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ABSTRACT 

Among the alternative processes for the traditional distillation, adsorption and membrane 

separations are the two most promising candidates and metal-organic frameworks (MOFs) are 

the new material candidate as adsorbent or membrane due to their high surface area, various 

pore sizes, and highly tunable framework functionality. This dissertation presents an investigation 

of the formation process of MOF membrane, framework defects, and two-dimensional (2D) 

MOFs, aiming to explore the answers for three critical questions: (1) how to obtain a continuous 

MOF membrane, (2) how defects form in MOF framework, and (3) how to obtain isolated 2D 

MOFs. To solve the first problem, the accumulated protons in the MOF synthesis solution is 

proposed to be the key factor preventing the continuous growth among Universitetet I Oslo-(UiO)-

66 crystals. The hypothesis is verified by the growth reactivation under the addition of 

deprotonating agent. As long as the protons were sufficiently coordinated by the deprotonating 

agent, the continuous growth of UiO-66 is guaranteed. Moreover, the modulation effect can 

impact the coordination equilibrium so that an oriented growth of UiO-66 film was achieved in 

membrane structures. To find the answer for the second problem, the defect formation 

mechanism in UiO-66 was investigated and the formation of missing-cluster (MC) defects is 

attributed to the partially-deprotonated ligands. Experimental results show the number of MC 

defects is sensitive to the addition of deprotonating agent, synthesis temperature, and reactant 

concentration. Pore size distribution allows an accurate and convenient characterization of the 

defects. Results show that these defects can cause significant deviations of its pore size 

distribution from the perfect crystal. The study of the third questions is based on the established 

bi-phase synthesis method, a facile synthesis method is adopted for the production of high quality 

2D MOFs in large scale.  Here, pyridine is used as capping reagent to prevent the interplanar 

hydrogen bond formation. Meanwhile, formic acid and triethylamine as modulator and 

deprotonating agent to balance the anisotropic growth, crystallinity, and yield in the 2D MOF 

synthesis. As a result, high quality 2D zinc-terephthalic acid (ZnBDC) and copper-terephthalic 

acid (CuBDC) with extraordinary aspect ratio samples were successfully synthesized.  
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CHAPTER 1. 

INTRODUCTION 

1.1 Membrane separation and adsorption separation 

One of the major expertise of chemical engineers is separating the chemical mixtures into 

pure components that can be further used as raw materials to produce our daily use products. 

Therefore, in field of chemical engineering, the separation process is one of the most intensively 

studied directions. Some of the separation techniques include but not limited to crystallization, 

filtration, sublimation, evaporation, distillation, chromatography, centrifugation, precipitation and so 

on. In 2016, Dr. Lively has pointed out seven separation processes that are important for our society, 

including separations of hydrocarbons from crude oil, uranium from seawater, alkenes from alkanes, 

greenhouse gases from dilute emissions, rare-earth metals from ores, benzene derivatives from 

each other, and trace contaminations from water.(Sholl & Lively, 2016) Besides these, the obtaining 

of  alcohols for fuel, monomers for polymerization, pure gas for medical applications etc. also highly 

replies on the separation process. Currently, petroleum is the primary fuel to power up the world. 

In 1992, about 60 million barrels of crude oil were processed by the distillation process every day 

and by 2016 this number increased to about 90 million barrels per day.(Blunt, Fayers, & Orr, 1993; 

Sholl & Lively, 2016) The production of crude oil has a significant impact on the price trend of many 

other derivatives. Plastics, including polyethylene, polypropylene, and so on, are the most widely 

used materials to produce our daily used products, like water bottles, decorations, toys. After the 

production and refinery of crude oil, the further separation of olefin and paraffins, provides the raw 

materials for the polymerization process to produce plastics. The separation of ethene and ethane 

is mostly based on cryogenic distillation. In 2004, the world production of ethene is around 110 – 

113 million tons with an annual growth rate of 3.5%. (Ren, Patel, & Blok, 2006) Currently, the most 

commonly used separation techniques to achieve the aforementioned separations are thermal 

distillations and cryogenic distillations, which separate the chemical mixtures based on their boiling 

temperatures. 
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Among chemical separations, gas separation is another big chapter of the story. The air 

separation process produces N2, an important gas for cryogenic purposes or generating inert 

environment as well as O2, which is widely used for the combustion process, steelworks furnace, 

and medical applications.(Kansha, Kishimoto, Nakagawa, & Tsutsumi, 2011) In the conventional 

air separation process, the cryogenic distillation is the most widely used commercial process. 

