratio, and time; 

acetic acid:Zr(OnPr) ratio; and (3) acetic acid was exchanged with nitric acid and benzoic 

acid. Table 3.1 reports the synthesis procedures used to determine the effect of 

temperature, solvent ratio, and time. In addition, Table 3.2 reports the synthesis 

conditions used to probe the effect of the acetic acid:Zr(OnPr) ratio. Lastly, acetic acid 

was exchanged with nitric acid (0.023 mmol) yielding a mother solution with a pH of 1.5 

and with benzoic acid (6.81 mmol) yielding a solution with a pH of 3.6. Both sets of 

conditions, when coupled with acetic acid (pH of 1.5 and 30:1 ratio of organic acid to 

Zr(OnPr), yield porous, crystalline UiO-66. 

 

Table 3.1: Temperatures, solvents, and times used to synthesize UiO-66(Zr(OnPr))  

Sample 

 

Zr(OnPr) 

(mmol) 

BDC 

(mmol) 

Acetic 

Acid 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 
T (K) 

Time 

(h) 

MeOH, 393K, 24 h 0.227 0.454 6.81 173 0 393 24 

MeOH, 393K, 48 h 0.227 0.454 6.81 173 0 393 48 

MeOH, 393K, 72 h 0.227 0.454 6.81 173 0 393 72 

MeOH:DMF, 393K, 24 h 0.227 0.454 6.81 86.5 45.4 393 24 

MeOH:DMF, 393K, 48 h 0.227 0.454 6.81 86.5 45.4 393 48 

MeOH:DMF, 393K, 72 h 0.227 0.454 6.81 86.5 45.4 393 72 

DMF, 393K, 24 h 0.227 0.454 6.81 0 90.8 393 24 

DMF, 393K, 48 h 0.227 0.454 6.81 0 90.8 393 48 

DMF, 393K, 72 h 0.227 0.454 6.81 0 90.8 393 72 

MeOH, 343K, 24 h 0.227 0.454 6.81 173 0 343 24 

MeOH, 343K, 48 h 0.227 0.454 6.81 173 0 343 48 

MeOH, 343K, 72 h 0.227 0.454 6.81 173 0 343 72 

MeOH:DMF, 343K, 24 h 0.227 0.454 6.81 86.5 45.4 343 24 

MeOH:DMF, 343K, 48 h 0.227 0.454 6.81 86.5 45.4 343 48 

MeOH:DMF, 343K,72 h 0.227 0.454 6.81 86.5 45.4 343 72 

DMF, 343K, 24 h 0.227 0.454 6.81 0 90.8 343 24 

DMF, 343K, 48 h 0.227 0.454 6.81 0 90.8 343 48 

DMF, 343K,72 h 0.227 0.454 6.81 0 90.8 343 72 

MeOH, RT, 24 h 0.227 0.454 6.81 173 0 RT 24 

MeOH, RT, 48 h 0.227 0.454 6.81 173 0 RT 48 

MeOH, RT, 72 h 0.227 0.454 6.81 173 0 RT 72 

MeOH:DMF, RT, 24 h 0.227 0.454 6.81 86.5 45.4 RT 24 

MeOH:DMF, RT, 48 h 0.227 0.454 6.81 86.5 45.4 RT 48 

MeOH:DMF, RT, 72 h 0.227 0.454 6.81 86.5 45.4 RT 72 

DMF, RT, 24 h 0.227 0.454 6.81 0 90.8 RT 24 

DMF, RT, 48 h 0.227 0.454 6.81 0 90.8 RT 48 

DMF, RT, 72 h 0.227 0.454 6.81 0 90.8 RT 72 
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Table 3.2: Various acetic acid concentrations used to synthesize UiO-66(Zr(OnPr))  
Acetic 

Acid:Zr(OnPr) 
pH 

Acetic Acid 

(mmol) 

Zr(OnPr) 

(mmol) 

BDC 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 

Temp 

(K) 

Time 

(h) 

0 8.3 0.000 0.227 0.454 86.5 45.4 393 24 

1 6.1 0.227 0.227 0.454 86.5 45.4 393 24 

7.5 5.1 1.703 0.227 0.454 86.5 45.4 393 24 

15 4.4 3.405 0.227 0.454 86.5 45.4 393 24 

30 4.1 6.810 0.227 0.454 86.5 45.4 393 24 

60 3.4 13.620 0.227 0.454 86.5 45.4 393 24 

120 2.5 27.240 0.227 0.454 86.5 45.4 393 24 

240 2.1 54.480 0.227 0.454 86.5 45.4 393 24 

480 1.3 108.960 0.227 0.454 86.5 45.4 393 24 

 

3.2.1.2 AuNPs and Au@UiO-66 

Gold nanoparticles (AuNPs) capped with 1-dodecanethiol (DDT) were prepared 

using a previously reported procedure.
28

 A solution of tetraoctylammonium bromide 

(0.728 mmol) in toluene (40 mL) was added to a solution of gold(III) chloride trihydrate 

(0.314 mmol) in water (20 mL). The mixture was stirred for 30 min. Then, DDT (0.314 

mmol) was added, followed by a solution of sodium borohydride (NaBH4) (3.14 mmol) 

in water (10 mL). The solution was stirred vigorously for 3 h and washed with copious 

amounts of water. The organic phase was separated and reduced to approximately 10 mL 

under vacuum at 298K. Next, 100 mL of methanol was added and the particles 

precipitated overnight. The solvent was decanted and the particles were washed twice 

more with copious amounts of methanol. Finally, the DDT monolayer was place-

exchanged with 11-mercaptoundecanoic acid (MUA) (0.154 mmol) and washed with 

toluene.
29

 The AuNPs were then added to the UiO-66(Zr(OnPr)) mother solution and 

stirred at 393 K for 24 h. Figure 3.2 shows the color difference between UiO-

66(Zr(OnPr)) and Au@UiO-66(Zr(OnPr)) which suggests that AuNPs are present in 

Au@UiO-66(Zr(OnPr)). 
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Figure 3.1: Images of AuNP-DDT/MUA in UiO-66(ZrCl4) mother solution (a) initially 

and (b) after 2 min at 393 K 

 

  
Figure 3.2: Images of (a) UiO-66(Zr(OnPr)) and (b) Au@UiO-66(Zr(OnPr)) 

 

3.2.2 Material Characterization 

Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X-

ray diffractometer. Approximately 5 mg of sample were placed on a low background 

sample holder and scanned from 5-50°. The obtained diffractograms were compared to 

the simulated pattern to confirm the UiO-66 structure was obtained.  

Thermogravimetric analysis (TGA) data were collected using the Netzsch STA 

449 Jupiter Simultaneous TG-DSC apparatus. Approximately 10 mg of material were 

placed in an Al2O3 crucible and ramped at 5 K/min to 1073 K under helium flow at 20 

mL/min. TGA analysis was used to determine the thermal degradation temperature of the 

materials.  

Nitrogen sorption measurements at 77 K were completed using a Quantachrome 

Quadrasorb SI volumetric analyzer. The isotherms were measured over a range of 
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relative pressures from 0.003 to 0.990 using high purity nitrogen (99.998%) obtained 

from Airgas. Prior to the measurement, the samples were outgassed in a Quantachrome 

FloVac Degasser at 473 K under dynamic vacuum for approximately 18 h. The surface 

areas were calculated using the Brunauer, Emmett, and Teller (BET) theory using relative 

pressures ranging from 0.005-0.03 and the total pore volume was calculated at a relative 

pressure (P/P0) of 0.6.  

Transmission Electron Microscopy (TEM) and Scanning Transmission Electron 

Microscopy-Energy Dispersive Spectroscopy (STEM-EDS) were used to analyze the 

original AuNPs and Au@UiO-66. The samples were prepared by suspending less than 1 

mg in solution and drop-casting onto a lacy carbon coated copper grid. The AuNPs were 

analyzed using the JEOL 100CX II operated at 100 keV. Au@UiO-66 was analyzed 

using the FEI Tecnai F30 operated at 300 keV and EDS spectra were acquired using the 

Oxford EDX 6763. The composition was measured at a specified point marked with a red 

circle and analyzed using TEM Imaging & Analysis (TIA) Software. The FEI Tecnai F30 

is supported by funding DMR 0922776.  

Proton nuclear magnetic resonance (
1
H NMR) spectroscopy was measured on a 

Varian Mercury Vx 300. The samples were prepared by suspending approximately 10 mg 

of AuNPs in 1 mL of dimethyl sulfoxide-d6. 
1
H NMR data were used to determine the 

composition of the organic monolayer on the AuNPs. 

 

3.3 Results and Discussion 

The conventional synthesis of UiO-66(ZrCl4) is a solvothermal method whereby a 

mixture of ZrCl4 and BDC in DMF are heated at 393 K for 24 h.  HCl is produced during 
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the reaction. To avoid this HCl formation, we have developed an alternative synthesis 

using a mixture of Zr(OnPr), BDC, acetic acid, MeOH, and DMF. A systematic study 

was performed to evaluate the impact of various MeOH:DMF ratios, synthesis 

temperatures (298 K – 393 K), and reaction times (24 h – 72 h) on the synthesis of UiO-

66 (Tables 3.1 and 3.2).  The results of these experiments are shown in Figure 3.3. At 

room temperature, UiO-66(Zr(OnPr)) crystals do not form. However, at 343 K and 393 

K, crystals form in both DMF and a mixture of MeOH:DMF = 1.9 but not in pure 

methanol. Figure 3.4a shows the PXRD patterns of UiO-66(Zr(OnPr)) for the case of 

MeOH:DMF = 1.9 and acetic acid:Zr(OnPr) = 30 carried out at 393 K for 24 h. The 

PXRD patterns match very well the simulated UiO-66 pattern. In addition, the BET 

surface area, shown in Table 3.3, is comparable to UiO-66(ZrCl4). PXRD and BET 

analysis prove this alternative synthesis yields porous, high-quality UiO-66 crystals. TGA 

analysis confirms thermal stability of UiO-66(Zr(OnPr)) up to 783 K (Figure 3.5). 

Finally, the water resistance of UiO-66(Zr(OnPr)) is confirmed by soaking activated 

samples in water for 24 h. The combination of PXRD (Figure 3.4b) and BET surface area 

analysis (Table 3.3) shows that the crystal structure and porosity remain intact after water 

exposure. Therefore, this alternate synthesis using Zr(OnPr) produces UiO-66 crystals 

with porosity, thermal stability, and water resistance that are comparable to the 

conventionally synthesized samples. 
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Figure 3.3: PXRD patterns of UiO-66(Zr(OnPr)) with varying solvents and times at (a) 

room temperature (b) 343 K and (c) 393 K 

 

  
Figure 3.4: PXRD patterns of simulated UiO-66, UiO-66(ZrCl4), UiO-66(Zr(OnPr)), and 

Au@UiO-66(Zr(OnPr)) (a) as-synthesized and (b) after 24 h of exposure to liquid H2O 

 

Table 3.3: BET Surface Area Comparison

Sample 

As-Synthesized After H2O Exposure 

BET Surface 

Area (m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

BET Surface 

Area (m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

UiO-66(ZrCl4) 1118 0.48 1103 0.48 

UiO-66(Zr(OnPr)) 1155 0.56 1119 0.47 

Au@UiO-66(Zr(OnPr)) 1061 0.47 1050 0.46 
a
Measured at P/P0 = 0.6 
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Figure 3.5: TGA curves of UiO-66(ZrCl4), UiO-66(Zr(OnPr)), and Au@UiO-

66(Zr(OnPr))  

 

Using the MeOH:DMF ratio specified above at 393 K for 24 h, a systematic study 

of the effect of acetic acid:Zr(OnPr) ratio on crystal formation and porosity was 

conducted, and acetic acid was found to be critical for UiO-66(Zr(OnPr)) crystallization 

(Figure 3.6a). An acetic acid:Zr(OnPr) ratio of at least 15:1 is necessary for UiO-

66(Zr(OnPr)) crystal formation. Figure 3.7 shows the relationship between the ratio of 

acetic acid:Zr(OnPr), pH, and BET surface area of UiO-66(Zr(OnPr)). At an acetic 

acid:Zr(OnPr) ratio of 15:1, UiO-66 crystals form, as shown by PXRD, but the BET 

surface area is reduced. As the ratio of acetic acid:Zr(OnPr) increases to 30:1, the BET 

surface area is comparable to UiO-66(ZrCl4). There are three possible reasons acetic acid 

is necessary to drive UiO-66(Zr(OnPr)) crystallization: (1) it creates an acidic 

environment (pH), (2) it forms a zirconium acetate precursor, or (3) it acts as a 

modulator, slowing nucleation through competitive coordination and increasing crystal 

growth. In order to determine the most likely reason acetic acid is required, we performed 

the same experiments with nitric acid (HNO3) or benzoic acid instead of acetic acid. The 
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data in Figure 3.7 show that a pH between 1.3 and 4 yield highly crystalline, high-surface 

area UiO-66. The substitution of HNO3 yields a mother solution with a pH of 1.5, well 

within the successful pH range observed for the acetic acid case, but produces a non-

crystalline material after reaction (Figure 3.6b).  Therefore, crystallization is not purely 

dependent on the pH of the mother solution. On the other hand, exchanging acetic acid 

for benzoic acid, another known modulator,
30

 yields crystalline UiO-66 (Figure 3.6b) 

with a high surface area of 1307 m
2
/g (Table 3.4). This suggests that modulation is 

necessary for the particles to reach the critical size for measurable crystallization. Thus, 

we can infer that the key role of acetic acid is to modulate the growth. The acetic acid 

competitively coordinates to zirconium ions in solution, which slows nucleation and 

increases growth so UiO-66 particles reach a critical diameter with measurable 

periodicity and significant porosity. 

 

  
Figure 3.6: PXRD patterns of UiO-66(Zr(OnPr)) prepared by (a) varying acetic 

acid:Zr(OnPr) ratio and (b) substituting nitric acid and benzoic acid 
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Figure 3.7: Relationship between acetic acid:Zr(OnPr), pH, and BET surface area. The 

closed and open points represent crystalline and non-crystalline materials, respectively 

 

Table 3.4: BET surface areas using nitric acid and benzoic acid 

Acid 
BET Surface 

Area (m
2
/g) 

Total Pore Volume 

(cm
3
/g)

a
 

HNO3 358 0.22 

Benzoic Acid 1307 0.62 
a
Measured at P/P0 = 0.6 

 

To test the capability of this synthesis with HCl-sensitive materials, we 

encapsulated gold nanoparticles (AuNPs) in UiO-66(Zr(OnPr)). The encapsulation 

procedure entails growing the MOF from preformed functionalized AuNPs. First, AuNPs 

3.1±0.6 nm in diameter are synthesized as previously reported.
28, 29

 They are stabilized in 

solution using a mixed monolayer consisting of MUA:DDT in a 2:1 ratio. TEM is used to 

determine the AuNP diameter (Figure 3.8a) and 
1
H NMR confirms and quantifies the 

mixed monolayer on the AuNPs (Figure 3.8b). In Figure 3.8b, the broad peaks are 

characteristic of ligands bound to a surface. The T2 relaxation time accelerates when an 

organic is bound to a surface.
5
 Therefore, the lack of coupling suggests that all of the 

ligands are bound to the AuNP surface. Additionally, the composition of the monolayer is 

confirmed by analyzing the characteristic peak positions. DDT has a unique peak at 0.84 
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ppm associated with –CH3 and MUA has a characteristic peak at 2.13 ppm for –

CH2COOH. These preformed AuNPs are then added to the UiO-66(Zr(OnPr)) mother 

solution and the mixture is heated to 393 K for 24 h.  

Figure 3.4a shows that the PXRD pattern of Au@UiO-66(Zr(OnPr)) matches the 

simulated pattern for UiO-66. Therefore, adding AuNPs to the mother solution does not 

affect the structure. The BET surface area for the composite, reported in Table 3.3, is also 

comparable to the parent UiO-66. The slight loss in specific internal surface area is 

expected with the addition of dense, non-porous materials. Normalizing the surface area 

by UiO-66, rather than the composite, yields a BET surface area similar to the parent. 

This suggests that the reduced surface area of the composite is due to the increased 

material density rather than pore blockage by the AuNPs. Additionally, the composite is 

thermally stable up to 813 K (Figure 3.5) and retains its structure and porosity after water 

exposure (Figure 3.4b and Table 3.3). PXRD, nitrogen sorption at 77K, and TGA 

analysis show that incorporating AuNPs in the synthesis does not affect UiO-

66(Zr(OnPr)) structure, porosity, thermal stability, or water resistance. 

 

  
Figure 3.8: (a) TEM image and (b) 

1
H NMR spectrum of as-synthesized AuNP-

DDT/MUA 
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TEM and STEM-EDS are used to analyze AuNP size, distribution, location, and 

composition (Table 3.5). Figure 3.9 shows that there are AuNPs 16.2±4.6 nm in diameter 

scattered non-uniformly throughout the sample, suggesting that the AuNPs grow 

significantly during the synthesis. Additionally, there are several particles that are clearly 

anchored to the surface of the support, resting on both the UiO-66 particle and the TEM 

grid. However, the spatial location of the bulk of the nanoparticles is inconclusive due to 

the two dimensional nature of TEM. The significant AuNP growth, surface-attached 

AuNPs, and non-uniform AuNP dispersion suggest a need for an optimized encapsulation 

procedure. 

 

  

Figure 3.9:  (a) TEM and (b) STEM-EDS images of Au@UiO-66(Zr(OnPr)) 

 

Table 3.5: EDS analysis of Au@UiO-66(Zr(OnPr)) at red dot in Figure 3.9b 

Element Weight Percentage 

C(K) 39.95 

O(K) 7.89 

Cu(K) 11.03 

Zr(K) 14.88 

Au(L) 26.22 
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3.4 Conclusions 

In summary, we have demonstrated an alternative UiO-66 synthesis procedure for 

HCl-sensitive materials for the encapsulation of AuNPs in UiO-66. This alternative 

procedure yields porous crystals with comparable properties to the conventional synthesis 

procedure, specifically, porosity, thermal stability and water resistance. We have 

demonstrated that UiO-66(Zr(OnPr)) crystallization is dependent on the addition of a 

modulator such as acetic acid. This dependence suggests that crystallization of UiO-

66(Zr(OnPr)) is limited by crystal growth yielding insight for further crystallization 

control. The alternative procedure also allows AuNPs to be included in the mother 

solution in order to encapsulate them within the framework. This method lays the 

groundwork for the controlled synthesis of HCl-sensitive UiO-66 composites with 

potential for catalysis, sensing, gas storage and separation, photovoltaics, and 

microelectronics. 
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CHAPTER 4 

STATIC OXYGEN STORAGE CAPACITY AND CATALYTIC 

ACTIVITY OF METAL-ORGANIC FRAMEWORK SUPPORTED 

GOLD NANOPARTICLES 

4.1 Introduction 

Supported gold nanoparticles (AuNPs) have garnered a lot of attention due to 

their enhanced catalytic abilities for many reactions such as hydrogenation, oxidation, 

and reduction reactions.
1-3

 Specifically, supported AuNPs catalysts are exceptionally 

active for carbon monoxide (CO) oxidation at temperatures well below ambient 

temperature.
4, 5

 CO is an odorless, toxic gas that is hazardous to human health and the 

environment at low concentrations. Catalysts capable of low-temperature selective 

oxidation of CO are ideal for filtration devices including gas masks, air purification 

systems, and fuel cells, where CO is a common poison.
6
 Extensive studies have probed 

the catalytic activity for CO oxidation over AuNPs supported on metal oxides. There are 

several key factors that contribute to the catalytic activity including AuNP size, shape, 

and oxidation state; metal-support interactions; activation conditions; support 

reducibility; and the oxygen storage capacity of the support.
7-13

 Many other studies have 

shown catalytic abilities of AuNPs supported on or in porous materials including zeolites, 

carbon nanotubes, and metal-organic frameworks (MOFs).
14-16

 However, aside from 

common metal oxides, there is a dearth of studies that focus on determining the 

importance of the specific support. 
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MOFs are crystalline, nanoporous materials that consist of metal oxide centers 

connected via organic linkers. Advantages of MOFs include high surface areas and pore 

volumes, uniform pore sizes, and chemical tunability.
17-19

 MOFs are currently being 

explored as catalyst supports for hydrogenation, oxidation, and photocatalytic 

reactions.
20-22

 Several MOF systems have been explored as catalyst supports for CO 

oxidation including ZIF-8, ZIF-67, MOF-5, CPL-2, MIL-101, Al-MIL-53, and UiO-66.
21, 

23-27
 Among these, AuNPs were supported by ZIF-8, CPL-2, and UiO-66, and CO 

oxidation was probed.
21, 25, 26

 Interestingly, Au@CPL-2, under the conditions used, did 

not oxidize CO or H2, possibly due to a lack of oxygen vacancy sites at the AuNP-CPL-2 

interface.
26

 However, both Au@ZIF-8 and Au@UiO-66 proved active for CO oxidation 

suggesting that not all MOFs lack oxygen vacancy sites.
21, 25

 In this work, the catalytic 

activity of the AuNPs on UiO-66 is further probed to determine the specific effect that the 

UiO-66 support has on CO oxidation. Extensive characterization and catalytic studies are 

performed to determine the fundamental role that the support plays in CO oxidation. 

UiO-66 is a zirconium-based MOF consisting of Zr6O4(OH)4 centers connected 

by 1,4-benzenedicarboxylic acid linkers.
28

 Its potential stems from its thermal stability up 

to 813 K, mechanical resistance, acid and base resistance, stability in humid 

environments, and straightforward functionalization.
28-31

 In this work, we use UiO-66 to 

determine the potential of MOFs as catalyst supports for CO oxidation. By comparing 

AuNPs supported on UiO-66 to AuNPs supported on titanium dioxide (TiO2) and 

zirconium dioxide (ZrO2), we can probe the effect of the support and determine the 

support attributes necessary to promote CO oxidation. Additionally, this information 

gives insight into the reaction mechanism for CO oxidation over MOF-supported AuNPs. 
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Iijima et al. showed that the support plays an important role in catalytic CO 

oxidation and subsequent studies have examined this effect in depth.
5, 13, 32, 33

 The 

enhanced catalytic activity of AuNPs on various supports is often attributed to the 

reducibility and oxygen storage capacity (OSC) of the support.
12, 13

 Furthermore, 

improved OSC is attributed to the support reducibility, oxygen vacancy sites, structural 

distortion and coordination environment alterations, and crystal structure.
13, 34-36

 

In the present study, preformed AuNPs are deposited on UiO-66, TiO2, and ZrO2, 

and the CO oxidation capabilities are analyzed. The supported AuNPs are characterized 

using transmission electron microscopy (TEM), inductively coupled plasma (ICP) 

emission spectroscopy, and temperature programmed reduction (H2-TPR) to show that 

the AuNPs are comparable across the various supports, which equalizes the AuNP effect 

and allows an accurate assessment of the support effect. The composites and parent 

supports are also probed to determine the controlling attributes of the supports. 

 

4.2 Experimental Methods 

All chemicals were obtained commercially (Sigma Aldrich, VWR, Fisher 

Scientific, and City Chemical) and used without further purification. AuNPs capped with 

1-dodecanethiol (DDT) and 11-mercaptoundecanoic acid (MUA) were prepared using a 

two-step process: (1) the synthesis of DDT capped gold nanoparticles (AuNP-DDT) 

followed by (2) a ligand exchange with MUA. AuNP-DDT were prepared using a 

previously reported procedure.
37

 A solution of tetraoctylammonium bromide (0.728 

mmol) in toluene (40 mL) was mixed with a solution of gold(III) chloride trihydrate 

(0.314 mmol) in water (20 mL) and stirred for 30 min. Next, DDT (0.314 mmol) was 
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added, and the mixture was stirred for 30 min. Finally, a solution of sodium borohydride 

(NaBH4) (3.14 mmol) in water (10 mL) was added and the mixture was rigorously stirred 

for 3 h. The product was washed with de-ionized water, the organic phase separated, and 

the AuNP-DDT were precipitated from methanol three times. The ligand exchange 

entailed stirring AuNP-DDT (3 mg/mL) and MUA (0.154 mmol) in toluene for 72 h and 

washing the product three times with toluene.
38

 The resulting mixed ligand product will 

be referred to as AuNP throughout this work. 

UiO-66 was synthesized as previously reported.
39

 Briefly, zirconium(IV) 

propoxide (0.227 mmol), 1,4-benzenedicarboxylic acid (0.454 mmol), methanol (86.5 

mmol), N,N’-dimethylformamide (45.4 mmol), and glacial acetic acid (6.81 mmol) were 

stirred in a glass scintillation vial at 393 K for 24 h in a silicone oil bath. The resulting 

material was filtered and washed three times with DMF and three times with methanol.  

The physical mixtures, denoted throughout this work as Au on UiO-66 and Au on 

TiO2, were prepared by sonicating 40-50 mg of the support in methanol (9.9 mL) in a 

sonication bath for 5 min. Then, 1-1.5 mg of AuNPs 2.1±0.5 nm in diameter were added 

and the suspension was stirred for 24 h. Au on ZrO2 was prepared similarly, 40-50 mg of 

ZrO2 was sonicated in 9.5 mL of methanol and 0.4 mL of acetic acid, which is necessary 

to lower the pH below the isoelectric point, for 5 min. Then, 1-1.5 mg of the AuNPs were 

added and stirred for 24 h. A fresh physical mixture was used for every CO oxidation run 

and characterization technique and repeated twice to confirm the consistency of the 

preparation method. 

Proton nuclear magnetic resonance (
1
H NMR) spectroscopy was measured using 

the Varian Mercury Vx 300. Samples were prepared by suspending approximately 5-10 
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mg of AuNPs in 1 mL of dimethyl sulfoxide-d6. Powder X-ray diffraction (PXRD) 

patterns were measured using a PANalytical X-ray diffractometer. Approximately 5-10 

mg of samples was loaded onto a low background silica sample holder and scanned from 

5-90°. Nitrogen sorption measurements were run using the Quantachrome Quadrasorb 

Evo volumetric analyzer. The isotherms were measured over a range of relative pressures 

(P/P0) from 0.001-0.990 with high purity nitrogen (99.998%) obtained from Airgas. Prior 

to the measurement, the sample was outgassed at 473 K under dynamic vacuum 

overnight using a Quantachrome FloVac Degasser. The surface areas were calculated 

using the Brunauer, Emmett, and Teller (BET) theory using 0.005 ≤ P/P0 ≤ 0.03 and the 

total pore volume was calculated at P/P0 = 0.6. Inductively coupled plasma (ICP) 

emission spectroscopy was run using the Perkin Elmer Optima 3000 DV ICP Emission 

Spectrometer. Transmission electron microscopy (TEM) images were obtained using the 

Hitachi HT7700 operated at 120 keV. The samples were deposited on a lacy carbon 

copper grid by suspending less than 1 mg of material in methanol and dropcasting it on 

the grid. Temperature programmed reduction (H2-TPR) was performed using the 

Micromeritics AutoChem II 2920. Prior to each H2-TPR experiment, the sample 

underwent a 1 h water bakeoff under He flow at 473 K, a 2 h calcination under 10% O2 in 

helium at 523 K, and a 30 min helium purge. Finally, H2-TPR measurement ramped the 

temperature from 323 K to 1073 K (673 K for UiO-66) at 5 K/min under 10% H2 in 

helium flow. The static oxygen storage capacity (OSC) of the materials was measured 

using a CO step experiment in a packed-bed reactor. The materials were purged with 

nitrogen at 473 K overnight, calcined in air at 523 K for 2 h, purged with nitrogen for 30 

min at 523 K, and, finally, 1% CO in nitrogen was run through the sample bed at a total 
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flow rate of 40 mL/min. The static OSC was calculated by integrating the CO2 curve 

from 0-45 min. 

CO oxidation experiments were performed using a packed bed reactor with the 

outlet connected to a Hiden DSMS. Approximately 25-40 mg of sample were packed into 

the sample cell with glass wool. Before the catalytic measurement, the material was 

purged with He at 473 K for 16-18 h, and then calcined in air at 523 K for 2 h to remove 

the capping agents on the AuNPs. CO2 evolves during the calcination process and is 

completely depleted after 2 h suggesting that the capping ligands were completely 

removed. After cooling to the reaction temperature under air flow, 1% CO in air was 

passed through the system at a total flow rate of 40 mL/min. 

Adsorption isotherms were collected using a home-built volumetric adsorption 

system and the Peng-Robinson equation of state was used to calculate the gas uptake. 

Before each measurement, the samples were outgassed at 473 K under dynamic vacuum 

for 16-18 h. Then, the sample was backfilled with air to approximately 1 bar and heated 

at 523 K for 2 h in order to combust the organic capping agents on the AuNPs. Vacuum 

was then used to remove the air to begin the adsorption isotherms. 

 

4.3 Results and Discussion 

There are many factors that influence catalytic activity for CO oxidation including 

AuNP size and oxidation state, support, preparation method, and activation conditions.
5, 8, 

9, 11, 12, 32, 40-43
 In order to probe the support effect on CO oxidation without inadvertently 

including other variables, preformed AuNPs 2.1±0.5 nm in diameter are deposited on the 

surface of the support and thoroughly characterized to prove that the support is the only 
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manipulated variable in order to ascertain the key contributing factor(s) of the supports. 

The catalyst characterization includes: powder X-ray diffraction (PXRD), nitrogen 

sorption at 77K, inductively coupled plasma atomic emission spectroscopy (ICP-AES), 

transmission electron microscopy (TEM), temperature programmed reduction (H2-TPR), 

and a CO step experiment to probe the static oxygen storage capacity (OSC). 

The AuNPs were characterized with 
1
H NMR, TGA, and TEM to confirm the 

presence and composition of the surface-assembled monolayer (SAM), the combustion 

temperature of the SAM, and the AuNP diameter. Figure 4.1a shows the 
1
H NMR 

spectrum for the AuNPs with a mixed monolayer of DDT and MUA. There are broad 

peaks observed at 0.81 ppm, 1.22 ppm, 2.14 ppm, 2.5 ppm, and 3.3 ppm. The peaks at 2.5 

ppm and 3.3 ppm are due to dimethyl sulfoxide-d6 and H2O in dimethyl sulfoxide-d6, 

respectively. The peak at 1.22 ppm encompasses the –CH2 protons in the long chains of 

both DDT and MUA. DDT has a unique peak at 0.81 ppm characteristic of the protons on 

the –CH3 group and MUA has a unique peak at 2.14 ppm associated with the protons on 

the –CH2COOH group. The lack of coupling for these characteristic peaks is informative; 

both DDT and MUA are bound to the surface of the AuNPs instead of excess ligand in 

the solvent.
44

 In addition, Figure 4.1b shows the AuNP capping ligands are removed, 

under air flow, at temperatures exceeding 500K. Figure 4.2 exhibits TEM images of the 

AuNPs. The AuNP diameter of 2.1±0.5 nm was measured from thirteen different grid 

locations. 
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Figure 4.1: (a) 
1
H NMR of AuNP-DDT/MUA and (b) TGA data for AuNP-DDT/MUA 

heated under air flow 

 

  
Figure 4.2: TEM images of as-synthesized AuNP-DDT/MUA 

 

The PXRD patterns for UiO-66 and Au on UiO-66 before and after CO oxidation, 

depicted in Figure 4.3a, match the simulated pattern. This confirms that the UiO-66 

structure is initially obtained, remains after depositing AuNPs on the surface, and remains 

after CO oxidation up to a maximum oxidation temperature of 523K. The retention of 

UiO-66 after CO oxidation at 523 K is notable because it allows for a direct comparison 

to TiO2 and ZrO2. Also, there are no gold peaks observed, suggesting the AuNPs are too 
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small to be detected by PXRD. Both Au on ZrO2 and Au on TiO2 retain their structures 

after AuNP deposition and CO oxidation up to 523 K, and they also lack gold peaks 

(Figure 4.3b). 

Table 4.1 shows the results from ICP, TEM, and nitrogen sorption at 77 K data for 

the various catalysts. Nitrogen sorption at 77 K shows that the supports retain their 

porosity after AuNP deposition. Specifically, the BET surface area for Au on UiO-66 is 

comparable but slightly lower than the parent material. This is due to the addition of the 

non-porous AuNPs to porous UiO-66 which increases the overall material density. 

Nitrogen sorption at 77 K shows that high quality Au on UiO-66 is used throughout this 

work. Conversely, TiO2 and ZrO2 are non-porous, and the addition of non-porous AuNPs 

does not significantly affect the BET surface area. 

 

   
Figure 4.3: PXRD patterns for the (a) UiO-66, (b) TiO2, and (c) ZrO2 materials before 

and after CO oxidation 

 

Table 4.1: Characterization of UiO-66, TiO2, and ZrO2 materials 

Material 
Au 

wt% 

As-synthesize 

dAuNP (nm) 

dAuNP Post CO 

at 523 K (nm) 

BET Surface 

Area (m
2
/g) 

Pore Volume
a
 

(cm
3
/g) 

UiO-66 ----- ----- ----- 1069±28 0.45±0.01 

TiO2 ----- ----- ----- 30±1 0.03±0.00 

ZrO2 ----- ----- ----- 5±1 0.01±0.00 

Au on UiO-66 1.2 2.7±1.0 4.4±1.7 951±75 0.39±0.03 

Au on TiO2 1.2 2.7±0.8 3.5±1.5 16±10 0.009±0.00 

Au on ZrO2 1.2 2.3±0.5 4.6±2.4 27±4 0.04±0.01 
a
Measured at P/P0 = 0.6 
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Figure 4.4 shows the TEM images of the as-synthesized catalysts and the catalysts 

after CO oxidation at 523K, and Table 4.1 reports the average AuNP diameter for the 

catalysts. TEM after CO oxidation at 523 K is representative because AuNP sintering 

occurs more extensively at elevated temperatures.
45

 The average AuNP diameter, both 

before and after CO oxidation at 523 K, is comparable for all of the supports. The AuNPs 

measured after CO oxidation at 523 K for all of the catalysts show a slight increase in 

diameter due to AuNP sintering. However, the AuNPs remain smaller than 5 nm in 

diameter and similar for all of the catalysts. The AuNPs on ZrO2 and UiO-66 grow 

approximately 1 nm larger than the AuNPs supported on TiO2 during CO oxidation at 

523K, which could suggest that the AuNPs are more stable on TiO2. However, the AuNPs 

on the three catalysts have diameters within a standard deviation of each other both 

before and after CO oxidation at 523K, suggesting that the AuNP size is constant across 

the supports and is not a factor for divergent catalytic activity. 

Figure 4.5 shows the H2-TPR curves for the catalysts after calcination in 10% O2 

in helium at 523K. The lack of peaks ranging from 373-398 K suggests that the AuNPs 

are in the reduced form.
46, 47

 For Au on TiO2 and Au on ZrO2, the absence of a peak 

between 573-1073 K suggests that the addition of AuNPs does not destabilize the surface 

oxygen from the support.
46, 48

 H2-TPR suggests that the AuNPs are in the reduced form 

when deposited on all three supports and that the AuNPs, deposited via colloidal 

deposition, do not observably affect the redox capabilities of the supports by H2. 
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Figure 4.4: TEM images of (a) as-synthesized Au on UiO-66, (b) Au on UiO-66 after 

CO oxidation at 523K, (c) as-synthesized Au on TiO2, (d) Au on TiO2 after CO oxidation 

at 523K, (e) as-synthesized Au on ZrO2, (f) Au on ZrO2 after CO oxidation at 523K 
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Figure 4.5: H2-TPR curves ranging from 323-673 K for Au on UiO-66 and from 323-

1073 K for Au on TiO2 and Au on ZrO2 

 

Oxygen storage capacity (OSC) is a measure of the reducible oxygen stored by a 

support, either via adsorption or contained within the lattice structure, which is capable of 

being donated for oxidation purposes. This is determined by calcining the sample in air, 

purging the system with nitrogen to remove any physisorbed oxygen, then running a CO 

oxidation experiment with 1% CO in nitrogen. Table 4.2 reports the static OSCs 

measured using a CO step experiment at 523K, while Figure 4.6 depicts the OSC curves. 

