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Porous materials have become a subject of great scientific interest in recent decades due to their broad range of applications, and their ability to interact with atoms, ions, and molecules both on the surface and throughout the bulk of a material. 1 Among porous materials, zeolites and activated carbons have been the most intensively researched. However, in last two decades, a new class of porous materials known as metal-organic frameworks (MOFs) has drawn great attention from researchers. 
Metal-organic frameworks (MOFs), also known as coordination polymers, 2,3 are porous crystalline materials that were first synthesized in 1999; since that time, these materials have attracted significant interest due to their attractive properties. 4,5
This class of porous materials generally consists of crystalline compounds that are built from metal ions or metal ion clusters, which act as connectors and organic linkers. The synthesis of an MOF is dependent on the chemical structures and properties of all of its constituent components, with a huge range of network topologies (i.e., one-, two-, and three- dimensional topologies) having been developed since the first MOFs were reported. 4,6 In addition, the ability to change ligands allows a variety of organic linkers with different functional groups to be introduced to the network. Furthermore, pore size, pore shape, functionality, and network topology can all be tuned, thus allowing the properties of an MOF to be adjusted to suit a particular application. Most reported MOFs were synthesised via solvothermal and hydrothermal methods using organic solvent or water as a medium and high temperatures. 7–10 To avoid the longer reaction times usually required for these methods, researchers have developed new methods, such as microwave/ultrasound-assisted process, which allow MOFs to be synthesized in only a few minutes. 11,12  Aside from the above-noted methods, other commonly used methods include electrochemical methods, mechanochemical methods, and synthesis under solvent-free conditions, among others. 13–15
Although researchers have become interested in MOFs due to the huge number of different MOFs that can be synthesized using relatively simple preparation methods, the root of interest in MOFs is due to their unique properties. Unlike other porous materials such as activated carbons and zeolites, MOFs offer thermal and chemical stability, ordered structure with various reactive sites, tunable pore properties, ultra-low densities, and large internal surface areas of up to 7000 m2g-1. 16,17 As a result of these properties, MOFs have emerged as an interesting class of materials with various applications. One of the most commonly researched MOF applications is for the storage of gases (methane and hydrogen). In particular, MOFs are well-suited for hydrogen storage due to their high surface areas and low densities. 18–20 Similarly, MOFs have also been examined as good candidates for hydrogen storage due to their high surface areas and pore volumes. 21–24 Furthermore, adjustable pore sizes and controllable surface properties, along with high surface areas, make MOFs ideal candidates for gas separation applications. 25–27 Some of the other most commonly investigated MOF applications include their use as drug delivery systems, 28,29 as chemical sensors, 30,31 for catalysis, 22,30–32 and for air purification. 33
Even though MOFs possess unique properties, the study of their potential is often limited due to the form in which they are produced, which is most often a powder. To overcome this problem, researchers have attempted to fabricate MOFs as membranes, as well as attempted to deposit them onto cost-effective polymeric substrates or ceramics, to name a few notable formats. 22,34–36  One attractive approach that has been garnering more attention is the fabrication of composites using MOFs and cellulose based materials. 37–39
The manipulation of the size and shape of the crystals is important because it can help determine the physical properties of the final material and enable specific applications. Given the recent surge in interest on attaching MOFs to various surfaces, we examine potential approaches to controlling the morphology of MOF-assemblies (Chapter 3). In addition, we grew MOF crystals using natural substrates, and attempted to manipulate their shape by altering some of the initial parameters. Furthermore, since it is always desirable to discover new MOFs, we modified well-known MOFs by introducing another metal into the framework to examine how doing so affects the morphology of the parent MOF (Chapter 4). 

[bookmark: _Toc49773367][bookmark: _Toc49854428] Research Objectives 

Research on MOFs can be divided into five main categories: design, preparation, modification, processing, and applications. The focus of this thesis is the “design” of MOF crystals, and the use of various modifications to control of their morphology. 
The overall objectives of this thesis are as follows:
1. To control the morphology of MOF-assemblies. To achieve this goal, MOFs were grown using well-known MOFs and natural polymeric supports, while modifying the initial substrates and some of the synthesis parameters. 
2. Preparing new MOFs by modifying well-known MOFs (ZIF-8) and their characterizations. Here, the effect of introducing new metal into the framework of the crystals was examined. 

[bookmark: _Toc49773368][bookmark: _Toc49854429]Thesis Organization 

This thesis follows “sandwich” format, consisting of one article that has been published in a peer-reviewed journal (Chapter 3), and one manuscript that is currently in preparation for publication (Chapter 4). These two chapters are “sandwiched” between the Literature Review (Chapter 2) and the Conclusion (Chapter 5). 

Chapter 1: Introduction. This chapter introduces the research background on metal-organic frameworks, as well as their properties, methods of synthesis, applications, and known problems. In addition to this theoretical background, Chapter 1 also presents on overview of the thesis and its structure.  

Chapter 2: Research background and Literature review. This chapter is divided into two parts. The first part provides a general background on controlling the morphology of MOF assemblies and using supports for the growth of well-known MOFs. It is also known that the structure of an MOF is closely related to the starting synthesis components, and that changing only one parameter can lead to the preparation of new MOFs. Based on this fact, in the second part we focused on introducing an additional metal into the system and reviewing the bimetallic MOFs that have been synthesized to date. The special interest of this thesis is zeolitic-imidazole frameworks and their derivates.

Chapter 3: Crystal growth of MOF-5 around cellulose-based fibres having a necklace morphology. This chapter details the growth of MOFs, specifically the growth of MOF-5 on a cellulose-based substrated using modification agents. Our work shows how, aside from the dopamine that was used modify the cellulose substrate, the structure of the substrate plays an important role in MOF growth. In addition, we were able to form a stable “necklace” morphology and attach it to MOF-5 crystals as a substrate, which is important for future applications. This chapter was published as an article on ACS Omega, 2019, 4, 1, 169-175(doi:10.1021/acsomega.8b02442.)

Chapter 4:  Characterization and properties of CuxZIF-8 zeolitic imidazolate framework. This chapter presents the synthesis of a bimetallic zeolitic-imidazolate framework (ZIF) in aqueous solution. ZIF-8 is one of the most well-known zinc-based MOFs, and there has been increasing interest among researchers to modify it by introducing another metal into its framework. In this chapter, we focus on the influence of Cu (II) when it is incorporated into the ZIF-8 framework. As we show, the sodalyte structure characteristic to ZIF-8 was preserved after adding another metal up to 50 mass % of the new metal, which was a great improvement compared to the 25 mass % reported in the literature. This manuscript is currently in preparation for publication. 

Chapter 5: Conclusions. The final chapter presents the main conclusions and contributions of this research, along with suggestions for future work in this field. 
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Controlling MOF morphology and crystal quality is a broad field of research that cannot be covered fully within the scope of this thesis. As such, we focus on the literature related to two approaches to creating MOFs. In the first part of this chapter, we review approaches that groove various MOFs onto substrates in order to obtain different morphologies, with an emphasis on growing MOFs from the substrate. The second part of this chapter focuses on approaches that attempt to control morphology by changing the MOF’s compositional parameters—in this case, by adding a second metal to the framework.  

[bookmark: _Toc49773371][bookmark: _Toc49854432]Direct growth of MOF crystals on the substrates  

To date, various substrates have been used for growing MOF crystals, including alumina, silica, nylon, or thin films. The most common strategies used to grow crystals on these substrates are as follows:1
1. Direct growth: This approach entails the immersion of the substrate in the metal salt and organic linker solutions. Typically, this method is assisted by heating, which triggers the nucleation process and causes heterogeneous nucleation to take place. 
2. Layer-by-layer growth: In this approach, the substrates are immersed in a solution consisting of metal salt and organic ligand multiple times. The substrates are usually rinsed with solvent between immersions, which facilitates the production of homogenous films. 
3. Secondary growth of seeded growth: This method involves coating the substrate with a seed layer and then immersing it in a solution of MOF. This method is similar to the direct method, but it provides better surface coverage. 
4. Chemical solution deposition: In this simple method, the desired substrate is spin- or dip-coated with a stable dispersion of crystals. This method is advantageous because it allows for the thickness of the layer to be easily controlled. 