Moreover, among all the critical environmental issues that are urgently needed to be solved, the 

global warming is certainly on the top list. Currently, global warming has caused the extreme 

weather to occur more frequently than it ever did. As shown in the government report(EPA, 2002), 

the majority of greenhouse gases emission in the US is CO2. Therefore, the control of greenhouse 

gases mission has led to the intensive studies on the topic of CO2 separation, which includes the 

separation of CO2 from CH4 as a pre-combustion process for the sake of a more complete 

combustion of CH4 and separation of CO2 from flue gas as another important solution to cut down 

the release CO2 since a large portion of CO2 emission is coming from the combustion process, 

power plant, and natural gas production.(EPA, 2002) 

Even though we cannot emphasize more about the importance of separation processes, a 

critical concern about their energy consumption is given due to a large number of separation 

processes involve the phase change, which requires a large energy consumption. The separation 

of chemicals highly relies on the difference between their physical chemical properties, such as 

boiling point, molecular weight, or kinetic diameter. For distillation separation, when there is only 

little difference among the components’ boiling temperatures, the number of column trays and 

energy consumption increase. An astonishing fact is that in the US, about 98 quads of energy is 

generated to power up human activities, and 10 – 15% of this energy is consumed by the chemical 

separation processes (Figure 1.1)(Sholl & Lively, 2016) and 3% of the world energy consumption 

was devoted into distillation process.(Jana, 2010) As the energy consumption in the separation 

process receives more and more concern, finding a substitution for the conventional process that 

is more energy efficient is tremendously meaningful.  
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Currently, membrane separation is considered to be one of the most promising processes 

to substitute the conventional distillation separation. Instead of separating the chemicals based on 

their boiling temperatures, the separation of substances replies on the mobility differences between 

components across a transport barrier. Because the phase change, which requires a large energy 

consumption, is not mandatory for membrane separation, the adoption of membrane separation as 

an alternative process can significantly reduce the energy requirement for a country. Moreover, 

membrane separation module also has another advantage that it is easy to be scaled up. For 

polymer membranes, the flexibility, small thickness, and large surface area enable the assembly of 

membranes into the spiral-wound setups that can provide tremendously large contact surface area 

in a limited volume (Figure 1.2).(Salim et al., 2018) Meanwhile, the crystalline membranes that do 

not have such mechanical properties to be rolled together, can be synthesized on hollow fiber 

substrates to achieve the high loading and large contact surface area. The polymer membrane was 

commercialized for gas separation since the 1970s.(Robeson, 2008) Soon after, people realized 

 
Figure 1.1 Energy consumption in US. Adapted by permission from Spring Nature: Nature, seven 

chemical separations to change the world, David S. Sholl and Ryan P. Lively.(Sholl & Lively, 2016) 
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the membrane separation process can be cost effective and produced  membrane module can 

potentially satisfy the market requirement. By 2002, the sales of membrane separation have 

reached to about 150 billion dollars per year.(Baker, 2002)  

As the essential component of the setup, the membrane services as a transport barrier for 

the molecules and when the target molecules have a sufficient breakthrough rate difference across 

this barrier, it will result in an effective separation of molecules. Currently, there are many different 

categories of membranes to indicate their major characteristics. Researchers have defined the 

membranes based on the separation characteristic as microfiltration, ultrafiltration, nanofiltration, 

reverse osmosis, or piezodialysis.(Takht Ravanchi, Kaghazchi, & Kargari, 2009) Some more simply 

classifications may tell membranes as polymer membranes and inorganic membranes or porous 

membranes and dense membranes.  

 

Figure 1.2 The step-by-step procedure of the spiral-wound membrane element fabrications. 