The static OSC is largest for Au on UiO-66, while Au on ZrO2 has the smallest static 

OSC. To the best of the authors’ knowledge, this is the first time static OSCs have been 

reported for MOFs. The same OSC experiment was performed on the parent supports 

without AuNPs. There is no measureable CO2 evolution during the experiments on any of 

the parent supports, which shows that AuNPs are necessary for the evolution of CO2 

under these reaction conditions. The need for AuNPs for CO2 evolution during the OSC 

experiment is due to one of four possible reasons: (1) to adsorb CO which is then 
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oxidized at the interface between the AuNPs and the support with oxygen stored by the 

support; (2) to destabilize adjacent lattice surface oxygen; (3) to adsorb oxygen that is 

then reduced by CO; or (4) to create an interface site with the support to adsorb and 

activate oxygen that subsequently reacts with CO.
1, 49-51

 

 

Table 4.2: CO oxidation results for Au on UiO-66, Au on TiO2, and Au on ZrO2 

Material Au on UiO-66 Au on TiO2 Au on ZrO2 

OSC (mol 

CO2/gsample) 
3.5x10

-3
 1.6x10

-3
 7.0x10

-4
 

T1/2 (K) 368 454 569 

Reaction Rate 

(mol/gsample s) 
3.7x10

-7
 1.5x10

-7
 ----- 

Reaction Rate 

(mol/gAu s) 
3.0x10

-5
 1.2x10

-5
 ----- 

TOF (s
-1

) 0.7 0.2 ----- 

CO Conversion at 

298 K (%) 
3 2 ----- 

CO Conversion at 

523 K (%) 
99 74 22 

Eapp (kJ/mol) 17 29 17 

 

  

Figure 4.6: (a) CO2 evolution and (b) CO2 production rate during a 1% CO in nitrogen 

experiment used to determine OSC for Au on UiO-66, Au on TiO2, and Au on ZrO2  

 

The colloidal deposition and pretreatment used in this work successfully equalize 

the AuNP effects for the three materials. Specifically, the AuNPs are comparable in size 
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and in the reduced state across the three supports. The crystal structure is retained for all 

three supports after both AuNP deposition and CO oxidation at temperatures as high as 

523 K for Au on UiO-66 and Au on TiO2 and as high as 573 K for Au on ZrO2. The key 

difference between the three materials is the support attributes, specifically the support 

porosity and static OSC. Therefore, the support effect can effectively be probed for CO 

oxidation over supported AuNPs. 

Consistent activation procedures are necessary to directly compare the CO 

oxidation results.
11

 In this work, the sample pretreatment consists of water and solvent 

removal by heating the catalyst at 473 K under helium flow for 16-18 h, followed by 

calcination in air at 523 K for 2 h. During calcination on samples with AuNPs, CO2 

evolves as the samples are heated at 523 K in air and is completely depleted after 2 h. 

However, the parent supports do not yield CO2 when calcined at 523 K. Figure 4.1b 

depicts the TGA curve for the AuNPs under air flow. At temperatures exceeding 500 K, 

the organic capping ligands are removed from the AuNP surface. The combination of 

TGA and CO2 evolution during calcination suggests that the AuNP capping ligands are 

combusted at 523 K, freeing active AuNP sites for catalysis. 

Figure 4.7 compares the catalytic ability of the materials at various reaction 

temperatures and highlights the importance of the AuNPs for CO oxidation within the 

temperature range of 298-573K. Without the addition of AuNPs, UiO-66 and TiO2 are 

inactive for CO oxidation at 523 K and ZrO2 at 573 K. The addition of AuNPs 

significantly improves the catalytic activity of these supports. Table 4.2 reports the 

turnover frequency (TOF), which is the reaction rate over a single surface atom per 

second, at 298 K, the approximate temperature necessary for 50% conversion of CO 
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(T1/2), and the apparent activation energy (Eapp) for the supported AuNPs. Notably, the 

T1/2 for Au on UiO-66 of 368 K compares well with CO oxidation over Au@UiO-66, 

Au@ZIF-8, and Ag@MIL-53 which convert 50% CO at approximately 428 K,
21

 443 K,
25

 

and 396 K,
27

 respectively. Likewise, the T1/2 for Au on TiO2 and Au on ZrO2 in this work 

are similar to the previously reported ranges of 262-477 K and 347-523 K for Au on TiO2 

and Au on ZrO2, respectively, which are highly dependent on preparation method and 

activation conditions.
1, 32, 42, 52

  

 

  

Figure 4.7: (a) CO conversion and (b) reaction rate vs. temperature for Au on UiO-66, 

Au on TiO2, and Au on ZrO2. The lines are to guide the eye only 

 

Furthermore, the apparent activation energies for Au on TiO2 and Au on ZrO2 in 

this work agree well with previously reported values. Figure 4.8 shows the Arrhenius 

plots for these catalysts. Specifically, Au on TiO2 has reported apparent activation 

energies ranging from approximately 2-56 kJ/mol
1, 41, 42

 and Au on ZrO2 has apparent 

activation energy of approximately 18 kJ/mol.
53

 Lastly, the TOF for Au on UiO-66 is 

similar to Au on TiO2; and the TOF for Au on TiO2 is comparable to previously reported 

values.
42
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Figure 4.8: Arrhenius plots of Au on UiO-66, Au on TiO2, and Au on ZrO2 

 

Based on an extensive catalyst characterization, which suggests that the AuNP 

effects have been decoupled from those of the support, the support effect on CO 

oxidation activity was probed. As previously stated, there are two divergent support 

characteristics: porosity and OSC. UiO-66 is porous, and the metal oxides are not. 

However, Figure 4.9 and Table 4.2 show a correlation between OSC and CO conversion 

rate at 523 K of the catalysts. Therefore, the key attribute of the support for CO oxidation 

is the OSC of the material. The differences in the OSC for the various supports are related 

to the ability of the support to store and release oxygen via either adsorption or as a part 

of the lattice structure. For metal oxides this is attributed largely to the reducibility of the 

support, which defines the ability of the metal to change its oxidation state.
13

 This work 

supports this idea by comparing Au on TiO2 and Au on ZrO2. TiO2 is more reducible 

relative to ZrO2; therefore, the larger OSC and subsequently higher CO oxidation activity 

for Au on TiO2 follows this reducibility trend compared to Au on ZrO2. However, there 

are no data available that directly compare the reducibility of UiO-66 with TiO2 and 
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ZrO2. However, UiO-66 is zirconium-based, and the reducibility of the material should be 

similar to ZrO2 since zirconium does not easily change its oxidation state. This suggests 

that the OSC for MOFs is not only dependent on the reducibility of the metal. 

 

 
Figure 4.9: Correlation between OSC and activity 

 

There are several unique aspects of UiO-66. First, UiO-66 is a complex 

coordination material with twelve BDC linkers per Zr6O4(OH)4 node. Upon dehydration, 

the -OH groups are removed, changing the zirconium atoms from 8- to 7-fold 

coordination, which results in a distorted Zr6O6 node.
54

 Distortion of the metal center has 

the potential to alter the reducibility of the material; however, H2-TPR suggests that this 

distorted structure does not measurably affect the reducibility of UiO-66 at temperatures 

below 673K. Notably, there is interest in designing mixed metal oxides in order to distort 

the coordination environment to create oxygen vacancies and enhance the OSC of metal 

oxides;
35, 55

 whereas UiO-66 has a built-in distortion mechanism that is completely 

reversible via dehydration/hydration. Second, the dehydrated structure shows an 

electronic rearrangement with identified preferential sorption sites. Unfortunately, there is 
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close packing that occurs by linking the Zr6O4(OH)4 and Zr6O6 units with 12 BDC 

ligands, which prevents access to the metal centers. However, it is common for linker 

vacancies to occur; specifically, the absence of approximately one in twelve BDC linkers 

is known to occur randomly throughout the material allowing more access to the metal 

centers.
54

 These defects can be controlled through the addition of modulators such as 

trifluoroacetic acid (TFA), which incorporate themselves into the structure and can be 

removed through heating. The removal results in only eight carboxylic acid groups 

surrounding the metal nodes and creates extra Lewis acid sites thereby providing access 

for gas molecules to the metal centers.
56

 In this work, acetic acid is used as a modulator 

in order to create quality UiO-66 crystals. However, the BET surface area and CO2 

uptake (Figure 4.12a) are similar to UiO-66 prepared by the conventional synthesis 

suggesting that defects introduced by modulation is minimal.
57

 Third, the band gap 

energy (Eg) measured and calculated for UiO-66 is lower than ZrO2 due to the presence 

of the organic ligand.
54

 This shows that the linker plays a significant role in the overall 

chemistry of the material. Lastly, a larger BET surface area potentially yields more 

accessible oxygen donation sites. The combination of structural distortion, accessible 

Lewis acid sites, unusual chemistry introduced by the addition of the organic ligand, and 

a large surface area result in an enhanced OSC for Au on UiO-66 relative to Au on TiO2 

and Au on ZrO2. This suggests that the OSC capacity relies on more than material 

reducibility when extended to MOFs and can potentially be improved upon by tuning the 

organic linker. Additionally, for MOFs and metal oxides alike, the OSC correlates to the 

CO oxidation showing the potential for MOFs as oxidation supports. 
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Static OSC measurements were also run on the parent supports. The lack of CO2 

evolved reveals the necessity of the AuNPs for oxygen donation. This could suggest that 

the reaction occurs completely on the AuNPs and the role of the support is to control the 

AuNP properties; however, other mechanisms are possible. AuNPs could be necessary 

because they create a charge transfer between the support and the AuNPs, they create an 

interface site for reaction to proceed, or they destabilize the support to create active 

defect sites.
1, 50, 51, 58-61

 The exact mechanism cannot be determined from the current 

measurements. However, the dependence on the support for enhanced catalytic activity 

suggests that the ‘gold only’ mechanism is unlikely; otherwise, the three materials would 

have similar activities because the AuNP properties are comparable for all three 

materials. The AuNP dependence on OSC measurements coupled with the correlation 

between OSC and CO oxidation activities suggests that the support provides a critical 

function in CO oxidation. Adsorption equilibrium isotherms are measured to further 

probe the role of the AuNPs and the support. 

Figure 4.10 shows that Au on UiO-66 reaches a steady-state conversion at 

temperatures exceeding 373K. However, for temperatures of 348 K and less, there is 

significant catalyst deactivation within 50 min on-stream. There are several potential 

mechanisms of catalyst deactivation that are categorized as chemical, thermal, and 

mechanical deactivation.
62

 AuNPs on metal oxides are often plagued by both chemical 

and thermal deactivation, specifically, the accumulation of carbonate species on active 

sites and thermally triggered sintering of the AuNPs.
63

 Figure 4.11 depicts a cyclic study 

performed on Au on UiO-66 at 348 K to probe the potential deactivation mechanisms. 

First, CO oxidation was run on a fresh sample resulting in 44% conversion followed by 
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the rapid deactivation of the catalyst. The sample was regenerated twice: (1) helium 

regeneration at 348 K for 16-18 h and air pretreatment at 348 K for 2 h and (2) helium 

regeneration at 473 K for 16-18 h and air pretreatment at 348 K for 2 h. The resulting 

maximum CO conversions are 19% and 40% before deactivation, respectively. These 

studies suggest that there is a combination of deactivation mechanisms: (1) readsorbed 

product CO2, (2) formation and adsorption of reaction intermediates or carbonates which 

requires regeneration at 473K, and (3) sintering of AuNPs which is further suggested by 

TEM. These results agree well with studies performed on Au on TiO2, Au on ZrO2, and 

Au on other metal oxides, which suggest the formation of a surface carbonate layer that 

blocks oxygen sorption sites and can be removed by heating.
11, 53, 63, 64

 Furthermore, there 

is less catalyst deactivation after helium regeneration at 473K, which could suggest that 

there are impurities, such as surface sulfates formed by the degradation of the AuNP 

capping agents, in the fresh sample. 
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Figure 4.10: Catalytic activity over time in the temperature range of 298-523 K for (a,b) 

Au on UiO-66, (c,d) Au on TiO2, and (e,f) Au on ZrO2 

 

  

Figure 4.11: (a) CO conversion and (b) reaction rate over time for Au on UiO-66 at 348 

K for a fresh sample, the same sample regenerated in a He stream at 348 K overnight, and 

the same sample regenerated in a He stream at 473 K overnight 
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Single-component adsorption isotherms are measured to probe the adsorptive 

capabilities of the different materials for both the reactants and products. Figure 4.12 

shows the CO2, O2, and CO isotherms for the various supported catalysts and parent 

supports at 298K, respectively. Figure 4.12 show the CO2, O2, and CO isotherms at 298 K 

from 0-1 bar. UiO-66 adsorbs more CO2, O2, and CO at high pressures compared to both 

TiO2 and ZrO2; this is due to the increased porosity of UiO-66. UiO-66 also adsorbs more 

CO2 at low pressures. The sharp slope in the low pressure region suggests strong 

interactions between UiO-66 and CO2 which can contribute to catalyst deactivation at 

low temperatures via readsorbed CO2, which will block active sorption sites. Similarly, 

Au on UiO-66 exhibits a similar CO2 curve with a slight reduction in uptake due to the 

density increase of the material with the addition of AuNPs (Figure 4.12a). This suggests 

that the AuNPs do not contain active CO2 sorption sites. The nearly linear O2 isotherms, 

as seen in Figure 4.12b, for the three supports suggest weak interactions between O2 and 

the supports. The addition of AuNPs does not significantly improve the O2 uptake. The 

CO isotherms, depicted in Figure 4.12c, are also nearly linear which describes weak CO 

interactions with the supports and the addition of AuNPs does not significantly improve 

CO uptake.  
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Figure 4.12: Static adsorption isotherms at 298 K of (a,b) CO2, (c,d) O2, and (e,f) CO on 

UiO-66, Au on UiO-66, TiO2, Au on TiO2, ZrO2, and Au on ZrO2. The lines are to guide 

the eye only. 
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4.4 Conclusions 

An effective study on the support contribution towards catalytic activity for CO 

oxidation has extended from metal oxides to include MOFs, specifically zirconium-based 

UiO-66. A colloidal deposition is successfully employed to decouple the AuNP variables 

from the support effect. A multitude of characterization techniques showed that the 

AuNPs are the same size and oxidation state on the three supports and that the 

introduction of the AuNPs did not affect the support reducibility. From this study, it is 

concluded that the crucial support attribute for UiO-66 and the metal oxides tested is the 

static OSC. Importantly, UiO-66 has a larger static OSC compared to TiO2 and ZrO2, 

showing that there are other material attributes, not merely reducibility, which impact the 

OSC of a support. This is the first time that static OSCs have been measured for any 

MOF, and the enhanced OSC is promising for extending MOF applicability to catalyst 

supports for oxidation reactions. Overall, static OSC for MOFs are measured for the first 

time exceeding that of common, industrial grade TiO2 and ZrO2 due to the unprecedented 

chemistry that evolves from the combination of metal nodes and organic linkers and the 

potential defect sites. The ease of tuning MOF chemistry by a simple ligand 

functionalization conveys the overall potential of MOFs as supports for oxidation 

reactions. 
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CHAPTER 5 

EVALUATING THE EFFECT OF PREPARATION METHOD ON 

AU@UIO-66 PROPERTIES 

5.1 Introduction 

Metal-organic frameworks (MOFs) are nanoporous, crystalline materials 

composed of metal or metal oxide nodes linked by organic moieties. MOFs offer 

numerous advantages such as high surface areas and pore volumes, uniform pore size 

distributions, structural diversity, and chemical tunabilty; properties that make them 

promising materials for applications such as gas storage and separation, drug delivery, 

imaging, air purification, and catalysis.
1, 2

 Unfortunately, many promising MOFs degrade 

when exposed to humid conditions considerably limiting the applicability. However, 

there are other MOFs that have been shown to be stable in humid environments.
3
 Often 

these water stable MOFs are limited by a low density of active sorption sites. Fortunately, 

the active site density can be increased by doping MOFs with metal nanoparticles, 

subsequently enhancing the sorptive and catalytic capabilities.
4
 

There are two techniques for incorporating metal nanoparticles in microporous 

materials designated in this work as impregnation and encapsulation. Impregnation 

describes the diffusion of a metal precursor into the pores of a preformed MOF followed 

by the reduction, oxidation, or decomposition of the metal, forming nanoparticles within 

the pores. Theoretically, nanoparticle growth is quenched by the pores producing a 

composite with randomly distributed nanoparticles the size and shape of the MOF pores. 

This potential control of the nanoparticle size and shape, based on the support, is a 
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notable advantage of the impregnation technique. There are several methods for 

introducing the metal precursor into the MOF pore space: solution impregnation, 

incipient wetness impregnation, the double solvents method, chemical vapor deposition 

(CVD), and solid grinding. In addition, metal nanoparticle formation has been achieved 

via various reduction techniques: in solution with chemical reducing agents such as 

sodium borohydride or hydrazine, under hydrogen flow, by UV and microwave 

irradiation, and the autoreduction of the metal by the MOF.
5-12

 Alternatively, 

encapsulation specifies the formation of the MOF around preformed nanoparticles; the 

nanoparticles are added to the MOF mother solution, and the MOF crystallizes around the 

particles. The most prominent advantage of encapsulation is the ability to design the 

nanomaterial that is coupled with the MOF support. The nanomaterial size and shape are 

not limited by the MOF pores which allows for the incorporation of nanomaterials 

exceeding the MOF pore size.
13

 There have been several investigations probing the 

effects of the various impregnation methods;
14, 15

 however, there is a dearth of analysis 

comparing impregnation and encapsulation for incorporating metal nanoparticles. 

UiO-66 is a zirconium-based MOF with Zr6O4(OH)4 nodes connected via 1,4-

benzenedicarboxylic acid (BDC). Its significant application potential arises from its 

thermal stability up to 813K; mechanical, acid, and base resistance; stability in humid 

environments; and straightforward chemical tunability.
16-19

 In addition, UiO-66 and its 

analogues have previously been supplemented with metal nanoparticles via both 

impregnation and encapsulation techniques.
5, 20-23

 Gold nanoparticles (AuNPs) are ideal 

for doping MOFs because they are well studied and known for pinpoint synthetic control, 

unusual chemical properties, and unprecedented catalytic capabilities.
24-26

 Moreover, 
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supported AuNPs are well developed as catalysts for CO oxidation. For instance, 

Au@UiO-66 and Au@ZIF-8 demonstrate improved catalytic capabilities compared to the 

parent materials.
20, 27

 AuNPs deposited on metal oxides have also been extensively 

probed. These investigations discovered several controlling factors, namely the AuNP 

diameter and oxidation state, the type of support, the preparation method, and the 

activation conditions.
28-34

 Herein, Au@UiO-66 composites are prepared via impregnation 

and encapsulation, and the physical and catalytic properties are evaluated.  

 

5.2 Experimental Methods 

5.2.1 Material Synthesis 

All chemicals were obtained commercially (Sigma Aldrich, VWR, and Fisher 

Scientific) and used without further purification. AuNPs of varying diameters, capped 

with a mixture of 1-dodecanethiol (DDT) and 11-mercaptoundecanoic acid (MUA) were 

prepared in two-steps: (1) the synthesis of DDT capped AuNPs, then (2) a ligand 

exchange between DDT on the AuNP surface with MUA. AuNPs with a diameter of 2.4 

nm were prepared using a previously reported procedure.
35

 Briefly, a solution of gold(III) 

chloride trihydrate (HAuCl4·3H2O) (0.314 mmol) in water (20 mL) was combined with a 

solution of tetraoctylammonium bromide (0.728 mmol) in toluene (40 mL) and stirred for 

30 min. Then, DDT (0.314 mmol) was added and the mixture was stirred for an 

additional 30 min. Finally, sodium borohydride (NaBH4) (3.14 mmol) in water (10 mL) 

was added and rigorously stirred for 3 h. The product was washed with copious amounts 

of de-ionized water, the organic phase was separated, and the AuNPs were precipitated 

from solution with methanol. MUA was added to the AuNPs’ surface by stirring AuNP-
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DDT (3 mg/mL) and MUA (0.154 mmol) in toluene for 72 h and washing the resulting 

AuNPs with toluene.
36

 The AuNPs with diameters of 4.5 and 10.9 nm were prepared 

similarly. A solution of HAuCl4·3H2O (0.314 mmol) in water (20 mL) was mixed with 

tetraoctylammonium bromide (0.728 mmol) in toluene (40 mL) for 30 min. Next, NaBH4 

(3.14 mmol) in water (10 mL) was added and the mixture was stirred for 3 h. Then, DDT 

(3.14 mmol) was added and the solution was stirred for 72 h and washed with de-ionized 

water and methanol. Finally, MUA (0.179 mmol) was added to AuNP-DDT (3 mg/mL) 

suspended in toluene, stirred for 72 h, and washed with toluene. These AuNPs are 

separated into two diameter groups by centrifuging the AuNPs from methanol.  

All UiO-66 samples herein were prepared by stirring zirconium(IV) propoxide 

(Zr(OnPr)) (0.227 mmol), 1,4-benzenedicarboxylic acid (BDC) (0.454 mmol), methanol 

(86.5 mmol), N,N’-dimethylformamide (DMF) (45.4 mmol), and glacial acetic acid (6.81 

mmol) in a glass scintillation vial at 393 K for 24 h in a silicone oil bath. The product was 

filtered and washed three times with DMF and three times with methanol. Au@UiO-

66(ENC) was prepared by adding various concentrations of AuNPs to the UiO-66 mother 

solution. The mixture was stirred in a glass scintillation vial at 393 K for 24 h in a 

silicone oil bath, and the product was filtered and washed three times with DMF and 

three times with methanol.
23

 Au@UiO-66(IMP) was synthesized as previously reported.
5
 

Approximately, 170 mg of UiO-66 was degassed at 473 K under vacuum overnight. The 

activated UiO-66 was stirred in a solution of gold(III) chloride trihydrate (0.018 mmol) in 

methanol (40 mL) for 6 h. Then, NaBH4 (0.178 mmol) was added to the slurry and stirred 

for an additional 1 h. Finally, the product was filtered and rinsed with methanol. The 

composites prepared by colloidal mixing, denoted throughout this work as Au on UiO-66, 
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were prepared by sonicating 40-50 mg of UiO-66, synthesized as previously described, in 

methanol (9.9 mL) for 5 min. Then, varying amounts of AuNPs were added, and the 

mixture was stirred at room temperature for 24 h. 

 

5.2.2 Characterization 

Proton nuclear magnetic resonance (
1
H NMR) spectroscopy was measured on a 

Varian Mercury Vx 300. The samples were prepared by suspending approximately 10 mg 

of AuNPs in 1 mL of dimethyl sulfoxide-d6. 
1
H NMR data were used to determine the 

composition of the organic monolayer on the AuNPs. Thermogravimetric analysis (TGA) 

data were obtained using the Netzsch STA 449 Jupiter Simultaneous TG-DSC apparatus. 

Approximately 5 mg of AuNP were dropped into an Al2O3 crucible and ramped at 1 

K/min to 1000 K under helium or air flow at 20 mL/min to determine the degradation 

temperature of the organic layer.  

Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X-

ray diffractometer. Approximately 10 mg of sample were deposited on a low background 

silica sample holder and scanned from 5-50°. A Quantachrome Quadrasorb Evo 

volumetric analyzer collected nitrogen sorption data at 77 K. The isotherms were 

measured over a relative pressure (P/P0) range of 0.001-0.990 with high purity nitrogen 

(Airgas 99.998%). Prior to the measurement, the samples were heated at 473 K overnight 

under vacuum using a Quantachrome FloVac Degasser. The specific surface areas were 

calculated using the Brunauer, Emmett, and Teller (BET) Theory using 0.005 ≤ P/P0 ≤ 

0.03, and the total pore volume was calculated at P/P0 = 0.6. Inductively coupled plasma 
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(ICP) emission spectroscopy data were obtained using the Perkin Elmer Optima 3000 DV 

ICP Emission Spectrometer.  

Transmission electron microscopy (TEM) images were acquired using the Hitachi 

HT7700 operated at 120 keV and scanning transmission electron microscopy (STEM) 

tomography was performed using the FEI Tecnai F30 run at 300 keV. For the STEM 

tomography experiment, the sample was rotated from -70-60° and images were acquired 

every 2°. The FEI Tecnai F30 is supported by funding DMR 0922776. The samples were 

prepared by suspending less than 1 mg of sample in methanol and dropcasting it on a lacy 

carbon copper grid.  

Temperature programmed reduction (H2-TPR) was performed using the 

Micromeritics AutoChem II 2920. Prior to each H2-TPR experiment, the sample 

underwent a 1 h water bakeoff under He flow at 473K, a 2 h calcination under 10% O2 in 

helium at 523K, and a 30 min helium purge. Finally, H2-TPR measurement ramped the 

temperature from 323 K to 1073 K (673 K for UiO-66) at 5 K/min under 10% H2 in 

helium flow. The static oxygen storage capacity (OSC) was measured in a lab-built 

packed-bed reactor. The sample was purged with nitrogen at 473 K overnight, calcined in 

air at 523 K for 2 h, purged with nitrogen for 30 min at 523 K, and finally 1% CO in 

nitrogen was run through the sample bed at a total flow rate of 40 mL/min. The static 

OSC was calculated by integrating the CO2 curve from 0-45 min. 

 

5.2.3 CO Oxidation 

CO oxidation experiments were run in a packed bed reactor with the outlet 

connected to a Hiden DSMS. Approximately 25-40 mg of material were packed into the 
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sample cell balanced with glass wool to minimize the pressure drop. Prior to the  

oxidation experiment, the sample was purged with helium at 473 K overnight to remove 

the solvent from the pores, then calcined in air at 523 K for 2 h to remove the capping 

ligands on the AuNPs. The sample was cooled to the desired reaction temperature under 

air flow, then 1% CO in air was passed through the sample at a total flow rate of 40 

mL/min. 

 

5.3 Results and Discussion 

5.3.1 Characterization 

AuNP and UiO-66 composites were prepared using three methods: encapsulation, 

impregnation, and colloidal mixing, denoted Au@UiO-66(ENC), Au@UiO-66(IMP), and 

Au on UiO-66, respectively. For Au@UiO-66(ENC) and Au on UiO-66, preformed 

AuNPs are necessary. Four batches of AuNPs were prepared as previously reported:
35-37

 

AuNPs 1.8 nm in diameter were used for encapsulation and AuNPs 2.0, 4.2, and 10.9 nm 

were used for colloidal deposition. Figure 5.1 depicts the TEM images of the preformed 

AuNPs used to prepare Au@UiO-66(ENC), 2.7 nm Au on UiO-66, 4.9 nm Au on UiO-

66, and 7.2 nm Au on UiO-66. In addition, Table 5.1 reports the average AuNP diameter 

calculated from at least 10 TEM images. The 
1
H NMR spectra in Figure 5.2 confirm that 

there is a mixed monolayer on the AuNP surface. In Figure 5.2, the broad peaks are 

characteristic of ligands bound to a surface. The T2 relaxation time accelerates when an 

organic is bound to a surface.
37

 Therefore, the lack of coupling suggests that all of the 

ligands are bound to the AuNP surface. Additionally, the composition of the monolayer is 

confirmed by analyzing the characteristic peak positions. DDT has a unique peak at 0.84 
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ppm associated with –CH3, and MUA has a characteristic peak at 2.13 ppm for –

CH2COOH. Lastly, the TGA data in Figure 5.3 show that the DDT and MUA is removed 

from the AuNP surface starting at temperatures less than 523 K under both helium and air 

flow. 

 

  

  
Figure 5.1: TEM images of the preformed AuNPs used to prepare (a) Au@UiO-

66(ENC); (b) 2.7 nm Au on UiO-66; (c) 4.9 nm Au on UiO-66; (d) 7.2 nm Au on UiO-66 
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Table 5.1: Preformed AuNPs 

Composite dAuNP Preformed AuNPs (nm) 

8.2 nm Au@UiO-66(ENC) 1.8±0.4 

2.7 nm Au on UiO-66 2.0±0.4 

4.9 nm Au on UiO-66 4.2±0.9 

7.2 nm Au on UiO-66 10.9±5.5 

 

  

  
Figure 5.2: 

1
H NMR spectra of (a) 1.8 nm, (b) 2.0 nm, (c) 4.2 nm, and (d) 10.9 nm 

AuNP-DDT/MUA 
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Figure 5.3: TGA curves of AuNP-DDT/MUA under helium flow and air flow 

 

Figure 5.4 depicts the PXRD patterns for Au@UiO-66(ENC), Au@UiO-66(IMP), 

and Au on UiO-66. The UiO-66 structure is obtained for all of the composites and is 

retained after CO oxidation at temperatures ranging from 298-523K. Retention of the 

UiO-66 structure after CO oxidation proves that UiO-66 is stable for catalysis at elevated 

temperatures under reducing conditions. The stability also suggests that the catalytically 

active materials are AuNP and UiO-66 composites, instead of AuNP and ZrO2, formed 

during the degradation of UiO-66. Additionally, Table 5.2 shows that the porosities for 

the composites are similar and comparable to parent UiO-66.
23
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Figure 5.4: PXRD patterns for (a,b,c) Au@UiO-66(ENC); (d) Au@UiO-66(IMP); (e,f) 

2.4 nm Au on UiO-66; (g,h,i) 4.9 nm Au on UiO-66; and (j) 7.2 nm Au on UiO-66 
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Table 5.2: Characterization of Au@UiO-66and Au on UiO-66 composites 

Material 
Au 

wt % 

BET 

Surface 

Area (m
2
/g) 

Total Pore 

Volume
a
 

(cm
3
/g) 

As-synthesized 

AuNP 

Diameter (nm) 

After AuNP 

Diameter
b
 

(nm) 

UiO-6623 ----- 1155 0.56 ----- ----- 

Au@UiO-

66(ENC) 

0.7 

0.4 

0.2 

1142 

1091 

1098 

0.46 

0.44 

0.44 

8.2±3.1 

8.4±3.7 

9.1±5.0 

10.0±4.0 

8.9±4.2 

8.7±3.9 

Au@UiO-

66(IMP) 
1.2 1001 0.41 5.4±2.8 5.9±3.1 

2.4 nm Au on 

UiO-66 

0.7 

0.5 

986 

1091 

0.41 

0.45 

2.4±0.7 

2.3±0.8 

4.8±2.2 

4.1±1.6 

4.9 nm Au on 

UiO-66 

1.1 

0.7 

0.4 

1139 

1135 

1152 

0.48 

0.48 

0.48 

4.9±2.3 

4.9±1.8 

4.5±1.9 

7.1±2.7 

5.5±2.5 

5.8±2.6 

7.2 nm Au on 

UiO-66 
2.1 1135 0.48 7.2±3.9 7.9±4.4 

a
Measured at P/P0 = 0.6; 

b
After CO oxidation at 523K 

 

Figure 5.5 presents TEM images of as-synthesized Au@UiO-66(ENC) and 

Au@UiO-66(IMP), and Table 5.2 reports the average AuNP diameter of the materials 

before and after CO oxidation at 523K. TEM images of materials before and after CO 

oxidation are depicted in Figures 5.6 and 5.7. The AuNP diameter after CO oxidation at 

523 K is representative for all temperatures because AuNP sintering occurs more readily 

at higher temperatures.
38

 Figures 5.6 and 5.7 and Table 5.2 show that there is AuNP 

growth after CO oxidation at 523 K for all of the composites; however, the AuNP growth 

is similar for all of the materials (1-2 nm), so trends dependent on AuNP diameter can 

still be evaluated.  

In addition, TEM suggests that both the impregnation and encapsulation 

techniques used in this work are not optimized for two key reasons: (1) there are several 

distinctly surface AuNPs observed, revealing that the AuNPs are not completely confined 

within the UiO-66 particles and (2) the AuNPs are larger than expected for both 
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preparation techniques. The impregnation technique is utilized to control the nanoparticle 

size and shape; theoretically, nanoparticle growth is quenched by the pores yielding 

particles the size and shape of the pores. Therefore, the AuNPs should be approximately 

6 Å in diameter to match the UiO-66 pores; however, the AuNPs formed herein via 

impregnation in UiO-66 are approximately 4.9 nm in diameter. This suggests that the 

AuNPs are deposited either (1) within the pores causing significant structural 

deformation during growth, which is not observed in PXRD, or (2) on the outer surface 

of the UiO-66 particles. Additionally, during encapsulation, the AuNPs grew from 1.8 nm 

to 8.2 nm in diameter, which indicates that the encapsulation procedure must be tuned to 

control aggregation to utilize the full extent of the technique. However, the key advantage 

of encapsulation is the potential to incorporate nanomaterials larger than the pores within 

the MOF particles. Therefore, many of the AuNPs scattered through UiO-66 can be either 

on the surface or incorporated in the UiO-66 particles. Based on TEM, neither technique 

completely confined AuNPs within UiO-66; however, it is possible that there are AuNPs 

partially embedded. Therefore, further characterization and catalytic studies were 

performed to establish the potential of both preparation techniques. 
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Figure 5.5: TEM images of as-synthesized (a) Au@UiO-66(ENC) (0.7 wt% Au) and (b) 

Au@UiO-66(IMP) (1.2 wt% Au) 

 

   

   
Figure 5.6: TEM images for Au@UiO-66(ENC) (a) 0.7 wt % Au after CO oxidation at 

523K, (b) 0.4 wt % Au as-synthesized, (c) 0.4 wt % Au after CO oxidation at 523K, (d) 

0.2 wt % Au as-synthesized, and (e) 0.2 wt % Au after CO oxidation at 523K; and (f) 

Au@UiO-66(IMP) (1.2 wt % Au) after CO oxidation at 523K 
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Figure 5.7: TEM images for 2.4 nm Au on UiO-66 (a) 0.7 wt % Au as-synthesized; (b) 

0.7 wt % Au after CO oxidation at 523K; (c) 0.5 wt % Au as-synthesized; (d) 0.5 wt % 

Au after CO oxidation at 523K; 4.9 nm Au on UiO-66 (e) 1.1 wt % Au as-synthesized; 

(f) 1.1 wt % Au after CO oxidation at 523K; (g) 0.7 wt % Au as-synthesized; (h) 0.7 wt 

% Au after CO oxidation at 523K; (i) 0.4 wt % Au as-synthesized; and (j) 0.4 wt % Au 

after CO oxidation at 523K; and 7.2 nm Au on UiO-66 (k) 2.1 wt % Au as-synthesized 

and  (l) 2.1 wt % Au after CO oxidation at 523K 
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To further probe the AuNP location, STEM tomography was performed on 

Au@UiO-66(ENC). Figure 5.8 shows several frames at various angles of rotation with 

AuNPs scattered throughout the UiO-66 particles. Many AuNPs are deposited on the 

surface of UiO-66. However, the two highlighted AuNPs, designated with red circles and 

orange hexagons, appear consistently encased in the MOF support upon rotation, which 

suggests that those AuNPs are confined either within UiO-66 or the UiO-66 cluster, as 

illustrated in Figure 5.9. The AuNP in Figure 5.8c highlighted by the blue box, 

demonstrates the latter. Although the AuNP highlighted in blue is definitely a surface-

based particle, the degree of contact between the AuNP and support is increased, which 

subsequently enhances the number of AuNP-support interface sites. However, additional 

experiments are necessary to determine the AuNP location effects. In addition, CO 

oxidation was used as a probe to investigate the potential synergistic effects introduced 

by the various preparation methods. 
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Figure 5.8: STEM images at various angles of rotation during STEM tomography 

measurements 
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Figure 5.9: Illustration of an AuNP confined within a single UiO-66 particle as a part of 

the structure (left) and an AuNP encased in an aggregation of UiO-66 particles (right) 

 

Previous studies have reported a significant effect of the AuNP oxidation state on 

the catalytic activity of supported AuNPs for CO oxidation.
30, 39

 Therefore, H2-TPR was 

performed on 2.4 nm Au on UiO-66, Au@UiO-66(ENC), and Au@UiO-66(IMP) to 

determine the AuNP oxidation state and redox capabilities of the materials. Figure 5.10a 

depicts the H2-TPR curves after calcination in 10% O2 in helium at 523 K for 2 h for the 

samples prepared via various methods. The absence of peaks ranging from 373-398 K 

suggests that the AuNPs are in the reduced form.
40, 41

 In addition, the absence of peaks 

throughout the entire scan for parent UiO-66 and the UiO-66 composites suggests that the 

AuNPs do not significantly interact with the support in order to facilitate dissociative H2 

adsorption and spillover, which would promote the reduction of surface oxygen from the 

support at reduced temperatures. Figure 5.10b reports the H2-TPR curves for Au@UiO-

66(ENC) after calcination in 10% O2 in helium for 2 h at 448 K and 523 K. Calcination 

in air at elevated temperatures is a typical pretreatment technique for AuNPs, and the 

specific calcination temperature affects the oxidation state of the AuNPs. This effect can 

occur via two potential paths: (1) the onset of Au oxidation at 573 K under air flow or (2) 
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the conversion of cationic, Au
3+

 or Au
+
, to metallic, Au

0
, gold at elevated temperatures 

under air flow.
39, 42, 43

 Figure 5.10b also reveals an absence of peaks ranging from 373-

398 K for calcination at 448 K and 523 K suggesting that the calcination temperature has 

no effect on the AuNP oxidation state in this work. 

 

  
Figure 5.10: H2-TPR curves of (a) the preparation methods and (b) Au@UiO-66(ENC) 

calcined at 448 K and 623 K 

 

 The oxygen storage capacity (OSC) is the amount of reducible oxygen that can be 

stored by a material, either as a part of the lattice structure or by adsorption, and donated 

for oxidation purposes. The OSC is measured by calcining the material in air at 523 K for 

2 h, purging the sample with nitrogen for 30 min to remove physisorbed oxygen, then 

exposing the material to 1% CO in nitrogen and measuring the CO2 evolution over time. 