The literature contains numerous studies demonstrating the direct growth of MOF thin films and crystals on thin surfaces, beads, and fibres. Prior research has successfully used the direct growth method to produce thin films on functionalized substrates, 2–4 or in combination with a layer-by-layer technique to obtain better substrate coverage.5,6  However, findings have shown that pre-modifying the substrate will yield better results when using the direct growth approach, as it enhances the growth of a variety of MOFs on the surface, including MOF-5, HKUST-1, and ZIF.7–9 Other studies have explored the use of self-assembled monolayers (SAM) as surface modification agents for the direct growth of MOF crystals, with findings revealing the important role played by the functional SAM groups in the growth process. 10–14

[bookmark: _Toc49773372][bookmark: _Toc49854433]Direct growth of MOFs on the cellulose-based substrates 

The nature and structure of the selected substrate also plays an important role in the direct growth of MOFs. As the most abundant polymer in nature, which also happens to be renewable, cellulose-based fibres have been employed in the food and textile industries for a number of applications, including as coatings and in optical and pharmaceutical films. 15
The first study to document the chemical attachment and growth of MOFs on the surface of cellulose fibres found that MOF 199 growth can be easily synthesized on carboxymethylated fibres (Figure 2-1).16 Additionally, subsequent works have discovered that this system has antibacterial properties against E. coli, and that the MOF 199 crystals, and not its components, were solely responsible for these properties.17,18

[image: ]
Figure 2-1. FESEM image of anionic cellulose after in situ synthesis of MOF 199. The inset shows EDX spectra indicating the presence of Cu. Adapted from 16.

Researchers have also investigated MOF growth using cellulose-modified papers as a substrate and gas adsorption. 19,20 Since hydrogen bonding between fibers occurs due to the abundance of hydroxyl groups in the cellulose papers, it is generally necessary to use modification agents to interrupt this process. As these works showed, the dense structure of the paper facilitated the attachment of MOF crystals to its surface (Figure 2-2). 

[image: ]

Figure 2-2. A) Preparing cellulose paper @MOF-5 composite materials with precipitated calcium carbonate (PCC) fillers. Reprinted from 19.   B) Growth of different MOFs on the surface of the cellulose substrate. Adapted from 20.  

Although substrate modifications can enhance nucleation and crystal growth of crystals, the structure of the substrate plays important role. Because of the dense structure of the paper MOF crystals can grow only on the surface of the substrate. When it comes to fibres, MOFs can be chemically attached for the surface; however, our work in Chapter 3 shows that it is possible to obtain unique structures wherein crystals are grown around the fibres,21 and that this morphology can be affected by changing some of the synthesis parameters. 

[bookmark: _Toc49773373][bookmark: _Toc49854434]Bimetallic metal-organic frameworks 

Although MOFs have been recognized as promising materials for many applications, researchers continue to search for ways to enhance their properties and modify well-known parent MOFs. One promising approach to this end is the incorporation of a second metal ion into the node of the framework to yield bimetallic MOFs.  
Introducing a second metal into the framework can produce rich adsorptive sites and high porosity, but bimetallic MOFs pose a number of challenges as well, including: fragile frameworks; potentially having similar properties to monometallic MOF; and topologies that are difficult to predict. 22
Generally, all previously synthesized bimetallic MOFs can be divided into two categories: 23

1. Solid solution bimetallic MOFs:  This category refers to MOFs wherein metals are well-dispersed through crystal framework though not distributed completely homogeneously, as this is not possible. The two most common ways of synthesizing these bimetallic MOFs are: a) direct or one-step synthesis, and b) via post-synthetic modifications. These methods are illustrated in Figure 2-3. 
[image: ]

Figure 2-3. Two possible approaches for synthesizing bimetallic MOFs A) One-step synthesis and B) Post-synthetic modification. Adapted from 22.

2. Core-shell bimetallic MOFs: These MOFs possess both a core and a shell with a metal centre 24 (Figure 2-4).  Some well-established methods of preparing this type of MOF include seed-induced growth, post synthetic exchange, and one-pot synthesis. 

[image: ]
Figure 2-4. Illustration of the structural evolution in core-shell MOFs. Adapted from 24.

As noted above, it is simply not possible to review the whole body of MOF research in this thesis; therefore, we will strictly examine solution bimetallic MOFs obtained via one-step synthesis, wherein two metal salts are dissolved together and mixed with a solution of the organic ligand. This synthesis method faces two key challenges: the incorporation of the metal is usually random, and the formation of the other phase must be avoided. Despite these challenges, this method has been used to synthesize numerous bimetallic MOFs, sometimes through the addition of a second metal precursor. These MOFs and their potential applications are presented in Table 2-1. 

Table 2-1. Successfully synthesised bimetallic MOFs and their applications.

	
Bimetallic MOF
	
Second metal added
	
Potential application

	Co/MOF-5 25
	Co2+ doping into MOF-5
	Gas adsorption

	Zn/CuBTC 26
	Zn2+ doping into HKUST -1
	Adsorption of dibenzothiphene

	Co/MOF-74 27
	Co2+ doping into MOF-74
	Hydrogen adsorption

	Cu/ZIF-67 28
	Cu2+ doping into ZIF-67
	Degradation of organic dye

	Cu/ZIF-8 29
	Cu2+ doping into ZIF-8
	Catalysis

	Mg/MIL-101 30
	Mg2+ doping into MIL-101(Cr)
	CO2 adsorption

	Ce/UiO-66 31
	Ce doping into UiO-66
	Catalysis
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One of the most researched subclasses of MOFs are known as Zeolitic-Imidazolate Framewoks (ZIFs), which are frameworks wherein tetrahedral divalent metal ions, usually Zn cations, are linked to imidazole ligands via coordination bonds.32,33 A number of ZIFs with zeolite-like saodalite (SOD) topologies have been synthesized, with three of the best-known representatives shown in Figure 2-5. 34

[image: ]
Figure 2-5. Crystal structures of ZIF-67, ZIF-8, and ZIF-90—all of which have an SOD topology. The yellow ball represents space in the cage. Adapted from 34.

As with all types of MOFs, this subclass is interesting because of its unique properties—in this case, permanent porosity and unexpected thermal and chemical stability. 35–37 
Since all of these properties are controlled by the morphology of the ZIF particles, it is important to investigate methods of shaping ZIF crystals in a controlled manner. The number of synthetic conditions can be changed in order to control the growth of the ZIF particles that influence the MOF’s kinetic and thermodynamic factors. 26,38,39 One of the most widely used approaches for controlling the growth of the particles relies on changing the initial concentrations and/or ratios of these components. 40 
Zinc (II) cations can be substituted with the divalent cations, Co (II) or Cu (II), without altering the MOF’s topology. ZIF-67 is produced when tetrahedral divalent cobalt Cu (II) cations are connected via coordination bonds to an imidazole ligand; in contrast, ZIF-8 is produced when Zn (II) cations are used. We examined works that used only one metal or both metals (Cu and Zn) while changing the doping percentage, as well as works exploring various applications such as CO2 and H2 uptake, dye adsorption, catalysis. 41–49
All of these works are based on the same principle: varying Co content. The synthesis starts with only one metal solution (usually with Zn); gradually, the amount of the first metal solution is decreased, and the amount of the second metal solution is increased—in this case, Co. The resulting framework will depend on the amount of both metals presented.  (Figure 2-6A)
Visually, this process can be followed by observing the changes in color to the powder as a result of the reaction. As can be seen, incorporating Co into the ZIF framework causes the powder to gradually change from white to violet (Figure 2-6B).
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Figure 2-6. A) Schematic illustration of the crystal structure of bimetallic ZIF; and B) Gradual color change of the final product.  Adapted from 46. 