Adapted by permission from Elsevier: Journal of Membrane Science, fabrication and field testing 

of spiral-wound membrane modules for CO2 capture from flue gas, Salim et al. (Salim et al., 2018) 
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Due to the limited control of the long-range order of polymer matrix, a large number of the 

polymer membranes are dense membranes, whose separation is largely related to the 

adsorption/desorption of molecules on the membrane surface and the diffusion of adsorbed 

molecules through polymer chains. By far most of the commercialized membrane separation 

processes are polymer membrane based due to their excellent mechanical properties and low cost. 

For the sake of replacing the energy-consuming cryogenic distillation process for air separation, in 

1996, Li et al. investigated the structural effect of polyimide on their O2/N2 separation performance. 

The reported O2/N2 selectivity of BPDA-ODA membrane can reach to 22 and 13 at 30 °C and 

100 °C (under 10 atm).(Yuesheng Li, Wang, Ding, & Xu, 1996) In 1998, Zimmerman and Koros 

reported the polymer membrane (6FDA/PMDA-TAB), which controlled the interchain spacing to 

achieve an optimized gas transport behavior. The O2/N2 selectivity is 10.3 (35 °C and 3 atm) with 

a O2 permeability at 1.01 barrer.(Zimmerman & Koros, 1999) Guiver and coworkers reported the 

investigation of gas permeation performance through polysulfone/silica nanoparticle mixed matrix 

membrane, including CH4, N2, O2, CO2, H2, and He, in 2008.(Ahn, Chung, Pinnau, & Guiver, 2008) 

Polyimide membrane (Matrimid) was tested for CO2/CH4 separation with an ideal selectivity at 26.6 

(8 bar and room temperature).(Aziz & Ismail, 2010) Some of the commercialized membrane 

separation processes are listed in Table 1.1.(Takht Ravanchi et al., 2009) Currently, the biggest 

problem of the gas separation using polymer membrane is the trade-off between permeability and 

 

Figure 1.3 Upper bound correlation for O2/N2 separation (a) and CO2/CH4 separation (b). Adapted 

by permission from Elsevier: Journal of Membrane Science, the upper bound revisited, Robeson. 

(Robeson, 2008). 
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selectivity defined by Robeson upper-bound (Figure 1.3).(Robeson, 2008) To enable the 

continuous improvement of the membrane separation process, researchers are working hard on 

crossing the border and many studies were proposed for the development of inorganic porous 

membranes and mixed matrix membranes.  

 In parallel with the polymeric dense membranes, the inorganic porous membrane is 

another hot research topic in the field. Different from the polymer membrane, a large number of the 

inorganic membranes are porous crystalline membranes. The control step of transport for 

permeates is achieved by the molecular diffusion across the porous structure of membranes. 

Depending on the relative dimensions between membrane porosity and diameter of molecules, the 

diffusion behavior of permeates can be very different. In an ideal case, the pore size of membrane 

Gas separation Application Suppliers 

O2/N2 
Nitrogen generation, 
oxygen enrichment 

A/G Technology, Permea (Air 
Products), Generon (Messer), IMS 
(Praxair), Medal (DuPont, Air 
Liquide), Aquilo (Parker Hannifin), 
Ube 

H2/hydrocarbons 
Refinery hydrogen 
recovery 

Air Products, Air Liquide, Praxair 

H2/CO Syngas ratio adjustment Air Products, Air Liquide, Praxair 

H2/N2 Ammonia purge gas Air Products, Air Liquide, Praxair 

CO2/hydrocarbon 
Acid gas treating, 
enhanced oil recovery, 
landfill gas upgrading 

Kvaemer (Grace Membrane 
System), Air Products, Ube 

H2S/hydrocarbon Sour gas treating 
Kvaemer (Grace Membrane 
System), Air Products, Ube 

H2O/hydrocarbon Natural gas dehydration Kvaerner, Air Products 

H2O/air Air dehydration Air Products, Ube 

Hydrocarbons/air 
Pollution control, 
hydrocarbon recovery 

MTR, GMT, NKK 

Hydrocarbons from 
process streams 

Organic solvent 
recovery, monomer 
recovery 

MTR, GMT, SIHI 

 

Table 1.1  

Gas membrane applications and suppliers. Adapted by permission from Elsevier: Desalination, 

application of membrane separation processes in petrochemical industry: a review, Ravanchi et al. 