Table 5.3 reports the OSC of parent UiO-66 and the composites, and Figure 5.11 depicts 

the CO2 evolution over time during the OSC experiments. Notably, parent UiO-66 does 

not produce CO2 during the OSC experiment, whereas all of the composites show CO2 

evolution, suggesting that the AuNPs are necessary for CO2 evolution. The AuNP 

requirement for the evolution of CO2 suggests that the AuNPs play a role in the activation 

and donation of oxygen for CO oxidation over AuNPs supported in or on UiO-66. There 
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are four potential theories explaining the specific function of the AuNPs towards oxygen 

donation: (1) the AuNPs alone adsorb and activate oxygen; (2) the AuNPs destabilize the 

adjacent lattice surface oxygen, which is then more easily reduced by CO; (3) oxygen is 

stored by the support and the AuNPs are necessary to adsorb CO; or (4) the AuNPs create 

an AuNP-support interface site that adsorbs and activates oxygen which is subsequently 

reduced by CO.
42, 44-46

 Several theories are more likely than others. There are numerous 

studies that demonstrate a support effect on the catalytic activity of supported AuNPs; 

therefore, it is unlikely that the AuNPs are solely responsible for adsorbing and activating 

oxygen.
31, 32, 47

 Also, the destabilization of surface oxygen by the AuNPs can be probed 

using H2-TPR,
43

 and there are no peaks in Figure 5.10a correlating to the reduction of 

surface oxygen.  

In addition, the samples can be divided into two distinct sets based on the OSC; 

Au@UiO-66(ENC) and 7.2 nm Au on UiO-66 have comparable OSCs and Au@UiO-

66(IMP), 2.4 nm Au on UiO-66, and 4.9 nm Au on UiO-66 have similar OSCs, but there 

is an order of magnitude difference between the two sample sets. OSC depends upon the 

specific support; therefore, an order of magnitude difference between catalysts with the 

same support is unexpected. Figure 5.12 shows that the OSC is dependent on the AuNP 

diameter; when the AuNPs are greater than 5.5 nm in diameter, the OSC is significantly 

reduced. This combination of AuNPs being necessary for CO2 evolution and the AuNP 

diameter dependence suggests that the OSC evolves from synergistic effects between the 

AuNPs and the support. 
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Figure 5.11: CO conversion rate and CO2 flowrate curves from OSC experiments 
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Figure 5.12: AuNP diameter effect on OSC 

 

5.3.2 CO Oxidation 

5.3.2.1 Activation 

The samples denoted Au@UiO-66(ENC) and Au on UiO-66 were all prepared 

using AuNPs with a mixed surface assemble monolayer (SAM) of DDT and MUA, as 

previously shown. Removing this SAM is paramount for catalytic activity; the Au sites 

must be accessible. CO oxidation at 448 K was used to probe the activation conditions 

necessary to remove the SAM from the AuNPs. Briefly, the sample was heated under 

helium flow at 473 K for 16-18 h to remove the water and solvent trapped within the 

UiO-66 pores. Then, the sample was pretreated in either air or helium at various 

temperatures for 2 h. Finally 1% CO in air was exposed to the sample at 448 K until the 

reaction reached steady-state. Figure 5.13 reports the steady-state activity for Au@UiO-

66(ENC) under different pretreatment conditions. The hypothesis is that O2 is necessary 

to combust the SAM to create accessible CO oxidation sites on the AuNPs and that, 

without combustion, there will be minimal CO oxidation. To test this hypothesis, various 
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samples were pretreated under air flow at 448 K, 523 K, and 623 K, while one sample 

was pretreated under helium flow at 523 K in order to show that the linkers cannot be 

removed by merely heating at 523 K.  

 Figure 5.13 depicts the relationship between the pretreatment temperature and 

catalytic activity of the materials. For Au@UiO-66(ENC), the catalytic activity is 

significantly reduced when heated, in air, at 448 K compared to 523 K and 623 K. 

Likewise, the catalytic capabilities of Au@UiO-66(ENC) pretreated at 523 K and 623 K 

are similar. Additionally, Au@UiO-66(ENC) was pretreated in helium at 523 K for 2 h. 

Pretreatment in helium at 523 K shows a significant reduction in the catalytic activity 

compared to Au@UiO-66(ENC) calcined in air at 523K. Therefore, calcination at 523 K 

in air is required, for Au@UiO-66(ENC), to combust the AuNP capping ligands to ensure 

that the AuNP active sites are accessible.  

Pretreatment conditions for 2.7 nm Au on UiO-66 were simplified by applying the 

results from Au@UiO-66(ENC). Au on UiO-66 was pretreated with air at 448 K and 523 

K and with He at 473 K. Contrary to Au@UiO-66(ENC), calcination in air at 448 K 

results in comparable steady-state CO oxidation with Au on UiO-66 calcined in air at 

523K. However, Figure 5.14 shows that, although calcination in air at both 448 K and 

523 K results in similar steady-state catalytic activity, the material calcined at 448 K, 

designated by the dark red curve, reaches steady-state significantly more slowly. One 

possibility for this is that a longer calcination time at 448 K is necessary to completely 

combust the capping ligands. TGA data in Figure 5.3 supports this theory; the 

combustion of the SAM in air begins at 448K; therefore, complete removal will require a 

longer period of time at this temperature. Another possibility is that the CO2 measured is 
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actually the SAM combusting. However, CO2 would not be constantly produced if that 

were the case, and the catalyst would appear to deactivate, which it does not. 

Additionally, to determine if Au on UiO-66 requires air or merely sufficient heat to 

vaporize the linkers, the material is heated in helium at 473K, the temperature used for 

solvent removal. In contrast to the Au@UiO-66(ENC) samples, heating at 473 K under 

helium results in steady-state activity similar to heating in air. However, the material 

heated under helium requires approximately 2 h longer to reach steady-state than the 

materials calcined in air at any temperature. This supports the theory that a longer time 

period is necessary in order to completely remove the SAM at 448 K.  

To summarize, the 2.7 nm Au on UiO-66 samples are active for CO oxidation at 

448 K with a limited dependence on the pretreatment for steady-state activity, whereas, 

Au@UiO-66(ENC) requires calcination in air at 523 K or greater. This suggests that the 

SAM can be removed from the AuNP surface at temperatures as low as 448 K under air 

flow. Therefore, the necessity of elevated calcination temperature for Au@UiO-66(ENC) 

implies that the SAM must combust into fragments capable of diffusing through UiO-66 

at reasonable rates to effectively remove the capping ligands, which subsequently 

releases the active sites. These differences in sufficient pretreatment conditions imply that 

the AuNPs are confined either within single UiO-66 particles or within an aggregation of 

UiO-66 particles for Au@UiO-66(ENC) and located on the MOF surface for Au on UiO-

66. For consistency, all samples are pretreated in air at 523 K for 2 h for subsequent CO 

oxidation measurements. 
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Figure 5.13: Dependence of CO conversion rate on calcination temperature. Closed 

symbols represent calcination in air and open symbols represent calcination in helium. 

The lines are only to guide the eye 

 

  
Figure 5.14: (a) CO oxidation activity at 448 K vs. time and (b) CO conversion at 448 K 

for Au@UiO-66(ENC) (0.7wt% Au)  and 2.7 nm Au on UiO-66(1.2 wt% Au) exposed to 

various pretreatment conditions 

 

5.3.2.2 AuNP and Preparation Method Effect 

Once an effective activation procedure was determined, the catalytic capabilities 

of the materials were probed to ascertain the effects of AuNP concentration and size. 

Table 5.3 reports the catalytic activities of the materials including the approximate 

temperature for 50% conversion (T1/2); apparent activation energy (Eapp); and reaction 
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rate, CO conversion, and turnover frequency (TOF) at 423K. The material activity is 

compared for CO oxidation at 423 K because it is the lowest temperature that the 

catalytic capabilities can be compared for all of the materials prepared in this work. 

Additionally, Figure 5.15 depicts the temperature dependence of catalytic activity and the 

Arrhenius plots used to calculate Eapp. The T1/2 of 426 K and 428 K for Au@UiO-

66(ENC) and Au@UiO-66(IMP), respectively, are similar to previously reported MOF 

systems. The previously reported T1/2 for Au@UiO-66, Au@ZIF-8, and Ag@MIL-53 are 

428K,
20

 443K,
27

 and 396K,
48

 respectively. This is notable because the AuNP diameters 

for Au@UiO-66(ENC) and Au@UiO-66(IMP) in this work are significantly larger than 

the 2.8 nm
20

 and 3.4 nm
27

 AuNPs reported for Au@UiO-66 and Au@ZIF-8, respectively. 

Likewise, Au on TiO2 and Au on ZrO2 report T1/2 ranging from 262-477 K and 347-523 

K, respectively, dependent on the preparation method and activation conditions.
32, 33, 42, 49

  

 

Table 5.3: Catalytic properties of Au@UiO-66 and Au on UiO-66 composites 

Material 
Au wt 

% 

OSC (mol 

CO2/gsample) 

T1/2 

(K) 

Reaction 

Ratea 

(mol/gsample s) 

Reaction 

Ratea 

(mol/gAu s) 

TOFa 

(s-1) 

CO Conva 

(%) 

Eapp 

(kJ/mol) 

UiO-66 0 0 ----- 0 0 0 0 ----- 

Au@UiO-

66(ENC) 

0.7 

0.4 

0.2 

2.5x10-4 

3.3x10-4 

2.0x10-4 

426 

454 

485 

4.5x10-6 

2.2x10-7 

0 

6.4x10-4 

5.5x10-5 

0 

27.0 

2.1 

0 

46 

2 

0 

30 

63 

----- 

Au@UiO-

66(IMP) 
1.2 3.0x10-3 428 5.0x10-6 4.5x10-4 11.3 47 26 

2.4 nm Au on 

UiO-66 

0.7 

0.5 

2.9x10-3 

3.0x10-3 
360 

399 

9.7x10-6 

8.8x10-6 

1.4x10-3 

2.2x10-4 

24.5 

45.1 

86 

67 

16 

23 

4.9 nm Au on 

UiO-66 

1.1 

0.7 

0.4 

3.0x10-3 

3.0x10-3 

2.8x10-3 

397 

416 

429 

9.7x10-6 

6.8x10-6 

7.2x10-6 

8.8x10-4 

9.7x10-4 

1.8x10-3 

30.6 

40.3 

73.5 

72 

43 

45 

20 

26 

27 

7.2 nm Au on 

UiO-66 
2.1 2.9x10-4 510 0 0 0 0 ----- 

aMeasured at 423 K 
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Figure 5.15: Temperature dependence of CO conversion rate (left column), CO 

conversion (middle column), and Arrhenius plots (right column) for (a,b,c) Au@UiO-

66(ENC), (d,e,f) Au@UiO-66(IMP), (g,h,i) 2.4 nm Au on UiO-66, (j,k,l) 4.9 nm Au on 

UiO-66, and (m,n) 7.2 nm Au on UiO-66 
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In addition, studies investigating the activity of supported AuNPs for CO 

oxidation report Eapp of 2-56 kJ/mol
33, 42, 50

 and 18 kJ/mol for Au on TiO2 and Au on 

ZrO2,
51

 respectively. Lastly, Behm et al. reported reaction rates at 393 K of 5.7x10
-7

, 

4.1x10
-6

, 7.7x10
-6

, and 1.1x10
-4

 mol/(gcat·s) for 3 nm AuNPs deposited on Al2O3, ZnO, 

ZrO2, and TiO2, respectively.
31

 Essentially, the catalytic properties measured for 

Au@UiO-66 and Au on UiO-66 are similar to previously reported studies that investigate 

AuNPs supported on MOFs and metal oxides. Moving forward, CO oxidation will be 

used as a probe reaction to determine the effect of the preparation method on synergism 

within the material. The Au@UiO-66 materials will be compared to Au on UiO-66 

samples as a control to differentiate between catalytic activities introduced by AuNPs 

deposited on the UiO-66 surface and synergistic effects introduced by incorporation in 

the UiO-66 particles. 

Figure 5.16 depicts the dependence of AuNP concentration and diameter on 

catalytic activity for the materials prepared via encapsulation, impregnation, and colloidal 

deposition. Figure 5.16a shows that the catalytic activity of the materials increases as the 

AuNP concentration increases, specifically for 2.4 nm Au on UiO-66, 4.9 nm Au on UiO-

66, and Au@UiO-66(ENC), due to an increased number of active catalytic sites.
20, 27

 

Figure 5.16b shows that, for the physical mixtures, the activity decreases as the AuNP 

diameter increases, which is consistent with AuNPs supported on metal oxides.
28, 29

 

Herein, the physical mixtures, denoted as Au on UiO-66, act as a control to determine the 

activity of surface based AuNPs of various diameters. The catalytic capabilities of these 

materials are compared to Au@UiO-66 to determine the effect of the preparation method 

on the introduction of synergist effects towards CO oxidation. Figure 5.16b shows that 
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UiO-66 impregnated with AuNPs 5.4 nm in diameter (Au@UiO-66(IMP)) demonstrates 

similar catalytic capabilities with 4.9 nm Au on UiO-66. This suggests that the 

impregnation technique introduces minimal synergism. However, Au@UiO-66(ENC) 

shows a significant enhancement in catalytic activity compared to the corresponding 7.2 

nm Au on UiO-66. This improved activity indicates that the encapsulation procedure 

introduces synergistic effects between the AuNPs and UiO-66. Additionally, Au@UiO-

66(ENC) is more active than Au@UiO-66(IMP), which is significant since impregnation 

yields smaller AuNPs.  

 

  
Figure 5.16: Effect of (a) AuNP concentration and (b) AuNP diameter on catalytic 

activity. The lines are to guide the eyes only 

 

The UiO-66 composite prepared using the encapsulation technique has proven to 

be more catalytically active than material prepared via impregnation. Based on the 

combination of TEM and CO oxidation, Au@UiO-66(IMP) most likely consists of 

AuNPs deposited on the UiO-66 surface. Therefore, the Au precursor is either too large 

to efficiently diffuse into the pore space or the AuNPs are not anchored within the pores 

and migrate to the surface during growth. However, the encapsulation procedure yields a 

material with enhanced catalytic capabilities compared to physical mixtures and the 
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impregnation technique. The collective microscopy and CO oxidation data suggest that 

the AuNPs are partially confined within either the UiO-66 particles or UiO-66 

aggregates. This confinement increases the degree of contact between the AuNPs and 

UiO-66 presenting more interface sites active for catalysis. Therefore, the encapsulation 

method overcomes the limitations of the impregnation technique, specifically diffusional 

constraints and AuNP migration. Additionally, the enhanced catalytic activity of 

Au@UiO-66(ENC) could occur due to (1) the introduction of more edge or corner sites 

due to the aggregation of the AuNPs during UiO-66 crystallization or (2) improved 

dispersion of the AuNPs throughout the UiO-66 particles. It is well established that as 

nanoparticle diameters increase, the number of edge and corner sites is reduced; 

therefore, it is unlikely that AuNP growth would produce more catalytically active sites. 

However, the TEM images depicted in Figures 5.5-5.7 suggest that the encapsulation 

procedure distributes the AuNPs more randomly throughout the UiO-66 particles 

compared to the impregnation technique and colloidal deposition. This random dispersion 

will also improve the degree of interactions between the AuNPs and UiO-66 and will 

potentially enhance catalytic activity. Overall, the encapsulation of AuNPs in UiO-66 

produce composites that are catalytically active for CO oxidation and perform better than 

the physical mixtures demonstrating the synergistic effect introduced via the 

encapsulation method. In addition, Au@UiO-66(ENC) is more catalytically active than 

Au@UiO-66(IMP) highlighting the advantages of the encapsulation technique for the 

preparation of UiO-66 composites. 
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5.3.2.3 Oxygen Storage Capacity Effect 

 The catalytic activity of supported AuNPs on metal oxides has been shown to be 

dependent on the supporting material, and the key attribute of the support is the OSC.
31

 

Additionally, for AuNPs deposited on TiO2, Kotobuki et al. probed the effect of the 

AuNP diameter on OSC, and the interface perimeter length was shown to correlate well 

with OSC and CO conversion rate.
44

 However, for Au on UiO-66, this correlation 

between AuNP diameter and OSC is not observed. In addition, Table 5.3 demonstrates 

that there is not a correlation between the OSC and the catalytic activity when the 

supporting material is UiO-66. It is interesting that, although all of the materials are 

active for CO oxidation at 523 K with conversions ranging from 67-100% (Figure 5.15), 

there is a significant AuNP diameter dependence on the anaerobic oxidation of CO at 523 

K (Figure 5.11). This can potentially be explained by the occurrence of two different 

reaction paths for the materials. Huang et al. demonstrate an AuNP diameter dependence 

on reaction path for Au on CeO2. Briefly, for AuNPs 1.7-3.7 nm in diameter deposited on 

CeO2, CO is adsorbed and oxidized; at the same time, carbonate, bicarbonate, and 

formate species form upon CO adsorption and block the active sites resulting in catalyst 

deactivation. However, as the AuNP diameter increases, an additional decomposition 

reaction pathway opens where the carbonate, bicarbonate, and formate species undergo 

oxygen assisted decomposition subsequently reactivating the catalytic sites.
52

 Based on 

the data herein, an oxygen assisted decomposition pathway is plausible for the 7.2 nm Au 

on UiO-66 and Au@UiO-66(ENC) composites with AuNPs 8.2 nm in diameter. It 

explains why the materials are active during the CO oxidation experiments at 523 K in 

air, but significantly less active during the anaerobic experiments.  
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Figures 5.17 and 5.18 further support this dual reaction path theory. Figure 5.17 

depicts the time dependent reaction rates for Au@UiO-66(ENC). The interesting thing 

about this data is that the material starts to deactivate, then, appears to reactivate the 

catalytic sites resulting in an increase in the oxidation rate which eventually reaches 

steady-state. This delayed increase in oxidation rate could occur due to the reactivation of 

the catalytic sites via oxygen assisted decomposition of carbonates, bicarbonates, and 

formates. Additionally, Figure 5.18 depicts the time dependence of the 7.2 nm Au on 

UiO-66 conversion rates. At 473K, there is a delay in CO conversion; CO2 is first 

measured after 80 min. This delay could be attributed to a slow oxygen assisted 

decomposition of carbonate species. Notably, Au@UiO-66(ENC) and 7.2 nm Au on 

UiO-66 behave differently than Au@UiO-66(IMP), 2.4 nm Au on UiO-66, and 4.9 nm 

Au on UiO-66.  For the materials with AuNPs smaller than 5.5 nm, the time dependent 

reaction rates perform similar to AuNPs supported on metal oxides: CO is converted, a 

maximum rate is attained, and the catalyst deactivates; this deactivation typically occurs 

due to the deposition of carbonate species on the active sites.
34, 51, 53, 54

 In summary, the 

UiO-66 composites with AuNPs greater than 5.5 nm in diameter demonstrate reduced CO 

oxidation capabilities under anaerobic conditions and an apparent in-situ reactivation of 

catalyst sites. These observations suggest that, for AuNPs supported by UiO-66, AuNP 

diameters greater than 5.5 nm enhance the oxygen assisted decomposition of carbonate 

species.  
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Figure 5.17: Activity vs. time for (a,b) Au@UiO-66(ENC) (0.7 wt% Au); (c,d) 

Au@UiO-66(ENC) (0.4 wt% Au); (e,f) Au@UiO-66(ENC) (0.2 wt% Au); and (g,h) 

Au@UiO-66(IMP) (1.2 wt% Au) 

  



128 

 

   

   

   

   
Figure 5.18: Activity vs. time for (a,b) 2.4 nm Au on UiO-66 (0.7 wt% Au); (c,d) 2.4 nm 

Au on UiO-66 (0.5 wt% Au); (e,f) 4.9 nm Au on UiO-66 (1.1 wt% Au); (g,h) 4.9 nm Au 

on UiO-66 (0.7 wt% Au); (i,j) 4.9 nm Au on UiO-66 (0.4 wt% Au); and (k,l) 7.2 nm Au 

on UiO-66 (0.4 wt% Au) 

 

5.4 Conclusions 

Au@UiO-66 composites were prepared via impregnation and encapsulation to 

probe the effect of the preparation method on the UiO-66 properties. Physical mixtures of 

2.4 nm Au on UiO-66, 4.9 nm Au on UiO-66, and 7.2 nm Au on UiO-66 were also 
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prepared to act as a control system. The materials were extensively characterized using 

PXRD, nitrogen sorption at 77K, TEM, STEM tomography, and H2-TPR. PXRD and 

nitrogen sorption at 77 K prove that the UiO-66 structure and porosity are obtained for all 

of the materials. TEM confirms the AuNP diameter for the physical mixtures and shows 

that the AuNPs distributed throughout Au@UiO-66(ENC) and Au@UiO-66(IMP) are, on 

average, 8.2 nm and 5.4 nm, respectively. TEM also shows that both preparation methods 

result in AuNPs that are definitively on the UiO-66 surface, proving that neither 

preparation method completely confines the AuNPs within UiO-66. STEM tomography 

on Au@UiO-66(ENC) suggests that there are AuNPs confined either within individual 

UiO-66 particles or within aggregates of UiO-66 particles. Lastly, H2-TPR suggests that 

the AuNPs in all of the materials are metallic Au and the addition of the nanoparticles 

does not promote the reduction of surface oxygen from the support.  

Next, CO oxidation was used to probe the potential confinement and synergistic 

effects introduced by the various preparation methods. Au@UiO-66(IMP) demonstrates 

catalytic capabilities similar to the analogous physical mixture. This lack of synergism 

coupled with TEM suggests that the AuNPs, incorporated via impregnation, are mainly 

deposited on the surface of the UiO-66 particles. Therefore, the impregnation technique is 

limited by either diffusional constraints or the migration of the AuNPs during growth due 

to inadequate anchoring of the AuNPs within the pores. Alternatively, Au@UiO-

66(ENC) shows improved activity compared to the corresponding physical mixtures 

indicating that synergistic effects are introduced via the encapsulation procedure. The 

combination of STEM tomography and CO oxidation suggests that the AuNPs are 

partially confined within individual UiO-66 particles and/or UiO-66 aggregates. This 
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suggested confinement will increase the degree of contact between the AuNPs and UiO-

66, which will introduce more AuNP-support interface sites and enhance the catalytic 

activity of the materials. In addition, Au@UiO-66(ENC) demonstrates improved catalytic 

activity over Au@UiO-66(IMP) highlighting the advantages of the encapsulation 

technique for preparing UiO-66 composites.  
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CHAPTER 6 

TUNING THE AU@UIO-66 ENCAPSULATION PROCEDURE FOR 

HCl-SENSITIVE NANPARTICLES 

6.1 Introduction 

Metal-organic frameworks (MOFs) are nanoporous, crystalline materials 

constructed of metal or metal oxide nodes connected via organic linkers. The nearly 

infinite combinations of metal centers and organic moieties provide MOFs with 

exceptional structural diversity. In addition, MOFs have high surface areas and pore 

volumes, uniform pore size distributions, and chemical tunability.
1, 2

 These capabilities 

can be further improved through the incorporation of metal and metal oxide 

nanoparticles. This combination exploits the tailorable porosity and chemistry of MOFs 

with the unusual chemical and physical properties of the nanoparticles, generating MOF 

composites with enhanced performance towards gas storage and separation, drug 

delivery, catalysis, and sensing.
3
  

MOF composites are conventionally prepared via either impregnation or 

encapsulation. Impregnation specifies the formation of nanoparticles within preformed 

MOFs and encapsulation indicates that the MOF crystallizes around preformed 

nanoparticles. Huo et al. utilized the encapsulation technique to incorporate a wide range 

of nanomaterials in ZIF-8.
4
 Notably, they integrated nanomaterials of various sizes and 

shapes, many larger than the ZIF-8 pores, and demonstrated impeccable spatial control of 

the nanomaterials in the ZIF-8 particles highlighting the advantages of the encapsulation 
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method. The extension of this controlled incorporation of nanomaterials in a variety of 

MOFs will facilitate the capability to design MOF composites for specific applications.  

UiO-66 is a zirconium-based MOF consisting of Zr6O4(OH)4 clusters linked by 

1,4-benzenedicarboxylic acid (BDC). Notably, it is thermally stable up to 813K, 

mechanically and chemically resistant, stable in humid environments, and easily tuned.
5-7

 

The incorporation of gold nanoparticles (AuNPs) will combine these advantages with the 

unusual optic and catalytic properties of AuNPs.
8
 Tulig et al. reported an alternative UiO-

66 synthesis procedure capable of encapsulating HCl-sensitive nanoparticles, such as 

AuNPs, in UiO-66.
9
 However, during UiO-66 crystallization, the AuNPs aggregate and 

grow in diameter from approximately 2 nm to 16 nm. In addition, instead of complete 

confinement within the UiO-66 particles, the procedure produces some UiO-66 particles 

devoid of AuNPs and others with AuNPs definitively on the surface of the UiO-66 

particles. Therefore, the procedure must be tuned to control the AuNP aggregation and 

spatial location. Herein, the UiO-66 synthesis parameters are varied to determine their 

effects on the UiO-66 properties as well as the AuNP diameter and location within the 

UiO-66 particles. 

 

6.2 Experimental Methods 

6.2.1 Materials 

All chemicals were obtained commercially (Sigma-Aldrich and Fisher Scientific) 

and used as obtained. AuNPs capped with 1-dodecanethiol (DDT) and 11-

mercaptoundecanoic acid (MUA) were prepared using a two-step process: (1) the 

synthesis of DDT capped gold nanoparticles (AuNP-DDT) followed by (2) a ligand 
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exchange with MUA. AuNP-DDT were prepared using a previously reported 

procedure.
10

 A solution of tetraoctylammonium bromide (0.728 mmol) in toluene (40 

mL) was mixed with a solution of gold(III) chloride trihydrate (HAuCl4·3H2O) (0.314 

mmol) in water (20 mL) and stirred for 30 min. Next, DDT (0.314 mmol) was added, and 

the mixture was stirred for 30 min. Finally, a solution of sodium borohydride (NaBH4) 

(3.14 mmol) in water (10 mL) was added, and the mixture was rigorously stirred for 3 h. 

The product was washed with de-ionized water, the organic phase separated, and AuNP-

DDT were precipitated three times from methanol (MeOH). The ligand exchange entailed 

stirring AuNP-DDT (3 mg AuNP/mL toluene) and MUA (0.154 mmol) in toluene for 72 

h and washing the product three times with toluene.
11

 The resulting mixed-ligand product 

will be referred to as AuNP-DDT/MUA herein. 

AuNPs capped with polyvinylpyrrolidone (PVP) were prepared as previously 

reported.
12, 13

 An aqueous solution (210 mL) of HAuCl4·3H2O (0.15 mmol) and PVP 

(MW 30k, 8.48 mmol) was vigorously stirred for 1 h. Then, an aqueous solution (11 mL) 

of NaBH4 (1.54 mmol) was added, and the mixture was stirred for 3 h. Finally, the 

materials were precipitated and washed three times with an acetone and water (15:1 v:v) 

mixture. 

 

  
 

DDT MUA PVP 

Figure 6.1: Illustration of AuNP capping agents: DDT/MUA and PVP 
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Au@UiO-66(Zr(OnPr)) was prepared by stirring zirconium propoxide (Zr(OnPr)) 

(0.227 mmol) and BDC (0.454 mmol) in solution at 393 K for 24 h. The synthesis was 

tuned by varying several parameters: the solvent ratio, acetic acid concentration, 

modulator, and AuNP capping agent. Table 6.1 details the synthetic parameters used to 

probe the effect of varying the MeOH:DMF ratio, acetic acid:Zr(OnPr) ratio, and AuNP 

capping agent and UiO-66(Zr(OnPr)) modulator on Au@UiO-66 properties. 

 

Table 6.1: Synthesis parameters for Au@UiO-66(Zr(OnPr)) with various MeOH:DMF 

ratios, acetic acid:Zr(OnPr) ratios, and capping agents and UiO-66(Zr(OnPr)) modulator. 

The sections differentiate between the parameters utilized to study the various parameters 

Au@UiO-66(Zr(OnPr)) 
AuNP Capping 

Agent 

MeOH 

(mmol) 

DMF 

(mmol) 

Acetic 

Acid 

(mmol) 

Benzoic 

Acid 

(mmol) 

MeOH:DMF = 0.0, acetic acid:Zr(OnPr)=30, 

and AuNP-DDT/MUA 
DDT/MUA 0.00 90.80 6.81 0.00 

MeOH:DMF = 0.3, acetic acid:Zr(OnPr)=30, 

and AuNP-DDT/MUA 
DDT/MUA 24.72 77.49 6.81 0.00 

MeOH:DMF = 1.9, acetic acid:Zr(OnPr)=30, 

and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 6.81 0.00 

MeOH:DMF = 4.8, acetic acid:Zr(OnPr)=30, 

and AuNP-DDT/MUA 
DDT/MUA 123.67 25.83 6.81 0.00 

MeOH:DMF = 1.9, acetic acid:Zr(OnPr)=15, 

and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 3.41 0.00 

MeOH:DMF = 1.9, acetic acid:Zr(OnPr)=20, 

and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 4.55 0.00 

MeOH:DMF = 1.9, acetic acid:Zr(OnPr)=25, 

and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 5.60 0.00 

MeOH:DMF = 1.9, acetic acid:Zr(OnPr)=60, 

and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 13.62 0.00 

MeOH:DMF = 1.9, acetic 

acid:Zr(OnPr)=120, and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 27.24 0.00 

MeOH:DMF = 1.9, acetic 

acid:Zr(OnPr)=180, and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 41.09 0.00 

MeOH:DMF = 1.9, acetic 

acid:Zr(OnPr)=240, and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 54.48 0.00 

MeOH:DMF = 1.9, acetic 

acid:Zr(OnPr)=480, and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 108.96 0.00 

MeOH:DMF=1.9, benzoic acid:Zr(OnPr)=30, 

and AuNP-DDT/MUA 
DDT/MUA 86.50 45.40 0.00 6.81 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=30, 

and AuNP-PVP 
PVP 86.50 45.40 6.81 0.00 

MeOH:DMF=1.9, benzoic acid:Zr(OnPr)=30, 

and AuNP-PVP 
PVP 86.50 45.40 0.00 6.81 
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6.2.2 Characterization 

Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X-

ray diffractometer. Approximately 10 mg of sample were deposited on a low background 

silica sample holder and scanned from 5-50°. A Quantachrome Quadrasorb Evo 

volumetric analyzer collected nitrogen sorption data at 77K. The isotherms were 

measured over a relative pressure (P/P0) range of 0.001-0.990 with high purity nitrogen 

(Airgas 99.998%). Prior to the measurement, the samples were heated at 473 K for 16-18 

h under vacuum using a Quantachrome FloVac Degasser. The specific surface areas were 

calculated using the Brunauer, Emmett, and Teller (BET) Theory using 0.005 ≤ P/P0 ≤ 

0.03, and the total pore volume was calculated at P/P0 = 0.6. Transmission electron 

microscopy (TEM) images were acquired using the Hitachi HT7700 operated at 120 keV. 

The samples were prepared by suspending less than 1 mg of sample in MeOH and 

dropcasting it on a lacy carbon copper grid. Proton nuclear magnetic resonance (
1
H 

NMR) spectroscopy data were collected on a Varian Mercury Vx 300 and used to 

determine the composition of the organic monolayer on the AuNPs. The samples were 

prepared by suspending approximately 10 mg of AuNP-DDT/MUA or AuNP-PVP in 1 

mL of dimethyl sulfoxide-d6 or deuterium oxide, respectively. 

 

6.3 Results 

6.3.1 Gold Nanoparticles (AuNPs) 

For the encapsulation of AuNPs in UiO-66, preformed AuNPs are prepared and 

added to the UiO-66 mother solution. Herein, two sets of AuNPs were prepared: AuNP-

DDT/MUA and AuNP-PVP. The capping agents are illustrated in Figure 6.1. Figure 6.2 
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depicts the 
1
H NMR spectra and TEM images for AuNP-DDT/MUA and AuNP-PVP. 

The 
1
H NMR spectrum for AuNP-DDT/MUA, depicted in Figure 6.2a, confirms that 

there is a mixed monolayer of DDT and MUA in a MUA:DDT ratio of 3:1. The broad 

peaks and lack of coupling in Figure 6.2a are characteristic of ligands bound to a surface, 

confirming that all of the ligands are bound to the AuNP surface.
14

 Additionally, the 

composition of the monolayer is confirmed by analyzing the characteristic peak positions. 

DDT has a unique peak at 0.84 ppm associated with –CH3, and MUA has a characteristic 

peak at 2.13 ppm for –CH2COOH. Additionally, the TEM image of AuNP-DDT/MUA 

depicted in Figure 6.2b shows that the AuNP-DDT/MUA diameter is 1.8±0.4 nm. The 
1
H 

NMR spectrum for AuNP-PVP presented in Figure 6.2c confirms that there is PVP 

present, and the TEM image of AuNP-PVP represented in Figure 6.2d confirms an 

AuNP-PVP diameter of 2.2±0.9 nm. These AuNPs are used herein to study the key 

synthesis parameters for controlling the AuNP size and location when encapsulated in 

UiO-66(Zr(OnPr)).  
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Figure 6.2: AuNP-DDT/MUA (a) 

1
H NMR spectra and (b) TEM image and AuNP-PVP 

(c) 
1
H NMR spectra and (d) TEM image 

 

6.3.2 UiO-66 Crystal Structure and Porosity 

Table 6.1 reports the synthesis parameters used to study the effects of 

MeOH:DMF ratio, acetic acid:Zr(OnPr) ratio, AuNP capping agent, and UiO-

66(Zr(OnPr)) modulator on the physical properties of Au@UiO-66(Zr(OnPr)). The 

MeOH:DMF and acetic acid:Zr(OnPr) ratios were varied from 0-4.8 and 15-480, 

respectively. These bounds were selected to maximize the ratio ranges capable of 

producing highly porous, crystalline UiO-66(Zr(OnPr)) as previously discovered by Tulig 

et al.
9
 Additionally, the AuNP capping agent was varied to probe the effect of AuNP-

DDT/MUA and AuNP-PVP. AuNP-DDT/MUA was chosen because the AuNP diameter 
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can be easily manipulated using the original AuNP-DDT synthesis procedure.
14

 In 

addition, the ligand exchange procedure is a straightforward technique used to introduce 

functional sites, such as –COOH, to the AuNP surface. Therefore, this well-established, 

two-step procedure produces AuNPs that limit aggregation under ambient conditions due 

to DDT while also containing –COOH sites, from MUA, that can coordinate with the 

MOF metal centers during crystallization. Alternatively, AuNP-PVP was selected 

because PVP capped nanomaterials have effectively been incorporated in many MOFs 

including ZIF-8, UiO-66, and MIL-53.
4, 15

 It has been suggested that PVP has two 

functions: (1) to stabilize the nanomaterials in solution and (2) to coordinate with the 

metal centers via weak interactions between the pyrrolidone ring (C=O) and the metal 

centers. Therefore, AuNP-PVP was chosen as an alternative system to probe the effect of 

the AuNP capping agent on Au@UiO-66(Zr(OnPr)) properties. Lastly, the effect of UiO-

66(Zr(OnPr)) modulator was investigated using acetic acid and benzoic acid. These 

modulators were selected because they have both been previously used as UiO-66 

modulators.
16

 In addition, acetic acid and benzoic acid have significantly different 

geometries; and modulator geometry has been shown to effect MOF crystallization
17

 and 

the introduction of defect sites.
18

 Therefore, investigating the effect of acetic acid and 

benzoic acid on Au@UiO-66(Zr(OnPr)) properties will also yield insight into the effect 

of defect sites. 

Figure 6.3 shows the optical differences between UiO-66(Zr(OnPr)) and as-

synthesized Au@UiO-66(Zr(OnPr)) prepared with various synthesis parameters. 

Although the optical differences are interesting to note, only limited conclusions can be 

drawn. Mainly, the resulting pink and brown powders strongly suggest that there are 
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AuNPs present since parent UiO-66 without AuNPs is a white powder. In addition, 

PXRD patterns, depicted in Figure 6.4, show that the UiO-66 structure is obtained for all 

of the synthesis conditions tested and nitrogen sorption at 77 K data, reported in Table 

6.2, demonstrate that the porosity of all Au@UiO-66(Zr(OnPr)) composites prepared 

herein are similar to parent UiO-66 synthesized with Zr(OnPr).
9
 Notably, the Au@UiO-

66(Zr(OnPr)) composites prepared with acetic acid:Zr(OnPr) ratios of 240 and 480 and 

with a benzoic acid:Zr(OnPr) ratio of 30 exhibit an increased porosity, which suggests 

that high acetic acid:Zr(OnPr) ratios and a moderate benzoic acid:Zr(OnPr) ratio 

introduce missing linker sites.
19

 Whereas, for Au@UiO-66(Zr(OnPr)) prepared with 

acetic acid:Zr(OnPr) ratios less than 240, there is competitive coordination between 

acetic acid and BDC. However, the authors’ speculate that the majority of the acetic acid 

molecules that coordinate with the Zr
4+

 ions to reduce the nucleation rate are exchanged 

with BDC during crystal growth, resulting in minimal missing linker sites.  