Compared to the parent ZIF-8, the resulting cobalt-substituted ZIF-8 had higher porosity, 40% more surface area, and 30% more pore volume. Furthermore, the cobalt-substituted ZIF-8 had higher CO2 and H2 uptakes, which is an inherent feature of Co-doped frameworks.41 The particles with and without Co also had well-defined truncated rhombic dodecahedral morphology; however, the nucleation rate was slowed down, which resulted in bigger nanoparticles. 44,45
Aside from metal atoms such as Zn2+ and Co2+, it may be possible to use Cu2+ to connect four imidazolate ligands in order to form a neutral network in a ZIF tetrahedral unit. However, the literature contains very few studies that have used Cu to this end, or that have used a lower doping percentage of Cu compared to Co for catalysis.50,51 This bimetallic framework is relatively easy to synthesize, as it can be done at room temperature using methanol as a solvent (Figure 2-7A); however, the incorporation of the second metal in the framework is random and cannot be controlled. The crystal structure of Cu-doped ZIF was confirmed, but the addition of the second metal slowed down the kinetics. Increasing the amount of Cu in the system served to increase the size of the crystals, thus confirming the formation of less nuclei (Figure 2-7B). To date, the highest reported Cu-doping percentage has been 25%, with complete collapse of the framework occurring at 50 % of Cu. 50
Finally, the incorporation of iron into the ZIF-8 framework in order to enhance its photocatalytic activity was tested via the degradation of Remazol black B (RDB). 52
[image: ]
Figure 2-7. A) Schematic representation of Cu-doped ZIF-8 with random incorporation of a second metal; and B) TEM images of ZIF-8 crystals doped with 1% and 25% of Cu. Adapted from 50. 
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Herein, MOF-5 crystals were grown on cellulose-based substrates including paper and cotton. Dopamine was used as a surface modification agent to improve the compatibility between MOF-5 crystals and the used substrates. The formed polydopamine film promoted the growth of MOF-5 crystals, which were bonded to the substrates. Besides dopamine, the structure of the substrate also played a major role in the crystal growth. In the case of paper, which had a structure with fibres closely packed to each other, MOF-5 crystals grew only on the surface of fibres (one side) and could easily fall off. Unlike paper, the cotton bulb had a looser structure and MOF-5 crystals grew around the fibres, forming a stable "necklace" morphology. The effects of dopamine modification on the crystal growth and the formation of "necklace" morphology were investigated using SEM analysis. The crystalline structure of MOF-5 was confirmed using XRD. To determine how firmly crystals were attached to the cotton fibres, the substrates were exposed to a constant and strong air flow. It was found that the dopamine-modified cotton increased the strength of MOF-5 crystal attached to fibres. This work demonstrates the firm attachment of MOF-5 crystals for the substrate which is important for the further application. 
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Metal-organic frameworks (MOF) are a class of crystalline porous materials made by linking metal ions and organic ligands. Because of their well-defined structure and functionality, these porous materials have received a great research attention over the recent years.1–3 Their large and accessible surface area up to 7000 m2 g-1 is one of the most important characteristics.4 Tunable pore properties, various active sites, as well as thermal stability offer MOF materials potential applications for gas storage and separation,5,6 catalysis,7,8 and drug delivery systems.9 Applying MOF for filtration of toxic gases10,11 and for air purification has become a hot research topic because of the increasing global air pollution.12,13 Despite all the properties that MOFs possess, these materials are usually obtained as powders, and this form limits their applications. To overcome this, many methods to process MOF crystals into various structures were reported, i.e. MOF thin-films 14 and membranes.15 Recently it became more popular to grow MOF crystals of the surface of different fibres made by electrospinning process.16–19 Supporting MOF crystals onto commercially available, cost-effective and eco-friendly substrates provides an effective approach to expand their potential applications. One of the best candidates is cellulose-based substrates. 
Cellulose is one of the widely used, renewable and natural polymers. Cellulose fibres, whiskers or cellulose nanocrystals have a broad range of applications in filtration, textile industry, biomedicine, and as reinforcing filler in adhesives.20,21,22 Good mechanical properties, low cost, abundance, good processability and easy recycling ensure their use in the fabrication of various composite materials. However, due to cellulose polar and hydrophilic nature, cellulose compatibility with nonpolar and hydrophobic materials is limited.23 To improve adhesive properties of cellulose-based substrates and ensure the growth of MOF crystals, the surface must be modified.24
Dopamine (DA) has been used as a surface modification agent for various substrates, and it is inspired by the chemistry of proteins in marine mussels.25–27 The ability of mussels to attract foreign objects is originated from proteins, which are rich in catechol groups from 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine (amine) groups.28,29 The same functional groups can be found in small molecule dopamines which can polymerize under mild conditions and can be applied to almost all kinds of surfaces via amine and catechol functional groups.30 Although the mechanism of DA self-polymerization into polydopamine (PDA) is complex and is yet to be understood,31 an effective surface modification can be achieved by simple treatment of substrates with buffered DA solution at ambient temperature. On the surface of treated substrates, a thin polymer film is formed and its thickness is a function of immersion time. Our group has reported the use of DA for surface modification of various substrates and the growth of MOF-5 thin films on PDA as a nucleation center.32 PDA coated onto the surface of substrates significantly promoted the growth of MOF-5 crystals, facilitating the attachment of MOF crystal seeds to the substrate surface. Except for the adhesive ability to attach MOF-5 crystals, catechol groups on polymerized DA can bind with metal ions and form a metal-catecholate coordination complex.28,33,34 This simple fabrication of MOF-5 films was accomplished by simply immersing substrates into a MOF-5 mother solution.
In this work, we report a facile method to grow MOF-5 crystals around cellulose-based fibres. The growth of MOF crystals on cellulose fibres by various methods have been reported in the literature. Deposition of HKUST-1 crystals on pulp fibres was reported through in situ synthesis of MOF in the presence of pulp fibres.35 Different degrees of surface coverage were obtained depending on the chemical composition of fibres. Reynolds et al.36 reported immobilization of CuBTC crystals on cotton substrates via functionalization of the cotton surface with carboxylate linkers and immersing the modified substrate in a MOF mother solution. It was demonstrated that the modification played a vital role in the coverage of the substrate surface. Hinestroza et al.37 presented chemical attachment of MOF-199 onto cotton fibres. All these works showed that MOF crystals grow on the surface of cellulose-based substrates. However, to the best of our knowledge, there has been no report on a “necklace” morphology, that is, the growth of crystal around cotton fibres. MOF-5 crystals were firmly attached to the fibre, while the large surface of the crystals remains free.
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Materials: Zinc nitrate hexahydrate (Zn (NO3)2·6H2O, 98 %), terephthalic acid (98%), dopamine hydrochloride, tris(hydroxymethyl) aminomethane (99.8 %) and dopamine hydrochloride were purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF, 99.8 %) was purchased from Caledon, CA. All chemicals were used without further purification. Deionized water was used throughout all the experiments.
Two different substrates were used in the experiments: paper strips and cotton bulbs. The paper was coffee filter paper (GK ConnaisseurTM 03-2644637 from Dollarama in CA). Commercially available cotton balls made for medical uses were used.
Substrate modification: Paper was cut into rectangular strips, and cotton was washed with acetone and dried at room temperature. Dopamine (DA) solution was made by dissolving dopamine hydrochloride in 200 mL tris (hydroxymethyl) aminomethane (Tris) aqueous solution (10 mM). The amounts of dopamine dissolved in 200mL of Tris were 400 mg and 1000 mg. The substrates were immersed in the two dopamine solutions having different concentration and left at room temperature for 24 h. The modified paper and cotton were washed with deionized water and ethanol three times to remove residual dopamine and dried in a vacuum oven at 65ºC for 24 h. To compare how MOF-5 crystals were attached to substrates without PDA, pristine paper and cotton were used. The paper strips and cotton bulbs were only washed with acetone and dried at room temperature.
Preparation of MOF-5 mother solution: MOF-5 mother solution was prepared as follows. First, 4.239 g of Zn (NO3)2·6H2O and 0.9072 g terephthalic acid were dissolved in 135 mL of DMF. Transparent mother solution was then heated to 65ºC and kept for 48h. After temperature was raised to 105ºC, the mother solution was left for additional 72 hours at this temperature. Mother solution stayed transparent where generated MOF crystals were settled at the bottom of the beaker (Figure S3-1A, Supporting Information). MOF-5 crystals were cooled down to room temperature, washed with DMF and dried in vacuo at 65ºC
Preparation of MOF@Paper structures: The modified paper was immersed in the MOF-5 mother solution and remained for three days at 65ºC. After that, the sample was rinsed with DMF and dried in vacuo at 65ºC.
Preparation of MOF@Cotton structures: The modified cotton was immersed in MOF-5 mother solution and kept in the mother solution for three days. In one set of experiments, the temperature was 65ºC, while in the other it was increased to 105 ºC and left for 72 hours. Prepared MOF crystals were attached for the cotton bulb (Figure S3-1B, Supporting Information) and mother solution stayed transparent.  All samples were washed with DMF and dried in vacuo at 65ºC.
Characterization: JEOL JSM 7000 Scanning Electronic Microscopy (SEM) was used to characterize morphologies of the obtained structures. FTIR characterization was done on Thermal NICOLET 6700. Samples were scanned for 64 times and spectra were obtained with wavelengths from 4000 cm-1 to 500 cm-1. Gas sorption date were collected using Quantachrome Instrument (v 5.2) at 77 K measuring nitrogen adsorption. Samples were previously degassed for 24h at 393 K.   TGA was performed using Mettler TGA/DSC 3+ Thermogravimetric Analyzer. Thermograms were recorded at a heating rate of 10ºC/min between 37 and 600ºC in a flow of argon at 20 mL/min. X‐ray diffraction (XRD) of MOF@Substrate structures was carried out on Bruker D8 Advance Powder Diffractometer with a scan speed of 1° min-1, a step size of 0.01°, and a 2θ range of 2–45°.
Stability test: To investigate the stability of MOF@Cotton structures, the structures were exposed to a constant airflow at 18L/min, three times for twenty seconds until a constant mass was reached (Supporting Information, Table S3-1). The present of the saved mass was calculated using the following equation:

                                                                                                  (1)
where m (MOF@Cotton) was the mass of structures before air blow, m1 (MOF@Cotton) was the mass of structures after exposure to air flow 3x20 s.
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Two commercially available cellulose-based substrates, namely, paper strips (paper) and cotton bulks (cotton), were treated with DA to modify the surface of the substrates and to ensure adhesion of the MOF-5 crystals. MOF-5, as one of the most studied MOFs, was chosen for the crystal growth onto the substrates due to its thermal stability and large and accessible surface area.38,39 This isoreticular MOF (IRMOF)  is inexpensive and easy to synthesize in various ways.38,40,41 The structure of modified cellulose substrates has a significant effect on the attachment of MOF-5 crystals nurtured from a mother solution to the fibres. It was found that MOF-5 crystals could grow only on the paper surface (one side of the paper substrate) and were easy to fall detached, while in the case of cotton, stable crystalline structures around individual fibres were formed. Apart from the substrate structure, the influences of DA solution concentration and MOF-5 nurture temperature on the crystal growth and morphology were studied. The morphology of MOF-5@Substrate structures was investigated using Scanning Electron Microscopy (SEM), and the crystal structure of MOF-5 was confirmed by X-ray diffraction (XRD). Quantitative measurements were performed to determine how firmly MOF-5 crystals were attached to the cellulose-based fibres.
The fabrication of MOF-5@Substrate structures is schematically represented in Figure 3-1. For simplicity, the schematic displays fabrication steps using the cotton bulbs (Figure 3-1A) and the same procedure was applied to the paper strips.  The first step was a substrate modification by DA hydrochloride solutions of two different concentrations (Figure 3-1B).  The DA solutions were prepared by dissolving DA hydrochloride in 200 mL tris (hydroxymethyl) aminomethane (Tris) aqueous solution (10 mM). The prepared concentrations of DA in Tris were 2 mg/mL and 5 mg/mL. Cotton bulbs were treated with DA solution for 24 h at room temperature. Upon treatment, the modified bulbs were dried in vacuo at 65ºC for 24h (Figure 3-1C).  For control experiments, non-modified substrates were used after being rinsed with acetone and dried at room temperature. An obvious difference in observation of the substrates, treated with and without DA, was the change of their color from white to dark gray (Figure S3-1C, Supporting Information). This change in color indicated that polydopamine (PDA) was formed and coated the cellulose-based substrates.42 
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Figure 3-1. Schematic representation illustrating the steps involved in the MOF-5@Substrate preparation, taking cotton bulbs as an example. (A) Pristine cotton bulb, (B) treatment with DA solution, (C) modified cotton bulb (grey color represents a color change of the substrate upon treatment with DA), (D) treatment with MOF-5 mother solution, and (E) cotton bulb with MOF-5 crystals.
		
In the next step, we prepared MOF-5 mother solution through a straightforward method, using the recipe reported by Fisher at al.43 Zinc nitrate hexahydrate and terephthalic acid were dissolved in dimethylformamide (DMF). The final step was the growth of MOF-5 crystals onto paper and cotton substrates (Figure S3-2A, S2B respectively). The substrates were immersed in MOF-5 mother solutions and kept for three days, at 65ºC (Figure 3-1D). To investigate the temperature effect on the crystal growth, another set of substrates was kept in MOF-5 mother solution at 105ºC. In both cases, the prepared samples were rinsed with DMF and dried in vacuo at 65ºC for 24 h, after which MOF-5 crystals could be observed on the substrates by the naked eyes (Figure 3-1E).
The effect of DA solution concentration on MOF-5 crystal growth and their binding to the substrate were investigated. The results showed that the pristine paper substrate (no DA) treated with MOF-5 mother solution (Figure 3-2A), was almost free of MOF-5 crystals, i.e. very few crystals were formed on the paper surface. On the other hand, the DA-modified paper substrate was densely covered with MOF-5 crystals of more than 100 µm in size, as it can be seen by the SEM image in Figure 3-2B. The modification with DA and consequently formed PDA clearly improved compatibility of the paper substrates with MOF-5, which promoted the crystal growth. The hydrophilic character of cellulose was reduced by reaction between hydroxyl groups on the surface and catechol groups of DA. The formed PDA layer on the surface of substrates also became a nucleation site of MOF-5 crystals. Although DA contributed to the greater coverage of the paper surfaces, it was difficult, if not impossible, to grow MOF-5 crystals around fibres of the cellulose paper, due to space limitation effects. The paper substrate had a dense structure where fibres were close to each other and crystals could not grow within the fibres. Consequently, MOF-5 crystals could easily fall off the paper substrates, regardless of the modification with DA. In contrast, the experiments performed with the cotton bulbs gave a very different morphology. The loose fibrous structure of the cotton bulbs proved to be a better choice for the nucleation and growth of MOF-5 crystals. 
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Figure 3-2. SEM images of MOF-5@Substrate (temperature of the crystal growth was 65°C). (A) MOF-5 crystals on the pristine paper (no DA), (B) MOF-5 crystals on the paper modified with DA, and (C) MOF-5 growing around cotton fibres (D) “necklace” morphology (scale bar 100 µm).

Unlike the crystals that grew only on fibres at the paper surface, the crystals grown on fibres of the cotton bulb (inside-out of the bulb) wrapped the fibres, forming a unique morphology with the crystals firmly attached to the fibres (Figure 3-2C). To the best of our knowledge, there has been no work reported on growing MOF crystals around cotton fibres. The MOF-5 crystals were stringed by the cotton fibres as a MOF-5 “necklace” (Figure 3-2D). In both cases, the truncated cubic shape of the crystals was formed at 65°C. This MOF-5 was made of dicarboxylic linkers and metal ions that together created a three-dimensional cubic unit cell. In general, the crystal shape is related to its internal structure,44 it is a reflection of the unit cell shape, and thus the shape of MOF-5 crystals was expected to be cubic. All the crystals formed had the same truncated cubic shape.
To examine how temperature affects the crystal shape, another set of experiments were performed, in which the substrates were kept in the mother solution for three days at 105ºC. As a substrate in this set of MOF-5 growth, only cotton bulbs were used because it was proven that the crystals could be firmly attached to the fibres. The crystal shape could be controlled by changing the synthesis conditions.45 In this case,  an increase of temperature led to a change of MOF-5 crystal shape. It is evident in Figure 3-3 that the resulting MOF-5 crystals have the expected cubic shape.  SEM analysis proved once again the importance of substrate modification with DA solution. The unmodified cotton bulbs (Figure 3-3A) were much less covered with MOF-5 crystals than the DA-modified substrates (Figure 3-3B, C, and D). The formed PDA film on the surface of fibres provided more nucleation sites for MOF-5 crystals, due to interactions of catechol groups of DA with metal ions of MOF-5. A better coverage of substrates with MOF-5 crystals was achieved. Moreover, as a result of having more nucleation sites on the surface of the fibres, smaller crystals were formed with a size of less than 100 µm. MOF-5 crystals on the DA-modified fibers were found to be more uniform in size than those grown on the unmodified cotton fibers, which had a size larger than 100µm. Once again, the “necklace” morphology was confirmed with the crystals wrapping cotton fibres, as it can be clearly seen from Figure 3-3D, with the red arrows pointing out to the fibres penetrating through the crystals.
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Figure 3-3. SEM images of MOF-5@Cotton structures obtained at 105°C. (A) Unmodified cotton bulbs, (B) bulbs treated with 2 mg/mL DA solution, (C) substrates modified with 5 mg/mL DA solution and (D) “necklace” morphology (scale bar 100 µm).