(Takht Ravanchi et al., 2009) 
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is only slightly larger than the desired product and smaller than all the rest of components. As a 

result, all the other molecules will be sieved by this layer of barrier. Because of the rigid selective 

permeation of molecules based on its size, the inorganic membranes can potentially surpass the 

boundary for polymer membranes.  After Robeson defined the upper bound, researchers proposed 

that the carbon molecular sieves (CMS) and zeolite can effectively pass through this 

boundary.(Singh & Koros, 1996) Carbon molecular sieves (CMS), fabricated using polymer 

precursor pyrolysis, is recognized as a promising candidate for membrane separation due to their 

special porosity that contains both microporous and mesoporous nature as well as good thermal 

and chemical stability.(Joglekar et al., 2019; Shin et al., 2019) Lee and coworkers reported the 

fabrication of CMS hollow fiber membrane with a thin sieving layer at 2.7 um thickness. The 

synthesized membrane shows a CO2/CH4 selectivity of 50 and a high CO2 permeance of 956 

GPU.(Shin et al., 2019) Recently, Koro’s group reported the synthesis of CMS hollow fiber 

membrane fabricated from the pyrolysis of 6FDA/BPDA-DAM.(Joglekar et al., 2019) The obtained 

membrane was applied for CO2/N2 separation targeting for flue gas CO2 capture. This material 

showed a CO2/N2 selectivity of 109 under a 20:80 mixed feed condition. Zeolites as another type 

of porous materials that have been investigated intensively since the last century, have been widely 

used in the membrane separation. The high surface area, organized pore structure, and strong 

thermal stability as well as the acceptable price have made this material been used in a lot of 

separation processes. As an example, recently, the SAPO-34 zeolite membrane was employed in 

the enrichment of Xenon from air.(T. Wu et al., 2019) Under a 9:1 molar feed, the fabricated 

membrane gave a selectivity at 30. In 2017, Tsapatsis’s group reported the MFI zeolite membrane 

fabricated from the 2D nanosheets showing an extraordinary high xylene isomers separation factor 

at 2500, which is more than doubled of the second highest number ever reported.(Jeon et al., 2017) 

Meanwhile, one thing noteworthy is that if the pore size of membrane is bigger than all the permeate 

molecules, then separation will be determined by some other factors, like molecular weight or 

adsorption affinity. For example, if the dominating diffusion is Knudsen diffusion, the selectivity will 

be highly correlated to the square root of the molecular weight ratio. Therefore, the synthesis of 

inorganic membrane without defects is critical but still remain to be challenging. Because the 
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separation of molecules depends heavily on the molecular sieving effect, the existence of defect 

either slightly larger than the desired pore size or even at macroporous level, can both significantly 

lower the selectivity.  

Due to the concern of the trade-off of polymeric membranes and difficulty of fabricating 

defect-free inorganic membranes, researchers proposed the fabrication of mixed matrix membrane 

as another exciting direction to pursue. The employment of functional fillers is an effective way to 

combine the benefit of both polymer membrane and inorganic materials.  The addition of fillers may 

increase the solubility selectivity and increase diffusion selectivity. The increase of solubility 

selectivity shows at the filler adsorption of gas on the surface of membrane therefore, a 

concentration gradient larger than the bulk phase will be created on the membrane surface. Long 

et al. reported the study of M(dobdc)2 @ 6FDA-DAM mixed matrix membrane for the 

ethane/ethylene separation.(Bachman, Smith, Li, Xu, & Long, 2016) The increase of selectivity is 

highly related to the high affinity between permeates and incorporated fillers. This interaction 

increased the local solubility of permeates, which generates a higher concentration gradient to the 

favored component. Meanwhile, the increase of diffusion selectivity is also achievable by the 

incorporation of fillers. The addition of molecular sieving disperse phase in the polymer matrix 

increases rejection of the components that is larger than the sieves’ pore size.(Mahajan & Koros, 

2000)  

Another important potential substitution for the conventional separation process is the 

adsorption separation. Compared with membrane separation, adsorption separation is a more 

established separation process with lower setup cost. Different from membrane separation, the 

separation mechanism of adsorption separation is highly related to the adsorbent-adsorbate 

interaction. In details, the separation can be achieved by the relative size difference among 

adsorbates relative to adsorbent, the interaction affinity difference, and transport differences.(Li, 