 

    

    

    

    
Figure 6.3: Images of (a) UiO-66(Zr(OnPr)) and Au@UiO-66(Zr(OnPr)) prepared by 

varying (a-e) the MeOH:DMF ratio from 0.0-4.8; (f-m) the acetic acid:Zr(OnPr) ratio 

from 15-480; and (n-p) the AuNP capping agent and UiO-66 modulator 
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Figure 6.4: PXRD patterns for Au@UiO-66(Zr(OnPr)) prepared by varying (a) the 

MeOH:DMF ratio, (b) acetic acid:Zr(OnPr) ratio, and (c) AuNP capping agent and UiO-

66(Zr(OnPr)) modulator 

 

Table 6.2: Porosity and AuNP diameters measured for Au@UiO-66(Zr(OnPr)) prepared 

with various synthesis parameters 

Au@UiO-66(Zr(OnPr)) 
BET Surface Area 

(m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

AuNP 

Diameter (nm) 

UiO-66(Zr(OnPr))
9
 1155 0.56 ----- 

MeOH:DMF=0.0, acetic acid:Zr(OnPr)=30, and 

AuNP-DDT/MUA 
1120 0.52 11.6±3.6 

MeOH:DMF=0.3, acetic acid:Zr(OnPr)=30, and 

AuNP-DDT/MUA 
1146 0.52 15.7±11.1 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=30, and 

AuNP-DDT/MUA 
1142 0.46 8.2±3.1 

MeOH:DMF=4.8, acetic acid:Zr(OnPr)=30, and 

AuNP-DDT/MUA 
1257 0.50 10.7±5.0 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=15, and 

AuNP-DDT/MUA 
1173 0.51 3.0±1.5 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=20, and 

AuNP-DDT/MUA 
936 0.40 6.5±4.8 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=25, and 

AuNP-DDT/MUA 
1170 0.47 9.9±3.6 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=60, and 

AuNP-DDT/MUA 
1198 0.48 8.9±3.1 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=120, 

and AuNP-DDT/MUA 
1191 0.47 7.1±3.2 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=180, 

and AuNP-DDT/MUA 
1179 0.45 5.8±2.9 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=240, 

and AuNP-DDT/MUA 
1259 0.48 7.7±7.5 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=480, 

and AuNP-DDT/MUA 
1319 0.53 14.8±11.1 

MeOH:DMF=1.9, benzoic acid:Zr(OnPr)=30, 

and AuNP-DDT/MUA 
1405 0.60 3.2±1.1 

MeOH:DMF=1.9, acetic acid:Zr(OnPr)=30, and 

AuNP-PVP 
1146 0.47 3.4±1.3 

MeOH:DMF=1.9, benzoic acid:Zr(OnPr)=30, 

and AuNP-PVP 
1412 0.61 3.6±1.1 

a
Measured at P/P0 = 0.6 
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6.3.3 Gold Nanoparticle (AuNP) Diameter 

Table 6.2 reports the AuNP diameters for Au@UiO-66(Zr(OnPr)) prepared 

utilizing various MeOH:DMF and acetic acid:Zr(OnPr) ratios, AuNP capping agents, and 

UiO-66(Zr(OnPr)) modulators. The MeOH:DMF ratio has an insignificant effect on the 

AuNP diameter; however, the acetic acid:Zr(OnPr) ratio, AuNP capping agent, and UiO-

66(Zr(OnPr)) modulator substantially affect AuNP aggregation and growth. Figure 6.5 

illustrates the relationship between the AuNP diameter and the acetic acid:Zr(OnPr) ratio 

for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio of 1.9 and AuNP-

DDT/MUA. At an acetic acid:Zr(OnPr) ratio of 15, there is minimal AuNP growth; 

however, as the acetic acid:Zr(OnPr) ratio increases, the AuNPs aggregate, resulting in 

significant particle growth and a considerably wider particle size distribution. A plausible 

explanation is that AuNP growth is promoted by the pH of the reaction medium. These 

AuNPs are capped with MUA, which functionalizes the AuNPs with –COOH groups that 

can be used to coordinate with MOF metal centers during crystallization. However, 

AuNPs capped with –COOH have the propensity to form hydrogen bonds resulting in 

AuNP aggregation and growth.
20, 21
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Figure 6.5: Relationship between acetic acid:Zr(OnPr) and AuNP diameter. The green 

area represents the AuNP diameter of the preformed AuNPs 

 

To confirm that the acetic acid concentration, and subsequent pH, is the main 

factor causing AuNP aggregation and growth, two experiments were conducted: (1) 

AuNP-DDT/MUA were stirred in a MeOH:DMF ratio of 1.9 (pH = 7.8) at 393 K for 24 h 

and (2) AuNP-DDT/MUA were stirred in MeOH:DMF ratio of 1.9, and acetic 

acid:Zr(OnPr) ratio of 30 (pH = 4.4) at 393 K for 24 h. Figure 6.6 shows that under acidic 

conditions, AuNP aggregates form; whereas without acetic acid, the AuNPs remain 

suspended in solution suggesting that the pH is the decisive factor driving AuNP growth 

during Au@UiO-66(Zr(OnPr)) crystallization. Conversely, when Au@UiO-66(Zr(OnPr)) 

is prepared with AuNP-DDT/MUA and a benzoic acid:Zr(OnPr) ratio of 30, AuNP 

growth is minimal. As previously stated, preparation with a benzoic acid:Zr(OnPr) ratio 

of 30 introduces missing linker defect sites on the Zr
4+

 ions, onto which the –COOH 

functionalization of AuNP-DDT/MUA can coordinate. This retards AuNP-DDT/MUA 

aggregation. The authors’ speculate that the AuNP-DDT/MUA coordinate to missing 

linker defects in UiO-66 before hydrogen bonding occurs, therefore, incorporating the 

AuNPs in the UiO-66(Zr(OnPr)) structure while limiting AuNP growth.  
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Lastly, when Au@UiO-66(Zr(OnPr)) is prepared with AuNP-PVP, neither 

modulator generates AuNP-PVP growth. AuNP-PVP stability towards growth likely 

stems from the lack of hydrogen bonding. AuNP-PVP is suspended in the polar solution 

by the pyrrolidone (C=O) ring which is incapable of forming hydrogen bonds, therefore, 

limiting AuNP aggregation under acidic conditions. 

 

  
Figure 6.6: (a) AuNP-DDT/MUA stirred in MeOH and DMF (pH = 7.8) at 393 K for 24 

h and (b) AuNP-DDT/MUA stirred in MeOH, DMF, and acetic acid (pH = 4.4) at 393 K 

for 24 h 

 

6.3.4 UiO-66(Zr(OnPr)) Particle Geometry 

MOF formation is often extremely sensitive to the synthesis parameters 

employed.
22

 Specifically, the particle geometry can be controlled by altering the reaction 

medium and tuning the modulation effect.
16, 23-25

 Figures 6.7-6.21 demonstrate that the 

MeOH:DMF and acetic acid:Zr(OnPr) ratios have a significant effect on the UiO-

66(Zr(OnPr)) particle geometry; however, exchanging benzoic acid for acetic acid has a 

minimal effect on MOF geometry. Figures 6.7-6.10 show the MeOH:DMF ratio effect on 

the UiO-66(Zr(OnPr)) particle diameter and shape. Specifically, as the MeOH:DMF ratio 

is increased, the UiO-66 particle diameter increases. The addition of MeOH to the mother 

solution enhances UiO-66(Zr(OnPr)) particle growth. This could occur via two potential 
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mechanisms: (1) MeOH acts as a modulator competing with BDC for coordination sites 

or (2) the reduced solubility of BDC in MeOH affects the nucleation rate. The 

modulation effect would occur when MeOH dissociates into MeO
-
 and H

+
 ions; then the 

MeO
-
 anions competitively coordinate with Zr

4+
. However, MeOH dissociation requires 

elevated temperatures exceeding 433K
26

 suggesting that this is unlikely. Alternatively, 

BDC is less soluble in MeOH than in DMF; therefore, the supersaturation concentration 

is decreased, which subsequently reduces nucleation. Additionally, a MeOH:DMF ratio 

of 0.3 produces two UiO-66 particle shapes: the conventional cubic UiO-66 particles and 

unexpected spindle-shaped particles, depicted in Figure 6.8. At low concentrations, 

MeOH has structure directing properties, which are related to the solvent polarity and 

hydrogen bond donation properties.
23, 27

 Therefore, varying the MeOH:DMF ratio affects 

the reaction medium properties, such as polarity and hydrogen bond donation, which 

subsequently introduces structure directing properties and enhances the crystal growth of 

UiO-66(Zr(OnPr)). 

 Additionally, the acetic acid:Zr(OnPr) ratio has a significant effect on the UiO-

66(Zr(OnPr)) particle diameter and morphology. Figures 6.11-6.18 show that as the 

acetic acid:Zr(OnPr) ratio increases, the UiO-66 particle diameter increases. This occurs 

due to a modulation effect; acetic acid competes with BDC to coordinate with Zr
4+

 sites 

to regulate nucleation, then exchanges with BDC during crystal growth.
9, 16

 Additionally, 

Figures 6.16-6.18 reveal the formation of a secondary phase or impurity, identified as 

wire- or rod-shaped particles. In addition to controlling MOF particle size, the 

modulation technique has also been utilized to control the morphology.
24, 25, 28

 Therefore, 

the rod-shaped UiO-66(Zr(OnPr)) particles are potentially formed when acetic acid 
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inhibits crystallization in a specific direction that cannot be discerned by the available 

data. 

 

6.3.5 AuNP Location 

Control over the AuNP location within the UiO-66(Zr(OnPr)) particles is 

paramount for the controlled preparation of HCl-sensitive UiO-66(Zr(OnPr)) composites 

designed for specific applications. Therefore, understanding the key synthesis factors for 

AuNP location is necessary. TEM was used to investigate the AuNP location in 

Au@UiO-66(Zr(OnPr)) prepared with various synthesis parameters. Figures 6.7-6.21 

show that the acetic acid:Zr(OnPr), AuNP capping agents, and UiO-66(Zr(OnPr)) 

modulator potentially affect the AuNP location, whereas the MeOH:DMF ratio does not. 

Briefly, Figures 6.7-6.10 show that the AuNPs for all MeOH:DMF ratios results in 

Au@UiO-66(Zr(OnPr)) composites with AuNPs randomly distributed throughout the 

material with many AuNPs definitively located on the surface of the UiO-66(Zr(OnPr))  

particles. The TEM images show that many of the AuNPs are on either both the UiO-

66(Zr(OnPr))  particles and the TEM grid or on two UiO-66(Zr(OnPr))  particles. 

Alternatively, Figures 6.11-6.18 show that the acetic acid:Zr(OnPr) ratio 

potentially affects the AuNP location within the UiO-66(Zr(OnPr)) particles. For 

Au@UiO-66(Zr(OnPr)) synthesized with an acetic acid:Zr(OnPr) ratio of 15, AuNPs 

were observed in the filtrate after crystallization suggesting that there was incomplete 

retention of AuNPs, which will result in a lower concentration of particles in the 

composite. Figure 6.11 reveals AuNPs approximately 3.0 nm in diameter dispersed in or 

on the UiO-66(Zr(OnPr)) particles without any definitive surface based AuNPs. 
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However, merely seventeen AuNPs were located from 34 various grid locations using 

TEM. Therefore, due to statistical limitations, broader conclusions about the AuNP 

diameter and location cannot be drawn. Figures 6.12-6.18 depict the TEM images for 

composites prepared with the acetic acid:Zr(OnPr) ratio ranging from 20-480 revealing 

AuNPs that have grown in diameter and are scattered randomly throughout the Au@UiO-

66(Zr(OnPr)) material. However, many AuNPs are distinctly on the surface of the UiO-

66(Zr(OnPr))  particles. For Au@UiO-66(Zr(OnPr)) composites prepared with the acetic 

acid:Zr(OnPr) ratio ranging from 120-480, depicted in Figures 6.15-6.18, the larger UiO-

66(Zr(OnPr)) particles support multiple AuNPs that are potentially within the UiO-

66(Zr(OnPr)) particles. Unfortunately, TEM is a two-dimensional technique so further 

analysis is necessary to confirm AuNP location. However, the display of potential 

confinement suggests that the UiO-66(Zr(OnPr)) particle diameter is a significant factor 

for incorporating AuNPs, specifically that larger UiO-66(Zr(OnPr)) particles are more 

likely to encase AuNPs. There are two potential explanations: (1) the AuNPs coordinate 

on missing linker defect sites which were suggested to occur at acetic acid:Zr(OnPr) 

ratios exceeding 120 and/or (2) AuNP incorporation does not occur during nucleation 

(AuNP induced nucleation), but rather are encased within the particles during crystal 

growth, therefore, slower growth rates would effectively incorporate more AuNPs within 

the UiO-66(Zr(OnPr)). 

Furthermore, Figure 6.9 and Figures 6.19-6.21 portray the TEM images for the 

Au@UiO-66(Zr(OnPr)) composites prepared by varying the AuNP capping agent and 

UiO-66(Zr(OnPr)) modulator. Figure 6.9 shows that the use of AuNP-DDT/MUA and 

acetic acid results in a material with AuNPs 8.2 nm in diameter scattered throughout the 
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Au@UiO-66(Zr(OnPr)) composites. In addition, there are several AuNPs that are 

definitively deposited on the surface of the UiO-66 particles. Alternatively, Au@UiO-

66(Zr(OnPr)) prepared with AuNP-DDT/MUA and a benzoic acid:Zr(OnPr) ratio of 30, 

depicted in Figure 6.19, reveals a limited number of AuNPs 3.2 nm in diameter scattered 

throughout the UiO-66(Zr(OnPr)) particles. From the obtained images, shown in Figure 

6.19, no AuNPs are observed on the UiO-66 particles’ surfaces; however, there is a 

limited number of AuNPs observed. The contrast between AuNPs 3 nm in diameter and 

UiO-66(Zr(OnPr)) particles, even when deposited on the UiO-66(Zr(OnPr)) surface, is 

limited. This will make detecting AuNPs confined within UiO-66(Zr(OnPr)) particles 

using TEM a challenge. Therefore, the combination of a colorless filtrate, a brown 

powder (Figure 6.3n), and difficulty locating AuNPs in TEM suggests that the AuNPs do 

not aggregate and are potentially confined within the UiO-66 particles. However, further 

investigations are necessary to confirm this hypothesis. 

Lastly, for Au@UiO-66(Zr(OnPr)) synthesized with AuNP-PVP and both acetic 

acid and benzoic acid, the AuNP-PVP are decisively on the surface of the UiO-

66(Zr(OnPr)) particles. In addition, there was a significant number of AuNPs not retained 

in the Au@UiO-66(Zr(OnPr)) composites for both modulators surmised by the pink 

filtrate. This is also suggested by from the pale brown and pink powders presented in 

Figure 6.3o and 6.3p. Huo et al. observed that competitive coordination of excess PVP 

inhibits the incorporation of the PVP-modified AuNPs in ZIF-8.
4
 Additionally, most of 

the AuNPs were deposited on the ZIF-8 surface. Therefore, excess PVP conceivably 

remains in the AuNP solution resulting in competitive coordination which limits AuNP 



153 

 

incorporation. Thus, further analysis of AuNP-PVP is necessary to determine if excess 

PVP is present. 

 

  
Figure 6.7: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 0.0, an acetic acid:Zr(OnPr) ratio of 30, and AuNP-DDT/MUA 

 

  
Figure 6.8: TEM images for (a) conventional cubic and (b) spindle-shaped particles of 

Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio of 0.3, an acetic 

acid:Zr(OnPr) ratio of 30, and AuNP-DDT/MUA  
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Figure 6.9: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 30, and AuNP-DDT/MUA 

 

  
Figure 6.10: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 4.8, an acetic acid:Zr(OnPr) ratio of 30, and AuNP-DDT/MUA 
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Figure 6.11: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 15, and AuNP-DDT/MUA 

 

  
Figure 6.12: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 20, and AuNP-DDT/MUA 
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Figure 6.13: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 25, and AuNP-DDT/MUA 

 

  
Figure 6.14: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 60, and AuNP-DDT/MUA 
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Figure 6.15: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 120, and AuNP-DDT/MUA 

 

  
Figure 6.16: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 180, and AuNP-DDT/MUA 
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Figure 6.17: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 240, and AuNP-DDT/MUA 

 

  
Figure 6.18: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 480, and AuNP-DDT/MUA 
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Figure 6.19: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, a benzoic acid:Zr(OnPr) ratio of 30, and AuNP-DDT/MUA 

 

  
Figure 6.20: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, an acetic acid:Zr(OnPr) ratio of 30, and AuNP-PVP 
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Figure 6.21: TEM images for Au@UiO-66(Zr(OnPr)) prepared with a MeOH:DMF ratio 

of 1.9, a benzoic acid:Zr(OnPr) ratio of 30, and AuNP-PVP 

 

6.4 Conclusions 

 These studies show that the AuNP capping ligand and UiO-66 modulator have the 

most prominent effects on the Au@UiO-66(Zr(OnPr)) properties such as AuNP diameter 

and location and UiO-66(Zr(OnPr)) particle diameter and shape. Specifically, the choice 

of capping ligand significantly affects the propensity for the AuNPs to aggregate and 

grow. AuNP-DDT/MUA aggregate due to hydrogen bonding under the acidic conditions 

necessary for UiO-66 crystallization with acetic acid, whereas AuNP-PVP aggregation is 

not observed under acidic conditions. In addition, the modulator has a significant impact 

on the composite properties. Although increased concentrations of acetic acid resulted in 

AuNP-DDT/MUA aggregation and growth, the AuNPs were potentially confined within 

UiO-66(Zr(OnPr)) particles. This confinement could be a product of the increased 

number of defect sites introduced during crystallization and/or the reduced crystal growth 

which encourages AuNP incorporation. Alternatively, substituting benzoic acid, which is 

known to introduce missing linker defect sites, as the modulator minimized AuNP-
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DDT/MUA growth. However, AuNP-DDT/MUA location could not be established 

because only a limited number of AuNP-DDT/MUA were located using TEM. This could 

suggest that the 3 nm AuNPs are confined within the particles because the contrast of the 

small AuNPs within the zirconium-based MOF would be negligible. However, further 

investigations are necessary to confirm or reject this hypothesis. Additional studies for 

Au@UiO-66(Zr(OnPr)) prepared with AuNP-DDT/MUA and benzoic acid should be 

performed including size selective catalysis or STEM tomography to further probe the 

AuNP size and location. Lastly, additional investigations of AuNP-PVP encapsulation in 

UiO-66(Zr(OnPr)) should be implemented after confirming that AuNP-PVP is properly 

prepared. 
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CHAPTER 7 

EXTENDING THE HCl-FREE SYNTHESIS TO INCLUDE UIO-66 

ANALOGUES 

7.1 Introduction 

Metal-organic frameworks (MOFs) are nanoporous, crystalline materials 

constructed from metal or metal oxide nodes linked via organic moieties. The nearly 

infinite combinations of metal centers and organic ligand result in extensive structural 

diversity.
1, 2

 Additional advantages include high surface areas and pore volumes, uniform 

pore size distributions, and chemical tunability.
3, 4

 These properties make MOFs 

promising materials for applications such as gas storage and separation, drug delivery, 

imaging, air purification, and catalysis.
4-8

 Unfortunately, many MOFs degrade under 

humid conditions, which severely limits the application perspective.
9
 However, this 

limitation is currently being addressed. Specifically, investigations are being conducted to 

explore the underlying cause of the instability
9-11

 and modify known water-stable MOFs 

for improved applicability via ligand functionalization and doping with nanoparticles.
12, 13

 

UiO-66 is a well-studied zirconium-based MOF consisting of Zr6O4(OH)4 

connected by 1,4-benzenedicarboxylic acid (BDC). Its promise stems from its thermal 

stability up to 813K, mechanical and chemical resistance, stability in humid 

environments, and straightforward chemical tailorability.
12, 14, 15

 UiO-66 has been 

prepared with a multitude of various functionalities via a direct substitution of the 

functionalized linker in the mother solution. Specifically, UiO-66-X, where X = {–H, –

NH2, –NO2, –Naph, –Anth, –Cl2, –Br, –CH3, –(CH3)2, –COOH, –(COOH)2, –OH, –(OH)2, 
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–SO3H, –SH, and –(SH)2} have been prepared, and the physical properties evaluated.
12, 

16-18
 The addition of many of these pendant groups has shown enhanced capabilities 

towards target gas adsorption and removal, degradation of chemical warfare agents 

(CWAs), catalysis, and photocatalysis, demonstrating the potential of UiO-66 and its 

analogues.
16, 19-21

 

UiO-66 and its analogues are typically prepared using zirconium chloride (ZrCl4) 

as the metal precursor, which generates by-product HCl. Alternatively, Tulig et al. 

substituted zirconium propoxide (Zr(OnPr)) as the metal precursor to eliminate by-

product HCl and producing high quality parent UiO-66.
22

 This synthesis allows for the 

inclusion of HCl-sensitive materials, such as nanoparticles, in the UiO-66 synthesis to 

prepare UiO-66 composites. Herein, this HCl-free synthesis procedure is extended to the 

UiO-66 family to determine the capabilities of the procedure for producing the 

functionalized versions of UiO-66 and to probe the underlying factors of the 

crystallization process. The amine functionalized analogue, UiO-66-NH2, is an ideal 

starting material; it has been previously synthesized via the direct substitution of BDC-

NH2 and has shown promise for numerous applications such as gas separation, toxic 

industrial chemical (TIC) removal, and photocatalysis.
16, 23-25

  

 

7.2 Experimental Methods 

7.2.1 Material Synthesis 

All chemicals were obtained commercially (Sigma Aldrich, VWR, and Fisher 

Scientific) and used without further purification. UiO-66-NH2(Zr(OnPr)) was prepared by 

stirring zirconium(IV) propoxide (Zr(OnPr)), 2-aminobenzenedicarboxylic acid (BDC-
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NH2), methanol (MeOH), N,N’-dimethylformamide (DMF), and a specified modulator 

(acetic acid, benzoic acid, formic acid, trifluoroacetic acid (TFA), or hydrochloric acid 

(HCl)), illustrated in Figure 7.1, in a glass scintillation vial in a silicone oil bath. The 

product was filtered and washed three times with DMF and MeOH. Five synthesis 

parameters were varied: (1) time; (2) temperature; (3) H2O:Zr(OnPr) ratio; (4) 

MeOH:DMF ratio; and (4) modulator and modulator ratio. Tables 7.1 and 7.2 detail the 

conditions used for the UiO-66-NH2(Zr(OnPr)) synthesis variations.  

 

 
 

 
 

 

Acetic Acid Benzoic Acid Formic Acid 
Hydrochloric 

Acid 

Trifluoroacetic 

Acid (TFA) 

Figure 7.1: Illustration of the modulators used to prepare UiO-66-NH2(Zr(OnPr)) 

 

Table 7.1: Synthesis conditions used to prepare UiO-66-NH2(Zr(OnPr)) at various times, 

temperatures, H2O:Zr(OnPr) ratios, and MeOH:DMF ratios 

UiO-66-NH2(Zr(OnPr)) 
Zr(OnPr) 

(mmol) 

BDC-NH2 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 

Acetic Acid 

(mmol) 

DI H2O 

(mmol) 

Temp 

(K) 

Time 

(h) 

24 h, 393K, 

H2O:Zr(OnPr)=0, 

MeOH:DMF=1.9 

0.227 0.454 86.5 45.4 6.81 0.0 393 24 

48 h, 393K, 

H2O:Zr(OnPr)=0, 

MeOH:DMF=1.9 

0.227 0.454 86.5 45.4 6.81 0.0 393 48 

24 h, 373K, 

H2O:Zr(OnPr)=0, 

MeOH:DMF=1.9 

0.227 0.454 86.5 45.4 6.81 0.0 373 24 

24 h, 393K, 

H2O:Zr(OnPr)=6.1, 

MeOH:DMF=1.9 

0.227 0.454 86.5 45.4 6.81 1.4 393 24 

24 h, 393K, 

H2O:Zr(OnPr)=7.3, 

MeOH:DMF=1.9 

0.227 0.454 86.5 45.4 6.81 1.7 393 24 

24 h, 393K, 

H2O:Zr(OnPr)=0, 

MeOH:DMF=0 

0.227 0.454 0.0 90.8 6.81 0.0 393 24 

24 h, 393K, 

H2O:Zr(OnPr)=0, 

MeOH:DMF=4.8 

0.227 0.454 123.6 25.9 6.81 0.0 393 24 
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Table 7.2: Synthesis conditions used to prepare UiO-66-NH2(Zr(OnPr)) with various 

modulators and modulator:Zr(OnPr) ratio 

Sample 
Zr(OnPr) 

(mmol) 

BDC-NH2 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 

Modulator 

(mmol) 

Temp 

(K) 

Time 

(h) 

UiO-66-NH2(Zr(OnPr)) – 

Acetic Acid:Zr(OnPr) = 15 
0.227 0.454 86.5 45.4 

Acetic Acid 

(3.41) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Acetic Acid:Zr(OnPr) = 30 
0.227 0.454 86.5 45.4 

Acetic Acid 

(6.81) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Acetic Acid:Zr(OnPr) = 60 
0.227 0.454 86.5 45.4 

Acetic Acid 

(13.62) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Acetic Acid:Zr(OnPr) = 120 
0.227 0.454 86.5 45.4 

Acetic Acid 

(27.24) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Acetic Acid:Zr(OnPr) = 240 
0.227 0.454 86.5 45.4 

Acetic Acid 

(54.48) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr) = 15 
0.227 0.454 86.5 45.4 

Benzoic 

Acid (3.41) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr) = 30 
0.227 0.454 86.5 45.4 

Benzoic 

Acid (6.81) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr) = 60 
0.227 0.454 86.5 45.4 

Benzoic 

Acid (13.62) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr) = 75 
0.227 0.454 86.5 45.4 

Benzoic 

Acid (17.03) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Formic Acid:Zr(OnPr) = 15 
0.227 0.454 86.5 45.4 

Formic Acid 

(3.41) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Formic Acid:Zr(OnPr) = 30 
0.227 0.454 86.5 45.4 

Formic Acid 

(6.81) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Formic Acid:Zr(OnPr) = 60 
0.227 0.454 86.5 45.4 

Formic Acid 

(13.62) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Formic Acid:Zr(OnPr) = 

120 

0.227 0.454 86.5 45.4 
Formic Acid 

(27.24) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

Formic Acid:Zr(OnPr) = 

240 

0.227 0.454 86.5 45.4 
Formic Acid 

(54.48) 
393 24 

UiO-66-NH2(Zr(OnPr)) – 

TFA:Zr(OnPr) = 15 
0.227 0.454 86.5 45.4 TFA (3.41) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

TFA:Zr(OnPr) = 30 
0.227 0.454 86.5 45.4 TFA (6.81) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

TFA:Zr(OnPr) = 60 
0.227 0.454 86.5 45.4 TFA (13.62) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

TFA:Zr(OnPr) = 120 
0.227 0.454 86.5 45.4 TFA (27.24) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

TFA:Zr(OnPr) = 240 
0.227 0.454 86.5 45.4 TFA (54.48) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

HCl:Zr(OnPr) = 4 
0.227 0.454 86.5 45.4 TFA (0.91) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

HCl:Zr(OnPr) = 30 
0.227 0.454 86.5 45.4 TFA (6.81) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

HCl:Zr(OnPr) = 60 
0.227 0.454 86.5 45.4 TFA (13.62) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

HCl:Zr(OnPr) = 120 
0.227 0.454 86.5 45.4 TFA (27.24) 393 24 

UiO-66-NH2(Zr(OnPr)) – 

HCl:Zr(OnPr) = 240 
0.227 0.454 86.5 45.4 TFA (54.48) 393 24 
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UiO-66-X(Zr(OnPr)) was prepared, as documented in Table 7.3, by stirring 

Zr(OnPr), the appropriate ligand, MeOH, DMF, and benzoic acid or TFA in a glass 

scintillation vial at 393 K for 24 h in a silicone oil bath. The product was filtered and 

washed three times with DMF and MeOH. The ligands used to prepare UiO-66-X include 

1,4-benzenedicarboxylic acid (BDC); 1,4-benzenedicarboxylic acid, 2-nitro (BDC-NO2); 

1,4-naphthalenedicarboxylic acid (BDC-Naph); anthracene-9,10-dicarboxylic acid (BDC-

Anth); 1,4-benzenedicarboxylic acid, 2,5-dichloro (BDC-Cl2); 1,4-benzenedicarboxylic 

acid, 2-bromo (BDC-Br); 1,4-benzenedicarboxylic acid, 2,5-dimethyl (BDC-(CH3)2); 

1,2,4-benzenetricarboxylic acid (BDC-COOH); 1,4-benzenedicarboxylic acid, 2-hydroxy 

(BDC-OH); and 1,4-benzenedicarboxylic acid, 2,5-dihydroxy (BDC-(OH)2).  

 

 
BDC 

 
BDC-NH2 

 
BDC-NO2 

 
BDC-Naph 

 
BDC-Anth 

 
BDC-Cl2 

 
BDC-Br 

 
BDC-(CH3)2 

 
BDC-COOH 

 
BDC-OH 

 
BDC-(OH)2  

Figure 7.2: Illustration of the ligands used to prepare UiO-66-X(Zr(OnPr)) 

 

 



170 

 

Table 7.3: Synthesis conditions used to prepare UiO-66-X(Zr(OnPr)) 

Sample 
Zr(OnPr) 

(mmol) 

BDC-X 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 

Modulator 

(mmol) 

Temp 

(K) 

Time 

(h) 

UiO-66 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-NH2 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-NO2 0.227 0.454 86.5 45.4 
Benzoic Acid 

(3.41) 
393 24 

UiO-66-Naph 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-Anth 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-Cl2 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-Br 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-(CH3)2 0.227 0.454 86.5 45.4 
Benzoic Acid 

(6.81) 
393 24 

UiO-66-COOH 0.227 0.454 86.5 45.4 
Benzoic Acid 

(3.41) 
393 24 

UiO-66-OH 0.227 0.454 86.5 45.4 TFA (27.24) 393 24 

UiO-66-(OH)2 0.227 0.454 86.5 45.4 TFA (27.24) 393 24 

 

Table 7.4: Synthesis conditions used to prepare UiO-66-OH(Zr(OnPr)) and UiO-66-

(OH)2(Zr(OnPr)) 

Sample 
Yield 

(mg) 

Zr(OnPr) 

(mmol) 

BDC-X 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 

Modulator 

(mmol) 

Temp 

(K) 

Time 

(h) 

UiO-66-OH(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr)=30 
0.0 0.227 0.454 86.5 45.4 

Benzoic 

Acid (6.81) 
393 24 

UiO-66-OH(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr)=15 
1.9 0.227 0.454 86.5 45.4 

Benzoic 

Acid (3.41) 
393 24 

UiO-66-OH(Zr(OnPr)) – 

TFA:Zr(OnPr)=120 
33.9 0.227 0.454 86.5 45.4 

TFA 

(27.24) 
393 24 

UiO-66-(OH)2(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr)=30 
30.9 0.227 0.454 86.5 45.4 

Benzoic 

Acid (6.81) 
393 24 

UiO-66-(OH)2(Zr(OnPr)) – 

Benzoic Acid:Zr(OnPr)=15 
64.2 0.227 0.454 86.5 45.4 

Benzoic 

Acid (3.41) 
393 24 

UiO-66-(OH)2(Zr(OnPr)) – 

TFA:Zr(OnPr)=120 
39.2 0.227 0.454 86.5 45.4 

TFA 

(27.24) 
393 24 

 

7.2.2 Characterization 

Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X-

ray diffractometer. Approximately 5 mg of sample were placed on a low background 

sample holder and scanned from 5-50°. The obtained diffractograms were compared to 

the simulated patterns to confirm that the UiO-66 structure was obtained.  
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Nitrogen sorption measurements at 77 K were performed using a Quantachrome 

Quadrasorb Evo volumetric analyzer. The isotherms were measured over a range of 

relative pressures from 0.003 to 0.990 using high purity nitrogen (99.998%) obtained 

from Airgas. Prior to the measurement, the samples were outgassed in a Quantachrome 

FloVac Degasser under dynamic vacuum at the following temperatures and times: (1) 

UiO-66(Zr(OnPr)) was heated at 473 K for 16-18 h; (2) UiO-66-NH2(Zr(OnPr)), UiO-66-

NO2(Zr(OnPr)), UiO-66-Naph(Zr(OnPr)), and UiO-66-Anth(Zr(OnPr)) were heated at 

383 K for 16-18 h; and (3) UiO-66-COOH(Zr(OnPr)), UiO-66-OH(Zr(OnPr)), UiO-66-

(OH)2(Zr(OnPr)), UiO-66-Cl2(Zr(OnPr)), UiO-66-Br(Zr(OnPr)), and UiO-66-

(CH3)2(Zr(OnPr)) were heated at 338 K for 24 h.  

Simulated nitrogen isotherms at 77 K were calculated using grand canonical 

Monte Carlo (GCMC) simulations with the nitrogen force field parameters taken from the 

TraPPE force field
26

 and the Lennard-Jones potentials for the UiO-66 frameworks taken 

from the DREIDING
27

 and universal force fields (UFF).
28

 All simulations were 

performed using the RASPA simulation software.
29

 The experimental and simulated 

surface areas were calculated using the Brunauer, Emmett, and Teller (BET) theory using 

relative pressures ranging from 0.005-0.03, and the total pore volume was calculated at a 

relative pressure (P/P0) of 0.6.  

Proton nuclear magnetic resonance (
1
H NMR) spectroscopy was measured on a 

Varian Mercury Vx 300. The samples were prepared by suspending approximately 30 mg 

of UiO-66-NH2 in 1 mL of 1M sodium hydroxide (NaOH) in deuterium oxide (D2O). 

Transmission electron microscopy (TEM) images were acquired using the Hitachi 
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HT7700 operated at 120 keV. The samples were prepared by suspending less than 1 mg 

of sample in MeOH and dropcasting it on a lacy carbon copper grid. 

 

7.3 Results and Discussion 

7.3.1 UiO-66-NH2(Zr(OnPr)) 

The direct substitution of BDC-NH2 in the UiO-66(Zr(OnPr)) synthesis yields a 

crystalline material, depicted by the  blue curve in Figure 7.4. However, the resulting 

BET surface area of 682 m
2
/g (Table 7.5) is significantly lower than the simulated value 

of 934 m
2
/g. This simulated BET surface area was calculated from a simulated nitrogen 

isotherm at 77  K (Figure 7.3) and satisfies all four of the consistency criteria.
30

 

Additionally, UiO-66-NH2 has pores smaller than 1 nm suggesting that the BET surface 

area calculated is a true monolayer calculation.
31

 Therefore, the simulated BET surface 

area of 934 m
2
/g is an accurate assessment for UiO-66-NH2. Based on this information, 

this alternative synthesis produces crystalline UiO-66-NH2; however, the material 

porosity is reduced. Therefore, further investigations into the controlling synthetic factors 

were undertaken in order to determine the effect of the synthesis conditions on the 

material quality. Specifically, five parameters are examined: reaction time, reaction 

temperature, H2O:Zr(OnPr) ratio, MeOH:DMF ratio, and the acid used as a modulator 

and its concentration. Herein, the results will be grouped into three sections: (1) reaction 

time and temperature, H2O:Zr(OnPr) ratio, and MeOH:DMF ratio; (2) the acid used as a 

modulator; and (3) modulator:Zr(OnPr) ratio. 
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Figure 7.3: (a) Complete simulated nitrogen isotherms at 77 K and (b) BET theory fit for 

0.001 ≤ P/P0 ≤ 0.014 

 

7.3.1.1 Time, Temperature, H2O:Zr(OnPr) ratio, and MeOH:DMF ratio 

Table 7.1 details the synthesis conditions used to examine the effect of reaction 

time, reaction temperature, H2O:Zr(OnPr) ratio, and MeOH:DMF ratio on the UiO-66-

NH2(Zr(OnPr)) properties. Figure 7.4 demonstrates that the UiO-66-NH2 crystal structure 

is obtained for all of the synthesis conditions used. In addition, Table 7.5 shows that the 

materials prepared with varied time, temperature, H2O:Zr(OnPr) ratio, and MeOH:DMF 

ratio have similar BET surface areas that are lower than the simulated value. Although 

these parameters often affect MOF properties, for the crystallization of UiO-66-NH2 with 

Zr(OnPr), the reaction time and temperature, H2O:Zr(OnPr) ratio, and MeOH:DMF ratio 

have an insignificant effect. 
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Figure 7.4: PXRD patterns for UiO-66-NH2(Zr(OnPr)) prepared by varying the time, 

temperature, H2O:Zr(OnPr) ratio, and MeOH:DMF ratio 

 

Table 7.5: Porosity of UiO-66-NH2(Zr(OnPr)) prepared with varied time, temperature, 

H2O:Zr(OnPr) ratio, and MeOH:DMF ratio 

UiO-66-NH2(Zr(OnPr)) 
BET Surface Area 

(m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

Simulated UiO-66-NH2 934 ----- 

24 h, 393K, H2O:Zr(OnPr)=0, MeOH:DMF=1.9 682 0.30 

48 h, 393K, H2O:Zr(OnPr)=0, MeOH:DMF=1.9 586 0.27 

24 h, 373K, H2O:Zr(OnPr)=0, MeOH:DMF=1.9 619 0.30 

24 h, 393K, H2O:Zr(OnPr)=6.1, MeOH:DMF=1.9 659 0.30 

24 h, 393K, H2O:Zr(OnPr)=7.3, MeOH:DMF=1.9 671 0.34 

24 h, 393K, H2O:Zr(OnPr)=0, MeOH:DMF=0.0 565 0.32 

24 h, 393K, H2O:Zr(OnPr)=0, MeOH:DMF=4.8 493 0.24 
a
Measured at P/P0 = 0.6 

 

7.3.1.2 Acid Used As The Modulator  

The coordination modulation method, or modulation, is an approach that 

incorporates an additive or modulator, typically with the same chemical functionality, 

introducing competition with the organic linker for coordinating with the metal ions. This 

competitive coordination regulates MOF crystallization establishing control over 
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morphology and size.
32-34

 Figure 7.1 illustrates and Table 7.6 reports the pKa of the five 

acids used as modulators in this work. These acids were chosen because they have been 

used as modulators for UiO-66 and its analogues.
12, 20, 33, 35

 In addition, a constant 

modulator:Zr(OnPr) ratio of 30:1 was used to probe the effect of the modulator structure 

on the UiO-66-NH2(Zr(OnPr)) properties. Figure 7.5 depicts the PXRD patterns for UiO-

66-NH2(Zr(OnPr)) prepared with the various modulators. Acetic acid, benzoic acid, TFA, 

and HCl produce materials with the UiO-66-NH2 structure; however, formic acid yields 

an amorphous powder. Additionally, Table 7.6 shows that benzoic acid produces highly 

porous UiO-66-NH2(Zr(OnPr)) with porosity comparable to the simulated value, whereas 

acetic acid, TFA, and HCl produce UiO-66-NH2(Zr(OnPr)) with reduced porosity.  