ATR-FTIR spectra of pristine cotton, cotton modified with PDA and MOF-5@Cotton substrates are shown in Figure 3-4. Polydopamine and cellulose in their structure have similar spectra and  bands observed between 3300 cm-1-3400 cm-1 can be assigned to not only -OH group stretching modes but also to -NH from polydopamine. The presence of the quinine group that exists in polydopamine can be confirmed with the peak at 1720 cm-1 that appears in the case of DA modified cotton with and without MOF-5 crystals. Furthermore, spectrum for the DA modified cotton shows broad and weak signal around 1600 cm-1 and it is assigned to -C=C stretching modes. 46,47 However, in the case when MOF-5 grows around the fibres the presence of strong peaks around 1390 cm-1 and 1600 cm-1 are assigned to the existence of organic linker which is in the case of MOF-5 terephthalic acid. 48
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Figure 3-4.  FTIR spectra of pristine cotton, cotton modified in DA solution and
 MOF-5@Cotton structure obtained at 105°C

XRD was used to confirm the crystal structure of pristine MOF-5 crystals and MOF-5 crystals grown on the DA-modified and unmodified cotton at 105°C. Unlike XRD patterns of MOF-5 truncated cubic crystals grown at 65°C (Figure S3-3), Figure 3-5 shows a typical diffractogram of MOF-5 crystals as previously reported by Yaghi et al.38 All the characteristic peaks were identified confirming the cubic shape of MOF-5 crystals observed in SEM analyses in Figure 3-5, as well as its crystallinity due to sharp diffraction peaks. Furthermore, the modification of cotton bulbs with DA did not affect the crystal structure of MOF-5, which could be observed by contrasting XRD patterns in Figures 3-5.
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Figure 3-5. XRD patterns of MOF-5 crystals and MOF-5 crystals grown on modified and unmodified cotton bulbs at 105°C.

The pore properties of both MOF-5 and MOF-5@Cotton samples were analyzed using nitrogen physisorption at 77K. Figure 3-6 shows adsorption and desorption isotherms of the pristine MOF-5 and MOF-5@Cotton. The measurements showed Type I isotherm for both samples with a characteristic sharp increase for low relative pressure (Figure S3-4, Supporting Information). Even though the N2 adsorption slightly decreased, in the case of MOF-5@Cotton sample kept high porosity. Specific area when structures are synthesized in this way is 658.04 m²/g for MOF-5 crystals, while for MOF-5@Cotton structure is 611.71 m²/g
[image: ]
Figure 3-6. N2 sorption isotherms for MOF-5 and MOF-5@Cotton samples at 77K. The solid symbols represent adsorption while open symbols represent desorption. 

MOF crystals have been studied for various environmental applications.49,50 Combined with cellulose fibres those structures would have certain advantages because of their green nature and low-cost. However, there must be a strong attachment of MOF crystals on the substrate. In this work, we demonstrated that it is possible to bind MOF-5 crystals and cellulose fibres. However, how strong MOF-5 crystals were attached to cellulose fibres could be questioned. We quantitatively determined their strength by exposing MOF-5@Cotton samples to a constant air blow, 18L/min, three times for twenty seconds, or until a constant mass was reached (Figure 3-7A). The mass of MOF-5@Cotton structure was measured before and after the air blow. The percentage of MOF-5 crystals remaining attached to the fibres was calculated using the equation given in the experimental part.

[image: ]
Figure 3-7.  (A) Exposing MOF-5@Cotton structure to a constant air flow in order to determine the stability of fabricated structures, (B) Stability of MOF-5@Cotton structures as a function of DA solution concentration

The fabricated MOF-5@Cotton structure proved to be quite resistant to the air blow effect and the “necklace” morphology increased the stability of the MOF crystals stringed on the fibres. Figure 3-7B compares the results for cotton substrates modified and unmodified with two different DA concentrations. The percentage of MOF-5 crystals remaining attached to the unmodified cotton substrates was 91.9% ± 1.1%. For the substrate treated with 2 mg/mL of DA solution, this number was 94.8% ± 0.6%, while for 5 mg/mL, it was 96% ± 1.1%, which clearly indicated that DA improved the attachment of MOF-5 to the cotton fibres. 
The TGA curves of cotton, MOF-5 and MOF-5@Cotton structures are shown in Figure 3-8. Major weight loss in the case of pure cotton occurred between 180 and 430ºC due to decomposition of cellulose as main component of cotton. Thermogram for pristine MOF-5 reveals its typical degradation mechanism with two weight losses. The first weight loss (5.51%) occurs because of solvent evaporation, while degradation of metal-organic framework starts around 400ºC. Finally, for MOF-5@Cotton sample the first weigh loss can be attributed not only to the evaporation of solvent (DMF) which was used for synthesis of MOF-5 but also to the evaporation of adsorbed moisture in cotton fibres.  Every additional weight loss before 430ºC is attributed to the degradation of cotton fibres and this is consistent with results for pure cotton. Decomposition of framework caused the final weight loss and it started after 430 ºC.51–53 Amount of char that was formed during thermal degradation was used to quantitatively determine amount of MOF-5 incorporated. The char yield of pure cellulose at 600ºC was 11.3% while in the case of MOF-5@Cotton structures number increased to 35.7% and we can say that this structures have 24.4% MOF-5 by mass. 

[image: ]
Figure 3-8. TGA thermogram of representative MOF-5@Cotton sample. 


[bookmark: _Toc49773382][bookmark: _Toc49854443]Conclusion

In summary, a facile method to attach MOF-5 crystals to cellulose-based fibres and to fabricate stable morphologies is demonstrated. Paper and cotton fibres have been used in the experiments. In both substrates, dopamine was used as a surface modification agent, which promoted the growth of crystals. The surface was modified by simply immersing substrates in a dopamine solution. An important difference between the two substrates was in the way of crystals growth. Because of the dense structure of the paper, MOF-5 crystals could grow only on the surface of the substrate. In contrast, in the case of cotton substrates, the crystals grew throughout the whole body of a cotton bulb and were firmly attached to the fibres. MOF-5 crystals could grow around the surface of individual cellulose fibres, generating a stable “necklace” morphology. In this way, MOF-5 crystals were firmly attached to the fibres, which is desired in many applications. Apart from the structure of the used substrates, surface modification of the substrates with DA played a major role in the crystal growth. No matter what kind of substrate was used, all the experiments showed that after DA modification, more crystals grew on the surface. The obtained MOF-5@Cotton structure showed excellent stability when they were exposed to air blow as an external influence, due to the strong attachment of the crystals and fibres. 
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Figure S3-1. Digital photographs of (A) MOF-5 crystals formed in the solution, (B) MOF-5 crystals attached on pure cotton and DA treated cotton and (C) cotton bulbs before and after dopamine treatment. 
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Figure S3-2. Digital photographs and SEM images of the cellulose-based substrates with MOF-5 crystals. A) MOF-5@Paper, B) MOF-5@Cotton. Scale bar 100µm.
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Figure S3-3. X-ray diffraction patterns of the MOF-5@Cotton structure when the temperature was 65°C. (A) DA modified substrate (B) Unmodified substrate
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Figure S3-4. N2 sorption isotherms for MOF-5 and MOF-5@Cotton samples at 77K for low pressure.