Kuppler, & Zhou, 2009) For an equilibrium separation process, adsorption highly replies on the 

surface behavior. The target molecules, which are also referred as adsorbates, would have different 

affinities to the adsorbent surface. The molecule that has higher affinity remains at the surface and 
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the unfavored molecule will be rejected and sits mostly in the bulk phase. Therefore, a mixture of 

gases enters the adsorption column, can end with an unfavored component rich bulk phase after 

reaching equilibrium. Then, this bulk phase will be released and along with the pressure goes down 

in the column, the favored component starts to desorp from the adsorbent and outlet as another 

stream. Because the adsorption process is a surface phenomenon, the separation efficiency is 

highly related to the surface binding strength and surface area. A stronger binding strength can 

enhance the adsorption of favored component and increase the rejection of the counterpart. 

Meanwhile, when a certain binding strength is fixed, a higher number of binding sites can increase 

the total adsorption quantity. Therefore, the large surface porous material is considered to be the 

best candidates for adsorbents. Due to the organized pore structure, high surface area, and 

outstanding tolerance of harsh environment, zeolites are broadly used as adsorbents. In 2002, the 

ion exchange of 13X zeolite was investigated to generate Na-Ce type X zeolite. Instead of the N2 

selective adsorbent as conventional 13X, the synthesized mixed ion zeolite became an O2 selective 

adsorbent, which is a more desirable adsorbent for air separation.(Jayaraman, Yang, Cho, Bhat, & 

Choudary, 2002) Yang et al. reported the synthesis of LiCa-LSX mixed-cation zeolite for the air 

separation. The exchanging of adsorption inaccessible Li cations with Ca cations resulted in an 

adsorbent that has higher O2 productivities at the same product purity.(Epiepang, Yang, Yang, Li, 

& Liu, 2018) Activated carbon (activated charcoal) is another common used porous material in 

adsorption separation. The high surface and low price make it one of the most widely used 

adsorbents in the market. Poston and coworkers reported the CO2, N2, and H2 gas adsorption on 

the zeolite 13X and activated carbon (Sud Chemie Inc.).(Siriwardane, Shen, Fisher, & Poston, 2001) 

The activated carbon adsorbent had a surface area at 897 m2/g and 13X zeolite had a surface area 

at 506 m2/g. Even though 13X has higher CO2 heat of adsorption over activated carbon, the higher 

surface area of activated carbon allowed for an even higher adsorption capacity. In Qin’s study, the 

microporous activated carbon showed a surface area as high as 1300 m2/g.(Zhu et al., 2012) The 

SO2 adsorption capacity reached to around 80 mg/g, which can be used in SO2 separation from 

flue gas. Besides the surface area, the adsorbent-adsorbate interaction is another important 

parameter for selecting an adsorbent. At the same surface, the adsorbent that has higher heat of 
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adsorption with one of the adsorbates, the selectivity would be higher than the one that has lower 

heat of adsorption. However, the binding-strength is not the higher the better. The release of 

adsorbed molecules is one important step as well. If the adsorption of molecule is so strong that is 

not reversible enough under a suitable operation condition, the selected adsorbent will not be a 

good fit for the process. As described above, the adsorbent-adsorbate interaction is critical for the 

adsorption separation process. Therefore, it was proposed that “Ideally, the adsorbent should be 

tailored with specific attributes to meet the needs of each specific application”.(R. T. Yang, 2003) 

However, the applied porous adsorbents are limited to a small number including zeolites, activated 

carbon, silica gel, and activated alumina.(Li et al., 2009) Therefore, the development of adsorbents 

that can be accommodate to each application is critical. The investigation of a more tunable porous 

material is beneficial for promoting the development of adsorption separation. In the following 

sections, we will present the discussion of a new type of material that already exhibited tremendous 

potential in the field as known as metal organic frameworks. 