 

 
Figure 7.5: PXRD patterns for UiO-66-NH2(Zr(OnPr)) prepared with various modulator 

types with modulator:Zr(OnPr) ratio of 30:1 
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Table 7.6: Porosity of UiO-66-NH2(Zr(OnPr)) with various modulators using 

modulator:Zr(OnPr) ratio of 30 

Material Acid pKa
36

 
BET Surface 

Area (m
2
/g) 

Total Pore Volume 

(cm
3
/g)

a
 

Simulated ----- 934 ----- 

Acetic Acid  4.756 682 0.30 

Benzoic Acid 4.204 998 0.43 

Formic Acid 3.750 281 0.17 

TFA 0.520 636 0.34 

HCl -7.000 672 0.32 
a
Measured at P/P0 = 0.6 

 

1
H NMR was used to further examine the material generated using benzoic acid. 

Figure 7.6 depicts the 
1
H NMR spectra for UiO-66-NH2(Zr(OnPr)) synthesized with 

benzoic acid after it was activated at 383 K under vacuum for 18 h. There are 

characteristic peaks present for both BDC-NH2 and benzoic acid. Specifically, the peaks 

at 7.12, 7.18, and 7.60 ppm are characteristic of the –H on the aromatic ring of BDC-

NH2, and the peaks at 7.4 and 7.77 ppm are characteristic of benzoic acid. Integration of 

these characteristic peaks reveals that 25% of BDC-NH2 is replaced by benzoic acid in 

the UiO-66-NH2(Zr(OnPr)) structure. This revelation confirms that benzoic acid is acting 

as a modulating agent competing with BDC-NH2 to coordinate with Zr
4+

 which 

suppresses the number of nuclei formed and enhances crystal growth. This theory is 

further supported by the well-defined UiO-66-NH2(Zr(OnPr)) particles seen in Figure 

7.7a. In comparison, UiO-66-NH2(Zr(OnPr)) synthesized with acetic acid generates a 

combination of well-formed cubic UiO-66-NH2(Zr(OnPr)) particles and smaller 

amorphous particles, shown in Figure 7.7b. Therefore, using benzoic acid as the 

modulator produces crystalline, highly porous UiO-66-NH2(Zr(OnPr)) with well-defined 

particles by utilizing competitive coordination to control the nucleation rate and crystal 

growth. The authors theorize that benzoic acid is more effective because it has a similar 
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charge distribution compared with BDC-NH2. This allows benzoic acid to effectively 

compete with BDC-NH2 for the Zr
4+

 sites.  

 

  
Figure 7.6: 

1
H NMR for UiO-66-NH2(Zr(OnPr)) prepared with benzoic acid 

 

  
Figure 7.7: TEM images of UiO-66-NH2(Zr(OnPr)) prepared with (a) benzoic acid and 

(b) acetic acid 

 

7.3.1.3 Modulator:Zr(OnPr) Ratio 

Table 7.2 details the synthesis conditions used to prepare UiO-66-NH2(Zr(OnPr)) 

with varying modulator:Zr(OnPr) ratios. Figure 7.8 demonstrates that for acetic acid, 
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benzoic acid, TFA, and HCl, the UiO-66 structure is obtained for all modulator:Zr(OnPr) 

ratios. However, formic acid:Zr(OnPr) ratios less than and equal to 30:1 generate an 

amorphous powder and ratios of 60:1 and greater produce crystalline UiO-66-

NH2(Zr(OnPr)). This suggests that increased formic acid:Zr(OnPr) ratios are necessary to 

reduce the nucleation rate; a limitation that indicates two potential explanations: (1) 

increased formic acid concentrations are necessary to impede BDC-NH2 coordination or 

(2) the reaction medium is sufficiently acidic to shift the deprotonation equilibrium of 

BDC-NH2 to temper the nucleation rate. In addition, Figure 7.9 illustrates the effect of 

the modulator:Zr(OnPr) ratio on the UiO-66-NH2(Zr(OnPr)) porosity. Increasing the 

modulator:Zr(OnPr) ratio for acetic acid, formic acid, and benzoic acid has an 

insignificant effect on the crystalline material porosity. However, at benzoic 

acid:Zr(OnPr) ratios exceeding 75:1, the synthesis ceases to yield material, there is zero 

product formed. This suggests that benzoic acid inhibits nucleation at high 

concentrations, potentially by completely coordinating all of the Zr
4+

 sites, therefore, 

prohibiting nucleation. 

Notably, when the modulator:Zr(OnPr) ratio of TFA and HCl is increased to 

120:1 and 240:1, respectively, the UiO-66-NH2(Zr(OnPr)) BET surface area increases to 

be comparable to the simulated value. Table 7.6 shows that TFA and HCl are 

significantly more acidic than the other modulators. Therefore, increasing the 

modulator:Zr(OnPr) ratio of TFA and HCl will substantially shift the equilibrium of 

deprotonated BDC-NH2
 
resulting in more protonated BDC-NH2, which will reduce the 

nucleation rate and yield higher quality materials. The weaker acids do not shift the 

equilibrium of deprotonated BDC-NH2 as significantly, resulting in an abundance of 
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nuclei that cannot adequately grow to include an intricate pore system with high surface 

areas. Therefore, the preparation of high quality UiO-66-NH2(Zr(OnPr)) is dependent on 

the modulator, specifically, a combination of effective competitive coordination and 

acidity. For weak acids, the appropriate modulator must be used to effectively reduce the 

nucleation rate, whereas high concentrations of strong acids will adequately shift the 

deprotonation equilibrium of the linker subsequently reducing the nucleation rate and 

producing high quality UiO-66-NH2(Zr(OnPr)). 
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Figure 7.8: PXRD patterns for UiO-66-NH2(Zr(OnPr)) prepared using (a) acetic acid; (b) 

benzoic acid; (c) formic acid; (d) TFA; and (e) HCl 
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Figure 7.9: Modulator effect on UiO-66-NH2(Zr(OnPr)) porosity. The lines are to guide 

the eye  only 

 

7.3.2 UiO-66-X(Zr(OnPr)) 

Based on the knowledge collected preparing UiO-66-NH2(Zr(OnPr)), the 

procedure was extended to the other UiO-66 analogues. Table 7.3 reports the synthesis 

conditions and Figure 7.2 illustrates the linkers used to prepare UiO-66-X(Zr(OnPr)). 

Figure 7.10 shows that the UiO-66-X(Zr(OnPr)) materials, where X = {–H, –NH2, –NO2, –

Naph, –Anth, –Cl2, –Br, –(CH3)2, –COOH, –OH, and –(OH)2}, obtained the UiO-66 

structure. Additionally, Table 7.7 reports that the porosity measurements for UiO-66-

X(Zr(OnPr)) are comparable to the simulated and literature values. The combination of 

PXRD and porosity measurements demonstrates that high quality UiO-66-X can be 

prepared without forming by-product HCl. 

Notably, Table 7.3 reports that UiO-66-NO2(Zr(OnPr)) and UiO-66-

COOH(Zr(OnPr)) utilized a lower concentration of benzoic acid and that, for UiO-66-

OH(Zr(OnPr)) and UiO-66-(OH)2(Zr(OnPr)), TFA was used instead of benzoic acid. For 

UiO-66-NO2(Zr(OnPr)) and UiO-66-COOH(Zr(OnPr)), a lower concentration of benzoic 



182 

 

acid was necessary to yield product. This suggests that benzoic acid strongly bound to the 

Zr
4+

 sites and could not be removed via linker exchange with BDC-NO2 and BDC-

COOH. The authors theorize that acidic functional groups result in a more acidic linker 

and, therefore, a weaker conjugate base. The weaker conjugate base cannot exchange 

with the coordinated benzoic acid as easily; therefore, lower concentrations of benzoic 

acid are necessary for BDC-NO2 and BDC-COOH to be competitive with benzoic acid 

for coordination with the Zr
4+

 sites. 

Alternatively, Table 7.4 reports the synthesis parameters and Figure 7.11 depicts 

the PXRD patterns for UiO-66-OH(Zr(OnPr)) and UiO-66-(OH)2(Zr(OnPr)) produced 

under various preparation conditions. For UiO-66-OH(Zr(OnPr)), utilizing benzoic 

acid:Zr(OnPr) ratios of 30:1 and 15:1 result in poor yield (Table 7.4) and an amorphous 

material; however, using a TFA:Zr(OnPr) ratio of 120:1 produces a crystalline material 

with the UiO-66 structure, as shown in Figure 7.11a. Additionally, Figure 7.11b shows 

that, for UiO-66-(OH)2(Zr(OnPr)), using benzoic acid:Zr(OnPr) ratios of 30:1 and 15:1 

produce a semi-crystalline material that is not UiO-66. However, substituting TFA for 

benzoic acid successfully produces UiO-66-(OH)2(Zr(OnPr)). This suggests that 

crystallization of UiO-66-OH(Zr(OnPr)) and UiO-66-(OH)2(Zr(OnPr)) is controlled by 

the modulator acidity rather than competitive coordination. This is potentially due to 

benzoic acid acting as a structure directing agent (SDA) via competitive coordination, 

subsequently hindering the formation of UiO-66-(OH)2(Zr(OnPr)), whereas TFA controls 

nucleation by shifting the deprotonation equilibrium of the reaction. 
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Figure 7.10: PXRD patterns for UiO-66-X(Zr(OnPr)) 

 

Table 7.7: Porosity results for UiO-66-X(Zr(OnPr)) 

Material 
BET Surface Area 

(m
2
/g) 

Literature BET Surface Area 

(m
2
/g) 

UiO-66 1403 1334,
a
 1105

b
 

UiO-66-NH2 998 934,
a
 1123

b
 

UiO-66-NO2 832 792
b
 

UiO-66-Naph 810 757
b
 

UiO-66-Anth 612 627
c
 

UiO-66-Cl2 753 609
d
 

UiO-66-Br 889 654
d
 

UiO-66-(CH3)2 954 849,
a
 825

d
 

UiO-66-COOH 805 842
d
 

UiO-66-OH 1036 946,
e
 843

d
 

UiO-66-(OH)2 739 814,
e
 617

d
 

a
Simulated BET surface areas from this work 

Experimental BET surface areas from 
b
Walton et al.

23
; 

c
Du et al.

18
; 

e
Walton et al.

16
 

Experimental Langmuir surface areas from 
d
Van Der Voort et al.

12
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Figure 7.11: PXRD patterns for (a) UiO-66-OH(Zr(OnPr)) and (b) UiO-66-

(OH)2(Zr(OnPr)) prepared by varying the synthesis conditions 

 

7.4 Conclusions 

The preparation of UiO-66-X using Zr(OnPr) appears to have a rapid nucleation 

rate requiring modulators to temper the nucleation rate and produce high quality UiO-66-

X(Zr(OnPr)) materials. Herein, UiO-66-NH2(Zr(OnPr)) is used to determine the effects 

of the modulator, specifically, the effect of the acid used as a modulator and the 

modulator:Zr(OnPr) ratio. At a constant modulator:Zr(OnPr) ratio of 30:1, the 

dominating role of the acid is to competitively coordinate with the Zr
4+

 ions in order to 

regulate the nucleation rate. For UiO-66-NH2(Zr(OnPr)), only benzoic acid effectively 

controlled the nucleation rate which is suggested by the highly porous crystalline UiO-

66-NH2(Zr(OnPr)) formed using benzoic acid. The other modulating acids produced 

materials with significantly reduced porosity.  

In addition, the modulator:Zr(OnPr) ratio was varied and the effect on the UiO-

66-NH2(Zr(OnPr)) physical properties analyzed. The most significant effect is observed 

for TFA and HCl. When the modulator:Zr(OnPr) ratio exceedes 120:1 and 240:1 for TFA 

and HCl, respectively, the UiO-66-NH2(Zr(OnPr)) porosity is improved and comparable 
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to the simulated porosity. Both TFA and HCl are strong acids capable of substantially 

shifting the deprotonation equilibrium of the linker, reducing the abundance of 

deprotonated BDC-NH2, and diminishing the quantity of nuclei formed. Therefore, at 

moderate pH, a modulating agent that efficiently competes for coordination sites is 

necessary to regulate nucleation. Alternatively, using strong acids that can significantly 

reduce the pH of the reaction solution will shift the deprotonation equilibrium of the 

linker subsequently reducing the abundance of nuclei. Overall, the role of the acid is to 

regulate the nucleation rate via two mechanisms: (1) competitive coordination with Zr
4+

 

ions and (2) shifting the deprotonation equilibrium of the linker by tuning the pH of the 

reaction medium. 

Using this information, porous, crystalline UiO-66-X(Zr(OnPr)), where X = {–H, 

–NH2, –NO2, –Naph, –Anth, –Cl2, –Br, –(CH3)2, –COOH, –OH, and –(OH)2}, was 

successfully prepared. This investigation has systematically probed the modulator effect 

on the formation of UiO-66-X(Zr(OnPr)) and furthered the understanding of UiO-66-X 

crystallization. In addition, the preparation of UiO-66-X(Zr(OnPr)), where X = {–H, –

NH2, –NO2, –Naph, –Anth, –Cl2, –Br, –(CH3)2, –COOH, –OH, and –(OH)2}, has extended 

the HCl-free synthesis method to include many of the feasible analogues of UiO-66 and 

subsequently, augment the capabilities for designing HCl-sensitive UiO-66 composites 

with potential for gas storage and separation, catalysis, photocatalysis, and sensing.  
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

The incorporation of metal nanoparticles in metal-organic frameworks (MOFs) 

produces composites that combine the unusual chemical and physical properties of the 

nanoparticles and MOFs to yield unprecedented performance for gas storage and 

separation, catalysis, and sensing.
1
 Incorporation of metal nanoparticles via encapsulation 

presents numerous advantages, the most prominent being the capacity to incorporate 

nanomaterials of various sizes and shapes.
2
 Therefore, the focus of this work was to 

introduce metal nanoparticles, such as gold nanoparticles (AuNPs), into stable MOFs, 

specifically UiO-66, using the encapsulation technique and to investigate the effect on the 

physical properties and adsorptive and catalytic capabilities of the composites. 

 

8.1 Preparation of Au@UiO-66 via Encapsulation (Chapters 3 and 6) 

Chapter 3 demonstrates an alternative UiO-66 synthesis procedure that substitutes 

zirconium propoxide (Zr(OnPr)) for zirconium chloride (ZrCl4) in order to remove by-

product HCl. Due to the rapid nucleation rate, a modulating agent such as acetic acid or 

benzoic acid is necessary to introduce competitive coordination, which reduces the 

nucleation rate and enhances crystal growth to yield high-quality UiO-66(Zr(OnPr)) 

particles. Additionally, HCl-sensitive AuNPs were added to the UiO-66(Zr(OnPr)) 

mother solution and proven to be randomly dispersed throughout the Au@UiO-

66(Zr(OnPr)) composite. However, the AuNPs exhibit significant growth and many of 

the AuNPs are definitively deposited on the surface of the UiO-66(Zr(OnPr))) particles. 
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Therefore, although this alternative synthesis procedure lays the groundwork for 

designing HCl-sensitive UiO-66 composites, there are limitations that must be overcome.  

Chapter 6 endeavors to improve upon the Au@UiO-66(Zr(OnPr)) synthesis 

procedure by controlling the AuNP diameter and location within UiO-66(Zr(OnPr))) 

particles. Specifically, by investigating the effect of the solvent, modulator:Zr(OnPr) 

ratio, modulator composition, and the functionality of the AuNP capping agent on the 

physical properties of the Au@UiO-66(Zr(OnPr)) composites. These studies discovered 

that the AuNP diameter is dependent on the acetic acid:Zr(OnPr) ratio, the UiO-

66(Zr(OnPr)) modulator composition, and the AuNP capping agent. Additionally, they 

show that the UiO-66(Zr(OnPr)) particle geometry is affected by the solvent and the 

modulator ratios. However, the controlling factors for AuNP location are still speculative. 

Au@UiO-66(Zr(OnPr)) prepared with an MeOH:DMF ratio of 1.9, 1-dodecanethiol 

(DDT) and 11-mercaptoundecanoic acid (MUA) as the AuNP capping agents, and a 

benzoic acid:Zr(OnPr) of 30:1 produced a brown powder, colorless filtrate, and a limited 

number of discernible AuNPs 3 nm in diameter. This suggests that there are AuNPs 

confined within the UiO-66. The contrast between AuNPs 3 nm in diameter on the 

surface of UiO-66 particles is limited; therefore, if the AuNPs are confined within the 

UiO-66(Zr(OnPr)) particles it would be very difficult to detect them. However, further 

investigation is necessary.  

Future work should focus on determining the AuNP location in the Au@UiO-

66(Zr(OnPr)) composite previously described. STEM tomography may be capable of 

discerning AuNPs 3 nm in diameter when encased in UiO-66(Zr(OnPr)). Alternatively, 

AuNP confinement within UiO-66(Zr(OnPr)) can be confirmed using a catalytic reaction, 
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such as the reduction of nitrophenol, in the presence of large sulfur-based catalyst 

poisons, such as DDT. If the AuNPs are incorporated within the UiO-66(Zr(OnPr)) 

particle, DDT will not affect the catalytic activity of the composite; however, if the 

AuNPs are mainly deposited on the surface of the UiO-66(Zr(OnPr)) particles, then the 

activity will be significantly reduced. This exploitation of UiO-66(Zr(OnPr)) molecular 

sieving will offer a bulk sample analysis of the location of the AuNPs within the 

Au@UiO-66(Zr(OnPr)) composite. In addition, the Au@UiO-66(Zr(OnPr)) samples 

prepared with AuNPs capped with polyvinylpyrrolidone (AuNP-PVP) should be 

reexamined. PVP capped nanomaterials have been successfully encapsulated in a variety 

of MOF structures, including UiO-66.
2, 3

 Huo et al. showed that including excess PVP 

causes the nanoparticles to be filtered from the material and that the retained 

nanoparticles deposit on the MOF surface.
2
 Therefore, the AuNP-PVP used in this work 

should be reanalyzed to determine if there is excess PVP in the material that could affect 

coordination. 

Moving forward, this synthesis method should be extended to include AuNPs 

with diameters exceeding 5 nm to further probe the effect of NP diameter on the 

composite properties while also introducing the unusual AuNP optical properties which 

offer potential for sensing and photocatalysis applications.
4
 In addition, this UiO-

66(Zr(OnPr)) composite preparation method should be extended to include other 

nanomaterials with various elemental compositions, sizes, and shapes. This will broaden 

the catalytic capabilities,
5-7

 optical properties,
4, 8, 9

 and magnetic capacity
10, 11

 of the 

resulting composites providing fundamental knowledge of the synergistic effects and 
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effectively expanding the overall potential of MOF composites for specified 

applications.
12

 

 

8.2 Oxygen Storage Capacity of MOFs (Chapter 4) 

To the best of the authors’ knowledge, Chapter 4 demonstrates the first evaluation 

of the oxygen storage capacity (OSC) of MOFs. AuNPs were deposited via colloidal 

deposition onto the surface of UiO-66, TiO2, and ZrO2 and the physical and catalytic 

properties were probed. Extensive characterization suggested that the AuNP factors such 

as weight percentage, diameter, and oxidation state were consistent for the three catalytic 

materials; therefore, the only variable was the catalyst support. Consistent with previous 

reports, Chapter 4 reveals a correlation between the OSC and the catalytic activity. 

Overall, AuNPs deposited on UiO-66 demonstrate an enhanced OSC, and subsequent CO 

oxidation activity, compared to AuNPs distributed on commercially available TiO2 and 

ZrO2. This is conceivably due to the unprecedented chemistry that evolves from the 

combination of metal nodes and organic linkers in MOFs and/or the introduction of 

defect sites during crystallization or activation. 

This initial investigation into the OSC of MOFs shows that UiO-66 is capable of 

supplying active oxygen to the reaction. However, it is still unknown from where the 

active oxygen is supplied; it may be directly donated from the UiO-66 lattice or adsorbed 

and activated by the material. In order to understand the nature of the oxygen donating 

capabilities of UiO-66, isotopic OSC experiments on the Au on UiO-66 samples are 

recommended. Specifically, the author recommends using isotopic 
18

O2 as the oxygen 

source to determine if oxygen is supplied directly from UiO-66 or adsorbed during the 
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calcination procedure. Based on these results, MOF selection as oxidation supports can 

be narrowed. Additionally, investigation into OSC should extend to other MOF systems 

that are stable under the experimental conditions, such as MIL-101 and MIL-100. MIL-

101 and MIL-100 are good systems to evaluate because they are thermally, chemically, 

and mechanically stable and a metal substitution yields MIL-101(Cr, Fe)
13, 14

 and MIL-

100(Cr, Fe, Al, V)
15-18

 which will offer insight into the metal impact on the OSC. 

 

8.3 Effect of Preparation Method on Au@UiO-66 Properties (Chapter 5) 

Chapter 5 utilized the Au@UiO-66(Zr(OnPr)) system to probe the effect of the 

preparation method on the physical and catalytic properties of the composites. Three 

preparation methods were used: impregnation, encapsulation, and colloidal deposition. 

The samples prepared by colloidal deposition are used as a control system; briefly, 

AuNPs 2.4, 4.9, and 7.2 nm in diameter were deposited on the surface of the UiO-66 

particles to probe the AuNP diameter effect for physical mixtures. The combination of 

TEM and CO oxidation suggests that the impregnation technique, Au@UiO-66(IMP), 

used herein produces a composite with the AuNPs randomly distributed on the UiO-66 

particle surface. Alternatively, Au@UiO-66(ENC) demonstrates enhanced catalytic 

activity relative to the comparable physical mixture suggesting that the encapsulation 

technique introduces synergistic effects. Further investigation into the nature of the 

synergism via STEM tomography indicates that many of the AuNPs are deposited on the 

UiO-66 surface. However, others appear confined within the UiO-66 particles or UiO-66 

aggregates. Unfortunately, the exact form of confinement is inconclusive, but either mode 
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of confinement will increase the surface area of contact between the AuNPs and UiO-66 

and subsequently increases the number of AuNP-UiO-66 interface sites. 

Notably, neither the impregnation or encapsulation technique herein is optimized 

to achieve its full potential, which is proven by the existence of AuNPs deposited on the 

UiO-66 surface. However, the encapsulation technique, even with its limitations, 

effectively introduces synergistic effects conveying that complete control of the 

encapsulation procedure would be beneficial.  

Although AuNP growth was not the aim of this work, it can be exploited. During 

UiO-66 crystallization the AuNPs increased in size subsequently shifting the surface-

plasmon resonance (SPR) of the nanoparticles into the visible range. SPR is a 

phenomenon that develops on the nanoscale when the nanoparticle surface electrons 

oscillate with a frequency within the visible light range. This generates a variation of 

colors that are dependent on the size, shape, and composition of the materials. Studies 

have shown that the addition of noble metal nanoparticles with pronounced SPR in the 

visible light region will enhance the photocatalytic capabilities of materials such as metal 

oxides when exposed to UV and visible light.
19, 20

 Therefore, the author recommends 

evaluating the catalytic abilities of Au@UiO-66(Zr(OnPr)) for photocatalytic oxidation 

or water splitting reactions.  

 

8.4 UiO-66-X(Zr(OnPr)) (Chapter 7) 

Chapter 7 extends the HCl-free UiO-66 synthesis procedure to prepare UiO-66-X, 

where X = {–H, –NH2, –NO2, –Naph, –Anth, –Cl2, –Br, –(CH3)2, –COOH, –OH, and –

(OH)2}. In addition, UiO-66-NH2 was used to systematically study the effect of the acid 
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structure and concentration on UiO-66-NH2(Zr(OnPr)) properties. In summary, the role 

of the acid is two-fold: under moderately acidic conditions (pH ≈ 2-4), the dominating 

role of the acid is to competitively coordinate with the Zr
4+

 ions in order to regulate the 

nucleation rate and enhance crystal growth. However, increasing the modulator:Zr(OnPr) 

ratio reveals that strong acids will shift the deprotonation equilibrium of BDC-NH2 

subsequently reducing the nucleation rate. Therefore, a benzoic acid:Zr(OnPr) ratio of 

30:1 or 15:1 and a trifluroroacetic acid (TFA):Zr(OnPr) ratio of 120:1 are recommended 

when preparing UiO-66 analogues with Zr(OnPr). 

In addition, Chapter 7 examined a respectable variety of UiO-66-X materials, 

where BDC-X is commercially available; however, there are others that were not 

included in this study that could introduce unusual chemical properties. In particular, 

producing high-quality UiO-66-SO3H has proven difficult using the previously reported 

synthesis procedure,
21

 and the acidic functional group offers potential for acid-base 

interactions for the removal of basic gases. Therefore, the author recommends attempting 

to prepare high-quality UiO-66-SO3H using Zr(OnPr). In addition, investigating the 

encapsulation of HCl-sensitive AuNPs in UiO-66-X and probing the Au@UiO-66-

X(Zr(OnPr)) properties. The combination of AuNPs and organic functionality will 

potentially have a profound effect on the optical properties and photocatalytic capabilities 

of the composites. 

In conclusion, we have made great strides into advancing the fundamental 

understanding of MOF composite preparation, specifically UiO-66 composites.  

However, further studies are necessary to fully understand the synergistic effects 
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introduced in the composites and to determine the synthesis procedures necessary to 

generate well-designed MOF composites. 
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APPENDIX A 

ALTERNATIVE MIL-125 SYNTHESIS PROCEDURE 

A.1 Introduction 

MIL-125 is a titanium-based MOF consisting of Ti8O8(OH)4 nodes linked via 1,4-

benzenedicarboxylic acid (BDC) yielding a quasi-cubic, tetragonal structure (Figure A.1) 

with trapezoidal windows ranging from 5-7 Å. It collapses at temperatures exceeding 

633K; however, it undergoes a phase transition between 563-623K.
1
 In addition, TiO2 is a 

well-studied catalytic support; specifically, AuNPs supported on TiO2 is well known to 

be catalytically active towards CO oxidation under ambient conditions.
2, 3

 Therefore, 

MIL-125 is an ideal MOF system to probe the capabilities of MOFs as catalyst supports. 

 

 
Figure A.1: MIL-125 structure illustration.  Titanium atoms are green, oxygen atoms are 

red, and carbon atoms are gray 
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A.2 Experimental Methods 

A.2.1 Material Synthesis 

All chemicals were obtained commercially (Sigma-Aldrich and Fisher Scientific) 

and used as obtained. MIL-125(original) was synthesized as previously reported.
1
 

Briefly, titanium isopropoxide (Ti(O
i
Pr)4), BDC, methanol, and N,N’-

dimethylformamide (DMF) in a glass scintillation vial was stirred at 383 K for 24 h in an 

oil bath. The solution was allowed to cool to room temperature, then, filtered and washed 

with DMF three times and methanol three times. Alternative combinations of the 

precursors were also explored to tune the synthesis procedure (Table A.1). 

 

Table A.1: MIL-125 synthesis conditions 

Material 
Ti(O

i
Pr) 

(mmol) 

BDC 

(mmol) 

Acetic Acid 

(mmol) 

MeOH 

(mmol) 

DMF 

(mmol) 

MIL-125(original) 1.00 1.50 0.00 12.36 58.12 

MIL-125(a) 0.74 2.25 0.00 160.67 83.95 

MIL-125(b) 0.74 2.25 24.48 160.67 83.95 

 

AuNPs capped with 1-dodecanethiol (DDT) were prepared using a previously 

reported procedure.
4
 A solution of tetraoctylammonium bromide (0.728 mmol) in toluene 

(40 mL) was added to a solution of gold(III) chloride trihydrate (HAuCl4·3H2O) (0.314 

mmol) in water (20 mL). The mixture was stirred for 30 min. Then, DDT (0.314 mmol) 

was added, followed by a solution of sodium borohydride (NaBH4) (3.14 mmol) in water 

(10 mL). The solution was stirred vigorously for 3 h and washed with copious amounts of 

water. The organic phase was then separated and reduced to approximately 10 mL under 

vacuum at 298K. Next, 100 mL of methanol was added and the particles precipitated 

overnight. The solvent was decanted and the particles were washed twice more with 
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copious amounts of methanol. Finally, the DDT monolayer was place-exchanged with 

11-mercaptoundecanoic acid (MUA) (0.154 mmol) and washed with toluene.
5
 

 

A.2.2 Characterization 

Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X-

ray diffractometer. Approximately 5 mg of sample were placed on a low background 

sample holder and scanned from 5-50°. The obtained diffractograms were compared to 

the simulated patterns to confirm that the MIL-125 structure was obtained. Nitrogen 

sorption measurements at 77 K were performed using a Quantachrome Quadrasorb SI 

volumetric analyzer. The isotherms were measured over a range of relative pressures 

from 0.003 to 0.990 using high purity nitrogen (99.998%) obtained from Airgas. Prior to 

the measurement, the samples were outgassed in a Quantachrome FloVac Degasser at 

423 K under dynamic vacuum for approximately 18 h. The surface areas were calculated 

using the Brunauer, Emmett, and Teller (BET) theory using relative pressures ranging 

from 0.005-0.03 and the total pore volume was calculated at a relative pressure (P/P0) of 

0.6. Transmission Electron Microscopy (TEM) and Scanning Transmission Electron 

Microscopy-Energy Dispersive Spectroscopy (STEM-EDS) were used to analyze the 

original AuNPs and Au@MIL-125(b). Only Au@MIL-125(b) was further characterized 

because MIL-125(original) is not crystalline and Au@MIL-125(a) does not retain the 

AuNPs. The samples were prepared by suspending a less than 1 mg of sample in solution 

and dropcasting onto a lacy carbon coated copper grid. The AuNPs were analyzed using 

the JEOL 100CX operated at 100 keV. Au@MIL-125(b) was analyzed using the FEI 

Tecnai F30 operated at 300 keV and EDS spectra were acquired using the Oxford EDX 
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6763. The composition was measured at a specified point marked with a red circle and 

analyzed using TEM Imaging & Analysis (TIA) Software. The FEI Tecnai F30 is 

supported by funding DMR 0922776. Proton nuclear magnetic resonance (
1
H NMR) 

spectroscopy was measured on a Varian Mercury Vx 300. The samples were prepared by 

suspending approximately 10 mg of AuNPs in 1 mL of dimethyl sulfoxide-d6. 
1
H NMR 

data were used to determine the composition of the organic monolayer on the AuNPs.  

 

A.2.3 Adsorption and Catalysis 

Single component adsorption isotherms were measured at 298 K from 0-20 bar 

using a Hiden Isochema IGA-001 microbalance. The samples were activated in-situ at 

423 K under dynamic vacuum to remove excess solvent and water. CO oxidation 

experiments were performed using a lab-built packed bed reactor with the outlet 

connected to a Hiden DSMS. Approximately 25-40 mg of sample were packed into the 

sample cell with glass wool. Before the catalytic measurement, the material was purged 

with helium at 473 K overnight to remove excess solvent and water. After heating to the 

reaction temperature, 1% CO in air was passed through the system at a total flow rate of 

50 mL/min. 

 

A.3 Results 

Figure A.2a shows that using the original synthesis procedure yields an 

amorphous material. However, by adjusting the synthesis parameters, crystalline MIL-

125 is produced. Table A.2 also shows that the alternative MIL-125 procedure yields 

highly porous MIL-125 with BET surface areas comparable to the previously reported 
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material. In addition, CO2 and CH4 adsorption experiments were conducted to further 

confirm the quality of MIL-125 prepared under alternative synthesis conditions. The CO2 

uptake exhibited by MIL-125(b), depicted in Figure A.3a, is similar to previously 

reported values.
6
 Lastly, a crucial limitation of MOFs is the material degradation in 

humid environments. A cursory evaluation of the stability of MIL-125 was performed by 

immersing MIL-125(b) in water for 24 h. Figure A.2b shows that after soaking in water 

for 24 h the crystal structure for MIL-125(b) degrades. Additionally, the BET surface 

area after soaking is 71 m
2
/g which is a 96% loss showing that the crystal structure and 

porosity are completely degraded when soaked in water. 

 

   
Figure A.2: PXRD patterns for MIL-125 samples (a) as synthesized, (b) after soaking in 

water for 24 h, and (c) after CO oxidation at 523K 

 

Table A.2: Porosity measurements for various MIL-125 synthesis procedures 

Material BET Surface Area (m
2
/g) Total Pore Volume (cm

3
/g)

a
 

MIL-125(lit) 1550
1
 ----- 

MIL-125(original) 245 0.16 

MIL-125(a) 1533 0.66 

MIL-125(b) 1749 0.73 

Au@MIL-125(b) 1277 0.55 
a
Measured at P/P0 = 0.6 
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Figure A.3: (a) CO2 and CH4 sorption isotherms at 298 K for MIL-125(b) and (b) 

nitrogen sorption isotherms at 77 K for the various MIL-125 samples. The closed and 

open symbols represent adsorption and desorption, respectively 

 

As previously mentioned, AuNPs deposited on TiO2 is a well-studied system, 

specifically for CO oxidation.
2
 Herein, preformed AuNPs were added to the MIL-125 

mother solution. First, AuNPs 3.1±0.6 nm in diameter were prepared as previously 

reported.
4, 5

 They are stabilized in solution using a mixed surface assembled monolayer 

(SAM) consisting of MUA and DDT in a 3:1 ratio. TEM is used to determine the AuNP 

diameter (Figure A.4a) and 
1
H NMR confirms and quantifies the SAM on the AuNP 

surface (Figure A.4b). In Figure A.4b, the broad peaks are characteristic of ligands bound 

to a surface. The T2 relaxation time accelerates when an organic is bound to a surface.
7
 

Therefore, the lack of coupling suggests that all of the ligands are bound to the AuNP 

surface. Additionally, the composition of the SAM is confirmed by analyzing the 

characteristic peak positions. DDT has a unique peak at 0.84 ppm associated with –CH3 

and MUA has a characteristic peak at 2.13 ppm for –CH2COOH.  
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Figure A.4: (a) TEM image and (b) 

1
H NMR spectra of as-synthesized AuNP-

DDT/MUA 

 

These preformed AuNPs were added to the MIL-125(a) and MIL-125(b) mother 

solutions to allow MIL-125 to grow around the AuNPs and the properties of the 

composite probed. The Au@MIL-125(b) procedure yielded a colorless filtrate and pink 

powder (Figure A.5). Whereas, MIL-125(a) produced a brown filtrate, indicating that the 

AuNPs are not a part of the material. In short, acetic acid is necessary in order for the 

AuNPs to be retained in MIL-125. One possible explanation is that acetic acid introduces 

more defects in MIL-125 which increases the potential open titanium sites for the 

functionalized AuNPs to coordinate. Figure A.2a and Table A.2 show that including 

AuNPs in the MIL-125 mother solution yields a highly porous material with the MIL-125 

structure. The BET surface area for Au@MIL-125(b) is reduced compared to MIL-

125(b) due to the increased density of the material that occurs when dense AuNPs are 

added to the material. The color change and retention of the MIL-125 structure suggests 

that, for Au@MIL-125, there are AuNPs incorporated somewhere in the material. TEM 

and STEM-EDS are used to probe the AuNP size, distribution, and composition. Figure 

A.6 shows TEM and STEM images of Au@MIL-125(b). Assuming that the dark 
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particles in Figure A.6a are the AuNPs (contrast in TEM is dependent on atomic 

number); the particles grow during the synthesis from the original 3.1 nm to 

approximately 6.9 nm. STEM-EDS was performed to confirm that the dark particles 

(which are bright in STEM mode) deposited randomly throughout the material are 

AuNPs. Table A.3 reports the composition of the material at the red dot in Figure A.6b. 