Table S3-1. Results obtained by stability test of the modified and unmodified cotton substrates treated with MOF-5 mother solution

	Concentration of DA solution
	m(Cotton+MOF-5), g
	m1(Cotton+MOF-5), g
	MOF-5 left, %

	
	0.1151
	0.1058
	91.92

	No DA
	0.0993
	0.0902
	90.84

	
	0.1278
	0.1188
	92.96

	
	0.0816
	0.077
	94.36

	2 mg/mL
	0.0984
	0.0933
	94.82

	
	0.0612
	0.0584
	95.42

	
	0.1135
	0.1073
	94.54

	5 mg/mL
	0.1085
	0.1042
	96.04

	
	0.0954
	0.0916
	96.02
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Chapter 4: Characterization and properties of CuxZIF-8 zeolitic imidazolate framework

[bookmark: _Toc49773389][bookmark: _Toc49854450]Abstract 

We report here as a synthesis of bimetallic zeolitic imidazolate framework CuxZIF-8  in aqueous solution. The crystals were prepared by mixing 2-methylimidazole (HmIm) and Zn acetate or mixture of Zn acetate and Cu acetate in deionized water at room temperature. We focused on the influence of the addition of Cu (II) and its incorporation into framework. Scanning electron microscopy and transmission electron microscopy showed that both ZIF-8, Cu25ZIF-8 and Cu50ZIF-8 particles were truncated rhombic dodecahedron and rhombic dodecahedron shaped which is a typical shape of ZIF-8 particles. EDS analysis gave a confirmation that Cu (II) is incorporated in the framework.   Moreover, X-ray diffraction showed characteristic patterns for ZIF-8 and they were also present in Cu25ZIF-8 and Cu50ZIF-8 samples which indicated that sodalite type structure was preserved even with a high loading of Cu. This was a great improvement considering that so far collapse of the framework was reported at the lower amounts of Cu (II). 




[bookmark: _Toc49773390][bookmark: _Toc49854451]Introduction 

Porous crystalline hybrid materials named metal-organic frameworks (MOFs) have been widely studied due to some of their exceptional properties such as high porosity, high surface area, low density, and tunable structures. The crystal structure of MOFs is constructed between metal ions or clusters (nodes) coordinated to the organic linker. The possibility of combining nodes and organic molecules is various and based on that up until today many subclasses of MOFs have been synthesized. 1–5 
One of the most investigated and promising sub-classes of MOFs are so-called Zeolitic imidazolate frameworks (ZIF). Besides the high surface area and porosity that are the main properties of all MOFs this sub-class shows unexpected higher thermal stability. Sodalite-type topology found in ZIF-8 as one of the most studied representatives is similar to zeolites and this crystal share property of both MOFs and zeolites which broads field of their potential application. 6-16  Divalent zinc cation in the tetrahedral unit is linked through N atom with deprotonated imidazole ligands to form a neutral framework with cages around 11.6 Å in diameter and six narrow pores (3.4 Å) that make cages accessible. 17–19 These materials can be synthesized through different synthesis routes such as solvothermal synthesis, ultrasound method, microwave method, sonochemical and so on. 20–24 One of the most common ways of controlling the growth of ZIFs is through variation of metal salts, ligand and solvent amounts. 25–27 Deprotonation of ligand plays an important role in this process and it is also dependent on the solvent used throughout the synthesis. The main solvents used for ZIF-8 synthesis are methanol, N,N-diethilformamide, dimethylformamide, and water. The first ZIF-8 reported was made in the diethilformamide (DEF) using a solvothermal growth with high thermal stability and large surface area. 23 However, DEF is not easy to remove because the solvent stays trapped inside the pore spaces. An organic molecule is trapped inside of the cage and it has to be removed by solvent exchange. To overcome this problem DEF was successfully replaced with methanol or some other solvent which can be removed easily because of smaller kinetic diameter. 28,29  Because of all environmental problems that organic solvents can cause the goal is to replace them with water whenever that is possible. Furthermore, organic solvents are more expensive. Not only that water as a solvent has no risk when it is used in the experiments but also molecules of water are smaller than SOD cage. Various groups have succeeded so far in the synthesis of ZIF-8 crystals in aqueous systems with different properties of obtained crystals.  26,27,30,31 Since all aforementioned properties of ZIF, it is important to investigate how the growth of ZIFs can be controlled and if there is any method that can broaden their application field.
Today there is an increasing interest in the modification of ZIF-8 crystals and preparing mixed-metal ZIFs which could enhance the activity of parent ZIF-8. Zn(II) cations in parent ZIF-8 can be substituted by Cu (II) or Co (II) and its topology remains the same. The most common way to obtain substitution is post synthetic treatment of prepared ZIFs while one step synthesis stays more challenging until today. This method implies that all components are added at the same time to the reaction mixture, which means that the salts of both metals are dissolved simultaneously in a certain amount of solvent and then mixed with the ligand solution.
Numerous works have shown that substitution of Zn (II) with Co (II) cations is possible ether completely or up to certain percentage depending on the synthesis procedure. 32–34 If Zn (II) are substituted completely and Co (II) is linked with imidazole ligands formed framework is named ZIF-67. Substitution and incorporation of other metals in the zeolitic framework to obtain heterometalic framework seems to be more complicated. 
The literature contains only a few reports of synthesis heterometallic ZIFs when the other metal is copper and when synthesis is done in one step. Heterogeneous catalyst Cu/ZIF-8 for cycloaddition and condensation reactions was reported and prepared in the methanol solution, with metal ions from zinc nitrate hexahydrate and copper nitrate trihydrate and 2-methilimidazole as ligand. The highest doping percentage of Cu(II) was 25% Cu relative to Zn and material preserved its properties with a small decrease in specific surface area and pore volume. However, at the higher doping percentage, the framework collapsed. 35 It was also reported that Cu/ZIF-8 can improve catalytic activity for aerobic oxidation of benzylic hydrocarbons but the doping percentage for this purpose was kept low (no higher than 2.8% Cu). 36 Other than methanol as solvent only ethanol was used as medium for synthesis and not with the high percentage of Cu (II). 37 However, there have no been reports on a higher doping percentage of Cu (II) or nor with water as medium for synthesis. 
Following the results found in the literature, the main focus of this work was to achieve a higher incorporation degree of Cu (II) into the framework and to examine how a high degree of incorporation can be achieved without collapsing framework. With an increasing interest in replacing organic solvents with water, all of our experiments were conducted in deionized water as a solvent. Herein we report straight forward a synthesis of CuxZIF-8 using water as a solvent for the first time, 2-methyl imidazole as ligand and acetate of zinc or/and copper as metal salts. Source of metal ions can also affect the formation of the crystal and unlike the previous and aforementioned works that use metal nitrates in their hydrate state here we have prepared frameworks with zinc acetate and copper (II) acetate. 26,38 Acetate ions except that are inhibiting the formation of hydroxide by-products are also controlling heterogeneous nucleation. Properties of Cu/ZIF-8 were characterized and compared to pure ZIF-8 that was also prepared.  To the best of our knowledge, this is the first report of bimetallic Cu/ZIF-8 prepared in the water system with a framework stable up to 50 mass %.