1.2 Metal-Organic Frameworks 

Metal-organic frameworks (MOFs) are a relatively new category of porous materials which 

were developed in the 1990s.(Yaghi & Li, 1995) When they were first introduced, people also refer 

them as porous coordination polymers. After Yaghi further clarified the difference between MOFs 

and coordination polymers.(Tranchemontagne, Mendoza-Cortés, O’Keeffe, & Yaghi, 2009) MOFs 

becomes the more generally accepted term. As described by their name, MOFs are hybrid 

materials consisting of metal clusters and organic ligands connected by coordination bonds. After 

the report of successful synthesis of MOF-5(Li, Eddaoudi, O’Keeffe, & Yaghi, 1999) and HKUST-

1(Chui, 1999) by Yagi’s group and Williams’s group, MOFs started to attract intensive 

attention.(Yaghi & Li, 1995; Zhou, Long, & Yaghi, 2012) and thousands of studies have been 

conducted towards MOFs’ applications. Displaying one of the highest specific surface area among 

porous materials as well as the theoretically infinite combinations of metals and linkers available, 

MOFs are recognized as promising candidates for gas storage, sensing,(Hu, Deibert, & Li, 2014; 

Kreno et al., 2012) and separation.(Li, Sculley, & Zhou, 2012; Liu, Wang, & Zhou, 2012) When 

MOFs first came into people’s view, Dr. Yaghi reported the synthesis of Zn(BDC) (H2BDC: 
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Terephthalic acid), showing a surface area around 270 m2/g (Langmuir).(Li, Eddaoudi, Groy, & 

Yaghi, 1998) Soon afterwards, his group reported another framework constructed by Zn and BDC 

as well, MOF-5 (IRMOF-1), showing a surface area at 2900 m2/g (Langmuir).(Li et al., 1999) 

Meanwhile, activated carbon and zeolite have surface area around 3200 m2/g (AC-PACP)(Xu et 

al., 2015) and 900 m2/g (commercial NaY, ZEOLYST), respectively. In 2004, his group again 

reported the synthesis of MOF-177 constructed by Zn clusters and 1,3,5-tris(4-

carboxyphenyl)benzene (H3BTB) exhibiting an ultrahigh surface area of 4500 m2/g.(Chae et al., 

2004) Ferey et al. synthesized MIL-101 by reacting H2BDC with Cr(NO3)3·9H2O at 220 °C for 8 

hours. The activated sample shows a surface area as high as 5900 m2/g.(Ferey, 2005). By far, the 

highest MOF surface area was reported by Hupp, synthesizing NU-110 with a surface area of 7000 

m2/g.(Farha et al., 2012) They also presented a computational demonstration that the theoretically 

highest MOF surface area can reach to 14600 m2/g, which is almost the size of 3 football fields in 

one gram of sample.  

Relying on this ultrahigh surface area, MOFs can potentially outperform zeolites and 

carbons in many applications including gas storage, membrane separation, and adsorption 

separation. Energy gas storage is one of the most important topics in the field of engineering for 

clean energy applications, including H2 storage and CH4 storage. The US Department of Energy 

has set the target of hydrogen storage to be 0.055 kg H2/kg system by 2020 and ultimately 0.075 

kg H2/kg system (-40 to 60 °C).(DOE Office of Energy Efficiency and Renewable Energy, 2008) 

Besides the target storage capacity, the adsorption and desorption process is required to be fully 

reversible for at least 1500 cycles with a 2.0 kg H2/min system fill time. The physisorption process 

of MOFs allows this fast and fully reversible adsorption/desorption process. Moreover, the storage 

capacity highly dependent on the interacting surface area. With updated preparation procedures, 

the hydrogen storage of MOF-5 is reported to be 7.1 wt% (by sample weight), with 1.67 kg/min 

loading speed.(Kaye, Dailly, Yaghi, & Long, 2007) While MOF-177 shows a H2 excess adsorption 

capacity of 7.5 wt% at 77 K and 70 bar.(Furukawa, Miller, & Yaghi, 2007)  The Hydrogen uptake of 

another MOF with high surface area, MIL-101, is around 6.1 wt% at 77 K and 60 bar.(Latroche et 

al., 2006) NU-100 is the MOF with the highest surface area that has been tested for hydrogen 
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storage. Its hydrogen capacity is 9.95 wt% at 77 K and 56 bar.(Farha et al., 2010) Some of the 

reported MOF H2 storage capacities versus surface area data is summarized in Figure 1.4.(Suh, 