Based on STEM-EDS, the bright particles scattered throughout the material are not 

AuNPs. However, the point analysis could have been on an area that did not include 

AuNPs.  

 

  
Figure A.5: Images of (a) MIL-125(b) and (b) Au@MIL-125(b) 

 

  
Figure A.6: (a) TEM and (b) STEM-EDS images of Au@MIL-125(b) 
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Table A.3: EDS analysis of Au@MIL-125(b) at red dot in Figure A.6 

Element Weight Percentage 

C(K) 51.04 

O(K) 19.96 

Ti(K) 24.68 

Cu(K) 4.31 

Au(L) 0 

 

CO oxidation at 523 K was performed to further probe the existence of AuNPs in 

Au@MIL-125(b). These composites were prepared using AuNPs with a mixed SAM of 

DDT and MUA. Removing this SAM is paramount for CO oxidation activity; the Au 

sites must be accessible. To determine the necessary activation conditions, two CO 

oxidation experiments were performed: the material was activated at (1) 423 K in helium 

for approximately 18 h, and (2) 423 K in helium for approximately 18 h, then calcined in 

air at 523 K for 2 h. Figure A.7 reports the catalytic activity of Au@MIL-125(b) for both 

activation conditions over time.  For both activation procedures, CO2 is produced; 

however, the activity is improved when the sample is calcined at 523K. Calcination could 

be necessary for several reasons: (1) to combust the SAM, effectively removing the 

ligands from the sample to free the AuNP active sites; (2) to oxide the AuNPs; or (3) to 

improve the interactions between the AuNPs and MIL-125 potentially by oxidizing open 

titanium sites. However, the reason for calcination was not probed further for this work. 

The catalytic capabilities of Au@MIL-125 suggest that there are AuNPs scattered 

throughout the material; however, the size and location cannot be verified. Lastly, to test 

the stability of the composite under reaction conditions, PXRD was performed on the 

sample after CO oxidation. Figure A.2c shows that the MIL-125 structure is not retained 

after CO oxidation at 523K. 
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Figure A.7: (a) CO conversion and (b) reaction rate over time for Au@MIL-125(b) at 

523 K for a sample activated under He flow at 423 K and a sample activated under He 

flow at 423 K then calcined in air at 523 K for 2 h 

 

A.4 Conclusions 

The synthesis for parent MIL-125 was tuned to produce highly porous, crystalline 

material. Additionally, preformed AuNPs were encapsulated in MIL-125 and the physical 

and catalytic capabilities of the material were probed. However, TEM was inconclusive 

when probing AuNP diameter because definitive proof of AuNPs was not obtained. 

Additionally, Au@MIL-125 degrades under the reaction conditions used to probe the 

catalytic capabilities of the material. Therefore, MIL-125 and Au@MIL-125 are not 

probed further. 
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APPENDIX B 

Au@ZIF-8 

B.1 Introduction 

ZIF-8 is a zinc-methylimidazole framework structure with a sodalite topology 

(illustrated in Figure B.1), a pore diameter of 11.6 Å, and a pore aperture diameter of 3.4 

Å.  It is thermally stable up to 823K, chemically stable,  and hydrophobic.
1,2

 In addition, 

ZIF-8 has been prepared utilizing numerous synthesis methods such as solvothermal, 

room temperature, electrochemical, sonochemical, microwave, and mechanochemical 

techniques and under a multitude of synthesis conditions.
1, 3-7

 For instance, ZIF-8 has 

been effectively prepared at various temperatures, in assorted reaction media, and by 

altering the precursor ratios.
1, 3, 8, 9

 Therefore, ZIF-8 is an ideal system to investigate the 

effect of the synthesis conditions on the physical properties of MOF composites. 

 

 
Figure B.1: ZIF-8 structure illustration. Zinc atoms are pink, nitrogen atoms are blue, 

and carbon atoms are gray 
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B.2 Materials and Methods 

B.2.1 Material Synthesis 

All chemicals were obtained commercially (Sigma-Aldrich, VWR, and Fisher 

Scientific) and used as obtained. 

 

B.2.1.1 AuNP-DDT/MUA 

AuNPs capped with 1-dodecanethiol (DDT) and 11-mercaptoundecanoic acid 

(MUA) were prepared using a two-step process: (1) the synthesis of DDT capped gold 

nanoparticles (AuNP-DDT) followed by (2) a ligand exchange with MUA. AuNP-DDT 

were prepared using a previously reported procedure.
10

 A solution of 

tetraoctylammonium bromide (0.728 mmol) in toluene (40 mL) was mixed with a 

solution of gold(III) chloride trihydrate (HAuCl4·3H2O) (0.314 mmol) in water (20 mL) 

and stirred for 30 min. Next, DDT (0.314 mmol) was added, and the mixture was stirred 

for 30 min. Finally, a solution of sodium borohydride (NaBH4) (3.14 mmol) in water (10 

mL) was added and the mixture is rigorously stirred for 3 h. The product was washed 

with de-ionized water, the organic phase separated, and the AuNP-DDT were precipitated 

three times from methanol (MeOH). The ligand exchange entailed stirring AuNP-DDT (3 

mg/mL) and MUA (0.154 mmol) in toluene for 72 h and washing the product three times 

with toluene.
11

 The resulting mixed ligand product will be referred to as AuNP-

DDT/MUA throughout this work. 
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B.2.1.2 Au@ZIF-8: Molar Ratio of Precursors 

Au@ZIF-8 was synthesized at room temperature for 24 h, as previously reported.
3
 

Briefly, two mixtures were prepared: (1) zinc nitrate hexahydrate (Zn(NO3)2·6H2O) was 

dissolved in 12.5 mL MeOH and (2) 2-methylimidazole (HMIM) and 1 mg AuNP-

DDT/MUA dissolved in 12.5 mL MeOH were combined and stirred at room temperature 

for 24 h. The ratio of HMIM:Zn(NO3)2·6H2O was varied to determine the effect of 

precursor ratio on the formation of Au@ZIF-8 composites. Table B.1 reports the two 

ratios probed in this work. 

 

Table B.1: Synthesis parameters for Au@ZIF-8(HMIM:Zn(NO3)2·6H2O) 

Material Zn(NO3)2·6H2O (mmol) HMIM (mmol) 

Au@ZIF-8(HMIM:Zn(NO3)2 = 4) 0.62 2.48 

Au@ZIF-8(HMIM:Zn(NO3)2 = 1) 0.62 0.62 

 

B.2.1.3 Au@ZIF-8: Precursor Addition Time 

Au@ZIF-8 was synthesized at room temperature by adding the AuNPs at three 

different times using a procedure adapted from a previously reported ZIF-8 procedure.
3
 

The samples are denoted Au@ZIF-8(Zn), Au@ZIF-8(HMIM), and Au@ZIF-8(3min). 

Au@ZIF-8(Zn) was prepared by mixing 0.62 mmol of Zn(NO3)2·6H2O and 1 mg of 

AuNP-DDT/MUA in 12.5 mL of MeOH for 10 min yielding a brown suspension. Then, 

of HMIM (2.47 mmol), dissolved in 12.5 mL of MeOH, was added. The mixture was 

stirred at room temperature for 24 h yielding a brown powder (Figure B.2b). Au@ZIF-

8(HMIM) was synthesized by mixing HMIM (2.47 mmol) and 1 mg of AuNP-

DDT/MUA in 12.5 mL of MeOH for 10 min yielding a brown solution. Then, the 

mixture was added to a solution of Zn(NO3)2·6H2O (0.62 mmol) in 12.5 mL of MeOH.  
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The mixture was stirred at room temperature for 24 h yielding a purple powder (Figure 

B.2c). Au@ZIF-8(3min) was prepared by stirring a solution of Zn(NO3)2·6H2O (0.62 

mmol) in 12.5 mL MeOH and HMIM (2.47 mmol) in 12.5 mL MeOH for 3 min. Then, 1 

mg of AuNP-DDT/MUA was added and the mixture was stirred at room temperature for 

24 h yielding a purple powder (Figure B.2d). 

 

    
Figure B.2: Digital images of (a) ZIF-8, (b) Au@ZIF-8(Zn), (c) Au@ZIF-8(HMIM), and 

(d) Au@ZIF-8(3min) 

 

B.2.1.4 Au@ZIF-8: Solvent Effect 

ZIF-8 and Au@ZIF-8 were synthesized at room temperature using a variation of 

solvents and solvent mixtures listed in Table B.2. Briefly, two solutions were prepared: 

(1) Zn(NO3)2·6H2O was dissolved in 12.5 mL solvent/solvent mixture and (2) HMIM 

with AuNP-DDT/MUA were dissolved in 12.5 mL solvent/solvent mixture. These 

solutions were combined and stirred at room temperature for 24 h. The resulting 

Au@ZIF-8 powders have a range of optical differences shown in Figure B.3. 
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Table B.2: Synthesis parameters for Au@ZIF-8(solvent) 

Material 
Zn(NO3)2·6H2O 

(mmol) 

HMIM 

(mmol) 

MeOH 

(mmol) 

EtOH 

(mmol) 

DMF 

(mmol) 

Acetone 

(mmol) 

ZIF-8 (MeOH) 0.62 2.48 618 0 0 0 

ZIF-8 (EtOH) 0.62 2.48 0 428 0 0 

ZIF-8 (DMF) 0.62 2.48 0 0 323 0 

ZIF-8 (Acetone) 0.62 2.48 0 0 0 340 

ZIF-8 (MeOH:EtOH) 0.62 2.48 309 214 0 0 

ZIF-8 (MeOH:DMF) 0.62 2.48 309 0 161 0 

ZIF-8 (EtOH:DMF) 0.62 2.48 0 214 161 0 

Au@ZIF-8 (MeOH) 0.62 2.48 618 0 0 0 

Au@ZIF-8 (EtOH) 0.62 2.48 0 428 0 0 

Au@ZIF-8 (DMF) 0.62 2.48 0 0 323 0 

Au@ZIF-8 (Acetone) 0.62 2.48 0 0 0 340 

Au@ZIF-8 

(MeOH:EtOH) 
0.62 2.48 309 214 0 0 

Au@ZIF-8 

(MeOH:DMF) 
0.62 2.48 309 0 161 0 

Au@ZIF-8 

(EtOH:DMF) 
0.62 2.48 0 214 161 0 

 

    

   

 

Figure B.3: Images of (a) Au@ZIF-8(MeOH), (b) Au@ZIF-8(EtOH), (c) Au@ZIF-

8(DMF), (d) Au@ZIF-8(Acetone), (e) Au@ZIF-8(MeOH:EtOH), (f) Au@ZIF-

8(MeOH:DMF), and (g) Au@ZIF-8(EtOH:DMF) 

 

B.2.2 Characterization 

Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X-

ray diffractometer. Approximately 10 mg of sample were deposited on a low background 

silica sample holder and scanned from 5-50°. A Quantachrome Quadrasorb SI volumetric 

analyzer collected nitrogen sorption data at 77K. The isotherms were measured over a 

relative pressure (P/P0) range of 0.001-0.990 with high purity nitrogen (Airgas 99.998%). 



216 

 

Prior to the measurement, the samples were heated at 473 K for 16-18 h under vacuum 

using a Quantachrome FloVac Degasser. The specific surface areas were calculated using 

the Brunauer, Emmett, and Teller (BET) Theory using 0.005 ≤ P/P0 ≤ 0.03, and the total 

pore volume was calculated at P/P0 = 0.6. TEM images were acquired using the JEOL 

100CX operated at 100 keV, the Hitachi HT7700 operated at 120 keV, and the FEI 

Tecnai F30 operated at 300 keV. The FEI Tecnai F30 is supported by funding DMR 

0922776. The samples were prepared by suspending less than 1 mg of sample in MeOH 

and dropcasting it on a lacy carbon copper grid. Proton nuclear magnetic resonance (
1
H 

NMR) spectroscopy data were used to determine the composition of the organic 

monolayer on the AuNPs. 
1
H NMR was measured on a Varian Mercury Vx 300. The 

samples were prepared by suspending approximately 10 mg of AuNP-DDT/MUA in 1 

mL of dimethyl sulfoxide-d6. 

 

B.2.3 CO Oxidation 

CO oxidation experiments were performed using a lab-built packed bed reactor 

with the outlet connected to a Hiden DSMS. Approximately 25-40 mg of sample were 

packed into the sample cell with glass wool. Before the catalytic measurement, the 

material was purged with helium at 473 K for 16-18 h to remove excess solvent and 

water. After heating/cooling to the reaction temperature, 1% CO in air passed through the 

system at a total flow rate of 50 mL/min. 
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B.3 Results and Discussion 

B.3.1 Material Synthesis 

B.3.1.1 AuNP-DDT/MUA 

For the encapsulation of AuNPs in ZIF-8, preformed AuNPs are formed, and then 

added to the ZIF-8 mother solution. The TEM image depicted in Figure B.4a shows 

AuNP-DDT/MUA that are 3.1±0.6 nm in diameter. In addition, the 
1
H NMR spectrum 

shown in Figure B.4b confirms that the AuNPs are stabilized in solution by a mixed 

surface assembled monolayer (SAM) consisting of MUA:DDT in a 3:1 ratio. The broad 

peaks in Figure B.4b are characteristic of ligands bound to a surface. The T2 relaxation 

time accelerates when an organic is bound to a surface.
12

 Therefore, the lack of coupling 

suggests that all of the ligands are bound to the AuNP surface. Additionally, the 

composition of the SAM is confirmed by analyzing the characteristic peak positions. 

DDT has a unique peak at 0.84 ppm associated with –CH3, and MUA has a characteristic 

peak at 2.13 ppm for –CH2COOH. 

 

 
 

Figure B.4: (a) TEM image and (b) 
1
H NMR spectra of as synthesized AuNP-

DDT/MUA 
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B.3.1.2 Au@ZIF-8: Molar Ratio of Precursors 

Table B.1 reports the synthesis conditions used to prepare Au@ZIF-

8(HMIM:Zn(NO3)2). For this study, two ratios are used: HMIM:Zn(NO3)2 = 4 and 

HMIM:Zn(NO3)2 = 1. A major drawback of the HMIM:Zn(NO3)2 = 1 ratio is the low 

yield reported in Table B.3, which limits the material characterization. Notably, 

Au@ZIF-8(HMIM:Zn(NO3)2 = 4) begins nucleation within 3 min of the solution 

combination, whereas nucleation for Au@ZIF-8(HMIM:Zn(NO3)2 = 1) occurs after 10 

min. Figure B.5 shows that the ZIF-8 structure is obtained when AuNPs are added to the 

ZIF-8 mother solution. Table B.3 shows that the AuNPs do not grow during the ZIF-8 

crystallization with either HMIM:Zn(NO3)2 ratio. In addition, TEM images, depicted in 

Figure B.6, reveal two things: (1) the HMIM:Zn(NO3)2 ratio affects the ZIF-8 particle 

size, a lower ratio yields in larger crystals and (2) the HMIM:Zn(NO3)2 ratio affects the 

tentative AuNP-DDT/MUA location in ZIF-8. Specifically, Au@ZIF-8 

(HMIM:Zn(NO3)2 = 4) has AuNPs scattered throughout the sample with particles 

potentially trapped within the ZIF-8 structure, whereas Au@ZIF-8 (HMIM:Zn(NO3)2 = 

1) has clusters of AuNPs deposited on the surface of the ZIF-8 particles. A potential 

explanation of this phenomenon is that Au@ZIF-8 (HMIM:Zn(NO3)2 = 1) has a reduced 

nucleation rate and the AuNPs aggregate rapidly once Zn(NO3)2 is introduced. Therefore, 

AuNP aggregation occurs before ZIF-8 crystallization and the AuNP aggregates cannot 

effectively be incorporated into the ZIF-8 structure. This results in AuNP aggregates 

dispersed throughout the Au@ZIF-8 composite. Au@ZIF-8 is prepared with an 

HMIM:Zn(NO3)2 ratio of 4 throughout the rest of this work. 
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Figure B.5: PXRD patterns for Au@ZIF-8(HMIM:Zn(NO3)2 = 4) 

 

Table B.3: AuNP diameter for Au@ZIF-8(HMIM:Zn(NO3)2) 

Material Yield (mg) AuNP Diameter (nm) 

Au@ZIF-8(HMIM:Zn(NO3)2 = 4) 42.5 2.0±0.7 

Au@ZIF-8(HMIM:Zn(NO3)2 = 1) 3 2.2±0.7 
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Figure B.6: TEM images for (a, b) Au@ZIF-8 (HMIM:Zn(NO3)2 = 4) and (c, d) 

Au@ZIF-8 (HMIM:Zn(NO3)2 = 1) 

 

B.3.1.3 Au@ZIF-8: Precursor Addition Time 

Au@ZIF-8 was prepared at room temperature with the AuNPs added to the 

reaction solution at three different reaction points. The AuNPs were added to the 

Zn(NO3)2 solution before it was combined with the HMIM; the HMIM solution before 

combining with the Zn(NO3)2 solution; and 3 min after the Zn(NO3)2 and HMIM 

solutions were combined, after the solution became turbid. These samples are denoted 
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Au@ZIF-8(Zn), Au@ZIF-8(HMIM), and Au@ZIF-8(3 min), respectively. When the 

AuNPs were added to the Zn(NO3)2 solution, a brown precipitate was formed which can 

be dissociated by adding acetic acid. This suggests that the –COOH groups on the AuNPs 

coordinated with the Zn
2+

 ions to create AuNP-COO-Zn aggregates. There is no brown 

precipitate observed when the AuNPs are premixed with HMIM. Figure B.7 shows that 

the ZIF-8 structure is formed for all three Au@ZIF-8 composites. Figure B.8 depicts 

TEM images for Au@ZIF-8(Zn), Au@ZIF-8(HMIM), and Au@ZIF-8(3 min) and Table 

B.4 reports that the AuNPs do not grow during the ZIF-8 crystallization. Figures B.8a 

and B.8b reveal that AuNP aggregates are dispersed throughout the Au@ZIF-8(Zn) 

material with many AuNPs on the surface of the ZIF-8 particles. This suggests that ZIF-8 

does not preferentially grow from the AuNP-COO-Zn aggregates as seen for 

Au@HKUST-1.
13

 In addition, Figures B.8c and B.8d show that AuNPs are randomly 

dispersed throughout Au@ZIF-8(HMIM). For Au@ZIF-8(HMIM), there are not any 

AuNPs that are obviously on the ZIF-8 surface; however, TEM is a two-dimensional 

technique so the exact location is not conclusive. Lastly, Figures B.8e and B.8f show that 

AuNP aggregates are scattered throughout the Au@ZIF-8(3 min) sample; some of the 

aggregates are merely on the ZIF-8 surface, whereas others are potentially confined in the 

ZIF-8 particles. However, the AuNPs in Au@ZIF-8(3 min) are not as well dispersed as 

the AuNPs in Au@ZIF-8(HMIM). Therefore, the AuNPs are added to the HMIM 

solution for the rest of this work. 
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Figure B.7: PXRD patterns for Au@ZIF-8 with the AuNPs added to the mother solution 

at various times 

 

Table B.4: AuNP diameter for Au@ZIF-8(AuNP Addition Time) 

Material Yield (mg) AuNP Diameter (nm) 

Au@ZIF-8(Zn) 48.2 2.1±0.9 

Au@ZIF-8(HMIM) 47.9 2.0±0.7 
Au@ZIF-8(3min) 36.8 2.1±0.6 
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Figure B.8: TEM images for (a, b) Au@ZIF-8(Zn), (c, d) Au@ZIF-8(HMIM), and (e, f) 

Au@ZIF-8(3min) 
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B.3.1.4 Au@ZIF-8: Solvent Effect 

Table B.2 details the synthesis conditions used to evaluate the solvent effect on 

the Au@ZIF-8 properties. Zamaro et al. have investigated the solvent effect on the ZIF-8 

geometry discovering that varying the reaction medium results in particle size 

modulation, particle aggregation, and pill-shaped particles.
8
 Herein, the effect on the 

Au@ZIF-8 properties is explored. PXRD patterns in Figure B.9 show that the ZIF-8 

structure is obtained for ZIF-8 and Au@ZIF-8 materials prepared at room temperature in 

various solvent and solvent mixtures. Table B.5 shows that the solvent does not cause 

AuNP aggregation and growth, and Figures B.10-B.16 depict TEM images of Au@ZIF-8 

prepared with the various solvents and solvent mixtures. Specifically, Figure B.10 shows 

that, for Au@ZIF-8(MeOH), there are AuNPs randomly dispersed among the ZIF-8 

particles with none of the AuNPs obviously on the ZIF-8 surface. In addition, Figure 

B.11 reveals that Au@ZIF-8(EtOH) has many AuNPs deposited on the surface of the 

pill-shaped ZIF-8 particles. Also, Figure B.12 depicts TEM images of Au@ZIF-8(DMF); 

synthesizing with DMF produces ZIF-8 particles approximately 50 nm in diameter, 

however, no AuNPs are located. Figure B.13 reveals spherical aggregates of Au@ZIF-

8(acetone) and AuNPs scattered randomly throughout ZIF-8 particles without any AuNPs 

distinctly located on the ZIF-8 surface. Lastly, TEM images, displayed in Figures B.14-

B.16, show that solvent mixtures produce hexagonal ZIF-8 particles with AuNPs 

scattered throughout the material with several AuNPs definitively on the surface of the 

ZIF-8 particles.  

In summary, the effects of the solvent on the ZIF-8 geometry as previously 

reported were observed.
8
 In addition, AuNPs were dispersed randomly throughout the 
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Au@ZIF-8 materials, except when prepared with DMF, with definitively surface-based 

AuNPs detected with all solvents and mixtures except MeOH and acetone, which both 

generate ZIF-8 aggregates with AuNPs dispersed throughout.  

 

  
Figure B.9: PXRD patterns for (a) ZIF-8(solvent) and (b) Au@ZIF-8(solvent) 

 

Table B.5: AuNP diameter for Au@ZIF-8(solvent) 

Material Yield (mg) AuNP Diameter (nm) 

Au@ZIF-8 (MeOH) 42.5 2.0±0.7 

Au@ZIF-8 (EtOH) 38.3 2.8±1.6 

Au@ZIF-8 (DMF) 10.2 ----- 

Au@ZIF-8 (Acetone) 65.0 1.5±0.4 

Au@ZIF-8 (MeOH:EtOH) 45.6 2.0±0.6 

Au@ZIF-8 (MeOH:DMF) 24.1 2.2±0.7 

Au@ZIF-8 (EtOH:DMF) 43.7 2.1±0.7 
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Figure B.10: TEM images for Au@ZIF-8(MeOH) 

 

  
Figure B.11: TEM images for Au@ZIF-8(EtOH) 
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Figure B.12: TEM images for Au@ZIF-8(DMF) 

 

  
Figure B.13: TEM images for Au@ZIF-8(Acetone) 
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Figure B.14: TEM images for Au@ZIF-8(MeOH:EtOH) 

 

  
Figure B.15: TEM images for Au@ZIF-8(MeOH:DMF) 
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Figure B.16: TEM images for Au@ZIF-8(EtOH:DMF) 

 

B.3.1.4 Au@ZIF-8: TEM Rotation 

Based on the data obtained in the previous sections, Au@ZIF-8 was prepared in 

MeOH with an HMIM:Zn(NO3)2 ratio of 4 and the AuNPs were added to the HMIM 

solution. This sample was selected for further investigation into the AuNP location 

because TEM offered no definitive evidence that the AuNPs are located on the ZIF-8 

particle surface. Specifically, the sample was rotated from -60-58° under the electron 

beam taking images in 2° increments, a technique known as TEM tomography. Figure 

B.17 presents the TEM images at 10° increments for Au@ZIF-8 rotated from -60-58°. 

The highlighted portion proves that there are AuNPs completely confined in the ZIF-8 

particles; however, there are other AuNPs that are on the surface of the ZIF-8 particles.  
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Figure B.17: TEM images of Au@ZIF-8 prepared in MeOH with HMIM:Zn(NO3)2 = 4 

and the AuNPs added to the HMIM solution rotated from -60-58° 
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B.3.2 CO Oxidation 

TEM tomography showed that Au@ZIF-8 prepared in MeOH with an 

HMIM:Zn(NO3)2 ratio of 4 successfully confines some of the AuNPs within the ZIF-8 

particles. Therefore, this sample was used to test the catalytic capabilities of Au@ZIF-8 

using CO oxidation as a probe reaction. In addition, a physical mixture, denoted Au on 

ZIF-8, was prepared via colloidal deposition. Prior to the CO oxidation study; the sample 

was activated in-situ via two procedures: (1) heating under helium flow at 523 K and (2) 

calcination in air at 523 K for 16-18 h. ZIF-8, Au on ZIF-8, and Au@ZIF-8 were inactive 

for CO oxidation at 523K. There are two theories. First, DDT and MUA cannot be 

adequately removed from the ZIF-8 pores via either activation. However, if that were the 

main limitation, then Au on ZIF-8 would have been active because DDT and MUA can 

be removed from the AuNP surface using either activation procedure. The second theory 

is that ZIF-8 cannot generate oxygen vacancy sites necessary to activate oxygen for CO 

oxidation.
14, 15

 

 

B.4 Conclusions 

Diverse variations of Au@ZIF-8 synthesis procedures were explored, specifically, 

the HMIM:Zn(NO3)2 ratio, the AuNP addition time, and the reaction solvent. 

Unfortunately, broader conclusions about the controlling factors of the synthesis 

conditions were not forthcoming. However, from these studies, the most effective 

combination was HMIM:Zn(NO3)2 = 4, AuNPs added to the HMIM solution, and MeOH 

as the solvent. Further analysis proved that there is partial confinement of the AuNPs in 

the ZIF-8 particles; however, there are many AuNPs also deposited on the ZIF-8 particle 



232 

 

surface. In addition, Au@ZIF-8 prepared via encapsulation under these conditions were 

inactive towards CO oxidation at temperatures as high as 523 K. Although this material is 

not effective for CO oxidation other catalytic reactions such as the reduction of 

nitroarenes
16

 or hydrogenation reactions
17

 could be explored.  
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APPENDIX C 

SUPPLEMENTAL INFORMATION 

C.1 Chapter 3: An Alternative UiO-66 Synthesis for HCl-Sensitive Nanoparticle 

Encapsulation 

Reproduced (adapted) from Tulig, K.; Walton, K. S., An alternative UiO-66 synthesis for 

HCl-sensitive nanoparticle encapsulation. RSC Advances 2014, 4 (93), 51080-51083. 

C.1.1 Acetic Acid Effect on BET Surface Area 

  
Figure C.1: Relationship between acetic acid:Zr(OnPr) ratio, pH, and BET surface area. 

The close and open points represent crystalline and non-crystalline materials, respectively 

 

Table C.1: Porosity of UiO-66(Zr(OnPr)) prepared with varied acetic acid:Zr(OnPr)  

Acetic Acid:Zr(OnPr) pH 
BET Surface Area 

(m
2
/g) 

Total Pore 

Volume
a
 

(cm
3
/g) 

0 8.3 281 0.19 

1 6.1 282 0.19 

7.5 5.1 501 0.31 

15 4.4 848 0.42 

30 4.1 1155 0.51 

60 3.4 1189 0.52 

120 2.5 1326 0.55 

240 2.1 1289 0.52 

480 1.3 1220 0.52 
a
Measured at P/P0 = 0.6 
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C.1.2 1
H NMR 

  

  
Figure C.2: 

1
H NMR spectra for (a) AuNP-DDT/MUA, DDT, and MUA; (b) AuNP-

DDT/MUA; (c) DDT; and (d) MUA 
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C.1.3 Nitrogen Sorption at 77K 

  

  
Figure C.3: Nitrogen sorption isotherms at 77 K for UiO-66(ZrCl4), UiO-66(Zr(OnPr)), 

and Au@UiO-66(Zr(OnPr)) (a) as-synthesized and (b) after soaking in water for 24 h; (c) 

UiO-66(Zr(OnPr) prepared by varying the acetic acid:Zr(OnPr) ratio; and (d) UiO-

66(Zr(OnPr) prepared using HNO3 (black squares) and benzoic acid (red circles) as the 

modulator. Closed and open symbols represent adsorption and desorption curves, 

respectively 
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C.2 Chapter 4: Static Oxygen Storage Capacity and Catalytic Activity of Metal-

Organic Framework Supported Gold Nanoparticles 

C.2.1 Nitrogen Sorption at 77 K 

  
Figure C.4: Nitrogen sorption isotherms at 77 K for (a) parent supports and (b) 

supported AuNPs. Closed and open symbols represent adsorption and desorption curves, 

respectively 

 

C.2.2 CO Oxidation 

  

Figure C.5: (a) CO conversion and (b) reaction rate vs. temperature for Au on UiO-66 

(black squares), Au on TiO2 (red circles), and Au on ZrO2 (green triangles). The lines are 

to guide the eye only 
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Table C.2: CO conversion versus temperature for Au on UiO-66, Au on TiO2, and Au on 

ZrO2 

  CO Conversion (%)  

Temperature (K) Au on UiO-66 Au on TiO2 Au on ZrO2 

298 3 2 ------ 

323 11 ------ ------ 

348 33 ------ ------ 

373 73 28 ------ 

398 74 ------ ------ 

423 87 ------ ------ 

448 96 48 0 

498 ------ ------ 0 

523 99 74 29 

548 ------ ------ 27 

573 ------ ------ 57 

 

Table C.3: Conversion rate versus temperature for Au on UiO-66, Au on TiO2, and Au 

on ZrO2 

 CO Conversion Rate (mol/gsample s) 

Temperature (K) Au on UiO-66 Au on TiO2 Au on ZrO2 

298 3.7x10
-7

 9.1x10
-7

 ----- 

323 2.5x10
-6

 ----- ----- 

348 4.0x10
-6

 ----- ----- 

373 9.2x10
-6

 2.2x10
-6

 ----- 

398 9.3x10
-6

 ----- ----- 

423 9.6x10
-6

 ----- ----- 

448 8.9x10
-6

 5.6x10
-6

 0 

498 ----- ----- 0 

523 1.2x10
-5

 8.0x10
-6

 3.1x10
-6

 

548 ----- ----- 2.8x10
-6

 

573 ----- ----- 5.0x10
-6
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Table C.4: TOF versus temperature for Au on UiO-66, Au on TiO2, and Au on ZrO2 

  TOF (s
-1

)  

Temperature (K) Au on UiO-66 Au on TiO2 Au on ZrO2 

298 0.7 0.2 ----- 

323 7.8 ----- ----- 

348 6.3 ----- ----- 

373 15.2 2.4 ----- 

398 15.8 ----- ----- 

423 13.7 ----- ----- 

448 10.9 8.5 0 

498 ----- ----- 0 

523 19.9 11.1 4.0 

548 ----- ----- 3.4 

573 ----- ----- 5.5 

 

C.2.3 Adsorption Equilibrium Isotherms 

  

 

 

Figure C.6: (a) CO2, (b) O2, and (c) CO isotherms at 298K 
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Table C.5: CO2 adsorption at 298 K for UiO-66 and Au on UiO-66 

UiO-66 Au on UiO-66 

Pressure (bar) 
CO2 Uptake 

(mmol/g) 
Pressure (bar) 

CO2 Uptake 

(mmol/g) 

0.00 0.00 0.00 0.00 

0.12 0.36 0.13 0.34 

0.29 0.74 0.30 0.68 

0.56 1.13 0.57 1.07 

0.89 1.52 0.91 1.43 

1.41 2.01 1.43 1.90 

2.69 3.01 2.73 2.87 

3.99 3.80 4.02 3.59 

4.99 4.28 5.02 4.05 

 

Table C.6: CO2 adsorption at 298 K for TiO2 and Au on TiO2 

TiO2 Au on TiO2 

Pressure (bar) 
CO2 Uptake 

(mmol/g) 
Pressure (bar) 

CO2 Uptake 

(mmol/g) 

0.00 0.00 0.00 0.00 

0.16 0.03 0.16 0.01 

0.32 0.06 0.32 0.04 

0.60 0.10 0.60 0.07 

1.10 0.17 1.10 0.14 

1.62 0.23 1.63 0.21 

2.83 0.40 2.83 0.37 

4.02 0.56 4.03 0.54 

5.00 0.70 5.01 0.67 

 

Table C.7: CO2 adsorption at 298 K for ZrO2 and Au on ZrO2 

ZrO2 Au on ZrO2 

Pressure (bar) 
CO2 Uptake 

(mmol/g) 
Pressure (bar) 

CO2 Uptake 

(mmol/g) 

0.00 0.00 0.00 0.00 

0.18 0.04 0.18 0.02 

0.32 0.05 0.32 0.05 

0.68 0.09 0.60 0.10 

1.08 0.12 0.95 0.15 

1.67 0.17 1.55 0.25 

2.86 0.26 2.76 0.45 

4.09 0.36 5.10 0.60 

5.02 0.42   
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Table C.8: O2 adsorption at 298 K for UiO-66 and Au on UiO-66 

UiO-66 Au on UiO-66 

Pressure (bar) O2 Uptake (mmol/g) Pressure (bar) O2 Uptake (mmol/g) 

0.00 0.00 0.00 0.00 

0.21 0.05 0.18 0.05 

0.38 0.10 0.36 0.11 

0.62 0.18 0.62 0.20 

1.10 0.33 1.10 0.35 

1.55 0.48 1.57 0.50 

2.96 0.92 2.88 0.90 

4.13 1.27 4.09 1.26 

5.21 1.55 5.19 1.57 

 

Table C.9: O2 adsorption at 298 K for TiO2 and Au on TiO2 

TiO2 Au on TiO2 

Pressure (bar) O2 Uptake (mmol/g) Pressure (bar) O2 Uptake (mmol/g) 

0.00 0.00 0.00 0.00 

0.15 0.01 0.16 0.02 

0.29 0.03 0.29 0.02 

0.66 0.06 0.65 0.07 

1.06 0.09 1.05 0.11 

1.71 0.15 1.71 0.19 

2.95 0.26 2.94 0.34 

4.25 0.37 4.25 0.50 

5.26 0.44 5.26 0.61 

 

Table C.10: O2 adsorption at 298 K for ZrO2 and Au on ZrO2 

ZrO2 Au on ZrO2 

Pressure (bar) O2 Uptake (mmol/g) Pressure (bar) O2 Uptake (mmol/g) 

0.00 0.00 0.00 0.00 

0.14 0.02 0.14 0.02 

0.35 0.04 0.34 0.04 

0.66 0.06 0.66 0.07 

1.26 0.11 1.23 0.12 

1.69 0.14 1.65 0.12 

2.92 0.35 2.91 0.26 

4.20 0.45 4.19 0.40 

5.16 0.52 5.15 0.49 
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Table C.11: CO adsorption at 298 K for UiO-66 and Au on UiO-66 

UiO-66 Au on UiO-66 

Pressure (bar) 
CO Uptake 

(mmol/g) 
Pressure (bar) 

CO Uptake 

(mmol/g) 

0.00 0.00 0.00 0.00 

0.15 0.09 0.16 0.08 

0.28 0.15 0.32 0.16 

0.63 0.28 0.67 0.31 

1.07 0.42 1.12 0.48 

1.66 0.61 1.71 0.68 

2.91 0.98 2.95 1.09 

4.11 1.30 4.13 1.44 

5.14 1.55 5.16 1.73 

 

Table C.12: CO adsorption at 298 K for TiO2 and Au on TiO2 

TiO2 Au on TiO2 

Pressure (bar) 
CO Uptake 

(mmol/g) 
Pressure (bar) 

CO Uptake 

(mmol/g) 

0.00 0.00 0.00 0.00 

0.21 0.02 0.21 0.03 

0.36 0.03 0.34 0.04 

0.68 0.05 0.72 0.08 

1.11 0.09 1.12 0.11 

1.60 0.13 1.61 0.15 

3.08 0.25 3.08 0.30 

4.25 0.33 4.26 0.42 

5.16 0.39 5.18 0.50 

  

Table C.13: CO adsorption at 298 K for ZrO2 and Au on ZrO2 

ZrO2 Au on ZrO2 

Pressure (bar) 
CO Uptake 

(mmol/g) 
Pressure (bar) 

CO Uptake 

(mmol/g) 

0.00 0.00 0.00 0.00 

0.16 0.01 0.16 0.03 

0.34 0.02 0.30 0.04 

0.76 0.05 0.72 0.09 

1.19 0.08 1.18 0.14 

1.69 0.11 1.68 0.19 

2.80 0.19 2.77 0.31 

4.06 0.26 4.05 0.44 

5.06 0.31 5.05 0.53 
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C.3 Chapter 5: Evaluating the Effect of Preparation Method on Au@UiO-66 