[bookmark: _Toc49773391][bookmark: _Toc49854452]Experimental Section 

Materials: Zinc acetate, ZnAc (Zn(CH3COO)2, 99.99%), copper (II) acetate, CuAc (Cu(CH3COO)2, 98%) and   2-methilimidazole, HmIm (CH3C3H2N2H, 99%) were purchased in Sigma-Aldrich. All chemicals were used without further purification. Deionized water was used throughout all the experiments. 
Preparation of ZIF-8: The solution of zinc was prepared by dissolving 0.540 g of ZnAc, in 10 ml of DI water and the ligand solution was prepared by dissolving 12.3 g of HmIm in 90 ml of DI water. Two solutions were mixed and stirred vigorously in the first 10 minutes. In the next step, the solution was left on the orbital agitator for one hour after what ZIF-8 was separated from the solution by centrifugation. Sample named ZIF-8 was washed with DI water 3 times, with methanol 3 times and dried at 80°C under vacuum for 24h. 
Preparation of CuxZIF-8: For the preparation of CuxZIF-8, the amount of ZnAc and CuAc in the water solution was varied. The synthesis protocol of Cu25ZIF-8 from Table 4-1 which contains names of all samples, will be provided as an example.  To 10 ml of DI water 0.135 g of CuAc was added first and when it was dissolved 0.405 g of ZN was added to the solution which was then stirred vigorously. Because molar masses of CuAc and ZnAc are close enough the summary mass was kept at 0.540 g throughout all experiments. Ligand solution for all the samples was prepared the same way. After adding ligand solution and vigorously mixing the mixture was left at the orbital agitator for one hour. All the samples were centrifuged, washed the same way as ZIF-8. 
Table 4-1. Names of prepares samples and amounts of starting materials used through synthesis

	Sample
	Name
	m(ZnAc)
	m(CuAc )
	M(HmIm)
	V(H2O, DI), ml

	1
	ZIF-8
	0.540
	0.000
	12.3
	10 + 90

	2
	Cu25ZIF-8
	0.405
	0.135
	12.3
	10 + 90

	3
	Cu50ZIF-8
	0.270
	0.270
	12.3
	10 + 90

	4
	Cu75ZIF-8
	0.135
	0.405
	12.3
	10 + 90

	5
	Cu100ZIF-8
	0.000
	0.540
	12.3
	10 + 90


 

[bookmark: _Toc49773392][bookmark: _Toc49854453]Characterizations of prepared ZIF-8 and Cu/Zn-ZIF 

JEOL JSM 7000 Scanning Electronic Microscopy (SEM) coupled with Energy-dispersive X-ray spectroscopy (EDS) to examine surface morphologies and elemental composition of products. Transmission electron microscopy was studied using JEOL JEM 1200 TEMSCAN operating at 80kV Transmission Electron Microscopy (TEM) and images were taken by placing a drop of sample in water onto a carbon grid. X‐ray diffraction (XRD) of pure ZIF-8 and CuxZIF-8 were collected from Bruker D8 Advance Powder Diffractometer with a scan speed of 1° min-1, a step size of 0.01°, and a 2θ range of 2–45°

[bookmark: _Toc49773393][bookmark: _Toc49854454]Results and discussion 

Zinc based zeolitic framework ZIF-8 and bimetallic CuxZIF-8 were synthesised in the water as medium. So far various methods have been developed for synthesis of ZIF-8 crystals and different solvents have been used. 23,39,40 Using organic solvents for synthesis however can cause environmental problems and problems while working with them because of their toxicity and sometimes flammability. Furthermore, when it comes to ZIFs solvents can stay trapped inside of the pores because organic molecule can be larger than SOD cage. 27 Water has been used widely used in last years as a solvent for synthesis of ZIF-8. 26,27,30,32,38,41 In addition to solvents the choice of metal ion source also plays a major role in the synthesis of ZIF-8. Synthesis of ZIF-8 using various zinc sources was done in water as medium for comparison and it was found that zinc acetate is the best precursor for ZIF-8 synthesis and obtained particles had the best quality with rhombic dodecahedron morphology. 26
However, no reports of bimetallic ZIF-8 with a ZnAc as ion source have been found. In this work, we used water as a solvent to synthesis ZIF-8 in the first place and as a source of metal ions, ZnAc was used. The most common source of metal ions in ZIF-8 synthesis is Zinc nitrate hexahydrate (ZnNi) which compared to ZnAc shows faster nucleation rate, but poorer quality of crystals under the same synthesis conditions. Secondly, bimetallic CuxZIF-8 was synthesized as well in water and except ZnAc as a source of metal ion CuAc was used as a source of other metal. The amounts of each ion source (ZnAc and CuAc) were adjusted from sample to sample as it was described in the experimental part. Crystals prepared are denoted as ZIF-8 and CuxZIF-8 where X is the percentage of CuAc Washed in water and methanol and dried samples were further characterized. It was found that a high degree of other metal incorporation can be achieved under described conditions. Morphology of particles was investigated using SEM and TEM, while crystal structure was confirmed by XRD. 
The synthesis of ZIF-8 and CuxZIF-8 as schematically represented in Fig. 1. Water solution of ZnAc was prepared and water solution of HmIm was added by vigorously mixing with magnetic stir for 10 minutes to obtain ZIF-8 mother solution. Than the ZIF-8 mother solution was left at orbital agitator for 60 minutes and slowly shaken all the time. Mother solution of CuxZIF-8 was prepared by mixing water solution of ZnAc and CuAc with water solution of HmIm (Fig. 1B) in the same way as ZIF-8. The amounts of ZnAc were gradually decreased and at the same time, the amount of CuAc was increased to examine what is the percentage of other metal that can be introduced into the framework and when the framework is going to collapse. All prepared mother solutions were shaken at orbital agitator for one hour at room temperature, centrifuged and washed with water and methanol, and dried at 80°C under vacuum for 24h. 
Increasing the copper content leads to a gradual change in the color (Fig. 1C) of the dried samples from white for ZIF-8 to brown for Cu100ZIF-8 sample. Intensity of the samples color is related to the content od Cu (II). Loading of Cu (II) not only affects the color of the final product but also the kinetics of the reaction. The presence of more than one metal cation slows down the kinetics. When the synthesis is done only with a solution of one metal ion (ZnAc, ZIF-8 is a product or CuAc, Cu100ZIF-8 is a product) milky solution forms faster compered to synthesis when both metal ion sources are present. The addition of other metal into the solution slows down the reaction and not even after 10 minutes of vigorously stirring the solution is milky. The solution left on the orbital agitator starts to change the color and becomes milky gradually with time. 
Solutions becoming less dense can be an indication that number of nuclei formed is decreasing. Diameter of the particles gradually increases by addition of copper salt which confirms that we have less nuclei formed. 35 This was also confirmed by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) (Figure 4-2 and Figure 4-3). 


[image: ]
Figure 4-1. Schematic representation illustrating the steps in synthesis of crystals (A) Synthesis of ZIF-8 in the water, (B) Synthesis of CuxZIF-8 and representation of random incorporation of Cu into the framework (C) visual color change observed with addition of Cu (II)


SEM images were taken for ZIF-8 and CuxZIF-8 samples (Figure 4-2A). SEM images for ZIF-8, Cu25ZIF-8 and Cu50ZIF-8 showed a lot of small particles with size increasing as Cu (II) loading % increased. Moreover, sample Cu50ZIF-8 shows larger crystals compared to ZIF-8 with well defined facets, sharp corners and sharp edges (Supporting information, Figure S4-1). Increasing crystal size with addition of Cu (II) confirms once again that number of nuclei formed is less than in pure ZIF-8 and that the frameworks continue to grow through addition of Zn (II), Cu (II) and imidazolate species.  What was interesting here is that rhombic dodecahedron exposing 12 {110} faces characteristic for ZIF-8 was formed in one hour and shape was preserved even with high Cu loading. These results led to conclusion that framework didn’t collapse and that ZIF-8 structure was preserved even with such a high loading of Cu (II). Compared with a result reported in the literature where researchers obtained 25 % loading of Cu (II) this was a significant improvement. 
However, when the amount of Cu further increased two things were observed. Firstly, the shape of particles changed to poorly resolved rounded shape for Cu75ZIF-8 while in the case of Cu100ZIF-8 SEM image reviled only aggregates and chunks not really particles. Secondly, the diameter of rounded particles for the sample Cu75ZIF-8 is significantly bigger. This was the first indication that copper affected the morphology. SEM coupled with energy-dispersive X-ray spectroscopy (EDS) gave us results about the quantity of copper in the final product.  Figure 4-2B and 2C shows the EDS spectrum and elemental analysis respectively. We observed change in morphology with SEM and at the same time change in the composition of the final product. The presence of zinc and copper was confirmed. Sample Cu25ZIF-8 shows higher weight % of copper which was expected because in the starting mixture more Zn (II) is present compared to Cu (II). Similar Cu75ZIF-8 shows a higher weight % of Cu (II) again due to the composition of the starting mixture. Even though the same amounts of zinc salt and copper salts were used for the synthesis, sample Cu50ZIF-8 shows that the weight % of zinc is 2.61 times higher than copper. This fact shows that metal nodes in the framework are still mainly made of zinc and higher affinity of imidazole ligand towards zinc ions.
[image: ]
Figure 4-2. (A) SEM images of prepared samples, (B) EDS spectrum of prepared samples and (C) elemental composition obtained from EDS analysis 
(Scale bar 5 µm)