Properties 

C.3.1 Nitrogen Sorption at 77K 

  

  

 

 

Figure C.7: Nitrogen sorption isotherms at 77 K for (a) Au@UiO-66(ENC); (b) 

Au@UiO-66(IMP); (c) 2.4 nm Au on UiO-66; (d) 4.9 nm Au on UiO-66; and (e) 7.2 nm 

Au on UiO-66 with various Au concentrations. Closed and open symbols represent 

adsorption and desorption curves, respectively 
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C.3.2 CO Oxidation 

  
Figure C.8:  Dependence of (a) CO conversion rate and (b) CO conversion at 448 K on 

calcination temperature. Closed and open symbols represent calcination in air and 

helium, respectively 

 

Table C.14: Dependence of CO conversion rate and CO conversion at 448 K on 

calcination temperature 

Material 
CO Conversion Rate at 448 K 

(mol/gsample s) 

CO Conversion at 

448 K (%) 

Au@UiO-66(ENC)-He(523K) 2.8x10
-7

 2.2 

Au@UiO-66(ENC)-Air(448K) 3.5x10
-7

±0.3x10
-7

 2.3±0.5 

Au@UiO-66(ENC)-Air(523K) 9.5x10
-6

±3.0x10
-6

 83.7±8.2 

Au@UiO-66(ENC)-Air(623K) 9.4x10
-6

±0.1x10
-6

 80.8±1.4 

2.7nm Au on UiO-66-

He(473K) 
1.0x10

-5
 82.4 

2.7nm Au on UiO-66-

Air(448K) 
1.3x10

-5
 92.3 

2.7nm Au on UiO-66-

Air(523K) 
1.1x10

-5
±0.3x10

-5
 103.5±7.0 
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Figure C.9: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over Au@UiO-66(ENC) 

 

Table C.15: Temperature dependence of CO conversion over Au@UiO-66(ENC) 

Temperature (K) 

CO Conversion (%) 

Au@UiO-66(ENC) 

(0.7 wt% Au) 

Au@UiO-66(ENC) 

(0.4 wt% Au) 

Au@UiO-66(ENC) 

(0.2 wt% Au) 

298 1.1 0 0 

323 ----- 0 0 

373 2.7±2.7 0 0 

398 21.2±8.2 ----- ----- 

423 45.6±11.6 2.3 0 

448 83.7±8.2 ----- ----- 

473 94.3±0.2 58.9±16.7 38.3±25.9 

523 98.0±3.3 83.1±2.5 88.3±0.8 
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Table C.16: Temperature dependence of CO conversion rate over Au@UiO-66(ENC) 

Temperature (K) 

CO Conversion Rate (mol/gsample s) 

Au@UiO-66(ENC) 

(0.7 wt% Au) 

Au@UiO-66(ENC) 

(0.4 wt% Au) 

Au@UiO-66(ENC) 

(0.2 wt% Au) 

298 9.6x10
-8

 0 0 

323 ----- 0 0 

373 4.4x10
-7

 0 0 

398 2.0x10
-6

±0.5x10
-6

 ----- ----- 

423 4.5x10
-6

±0.3x10
-6

 2.2x10
-7

 0 

448 9.5x10
-6

±3.0x10
-6

 ----- ----- 

473 8.5x10
-6

±0.3x10
-6

 6.2x10
-6

±2.7x10
-6

 3.4x10
-6

±2.3x10
-6

 

523 1.0x10
-5

±0.3x10
-5

 8.8x10
-6

±0.9x10
-6

 7.6x10
-6

±0.8x10
-6

 

 

Table C.17: Temperature dependence of CO conversion rate over Au@UiO-66(ENC) 

Temperature (K) 

CO Conversion Rate (mol/gAu s) 

Au@UiO-66(ENC) 

(0.7 wt% Au) 

Au@UiO-66(ENC) 

(0.4 wt% Au) 

Au@UiO-66(ENC) 

(0.2 wt% Au) 

298 1.4x10
-5

 0 0 

323 ----- 0 0 

373 6.3x10
-5

 0 0 

398 2.8x10
-4

±0.7x10
-4

 ----- ----- 

423 6.4x10
-4

±0.5x10
-4

 5.4x10
-5

 0 

448 1.4x10
-3

±0.4x10
-3

 ----- ----- 

473 1.2x10
-3

±0.1x10
-3

 1.5x10
-3

±0.7x10
-3

 1.7x10
-3

±1.1x10
-3

 

523 1.4x10
-3

±0.4x10
-3

 2.2x10
-3

±0.2x10
-3

 3.8x10
-3

±0.2x10
-3

 

 

Table C.18: Temperature dependence of TOF over Au@UiO-66(ENC) 

Temperature (K) 

TOF (s
-1

) 

Au@UiO-66(ENC) 

(0.7 wt% Au) 

Au@UiO-66(ENC) 

(0.4 wt% Au) 

Au@UiO-66(ENC) 

(0.2 wt% Au) 

298 0.5 0 0 

323 ----- 0 0 

373 2.5 0 0 

398 10.8±0.9 ----- ----- 

423 27.0±10.6 2.1 0 

448 67.9±46.7 ----- ----- 

473 44.9±3.8 66.5±39.0 62.9±42.5 

523 62.4±34.1 94.2±16.0 133.8±11.9 
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Figure C.10: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over Au@UiO-66(IMP) 

 

Table C.19: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over Au@UiO-66(IMP) 

Temperature 

(K) 

Au@UiO-66 (1.2 wt% Au) 

CO Conversion 

(%) 

CO Conversion 

Rate (mol/gsample 

s) 

CO Conversion 

Rate (mol/gAu s) 
TOF (s

-1
) 

298 0 0 0 0 

323 0 0 0 0 

373 8.7 8.9x10
-7

 8.1x10
-5

 1.9 

423 46.6±6.3 5.0x10
-6

±1.0x10
-6

 4.5x10
-4

±0.9x10
-4

 11.3±2.8 

473 82.4 9.3x10
-6

 8.5x10
-4

 22.4 

523 89.3 9.8x10
-6

 8.9x10
-4

 22.9 
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Figure C.11: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over 2.4 nm Au on UiO-66 

 

Table C.20: Temperature dependence of CO conversion and CO conversion rate over 2.4 

nm Au on UiO-66 

 CO Conversion (%) CO Conversion Rate (mol/gsample s) 

Temp 

(K) 

2.4 nm Au on 

UiO-66 (0.7 wt% 

Au) 

2.4 nm Au on 

UiO-66 (0.5 

wt% Au) 

2.4 nm Au on 

UiO-66 (0.7 wt% 

Au) 

2.4 nm Au on 

UiO-66 (0.5 wt% 

Au) 

298 7.8±3.2 1.5 1.0x10
-6

±0.3x10
-6

 1.3x10
-7

 

323 14.2 10.4 1.5x10
-6

 1.1x10
-6

 

373 62.6 32.5±12.8 6.0x10
-6

 3.1x10
-6

±0.6x10
-6

 

423 85.7 66.7 9.7x10
-6

 8.8x10
-6

 

473 88.2 83.4 1.1x10
-5

 1.1x10
-5

 

523 88.1±0.4 83.4±2.9 1.6x10
-5

±0.8x10
-5

 1.1x10
-5

±0.4x10
-6
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Table C.21: Temperature dependence of CO conversion rate and TOF over 2.4 nm Au 

on UiO-66 

 CO Conversion Rate (mol/gAu s) TOF (s
-1

) 

Temp (K) 

2.4 nm Au on 

UiO-66 (0.7 wt% 

Au) 

2.4 nm Au on 

UiO-66 (0.5 wt% 

Au) 

2.4 nm Au on 

UiO-66 (0.7 

wt% Au) 

2.4 nm Au on 

UiO-66 (0.5 

wt% Au) 

298 1.4x10
-4

±0.4x10
-4

 3.3x10
-5

 2.9±0.5 0.4 

323 2.2x10
-4

 2.8x10
-4

 3.7 4.8 

373 8.5x10
-4

 7.8x10
-4

±1.4x10
-4

 12.6 12.1±0.4 

423 1.4x10
-3

 2.2x10
-3

 24.5 45.1 

473 1.5x10
-3

 2.9x10
-3

 28.1 61.8 

523 1.4x10
-3

±0.1 x10
-3

 2.8x10
-3

±0.1x10
-3

 39.2±16.5 57.2±5.9 

 

  

  
Figure C.12: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over 4.9 nm Au on UiO-66 
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Table C.22: Temperature dependence of CO conversion over 4.9 nm Au on UiO-66 

Temperature (K) 

CO Conversion (%) 

4.9nm Au on UiO-

66 (1.1 wt% Au) 

4.9nm Au on UiO-

66 (0.7 wt% Au) 

4.9nm Au on UiO-

66 (0.4 wt% Au) 

298 5.8±0.6 0.8 0 

323 7.5 5.1 0.3 

373 29.7±2.9 23.0 8.0 

423 72.2±3.1 42.6±4.0 45.0 

473 93.0±3.1 85.6 84.9 

523 100.2±3.9 94.2 88.3 

 

Table C.23: Temperature dependence of CO conversion rate over 4.9 nm Au on UiO-66 

Temperature (K) 

CO Conversion Rate (mol/gsample s) 

4.9nm Au on UiO-

66 (1.1 wt% Au) 

4.9nm Au on UiO-

66 (0.7 wt% Au) 

4.9nm Au on UiO-

66 (0.4 wt% Au) 

298 4.3x10
-7

±2.1x10
-7

 1.3x10
-7

 0 

323 8.6x10
-7

 7.8x10
-7

 0 

373 2.9x10
-6

±0.9x10
-7

 2.5x10
-6

 1.2x10
-6

 

423 9.7x10
-6

±2.2x10
-6

 6.8x10
-6

±1.0x10
-6

 7.2x10
-6

 

473 1.2x10
-5

±0.2x10
-5

 1.1x10
-5

 1.1x10
-5

 

523 9.5x10
-6

±0.7x10
-6

 1.4x10
-5

 1.4x10
-5

 

 

Table C.24: Temperature dependence of CO conversion rate over 4.9 nm Au on UiO-66 

Temperature (K) 

CO Conversion Rate (mol/gAu s) 

4.9nm Au on UiO-

66 (1.1 wt% Au) 

4.9nm Au on UiO-

66 (0.7 wt% Au) 

4.9nm Au on UiO-

66 (0.4 wt% Au) 

298 3.9x10
-5

±1.9x10
-5

 1.9x10
-5

 0 

323 5.0x10
-5

 1.1x10
-4

 0 

373 2.6x10
-4

±0.8x10
-5

 3.6x10
-4

 2.9x10
-4

 

423 8.8x10
-4

±2.0x10
-4

 9.7x10
-4

±1.3x10
-4

 1.8x10
-3

 

473 1.1x10
-3

±0.2x10
-3

 1.6x10
-3

 2.7x10
-3

 

523 8.6x10
-4

±0.6x10
-4

 2.0x10
-3

 3.6x10
-3

 

  

Table C.25: Temperature dependence of TOF over 4.9 nm Au on UiO-66 

Temperature (K) 

TOF (s
-1

) 

4.9nm Au on UiO-

66 (1.1 wt% Au) 

4.9nm Au on UiO-

66 (0.7 wt% Au) 

4.9nm Au on UiO-

66 (0.4 wt% Au) 

298 1.0±0.4 0.8 0 

323 2.3 4.4 0 

373 6.5±1.0 10.0 10.6 

423 30.6±12.4 40.3±14.8 73.5 

473 38.5±14.9 55.1 87.5 

523 20.7±2.2 74.5 150.6 
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Figure C.13: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over 7.2 nm Au on UiO-66 

 

Table C.26: Temperature dependence of CO conversion, CO conversion rate, and TOF 

over 7.2 nm Au on UiO-66 

Temperature 

(K) 

7.2 nm Au on UiO-66 (2.1 wt% Au) 

CO Conversion 

(%) 

CO Conversion 

Rate (mol/gsample 

s) 

CO Conversion 

Rate (mol/gAu s) 
TOF (s

-1
) 

423 0 0 0 0 

473 1.6 1.7x10
-7

 8.0x10
-6

 0.3 

523 67.2 8.3x10
-6

 3.9x10
-4

 17.4 
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Figure C.14: Effect of AuNP concentration and diameter on catalytic activity. The lines 

are to guide the eyes only 

 

Table C.27: Effect of AuNP concentration on CO conversion rate at 423K 

Material Au wt % CO Conversion Rate at 423 K (mol/gsample s) 

2.4 nm Au on UiO-66 
0.7 

0.5 

9.7x10
-6

 

8.8x10
-6

 

4.9 nm Au on UiO-66 

1.1 

0.7 

0.4 

9.7x10
-6

±2.2x10
-6

 

6.8x10
-6

±1.0x10
-6

 

7.2x10
-6

 

Au@UiO-66(ENC) 

0.7 

0.4 

0.2 

4.5x10
-6

±0.3x10
-6

 

2.2x10
-7

 

0.0 

 

Table C.28: Effect of AuNP diameter on CO conversion rate at 423K 

Material 
AuNP Diameter 

(nm) 

Au wt 

% 

CO Conversion Rate at 423 K  

(mol/gAu s) 

Au on UiO-66 

2.4±0.7 

4.9±1.8 

7.2±3.9 

0.7 

0.7 

2.1 

1.4x10
-3

 

9.7x10
-4

±1.3x10
-4 

0.0 

Au@UiO-

66(ENC) 
8.2±3.1 0.7 6.4x10

-4
±0.5x10

-4
 

Au@UiO-66(IMP) 5.4±2.8 1.2 4.5x10
-4

±0.9x10
-4
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C.4 Chapter 6: Tuning the Au@UiO-66 Encapsulation Procedure 

C.4.1 1
H NMR 

  

  
Figure C.15: 

1
H NMR spectra for (a) AuNP-DDT/MUA, DDT, and MUA; (b) AuNP-

DDT/MUA; (c) DDT; and (d) MUA 
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Figure C.16: 
1
H NMR spectra for (a) AuNP-PVP and PVP; (b) AuNP-PVP; and (c) PVP 
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C.4.2 Nitrogen Sorption at 77K 

  

 

 

Figure C.17: Nitrogen sorption isotherms at 77 K for Au@UiO-66(Zr(OnPr)) prepared 

with various (a) MeOH:DMF ratios; (b) acetic acid:Zr(OnPr) ratios; and (c) AuNP 

capping agent and  UiO-66(Zr(OnPr)) modulator. Closed and open symbols represent 

adsorption and desorption curves, respectively 
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C.5 Chapter 7: Extending the HCl-Free Synthesis to Include UiO-66 Analogues 

C.5.1 Modulator Effect on UiO-66-NH2 (Zr(OnPr)) Porosity 

  
Figure C.18: Modulator effect on UiO-66-NH2(Zr(OnPr)) porosity 

 

Table C.29: Modulator effect on UiO-66-NH2(Zr(OnPr)) porosity 

Modulator: 

Zr(OnPr) 

UiO-66-NH2 – Acetic 

Acid 

UiO-66-NH2 – Benzoic 

Acid 

UiO-66-NH2 – Formic 

Acid 

BET 

Surface 

Area 

(m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

BET 

Surface 

Area 

(m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

BET 

Surface 

Area 

(m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

15 437±90 0.22±0.04 817±43 0.42±0.04 278±48 0.16±0.02 

30 682±56 0.30±0.02 998±43 0.43±0.02 281±41 0.17±0.01 

60 784±65 0.33±0.02 1151±46 0.45±0.01 332±30 0.18±0.01 

75 ----- ----- 1066±223 0.43±0.08 ----- ----- 

120 658±20 0.31±0.01 ----- ----- 556±78 0.26±0.03 

240 772±74 0.33±0.03 ----- ----- 598±103 0.27±0.06 
a
Measured at P/P0 = 0.6 
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Table C.30: Modulator effect on UiO-66-NH2(Zr(OnPr)) porosity 

Modulator: 

Zr(OnPr) 

UiO-66-NH2 – TFA UiO-66-NH2 – HCl 

BET Surface 

Area (m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

BET Surface 

Area (m
2
/g) 

Total Pore 

Volume 

(cm
3
/g)

a
 

4 ----- ----- 578±147 0.32±0.08 

15 486±20 0.28±0.00 ----- ----- 

30 636±29 0.34±0.01 672±54 0.32±0.04 

60 747±16 0.37±0.00 707±25 0.32±0.02 

120 1061±12 0.48±0.00 752±29 0.33±0.02 

240 1057±247 0.46±0.10 961±123 0.40±0.05 
a
Measured at P/P0 = 0.6 
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C.5.2 1
H NMR 

  

  

  

  
Figure C.19: 

1
H NMR spectra for (a,b) UiO-66-NH2(Zr(OnPr)) – benzoic acid:Zr(OnPr) 

= 30, BDC-NH2, and benzoic acid; (c,d) UiO-66-NH2(Zr(OnPr)) – benzoic acid:Zr(OnPr) 

= 30; (e,f) BDC-NH2; and (g,h) benzoic acid 
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Figure C.20: 

1
H NMR spectra for (a,b,c) UiO-66-NH2(Zr(OnPr)) – acetic acid:Zr(OnPr) 

= 30, BDC-NH2, and acetic acid; (d,e,f) UiO-66-NH2(Zr(OnPr)) – acetic acid:Zr(OnPr) = 

30; (g,h,i) BDC-NH2; and (j,k,l) acetic acid 

 



260 

 

C.5.3 Nitrogen Sorption at 77 K 

  

  

  
Figure C.21: Nitrogen sorption isotherms at 77 K for UiO-66-NH2(Zr(OnPr)) prepared 

with various (a) times, temperatures, H2O:Zr(OnPr) ratios, and MeOH:DMF ratios; (b) 

acetic acid:Zr(OnPr) ratios; (c) benzoic acid:Zr(OnPr) ratios; (d) formic acid:Zr(OnPr) 

ratios; (e) TFA:Zr(OnPr) ratios; and (f) HCl:Zr(OnPr) ratios. Closed and open symbols 

represent adsorption and desorption curves, respectively 



261 

 

  
Figure C.22: Simulated nitrogen adsorption isotherms at 77 K for UiO-66, UiO-66-NH2, 

and UiO-66-(CH3)2. The lines and equations show the BET fit 

 

  
Figure C.23: Nitrogen sorption isotherms at 77 K for UiO-66-X(Zr(OnPr)). Closed and 

open symbols represent adsorption and desorption curves, respectively 
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C.5.4 PXRD 

  
Figure C.24: PXRD patterns for (a) UiO-66-(COOH)2 and (b) UiO-66-SO3H
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APPENDIX D 

NP@MOF LITERATURE REVIEW 

D.1 Impregnation 

Table D.1: Overview of NP@MOF composites prepared using impregnation 
NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

Ag MOF-5 S-IMP, AgNO3 (EtOH) UV irradiation -----  

 MIL-101(Cr) DSA, AgNO3 (n-hexane/H2O) H2(20%), 200°C, 4h Cascade reactions 

(inactive) 

1 

   NaBH4 Reduction of 4-

nitrophenol 

2 

  S-IMP, AgNO3 (MeOH) NaBH4 
 

Dehydrogenation of 
formic acid 

3 
 

  S-IMP, AgNO3 (CH3CN) NaBH4 CO2 capture/CO2 

conversion 

4 

 MIL-53(Al) S-IMP, AgNO3 (ethylene glycol) Ethylene glycol CO oxidation 5 

 MIL-53(Al)-SH S-IMP, AgNO3 (H2O) NaBH4 ----- 6 

 MIL-125 S-IMP, AgNO3 (EtOH) UV irradiation Photocatalytic 
degradation of RhB 

7 

 MIL-125-NH2 S-IMP, [Ag(CH3COO)] 

(CH3CN/H2O) 

 Photocatalytic 

degradation of MB 

8 

 ZIF-8 S-IMP, AgNO3 (MeOH) NaBH4 Dehydrogenation of 

formic acid (inactive) 

9 

    Reduction of 4- 
nitrophenol 

10 

 HKUST-1 S-IMP, AgNO3 (H2O/EtOH) 

 

Cobalt-60 gamma 

irradiation 

----- 11 

 HKUST-1, MOF-508, 

MIL-68(In) 

S-IMP, AgNO3 (H2O/EtOH) EtOH ----- 12 

 MOF-74(Ni) S-IMP, AgNO3 (EtOH) MOF autoreduction Noble gas adsorption 13 
 [{Ni(C10H26N6)3(bpdc)3]·

2C5H5N·6H2O, 

{[Ni(cyclam)]2[BPTC]}n·
2nH2O 

S-IMP, AgNO3 (MeOH) MOF autoreduction ----- 14, 15 

 Rb-CD-MOF, Cs-CD-

MOF 

S-IMP, AgNO3 (CH3CN) MOF autoreduction ----- 16 

Ag/AgCl MIL-101(Cr) S-IMP, AgNO3 (H2O) HCl, UV irradiation Photocatalytic 

degradation of RhB 

17 

AgI UiO-66 S-IMP, AgNO3 (H2O) KI Photocatalytic 
degradation of RhB 

18 

Ag2CO3 UiO-66 S-IMP, AgNO3 (H2O) NaHCO3 Photocatalytic 

degradation of RhB 

19 

Ag2O Cu-BDC S-IMP, AgNO3 (H2O) NaBH4, O2 bubbled 

through H2O 

Photocatalytic 

degradation of Acid 

Blue 92 

20 

Ag2S MIL-125 S-IMP, AgNO3,S8 

(CH3CN/H2O/EtOH) 

UV irradiation Photocatalytic 

reduction of aqueous 
Cr(IV)  

21 

Ag1Pd4 UiO-66-NH2 S-IMP, AgNO3 (H2O)/PdCl2 (H2O) NaBH4 Hydrolysis of AB 22 

    Dehydrogenation of 
formic acid 

23 

Ag/Pd ZIF-8, MIL-101(Cr) S-IMP, AgNO3/PdCl4 (MeOH) NaBH4 Dehydrogenation of 

formic acid 

9, 24  

Au ZIF-8 S-IMP, HAuCl4 (MeOH) NaBH4 Reduction of 4- 

nitrophenol 

10 

  CVD, Au(CO)Cl H2 (2 bar), 100°C Oxidation of benzyl 
alcohol  

25 

  SG, (CH3)2Au(acac) H2 (10%), 230°C, 2.5h CO oxidation 26 

 {[Ni(cyclam)]2[BPTC]}n‚ 
2nH2O 

S-IMP, NaAuCl4 (EtOH) MOF autoreduction ----- 15 
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NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

 Rb-CD-MOF, Cs-CD-
MOF 

S-IMP, HAuCl4 (CH3CN) MOF autoreduction ----- 16 

 ZIF-90 CVD, Au(CO)Cl H2 (2 bar), 130°C Oxidation of benzyl 

alcohol  

25 

 MOF-1, MOF-2, MOF-3 S-IMP, HAuCl4 (MeOH) NaBH4 Reduction of 

nitrophenol and 2,4-

dinitrophenol 

27 

 MOF-5 SG, (CH3)2Au(acac) H2 (10%), 120°C, 2h Oxidation of 1-

phenylethanol 

28 

 

 
 

    Synthesis of 

dibenzylamine and 
N-alkylation of 

aniline 

29 

  CVD, [(CH3)Au(P(CH3)3)] H2, 190°C, 2h Oxidation of 
benzylalcohol 

28, 30 

  CVD, ClAuCO H2, 150°C  31 

 MIL-101(Cr) S-IMP 
HAuCl4/H2O 

Reduction 
Sodium citrate 

SERS 32 

  DSA, HAuCl4 (n-hexane/H2O) NaBH4 Reduction of 4- 

nitrophenol 

2 

    Photocatalytic H2 

production (inactive) 

33 

 ED-MIL-101(Cr) S-IMP, HAuCl4 (H2O) NaBH4  34 

   H2 (50%), 200°C Dehydrogenation of 

formic acid (inactive) 

35 

 MIL-100(Fe) S-IMP, HAuCl4(H2O) EtOH Degradation of 

pharmaceuticals and 

personal care 
products 

36 

  S-IMP, HAuCl4(H2O) UV irradiation Photocatalytic 

degradation of 
methyl orange and 

reduction of Cr(IV) 

37 

 CPL-1, CPL-2, MIL-
53(Al), HKUST-1 

SG 
(CH3)2Au(acac) 

 

H2 (10%), 120°C, 2h CO oxidation 
(inactive) 

Oxidation of benzyl 

alcohol and 1-
phenylethanol 

28 

 CPL-2 CVD 

(CH3)2Au(acac) 
 

H2 (10%), 120°C, 2h Synthesis of 

dibenzylamine 
N-alkylation of 

aniline 

29 

 MIL-53(Al) SG 
(CH3)2Au(acac) 

 

H2 (10%), 120°C, 2h Synthesis of 
dibenzylamine 

N-alkylation of 

aniline 

29 

 UiO-66 S-IMP, HAuCl4 (MeOH) 

 

NaBH4/Triethylamine/

H2, 200°C, 2h 

Oxidation of benzyl 

alcohol 

38 

 

  S-IMP, HAuCl4 
(octadecene/oleylamine) 

Oleylamine CO oxidation 39 

  DSA, HAuCl4 (n-hexane/H2O) NaBH4 Oxidation of benzyl 

alcohol 

40 

 UiO-66-NH2 S-IMP, HAuCl4 (H2O/EtOH) NaBH4 Oxidation of benzyl 

alcohol and reduction 

of nitrophenol 

41 

 IRMOF-3 S-IMP, HAuCl4 (H2O/EtOH) NaBH4 ----- 41 

 MIL-125 S-IMP 

HAuCl4(MeOH) 

MOF 

autoreduction 

Photocatalysis: 

oxidation of 
benzylalcohol 

42 

 MIL-125-NH2 S-IMP, HAuCl4 (H2O) Sodium citrate Electrocatalytic 

oxidation of 
hydrazine 

43 

Au11 ZIF-8 S-IMP, HAuCl4/PPh3 (EtOH) NaBH4/calcine (150, 

200, 300°C) 

Oxidation of benzyl 

alcohol 

44 

Au13Ag12 MIL-101(Cr) S-IMP, HAuCl4/PPh3 (EtOH) NaBH4/calcine 

(150°C) 

Oxidation of benzyl 

alcohol 

44 
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NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

Au@Ag ZIF-8 S-IMP, AgNO3 (MeOH),  
HAuCl4 (MeOH) 

NaBH4 Reduction of 4- 
nitrophenol 

10 

 Rb-CD-MOF, Cs-CD-

MOF 

S-IMP, AgNO3 (CH3CN),  

HAuCl4 (CH3CN) 

MOF autoreduction ----- 16 

Au/CdS MIL-101(Cr) DSA, HAuCl4 (n-hexane/H2O) 

S-IMP, Cd(CH3COO)2 (DMSO) 

NaBH4 

 

DMSO 

Photocatalytic H2 

production 

33 

Au/Pd MIL-101(Cr), ED-MIL-

101(Cr) 

S-IMP, H2PdCl4/HAuCl4 (H2O) H2 (50%), 200°C Dehydrogenation of 

formic acid 

35 

 MIL-101(Cr) S-IMP, PdCl2/HAuCl4  NaBH4 Reduction of 4- 
nitrophenol 

2 

  DSA, PdCl2/HAuCl4 (n-

hexane/H2O) 

NaBH4 Reduction of 4- 

nitrophenol 

2 

Au/Pt ED-MIL-101(Cr) S-IMP, H2PtCl6/HAuCl4 (H2O) H2 (50%), 200°C Dehydrogenation of 

formic acid 

35 

Au/TiO2 MOF-5 CVD, Ti(OiPr)4/ClAuCO O2 (4.5 vol%)/H2 Oxidation of 
benzylalcohol 

30 

Au/ZnO MOF-5 CVD, (C2H5)2Zn/ClAuCO O2 (4.5 vol%)/H2 Oxidation of 

benzylalcohol 

30 

C@Pd ZIF-8 S-IMP, PdCl2/glucose (H2O) H2 (5%), 300°C, 2h Hydrogenation of 

olefins 

45 

CdS MIL-125 S-IMP, CdCl2/S8 (EtOH) UV irradiation Photocatalytic 
reduction of aqueous 

Cr(IV)  

21 

 UiO-66 S-IMP, Cd(CH3COO)2 (DMSO) DMSO Photocatalytic H2 

generetion 

46 

 MIL-100(Fe) S-IMP, Cd(CH3COO)2 (DMSO) DMSO Photocatalytic 
oxidation of benzene 

alcohol 

47 

 MIL-100(Cr) S-IMP, Cd(CH3COO)2 (DMSO) DMSO Photocatalytic 
degradation of nitrite 

48 

    Photocatalytic H2 

production 

33 

CdSe UiO-66 S-IMP, (CdCl2) (EtOH) H2Se Photocatalytic 

degradation of RhB 

49 

CeO2 MIL-100(Fe) S-IMP, Ce(NO3)3 (EtOH) N2, 250°C, 2 h SCR of NOx with 
NH3 

50 

Co MIL-101(Cr) DSA, CoCl2 (n-hexane/H2O) NaBH4 Dehydrogenation of 

AB 

51, 52 

Co3O4 MIL-101(Cr) DSA, Co(NO3)2 (n-hexane/H2O) Air, 150°C,  Photocatalytic water 

oxidation 

53 

CoAgPd MIL-101(Cr) S-IMP, CoCl2, AgNO3, H2PdCl4 
(H2O) 

NaBH4 Dehydrogenation of 
formic acid 

54 

Cu MOF-5 CVD, [(η5-C5H5)Cu(P(CH3)3] H2, 150°C, 1 h 

 

----- 31 

  CVD, [(C5H5)Cu(P(CH3)3)]/ 

[[(C5H5)Cu(CNtBu)] 

UV irradiation/H2, 

220°C, 5h   

Methanol synthesis 55 

 MIL-101(Cr) DSA, Cu(NO3)2 (n-hexane/H2O) NaBH4 Dehydrogenation of 
AB 

51 

  S-IMP, Cu(NO3)2 (H2O) NaBH4 CO2 adsorption 56 

   Microwave irradiation Reduction of 4- 
nitrophenol 

57 

 MOF-177 CVD, Cu(η5 - 

C5H5)(P(CH3)3)]2/[Cu(η5 -
C5H5)(CNtBu)]2 

H2, 220°C, 5h ----- 58 

 ZIF-8 S-IMP, CuSO4 (H2O) NaBH4 Sensing 59 

Cu/Co MIL-101(Cr) DSA, Cu(NO3)2/CoCl2 (n-
hexane/H2O) 

NaBH4 Dehydrogenation of 
AB 

51 

Cu/ZnO MOF-5 CVD 

Zn(C2H6)2/[(C5H5)Cu(P(CH3)3)] 

H2, 220°C, 5h Methanol synthesis 55 

Cu2O {[Zn(Himdc)(bipy)0.5]·D

MF}  

S-IMP, CuSO4 (H2O) Hydrazine Huisgen 1,3-dipolar 

cycloaddition 

60 

CuS MIL-125 S-IMP, CuCl2,S8 (EtOH) UV irradiation Photocatalytic 
reduction of aqueous 

Cr(IV)  

21 

Fe3O4 MIL-101(Cr) S-IMP, FeCl2/FeCl3 (H2O) NH3 solution Oxidation of benzyl 
alcohol 

61 
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NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

  DSA, FeCl2/FeCl3 (H2O) NH3 solution Adsorption of 
anionic dyes 

62 

 MIL-101(Cr), MIL-

53(Cr) 

S-IMP, FeNO3 (H2O) Air, 200°C, 4h Photocatalytic 

oxidation of dye X-
3B 

63 

GaN ZIF-8 CVD, [(CH3)3NGaH3] NH3 (2 bar), 150°C, 24 

h and vacuum, 200°C, 
24h 

----- 64 

In2S3 MIL-125 S-IMP, In(NO3)3 (EtOH) CH3CSNH2 Photocatalytic 

degradation of 
tetracycline 

65 

α-MnO2 MIL-101(Cr) S-IMP, MnSO4/KMnO4 (H2O)  Electrocatalytic 

oxygen reduction 
reaction and oxygen 

evolution reaction 

66 

ε-MnO2 MOF(Fe) S-IMP, Mn(NO3)2 (H2O) Air, 110°C Oxygen reduction 
reaction 

67 

MoS2 MIL-125 S-IMP, (NH4)2MoS4 (EtOH) UV irradiation Photocatalytic 

reduction of aqueous 
Cr(IV)  

21 

MoS2/Cd

S 

UiO-66 S-IMP, Cd(CH3COO)2 (DMSO) 

 
(NH4)2MoS4 (H2O/EtOH) 

UV irradiation Photocatalytic H2 

generation 

46 

NaAlH4 HKUST-1 S-IMP, NaAlH4 (THF) Vacuum, 100°C H2 storage 68 
Ni MesMOF-1 CVD, [Ni(η5-C5H5)2] H2, 95°C, 5h Hydrogenolysis of 

nitrobenzene  

Hydrogenation of 
styrene 

69 

 UiO-67-BPyDC S-IMP, Ni(NO3)2 (DMF) NaBH4 Hydrogenation of 

nitrobenzene 

70 

 MIL-101(Cr) S-IMP, NiCl2 (H2O) NaBH4 H2 generation from 

hydrazine 

71 

  S-IMP, Ni(NO3)2 (H2O) NaBH4 CO2 adsorption 56 
 MIL-125-NH2 IW-IMP, (NiCl2) (MeOH) NaBH4 Photocatalytic 

reduction of aromatic 

alcohols 

72 

 MIL-96, ZIF-8 S-IMP, NiCl2 (H2O) NaBH4 Catalytic hydrogen 

generation from 

hydrazine 

73 

 ZIF-8 S-IMP, NiCl2 (MeOH) NaBH4 Dehydrogenation of 

AB 

74 

NiO MIL-101(Cr) ALD, [Ni(η5-C5H5)2] O2 (1.5torr), 150°C, 
270s 

CO oxidation 75 

Ni/Pt MIL-96 S-IMP, NiCl2/K2PtCl6 (H2O) NaBH4 Catalytic hydrogen 

generation from 
hydrazine 

73 

Ni/Rh ZIF-8 S-IMP, NiCl2/RhCl3 (H2O) NaBH4 Catalytic hydrogen 

generation from 
hydrazine 

76 

  S-IMP, NiCl2/RhCl3 (MeOH) NaBH4 Dehydrogenation of 

AB 

74 

 MIL-101(Cr) S-IMP, NiCl2/RhCl3 (H2O) NaBH4 H2 generation from 

hydrazine 

71 

Pd MIL-101(Cr) DSA, PdNO3/ H2PdCl2 (n-
hexane/H2O) 

 

 

H2/AB 
 

 

Cascade reactions, 
hydrodeoxygenation 

of vanillin, 

dehydrogenation of 
AB 

1, 52, 

77, 78 

  DSA, PdCl2 (n-hexane/H2O) NaBH4 Reduction of 4- 

nitrophenol 

2 

  S-IMP, PdCl2 NaBH4 Reduction of 4- 

nitrophenol 

2 

  S-IMP, PdCl4 (MeOH) NaBH4 Dehydrogenation of 
formic acid 

3 

  S-IMP, H2PdCl4 (H2O) NaBH4 Sonogashira 

Coupling 

79 

    Hydrogenation of 

phenol 

80 
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NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

    Degradation of AB 24 
  S-IMP, Pd(NO3)2 (H2O) H2, 200°C, 4h Arylation of indoles 81 

  S-IMP, Pd(NO3)2 (DMF) H2, 200°C, 2h Suzuki–Miyaura 

cross-coupling and 
Ullmann 

homocoupling 

reactions 

82 

  IW-IMP, Pd(acac)2 (acetone/DMF) CO (40%)/ H2 (10%) CO oxidation 83 

  IW-IMP, Pd(acac)2 (CHCl3) H2 (10 vol%), 200°C, 

2h 

Hydrogenation of 

2,3,5-
trimethylbenzoquino

ne 

84 

  IW-IMP, Pd(NO3)2 (DMF) H2, 200°C, 2h Synthesis of methyl 
isobutyl ketone 

85 

  Sol-Gel 

PdCl2/PVA/NaBH4 (MeOH) 

H2, 200°C, 2h VOC Adsorption 

H2 storage 

86 

  CVD, [(η5-C5H5)Pd(η3-C3H5)] H2 (5-110 bar), 21-

220°C 

Reduction of 

propiophenone 

87 

   H2 (50 bar),  70°C, 20h Reduction of 
benzenophone 

88 

    Dehydrogenation of 

alcohols 

89 

 ED-MIL-101(Cr) S-IMP, PdCl2 (H2O) NaBH4 Heck reaction 34 

  S-IMP, H2PdCl4 (H2O) H2 (50%), 200°C Dehydrogenation of 
formic acid 

35 

 MIL-101(Cr)-NH2 S-IMP, PdCl2 NaBH4 Suzuki-Miyaura 

cross coupling 
reaction 

90-92 

  S-IMP, PdCl2(MeCN)2 (CH2Cl2) NaBH4 C-H activation and 

halogenation 
reactions 

93 

  S-IMP, Pd(OAc)2 (ethylene glycol) Ethylene glycol Oxidative amination 

of aldehydes 

94 

 MIL-101(Cr)-SO3H IW-IMP, Pd(acac)2 (CHCl3) H2 (10 vol%), 200°C, 

2h 

Hydrodeoxygenation 

of vanillin 

95 

 MIL-100(Fe) S-IMP, H2PdCl4(H2O) EtOH Degradation of 
pharmaceuticals and 

personal care 

products 

36 

  S-IMP, H2PdCl4(H2O) UV irradiation Photocatalytic 

degradation of 

methyl orange and 
reduction of Cr(IV) 

37 

 MIL-100(Al) S-IMP, H2PdCl4 (H2O) H2, 280°C, 6 h H2 storage 96 

 MIL-53(Al), MIL-
53(Al)-NH2 

IW-IMP, Pd(acac)2 (CHCl3) H2, 150°C, 2h Hydrogenation of 
diphenylacetylene 

97 

 MOF-5 CVD, [(η5-C5H5)Pd(η3-C3H3)] H2, 23°C, 30min ----- 31 

   UV irradiation ----- 98 
  S-IMP, Pd(OAc)2 (DMF)  CO oxidation 99 

  IW-IMP, Pd(acac)2 (CHCl3) H2, 150-200°C, 1h Hydrogenation of 

styrene, 1-octene, and 
cis-cyclooctene  

100 

 MOF-5(BDC)(BDC-

NH2) 

S-IMP, Pd(OAc)2 (DMF)  CO oxidation 99 

 MIL-125 S-IMP, H2PdCl2 (MeOH) MOF 

Autoreduction 

Photocatalytic 

oxidation of 

benzylalcohol 

42 

 MIL-125-NH2 S-IMP, PdCl2 (MeOH) Hydrazine Suzuki-Miyaura 

cross coupling 

reaction 

101 

 ZIF-8 S-IMP, PdCl4 (MeOH) NaBH4 Dehydrogenation of 

formic acid 

9 

  S-IMP, PdCl2 (H2O) H2 (5%), 300°C, 2h Hydrogenation of 
olefins 

45 

  S-IMP, Pd(NO3)2 (H2O) H2, 200°C, 12h Hydrogenation of 

cinnamaldehyde 

102 

  CVD, Pd(C3H5)(C5H5) H2 (105 Pa), 23°C, 1h Suzuki cross-

coupling reaction 

103 
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NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

  IW-IMP, H2PdCl2 (H2O) H2 (20%), 200°C, 4h MOF-derived porous 
carbon 

Catalytic biofuel 

upgrade 

104 

 ZIF-8-COOH S-IMP, PdCl2 (CH3CN) H2, 150°C, 5h Hydrogenation of 

diene 

105 

 MOF-177 CVD, Pd(C3H5)(C5H5) UV irradiation, 3.5h ----- 58 
 [{[Ni(cyclam)]2(mtb)}n]·

8nH2O·4nDMF 

S-IMP, Pd(NO3)2 (CH3CN) MOF autoreduction ----- 106 

 SNU-3 S-IMP, Pd(NO3)2 (CH3CN) MOF autoreduction H2  storage 107 
 HKUST-1 S-IMP, Pd(acac)2 (H2O) AB Dehydrogenation of 

AB 

108 

 MIL-53(Al), MIL-
53(Al)-NH2 

S-IMP, H2PdCl4 (H2O) NaBH4 Suzuki-Miyaura 
cross coupling 

reaction 

109 

 MIL-88B(Fe) S-IMP, H2PdCl4 (MeOH) NaBH4 Reduction of 
nitrophenol 

110 

 MIL-88B(Fe)-NH2 S-IMP, Na2PdCl4 (MeOH) NaB(OAc)3 C-H activation and 

halogenation 
reactions 

93 

 MIL-88B(Cr)-NH2 S-IMP, Na2PdCl2 (MeOH) NaBH4 Oxidation of 

secondary benzylic 
alcohols 

111 

 UiO-66 S-IMP, Pd(OAc)2 (MeOH) 
S-IMP, H2PdCl4 (H2O) 

MeOH 
NaBH4 

Suzuki-Miyaura 
cross coupling 

reaction 

112, 

113 

 UiO-66, UiO-67 CVD, Pd(C3H5)(C5H5) UV irradiation,  Hydrogenation of 
ketones to alcohols 

114 

 UiO-66-NH2 S-IMP, PdCl2 (MeOH) Na(OAc) Suzuki-Miyaura 

cross coupling 
reaction 

115 

  S-IMP, Pd(OAc)2 (methylene 

chloride) 

H2 (10%), 200°C, 2h Tandem Oxidation-

Acetalization 
Reaction of 

benzylalcohols 

116 

  Hydrothermal IMP, PVP/PdCl2/NaI 
(H2O), 180°C 

 Photcatalytic 
reduction of Cr(IV) 

117 

 UiO-67-BPyDC S-IMP, PdCl2(CH3CN)2 (DMF) NaBH4 Hydrogenation of 

nitrobenzene 

70 

 Cu-TDPAT IW-IMP, Pd(acac)2 (DEF) H2, 150-200°C, 1h H2 storage 118 

 DUT-67(Zr) S-IMP, PdCl2 (DMF) NaBH4 Suzuki cross-

coupling reaction 
 

Hydrogenation of 

nitrobenzene 

119 

 MOF-1, MOF-2(Zn), 

MOF-2(Cd), MOF-3 

S-IMP, PdCl2 (MeOH) NaBH4 Heck-coupling and 

hydrogenation 

reactions 

120 

Pd/Ag MIL-101(Cr) DSA, PdNO3/AgNO3 (n-

hexane/H2O) 

 
IW-IMP, PdNO3/AgNO3 (H2O) 

H2 (20%), 

200°C, 4h 

Cascade reaction 1 

Pd/Ni UiO-67-BPyDC S-IMP, PdCl2(CH3CN)2/Ni(NO3)2 

(DMF) 

NaBH4 Hydrogenation of 

nitrobenzene 

70 

Pd/TiO2 MIL-101(Cr) CVD, [Ti(OiP)4]/[(η
5-C5H5)Pd(η3-

C3H5)] 

H2O, 80°C/H2 (50 bar), 

70°C, 20h 

Dehydrogenation of 

alcohols 

89 

Pd@Co MIL-101(Cr) DSA, H2PdCl2/CoCl2 (n-
hexane/H2O) 

AB Dehydrogenation of 
AB 

52 

Pt MIL-101(Cr) IW-IMP, Pt(acac)2 (acetone/DMF) 40% CO, 10% H2, 

50% He 

Catalysis: CO 

oxidation 

83 

  S-IMP, H2PtCl6 (EtOH) H2 (2%), 100°C Hydrogenation of 1-

octene, 1-

hexadecene, 
benzonitrile, and 

linoleic acid 

121 

  S-IMP, H2PtCl6 (EtOH) Na(formate) Hydrogenation of 
benzaldehyde and 

nitrobenzene  

122 
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NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

  S-IMP, H2PtCl6/PVA (H2O) NaBH4 Hydrogenation of 
nitroarenes 

123 

 ED-MIL-101(Cr) S-IMP, H2PtCl6 (H2O) NaBH4 ----- 34 

   H2 (50%), 200°C Dehydrogenation of 
formic acid 

35 

 MIL-101(Al)-NH2 S-IMP, H2PtCl6 (MeOH) NaBH4 Hydrogenation of 

cinnamaldehyde 

124 

 MIL-101(Cr)-NH2 S-IMP, H2PtCl4 (H2O) H2, 200°C, 2h Photocatalytic H2 

generation from H2O 

125 

 MIL-100(Fe) S-IMP, H2PtCl6 (MeOH) NaBH4 Hydrogenation of 
cinnamaldehyde 

124 

  S-IMP, H2PtCl6(H2O) EtOH Degradation of 

pharmaceuticals and 
personal care 

products 

36 

  S-IMP, H2PtCl6(H2O) UV irradiation Photocatalytic 
degradation of 

methyl orange and 

reduction of Cr(IV) 

37 

 MIL-125 S-IMP, H2PtCl6 (MeOH) MOF 

Autoreduction 

Photocatalytic 

oxidation of 

benzylalcohol 

42 

 MIL-125-NH2 S-IMP, H2PtCl6 (MeOH) UV irradiation Photocatalytic H2 

generation 

126 

  DSA, K2PtCl4 (n-hexane/H2O) UV irradiation Photoelectrochemical 

H2 generation 

127 

 UiO-66 S-IMP, H2PtCl6 (H2O) Ascorbic acid Photocatalytic H2 

generation 

128 

  S-IMP, H2PtCl6 (MeOH) UV irradiation Photocatalytic H2 

generation 

129 

 UiO-66, UiO-66-NH2 S-IMP 

K2PtCl4/H2O 

H2 (10%), 200°C, 1h Hydrogenation of 

cinnamaldehyde  

130 

 MOF-177 CVD, [(CH3)3Pt(C5(CH3)5] H2 (100 bar), 100°C, 
24h 

H2 storage 
Oxidation of alcohols 

131 

 MOF-5 IW-IMP, [Pt(NH3)4]Cl2 (H2O)  Oxidation of vanillyl 

and piperonyl 
alcohols 

132 

 IRMOF-8, Cu-TDPAT IW-IMP, Pt(acac)2 (DMF) H2, 300°C, 2h H2 adsorption 133 

 MIL-96 S-IMP 
K2PtCl6/H2O 

NaBH4 Catalytic hydrogen 
generation from 

hydrazine 

73 

Pt/Pd MIL-101(Cr) IW-IMP, Pd(acac)2 (acetone/DMF) CO (40%)/H2 (10%) CO oxidation 83 
Pt@Pd MIL-101(Cr) IW-IMP, Pt(acac)2 (acetone/DMF) CO (40%)/H2 (10%), 

CO (40%)/H2 (10%) 

CO oxidation 83 

Rh ZIF-8 S-IMP, RhCl3/H2O NaBH4 Hydrogen generation 
from hydrazine 

76 

  S-IMP, NiCl2/RhCl3 (MeOH) NaBH4 Dehydrogenation of 

AB 

74 

 MIL-101(Cr) S-IMP, RhCl3 (H2O) NaBH4 H2 generation from 

hydrazine 

71 

 S-MIL-101(Cr) S-IMP, RhCl3 (H2O) NaBH4 Hydrogenation of 
phenol 

134 

Ru MIL-101(Cr) S-IMP, RuCl3 (H2O) H2 (50%), 200°C Dehydrogenation of 

formic acid (inactive) 

35 

 MOF-5 CVD, [Ru(cod)-(cot)] H2 ----- 98, 135 

 MIL-96 S-IMP, RuCl3 (H2O) NaBH4 Dehydrogenation of 

AB 

136 

 La-BTC Supercritical CO2, 

RuCl3 (MeOH/CO2) 

 Hydrogenation of 

cyclohexene and 

benzene 

137 

 La-BTC S-IMP, RuCl3 (H2O) H2, 220°C, 2h Hydrogenation of 

cyclohexene and 

benzene 

137 

 UiO-66, UiO-67, Zr6-

NDC, MIL-140A, MIL-

140B, MIL-140C 

S-IMP, RuCl3 (H2O) Hydrazine Hydrogenation of 

furfural 

138 

Ru/Pd MIL-101(Cr) S-IMP, H2PdCl4/RuCl3 (H2O) H2 (50%), 200°C Dehydrogenation of 

formic acid 

35 



270 

 

NP MOFa Infiltration Method, precursor 

(solvent)b 

Reduction/ 

Oxidation Conditions 

Applicationc Ref 

Ru/Pt MOF-5 CVD, [Ru(cod)(cot)]/ 
[Pt(cod)(CH3)2] 

H2 (1 bar), 25°C, 
10min 

----- 139 

TiO2 MOF-5 CVD, [Ti(OiPr)4] O2 (4.5 vol %), 220°C, 

8h 

----- 140 

 MIL-101(Cr) CVD, [Ti(OiP)4] H2O, 80°C/H2 (50 bar), 

70°C, 20h 

Dehydrogenation of 

alcohols 

89 

ZnO MOF-5 CVD, [Zn(C2H5)2] Exposed to ambient air Methanol synthesis 55 
 ZIF-8 CVD 

[Zn(C2H5)2] 

O2 (5 vol%), 25-

150°C, 6h 

----- 141 

aMOF systems: (Rb,Cs)-CD-MOF with CD = cyclodextrin; CPL-1 = [Cu2(PZDC)2(PYZ)]; CPL-2 = [Cu2(PZDC)2(BPy)]; DUT-67 = 
[Zr6O6(OH)2(TDC)4(CH3COO)2]; HKUST-1 = [Cu3(BTC)2]; IRMOF-3 = [Zn4O(BDC-NH2)3]; IRMOF-8 = [Zn4O(NDC)3]; mesMOF-

1 = [Tb16(TATB)16];  MIL-53(Al) = [Al(OH)(BDC)]; MIL-53(Al)-NH2 = [Al(OH)(BDC-NH2)]; MIL-68(In) = [In(OH)(BDC)]; MIL-

88B(Fe) = [Fe3O(BDC)3L] with L = (Cl1-, OH1-); MIL-88B(Fe)-NH2 = [Fe3O(BDC-NH2)3L] with L = (Cl1-, OH1-); MIL-88B(Cr)-NH2 
= [Cr3O(BDC-NH2)3X] with X = (Cl-, OH-); MIL-96 = [Al12O(OH)18(H2O)3(Al2(OH)4)(BTC)6]; MIL-100(Al) = [Al3L3(BTC)3] with L 

= (H2O, O2-, F-); MIL-101(Cr) = [Cr3L3(BDC)3] with L = (H2O, O2-, F-); MIL-101(Cr)-NH2 = [Cr3L3(BDC-NH2)3] with L = (H2O, O2-, 

F-); ED-MIL-101(Cr) = [Cr3L3(BDC)3] with L = (H2O, O2-, F-) and ED = ethylenediamine; MIL-125 = [TiO8(OH)4(BDC)6]; MIL-125-
NH2 = [TiO8(OH)4(BDC-NH2)6]; MIL-140A = [ZrO(BDC)]; MIL-140B = [ZrO(NDC)]; MIL-140C = [ZrO(BPDC)]; MOF-1 = 

[Zn(PIP)(BPy)]; MOF-2(Zn) = [Zn(PIP)(BPE)]; MOF-2(Cd) = [Cd(PIP)(BPE)]; MOF-2 = [Zn(PIP)(BPE)]; MOF-3 = 

[Zn(PIP)(BPB)]; MOF-5 = [Zn4O(BDC)3]; MOF-74(Ni) = [Ni2(DOBDC)]; MOF-177 = [Zn4O(BTB)3]; MOF-508 = 
[Zn2(BDC)2(BPy)]; SNU-3 = [Zn3(NTB)2]; UiO-66 = [Zr6O4(OH)4(BDC)6]; UiO-66-NH2 = [Zr6O4(OH)4(BDC-NH2)6]; UiO-67-

BPyDC = [Zr6O4(OH)4(BPyDC)6]; ZIF-8 = [Zn(MeIM)2]; ZIF-8-COOH = [Zn(MeIMDC)2]; ZIF-90 = [Zn(ICA)2]; Zr6(NDC) = 

[Zr6O4(OH)4(NDC)6]; Linkers: BDC = 1,4-benzenedicarboxylic acid; BDC-NH2 = 2-amino-1,4-benzenedicarboxylic acid; BPy = 4,4′-
bipyridine; BPyDC = 2,2′-bipyridine-5,5′-dicarboxylate; BPB = 1,4-bis(pyridine-4-yl)benzene; BPDC = 4,4’-biphenyldicaboxylate; 

BPE = 1,2-bis(pyridine-4-yl)ethane; BPTC = 1,1’-biphenyl-2,2’,6,6’-tetracarboxylic acid; BTB = 1,3,5-benzenetribenzoic acid; BTC 

= 1,3,5-benzenetricarboxylic acid; cyclam = 1,4,8,11-tetraazacyclotetradecane; DOBDC = 2,5-hydroxy-1,4-benzenedicarboxylic acid; 
Himdc = 4,5-imidazoledicarboxylic acid; ICA = imidazolate-2-carboxyaldehyde; MeIM = 2-methylimidazole; MeIMDC = 2-methyl-

1H-imidazole-4,5-dicarboxylic acid; MTB = methanetetrabenzoate;  NDC = naphthalene-2,6-dicarboxylate; NTB = 4,4’,4”-

nitrilotrisbenzoate; PIP = 5-(prop-2-yn-1-yloxy) isopthalic acid; PYZ = pyrazine; PZDC = pyrazine-2,3-dicarboxylate; TATB = 
triazine-1,3,5-tribenzoic acid; TDC = 2,5-thiophenedicarboxylic acid; TDPAT = 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine;  
bPreparation methods: S-IMP = solution impregnation; DSA = double solvents approach; IW-IMP = incipient wetness impregnation; 

CVD = chemical vapour deposition; ALD = atomic layer deposition; SG = solid grinding; Precursors: acac = bis(acetylacetonato; cod 
= 1,5-cyclooctadiene; cot = 1,3,5-cycloocatriene; PDA = polydopamine; PVA = poly(vinyl alcohol); PVP = poly(vinylpyrrolidinone) 
cSCR = selective catalytic reduction; VOC = volatile organic compound; RhB = rhodamine blue; MB = methylene blue; AB = 

ammonia borane 
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D.2 Encapsulation 

Table D.2: Overview of NP@MOF composites prepared using encapsulation 
Metal MOFa MOF Synthesis 

(Conditions)b 

Nanomaterial Type 

(size)c 

Nanomaterial 

capping ligand 

Applicationd Ref 

Ag ZIF-8 RT NP MPA Reduction of 1- 
nitrophenol 

142 

  MW (200°C, 

1.5h) 

NP (≈20nm) PVP Reduction of 1- 

nitrophenol 

143 

  RT (24h) NC PVP ----- 144, 

145 

  RT (12h) NW (90-120nm) PVP Solar-driven butanol 
separation 

146 

 ZIF-90 RT (10min) NP (3nm) ICA Sensing 147 

Ag/Pd MIL-101(Fe) ST (140°C, 12h) NP (40nm) PVP Dehydrogenation of 
formic acid 

148 

Au ZIF-8 RT NP (1-3nm) MPA, DDT/MUA Reduction of 1- 

nitrophenol 

142 

  RT NP (3, 13nm) PVP ----- 144, 

145, 

149, 

150 

  RT (24h) NP (15, 25, 30nm) PVP Synthesis of 

Au@NPC 

151 

  RT (24h) NP (13nm) PVP Reduction of 

nitroarenes 

152 

  RT (24h) NP (2nm, 6nm) PVP Selective 

hydrogenation 

153 

  RT (12h) NP (50nm), 
Nanostar (80nm) 

PDA ----- 154 

  ST (50°C, 2h) NP (15, 50nm), NR PVP Photocatalytic 

oxidation of benzyl 
alcohol 

120 

  RT NR PVP ----- 150, 

155 
  RT (24h) NW PVP ----- 145 

 ZIF-67 RT (24h) NP (13nm) PVP ----- 145 

 [Al(OH)(ndc)]n MW (180°C, 
60s) 

NR (aspect ratio≈4) PEG-SH Light-induced 
molecular release 

156 

 MIL-100(Fe) ST (70°C, 30min 

cycles) 

NP (60nm) MAA Reduction of 4-

nitrophenol 

157 

  US (RT, 10min) NP (50nm) PVP SERS 158 

 MIL-101(Cr) ST (220°C, 

8h/150°C, 12h) 

NP (2.4, 6.4nm) PVP, glucose Aerobic oxidation of 

alcohols 

159 

 MIL-125-NH2 ST (150°C, 15 h) NP (2.1nm) PVP Synthesis of Au/TiO2 
160 

 HKUST-1 ST (80°C, 

overnight) 

NP (13 nm) Citrate ----- 161, 

162 
  ST (70°C, 24h) NP (9.5nm) MUA ----- 126 

 UiO-66 ST (100°C, 12h) NP (50nm), 

Nanostar (80nm) 

PDA ----- 154 

 UiO-66-NH2 ST (120°C, 24h) NP (15nm) PVP Photocatalysis 163 

 MOF-5 ST (140°C, 3h) NP (30-54nm) PVP SERS 164 

  RT NR MUA SERS 165 
 IRMOF-9 ST (80°C, 12h) NR MUA SERS 166 

 Eu-BTB ST (25°C, 2h) NP (5nm) None Detection of TNT 167 

 Zn/Fe-BDC ST (100°C, 6h) NC (50-100nm) PVP ----- 168 

Au-Fe3O4 MIL-100(Fe) ST (70°C, 30min 

cycles) 

NP (Au: 3-5nm) MAA Reduction of 4- 

nitrophenol 

169 

Co3O4 MOF-5 ST (100°C, 6h) NP (60nm) PVP Degradation of 4-
chlorophenol 

170 

CdSe ZIF-8 RT NP (4nm) PVP ----- 144, 

149 
 Eu-BTB 

 

ST (25°C, 2h) NP  Detection of TNT  171 
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Metal MOFa MOF Synthesis 

(Conditions)b 

Nanomaterial Type 

(size)c 

Nanomaterial 

capping ligand 

Applicationd Ref 

CdSe-CdS-ZnS/ 
Zn3(PO4)2·4H2O 

(α-Hopeite, 

Desert Rose 
Microparticles) 

MOF-5 ST (95°C, 3h) NP (4.58nm)/ 
MS 

None ----- 172 

CdTe ZIF-8 RT (24h) NP (2.8nm) 

organized as 
nanochains 

PVP ----- 144 

CeO2 ZIF-67 RT (1h) NW None ----- 173 

Β-FeOOH ZIF-8 RT (24h) NR (22 x 160nm) PVP ----- 144 
Fe3O4 ZIF-8 RT NP (8nm) PVP ----- 144, 

149 

  US (RT, 5min) NP (≈160nm) None Mass spectroscopy 174 
  RT (10min) NP (10nm) Citrate Knoevenagel 

condensation 

136 

  ST (50°C, 3h) NP (600nm) Citrate Knoevenagel 
condensation 

175, 

176 

  ST (70°C, 

20min) 

NP (380nm) None Adsorption of MB 177 

  RT (cycles) NP  None Arsenic adsorption 178 

  RT (12h) NP PDA ----- 154 

 MIL-53(Al) ST (140°C, 72h) NP None Removal of lead 179 
 MIL-100(Fe) ST (70°C, 30min 

cycles) 

NP MAA Chromatographyand 

extraction 

180-

182 
  ST (70°C, 30min 

cycles) 

NP (250nm) MAA Reduction of p-

nitrophenol 

183 

     Degradation of methyl 
blue 

184 

  ST (130°C, 

3days) 

NP MAA Removal of methyl red 

from H2O 

185 

  ST (70°C, 30min 

cycles) 

NP (5-8nm) COOH ----- 186 

 MIL-101(Fe) ST (110°C, 24h) NP PAA Oxidation of alcohols 187 
 MIL-101(Cr) ST (218°C, 18h) NP (200nm) Citrate ----- 188 

  ST (218°C, 18h) NP (25nm) None Removal of textile 

dyes 

189 

  ST (218°C, 18h) NP -COOH, -NH2, C Estrogen adsorption 190 

 HKUST-1 Refluxed (12h) NP None ----- 191 

  ST (70°C, 
30min) 

NP (200nm) PDA Enzyme digestion 192 

  ST (70°C, 4h) NR None Drug delivery 193 

  ST (70°C, 1 h 
cycles) 

NP MAA Knoevenagel 
condensation 

194 

 IRMOF-3 ST (100°C, 4h) NP None Drug delivery 195 

 UiO-66 ST (100°C, 12h) NP PDA ----- 154 
 HKUST-1, Cr-

BTC 

RT (30min 

cycles) 

NP -COOH ----- 196 

 DUT-4, DUT-5 ST (110°C, 24h), 
ST (180°C, 24h) 

NP None ----- 191 

α-Fe3O4 ZIF-8 RT NC, Nano-peanut PVP ----- 155 

Fe3O4/Graphite 
oxide 

UiO-66 ST (85°C, 24h)  Polydopamine ----- 197 

Fe3O4@SiO2 ZIF-8 RT NP (300-350nm) None ----- 198 

  RT NP (160-165 nm) None Knoevenagel 
condensation 

199 

 HKUST-1 US (RT, 

120min) 

NP (160-170nm) TA Pechman reaction 200 

 MIL-53(Al) ST (220°C, 72h) NP None Friedel-Crafts 

acylation 

201 

 MIL-101(V) ST (90°C, 24h) NP APTMS Oxidation of 
norborene 

202 

 UiO-66 ST (120°C, 24h) MS (≈150nm) -COOH Chromatography 203 

 2
∞[Ln2Cl6(BPy)

3]·3BPy, 

[LnCl3(Py)4]·0.

5Py (Ln = Eu, 
Tb) 

MC, ST (90°C, 
36h) 

MS (20μm) None Sensing 204 
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Metal MOFa MOF Synthesis 

(Conditions)b 

Nanomaterial Type 

(size)c 

Nanomaterial 

capping ligand 

Applicationd Ref 

Graphite Oxide MIL-101(Cr) ST Powder None n-alkane adsorption, 
H2O adsorption, 

CO2/CH4 separation, 

acetone adsorption 

205-

209 

     Lithium ion battery 210 

 HKUST-1 US, ST Powder None NH3, NO2, H2S, CO2 

adsorption, H2 storage, 
and NH3 sensing 

211-

219 

  ST (60°C, 1h)  None CO2 capture 220 

 ZIF-8 RT (24h) Powder None ----- 221 
  RT  None Electrochemical 

properties 

222, 

223 

     H2 storage 224 
  RT (24h) Powder None Biosensor 225 

 MOF-5 ST Powder None NH3, NO2, H2S, CO2 

adsorption 

214, 

226-

228 

 MIL-100(Fe) ST Powder None NH3, NO2, H2S, CO2 

adsorption 

214, 

229 
 MOF-253 US, ST Powder None Oxidation of 

ethylbenzene 

230 

 MIL-53(Fe) ST (150°C, 
3days) 

Powder None Photodegradation of 
methyl blue 

231 

 MIL-125-NH2 ST(120°C, 48h) Powder None Photodegradation of 

methyl blue 

232 

 UiO-66 ST (120°C, 24h) Powder None CO2 capture 233 

Li(Li0.17Ni0.20Co0.

05Mn0.58)O2 

MOF-74(Mn) ST (80°C, 2h) Powder (100-

200nm) 

None Lithium-ion batteries 234 

NaYF4 ZIF-8 RT (24h) NP (24nm), NR (50 

x 310nm) 

PVP ----- 144 

β-
NaYF4:Yb3+/Er3+ 

(UCNP) 

MIL-100(Fe) RT (40min) NP (30nm) PVP Targeted drug delivery 
and cell imaging 

235 

 MIL-101(Fe)-
NH2 

ST (40°C, 2.5h) NP(41nm) PVP Luminescent/magnetic 
targeted imaging 

236 

 HKUST-1 ST (75°C, 4h) NP PAA Sensing 237 

N-K2Ti4O9 UiO-66 ST (120°C, 24h) NF (100-350nm) None Photocatalytic 
degradation of RhB 

238 

Pd UiO-66 ST (120°C, 24h) NP (3.9nm) PVP ----- 145 

 ZIF-8 Emulsion (RT, 
24h) 

NC (20nm) PVP Hydrogenation of 
olefins 

239 

  RT (24h) NP PVP Reduction of p- 

nitrophenol 

240 

  RT NC (17 nm, 7 nm) PVP Hydrogenation of 

olefins 

241 

 ZIF-L RT (48 h) NP (3nm) PVP Hydrogenation of 
alkenes 

242 

     Reduction of p-

nitrophenol and p-
aminophenol 

243 

 IRMOF-3 ST (100°C, 

240min) 

NP (35nm) PVP Cascade reactions 244 

Pd/Cu2O ZIF-8 RT (24h) NP (Pd: 20nm, 

60nm) 

PVP, CTAB Hydrogenation of 

ethylene, cyclohexene, 

and cyclooctene 

245 

Pd/SiO2 ZIF-8 RT (2h) NP (Pd: 4-5nm) PVP Hydrogenation of 

alkenes 

246 

Pd@SiO2 ZIF-8, ZIF-67 RT NP PVP Hydrogenation of 
alkenes 

247 

Pd/ZnO ZIF-8 ST (50°C, 2h) NP (Pd: 5nm) PVP Hydrogenation of 

alkenes 

248 

Pd@ZnO ZIF-8 RT (1h) NC (Pd: 26nm) None Hydrogenation of 

alkenes 

249 
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Metal MOFa MOF Synthesis 

(Conditions)b 

Nanomaterial Type 

(size)c 

Nanomaterial 

capping ligand 

Applicationd Ref 

Pd/ 
Zn3(PO4)2·4H2O 

(α-Hopeite, 

Desert Rose 
Microparticles) 

MOF-5 ST (95°C, 3h) NP (85nm)/MS None ----- 172 

PS ZIF-8 RT (24h) NP (180nm) PVP ----- 144 

Pt ZIF-8 RT (24h) NP (2 .5, 3.3, 
4.1nm) 

PVP CO oxidation 144 

   NP (2-3 nm) PVP, naked Hydrogenation of 

alkenes and alkynes 

145, 

250, 

251 

   NP (2.9nm) PVP ----- 149 

 ZIF-8, 
SALEM-2 

RT(24h), 
ST(100°C, 4 

days) 

NP(3 nm) PVP Hydrogenation of 
alkenes 

252 

 UiO-66 ST (120°C, 48h) NP (2-3nm) PVP Electrocatalytic 
oxidation of H2O2 

253 

 UiO-66, UiO-

66-SO3H, UiO-
66-NH3

+, UiO-

66-SO3H/NH3
+ 

ST (120°C, 24h) NP (2.5nm) PVP Hydrogenative 

conversion of 
methylcyclopentane 

254, 

255 

 UiO-66, UiO-
67 

ST NP (2-3nm) PVP Hydrogenation of 
olefins, reduction of 4- 

nitrophenol, CO 
oxidation 

256 

 UiO-66-NH2, 

MIL-53(Fe)-
NH2 

ST NP (2.9nm) PVP ----- 256 

 MOF-801 ST (120°C, 24h) NP (2.5nm) PVP Hydrogenative 

conversion of 
methylcyclopentane 

254 

Pt/Au HKUST-1 ST (80°C, 

overnight) 

NP (≈50nm) Citrate Hydrogenation of 

olefins 

161 

Pt/Graphite oxide MIL-101(Cr), 

HKUST-1 

ST (220°C, 8h), 

ST (100°C, 4h) 

NP (Pt: 3.5nm) None H2 storage 257, 

258 

Pt/MIL-100(Fe)  MIL-100(Fe) ST (70°C, 
30min) 

NP (Pt: 3nm) None Hydrogenation of 
cinnamaldehyde 

124 

Pt/MIL-101(Al)-

NH2 

MIL-101(Al)-

NH2 

ST (70°C, 

30min) 

NP (Pt: 3nm) None Hydrogenation of 

cinnamaldehyde 

124 

Pt@SiO2 ZIF-8, ZIF-67 RT NP PVP Hydrogenation of 

alkenes 

247 

Pt/ 
Zn3(PO4)2·4H2O 

(α-Hopeite, 

Desert Rose 
Microparticles) 

MOF-5 ST (95°C, 3h) NP (145nm)/MS None ----- 172 

S/Graphite oxide MIL-101(Cr) ST (95°C, 12h)  None Lithium sulfur 

batteries 

259 

Si HKUST-1 RT (20s cycles) NW -COOH ----- 260 

SiO2 MOF-5 ST (95°C, 2h) NP (197, 153, 

197nm) 

-NH2, -COOH, -

OH 

----- 261 

 ZIF-8 ST (70°C, 

15min) 

MS (3μm) -COOH HPLC 262 

  ST (150°C, 2h) NP (460nm) -COOH Cu2+ sensing 263 
  MC (30min) NP None Lithium-ion batteries 264 

  RT NP, NR (aspect 

ratio ≈ 2.5-3) 

PVP ----- 155 

  RT (12h) NP PDA ----- 154 

 HKUST-1 RT (30min 

cycles) 

MS -COOH Fluorine ion storage 

and separation 

196 

  RT (5min cycles) MS -COOH HPLC 265 

 Cr-BTC RT (30min 

cycles) 

MS -COOH ----- 196 

 UiO-66 ST (120°C, 24h) MS None, -NH2 HPLC 266, 

267 

SiO2@Fe3O4 MOF-5 RT (180min) NP None Friedel-Crafts 
alkylation 

199 
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Metal MOFa MOF Synthesis 

(Conditions)b 

Nanomaterial Type 

(size)c 

Nanomaterial 

capping ligand 

Applicationd Ref 

TiO2 MOF-74(Mg) ST (110°C 72h) NP None Photocatalytic 
reduction of CO2 

268 

 ZIF-8 RT (24 h) NP None Photocatalytic 

reduction of CO2 

268 

Zn2GeO4 ZIF-8 RT (2h) NR(20-30nm x 

200-300nm) 

None Photocatalytic 

reduction of CO2 

269 

ZnO Cu-TCPP ST (80°C, 24h) NR(100-200nm) None Light induced 
photocurrent 

270 

 ZIF-8 ST (70°C, 5h) NR(1.5μm) None H2O2 sensing 271 

  ST (70°C, 5h) NP(300nm) None Photocatalytic 
degradation of methyl 

blue 

272 

Zn3(PO4)2·4H2O 
(α-Hopeite, 

Desert Rose 

Microparticles) 

MOF-5 ST (95°C, 3h) MS None ----- 172 

aMOF systems: DUT-4 = [Al(OH)(ndc)]; DUT-5 = [Al(OH)(BPDC)]; HKUST-1 = [Cu3(BTC)2]; IRMOF-3 = [Zn4O(BDC-NH2)3]; 

IRMOF-9 = [Zn4O(BPDC)3]; MIL-53(Fe) = [Fe(OH)(BDC)]; MIL-53(Fe)-NH2 = [Fe(OH)(BDC-NH2)]; MIL-100(Fe) = 

[Fe3L3(BTC)3] with L = (H2O, O2-, F-); MIL-101(Cr) = [Cr3L3(BDC)3] with L = (H2O, O2-, F-); MIL-101(Fe) = [Fe3L3(BDC)3] with L 
= (H2O, O2-, F-); MIL-101(V) = [V3L3(BDC)3] with L = (H2O, O2-, F-); MOF-5 = [Zn4O(BDC)3]; MOF-74(Mg) = [Mg(DOBDC)]; 

MOF-74(Mn) = [Mn(DOBDC)]; MOF-253 = [Al(OH)(BPyDC)]; MOF-801 = [[Zr6O4(OH)4(fum)6]; SALEM-2 = [Zn(IM)2]; UiO-66 = 

[Zr6O4(OH)4(BDC)6]; UiO-66-NH2 = [Zr6O4(OH)4(BDC-NH2)6]; UiO-67 = [Zr6O4(OH)4(BPDC)6]; ZIF-8 = [Zn(MeIM)2]; ZIF-67 = 
[Co(MeIM)2]; ZIF-90 = [Zn(ICA)2]; ZIF-L = [Zn(MeIM)2]; Linkers: BDC = 1,4-benzenedicarboxylic acid; BDC-NH2 = 2-amino-1,4-

benzenedicarboxylic acid; BPy = 4,4′-bipyridine; BPDC = 4,4’-biphenyldicaboxylate; BPyDC = 2,2′-bipyridine-5,5′-dicarboxylic 

acid; BTB = 1,3,5-tris(4-carboxyphenyl) benzene; BTC = 1,3,5-benzenetricarboxylic acid; DOBDC = 2,5-dihydroxytherephalic acid; 
fum = fumerate; ICA = imidazole-2-carboxaldehyde; IM = imidazole; MeIM = 2-methylimidazole; ndc = 1,4-naphthalene 

dicarboxylate; Py = pyridine; TCPP = tetrakis(4-carboxyphenyl)porphyrin 
bSynthesis techniques: MC = mechanochemical; MW = microwave; RT = room temperature; ST = solvothermal; US = ultrasonic 
cNanomaterial type: NC = nanocube; NP = nanoparticle; NR = nanorod; NW = nanowire; MS = microspheres; Capping ligands: 

APTMS = 3-aminopropyltrimethoxysilane; CTAB = hexadecyltrimethylammonium bromide; DDT = 1-dodecanethiol; MAA = 

mercaptoacetic acid; MPA = 3-mercaptopropionic acid; MUA = 11-mercaptoundecanoic acid; PAA = polyacrylic acid; PEG-SH = 
thiolated polyethylene glycol; PVP = poly(vinylpyrrolidinone); TA = thioglycolic acid 
dHPLC= High Performance Liquid Chromatography; MB = methylene blue; NPC = N-doped porous carbon; RhB = rhodamine blue; 

SERS = surface enhanced raman spectroscopy; TNT = trinitrotoluene 
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