Better insight into particle shape was provided with Transmission Electron Morphology (TEM).  Typical shapes of ZIF-8 are rhombic dodecahedron or truncated rhombic dodecahedron usually depending on the time of synthesis and longer synthesis time give a better defined shapes of particles. 18,22,42  TEM images (Figure 4-3A) show well defined shapes for samples ZIF-8, Cu25ZIF-8 and Cu50ZIF-8 which were not observed at the higher Cu loading and these results are in agreement with SEM analysis. However, between these three samples there is a slight difference in the shape and the addition of Cu (II) makes edges much sharper.  (Supporting information, Figure S4-3). There is a change of crystal shape from truncated rhombic dodecahedron (ZIF-8) to rhombic dodecahedron even though the time of the synthesis is the same for every sample (Cu50ZIF-8) which indicates that pure ZIF-8 would need longer time of the synthesis to form rhombic dodecahedron crystal and that evolution of crystal is slower compared to Cu50ZIF-8.
X‐ray diffraction (XRD) patterns of all prepared samples are presented in Figure 4-3B. The first conclusion from this analysis was that there is a difference between first three samples (ZIF-8, Cu25ZIF-8 and Cu50ZIF-8) compared to last two samples (Cu75ZIF-8 and Cu100ZIF-8) and that is in an accordance with previous SEM and TEM results. Crystallinity of ZIF-8, Cu25ZIF-8 and Cu50ZIF-8 was maintained and all characteristic peaks reported for ZIF-8 synthesised in water can be observed as well in patterns of Cu25ZIF-8 and Cu50. ZIF-8. 27 No peak that would indicate the presence of new phase was found which is no case in the presence of other metal ions. 43,44  In these samples presence of Cu (II) didn’t cause collapse of the framework and peaks indicated the formation of body-centered crystal lattice symmetry reported before. Explanation may be given due to similar ionic size of Cu (II) (0.71 Å) and Zn (II) (0.74 Å).  35,36,45 This analysis showed that ZIF-8 with high loading of Cu (II) can be synthesised this way and that somewhere between Cu50ZIF-8 and Cu75ZIF-8 there is a critical point where framework collapses because of insufficient amount of Zn (II) which are based on the results required for framework to exist. 
[image: ]
Figure 4-3. (A) TEM of prepared samples and (B) powder XRD spectra of prepared samples 
                                                         (Scale bar 800 nm)
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In summary, a facile method of synthesis Cu (II) doped ZIF-8 at room temperature, in water as the solvent for a short time was presented. ZIF-8 crystals can be doped with Cu (II) ions up to 50 % without the collapse of the framework. This was a great improvement considering that all the results found so far gave 25 mass % as maximum doping percentage.  What was interesting is that Zn (II) ions have a greater affinity towards HmIm ions and that formation of the frameworks strongly depends on the presence of Zn (II) ions. This was proved by the EDS. At 75 mass % of Cu (II) in the reaction mixture, the framework is collapsed as XRD has proved even though EDS shows the presence of Zn (II) in the product. The critical point when the framework collapses is somewhere between 50 and 75 mass % Cu (II) which should be investigated further. Both SEM and TEM showed that formed particles have truncated rhombic dodecahedron shape (ZIF-8) and rhombic dodecahedron shape (Cu25 ZIF-8and Cu50ZIF-8) with shape and edges better defined for the samples doped with Cu (II). Particles have a significantly bigger size when they are Cu (II) doped compared to ZIF-8. However, in the case of samples Cu75 ZIF-8 and Cu100ZIF-8 we can see that shape is lost which indicates that the framework was not formed and these results are in accordance with the results from other analyses obtained.
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Figure S4-1. SEM image of Cu50/ZIF-8 showing truncated rhombic dodecahedral structure of crystals. 
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Figure S4-2. TEM images of ZIF-8, Cu25/ZIF-8, and Cu50/ZIF-8 samples (Scale bar 200 nm).













[bookmark: _Toc49773397][bookmark: _Toc49854458]Chapter 5: Major conclusions and recommendations for the future work 

This thesis examined changes in the morphology of MOF crystals and two potential methods of controlling it. 
The research in Chapter 3 examined growing MOFs from the cellulose substrates and  changes in crystals morphology. This research yielded 3 major conclusions: 

1. Paper and cotton fibres were used as supports for the attachment of MOF-5 crystals, and stable morphologies were fabricated. When dopamine was used as a surface modification agent, the MOF-5 crystals showed better attachment and coverage of the substrate, as well as improved growth. The hydrophilic character of the cellulose was reduced, which allowed it to form a PDA layer on the substrate surfaces. These substrate surfaces then became nucleation sites for the MOF-5 crystals.
2. The substrate structure plays an important role in how crystals grow. Paper with a dense structure is not the best substrate for growing crystals, as crystals will only grow on the surface. A cotton bulb with a “loose” structure was found to be a better substrate because the crystals grew throughout it. MOF-5 crystals firmly attached to the individual cellulose fibres, forming a stable “necklace” morphology, which is desired in many applications. 
3. Since the crystal shape is a reflection of the unit cell shape, we expected the MOF-5 crystals to be cubic in shape. Our results showed that the crystals had a truncated cubic shape at lower temperatures, and a more fully cubic shape at higher temperatures. This provides further evidence of the importance of external parameters in controlling morphology. 

The research in Chapter 4 introduced another metal in order to prepare bimetallic MOFs. The major conclusions of this research are as follows: 

1. The synthesis of bimetallic ZIF-8 doped with Cu (II) cations is relatively easily to achieve, as it can be done quickly at room temperature using water as a solvent. This finding is especially interesting because all prior syntheses of this MOF were performed using organic solvents.
2. It is possible to prepare a bimetallic ZIF-8 framework of up to 50 mass % of Cu without the collapse of the framework. This was a great improvement, as the best prior results have only been able to achieve a maximum doping percentage of 25 mass %. The presence of both metals in the samples was also confirmed via EDS analysis. The critical point at which the framework collapses is somewhere between 50 mass % and 75 mass % of Cu. 
3. Particles doped with Cu were rhombic dodecahedral in shape, with better-defined edges compared to pure ZIF-8. The Cu (II) spiked particles were also significantly larger compared to the pure ZIF-8 particles.
4. Particles collapsed at 75 mass % of Cu, which indicates that a framework was not formed. 

[bookmark: _Toc49773398][bookmark: _Toc49854459]Suggested future work 

The primary focus of this thesis was how the morphology of the MOF crystals can be affected and changed. The studies and findings presented in this work provide fruitful ground for future research efforts in this area. In particular, this research provides 3 key avenues for future research:
1. Firstly, with respect to MOF attachment to the substrate, future work could focus on attaching ZIF to cellulose-based substrates, as some of our laboratory experiments in this area yielded promising results. In particular, we found that ZIFs can be easily attached to cellulose substrates without previous modification. 
2. Secondly, future work could explore using the combination method to attach MOFs to the substrates, and to synthesize bimetallic MOFs. This idea was also partially examined in the present research, as stable MOF-cellulose paper structures were tested for the adsorption of Cu (II) cations. Our results showed that it is possible to remove significant amounts of copper from a water solution; however, the underlying mechanism in this process was cation exchange, which meant that the water solution was rich in Zn (II)  cations. This fact can be used for the synthesis of bimetallic ZIFs through the adsorption of other cations from water solutions.
3. Finally, future research might further examine the bimetallic CuZIF-8 described in Chapter 4. In particular, it would be useful to identify the critical point at which the ZIF-8 framework collapses when doped with Cu (II) cations. This ZIF has yet to be reported in the literature, and it would be necessary to finish experiments relating to surface area, porosity, and chemical and thermal stability.  Future work should also focus on evaluating prepared ZIFs in different applications. 
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