Park, Prasad, & Lim, 2012) 

In addition to the high surface area and chemical diversity of reported MOFs, the structural 

diversity of MOFs leads to another significant application of MOFs to be used as membrane 

separation materials. For porous materials based membrane separation process, the separation is 

highly dependent on the adsorption-diffusion mechanism.(Lin, 2015) Therefore, besides the 

framework activity, the other important perspective is the porous crystalline structure serves as the 

molecular sieve with the pore size matching up with target molecules. The adopted porous material 

needs to have a pore size that precisely limits the access of at least one of the molecules to achieve 

a reasonable selectivity. Currently, about 150 different types of zeolites were reported, and only a 

smaller number of zeolites are actually examined for practical applications.(Feng, Khulbe, 

Matsuura, Farnood, & Ismail, 2015) In contrast with zeolites, MOFs that consist of metal clusters 

and organic ligands, have theoretically infinite combinations, which spans a large range of pore 

size corresponding to different separation targets. Besides the direct synthesis, post-synthetic 

modifications are also an accessible method to manipulate their chemical properties and pore 

 

Figure 1.4 Excess high pressure H2 uptake capacities at 77 K versus BET surface. Adapted with 

permission from (Suh, Park, Prasad, & Lim, 2012). Copyright 2019 American Chemical Society. 
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structures. By modifying the ligand’s functional groups, we can have more detailed control of its 

pore size. Even though the MOFs were invented in the 90s, the fabrication of MOF membranes 

was not successful until 2000s. In 2007, Keskin and Sholl reported the first computational 

examination the application of MOFs in membrane separation.(Keskin & Sholl, 2007) Later in 2008, 

the first continuous MOF-5 membrane that can be used in gas separation was fabricated.(Liu et al., 

2009) In this study, the permeation of H2, N2, CH4, CO2, and SF6 were tested. Due to the large pore 

size of MOF-5 (around 1.56 nm), the results showed a Knudsen diffusion behavior. In 2012, The 

zeolitic imidazolate framework (ZIF-95) membrane was fabricated by Caro et al.(Huang et al., 2012) 

With a 0.37 nm aperture, the fabricated membrane showed a H2 separation behavior way above 

Knudsen diffusion. Currently, the successful fabricated MOF membranes include but not limited to 

bioMOFs, UiO-66, ZIFs, CuBTC, MIL-MOFs, IRMOFs.(Adatoz, Avci, & Keskin, 2015) However, 

compared with the total number of MOF reported, the number of studies on MOF based 

membranes are still way less. If we search metal-organic frameworks on the Web of Science, the 

number of research works shows is 44047, while using metal-organic frameworks membrane as 

keyword, the number is 2480, even though big part of this number are mixed matrix membrane 

studies. Currently, a large number of MOF-based membrane studies are still in an error and trial 

base. The fabrication of a defect-free crystalline MOF membrane is still hard and there is insufficient 

supporting information for the fabrication of high-quality MOF membrane. Only a limited number of 

structures has been successfully converted into membrane. The field needs a further investigation 

into the basic science of MOF synthesis to promote the development of MOF-based membranes.  

In parallel with the attempt to fabricate MOF-based membranes, people are also making 

effort to incorporate MOFs as fillers with polymer matrix to produce mixed matrix membrane as 

another successful route. The development of MOF-based mixed matrix membrane appeared 

much earlier than the pure MOF membrane. The first case of MOF polymer mixed matrix membrane 

was reported in 2005.(Won et al., 2005). The Cu-based coordination compound was incorporated 

into the polysulfone matrix to form a mixed matrix membrane. Due to the addition of porous filler 

into the polymer matrix that only allows the small size gas molecules like H2 or He to penetrate, the 

selectivity of H2/CH4 and He/CH4 dramatically increased with increasing amount of filler. In 2013, 
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Ferraris et al. reported the crosslinked 6FDA-durene-based mixed matrix membrane with a ZIF-8 

loading as high as 33.3 wt%.(Wijenayake et al., 2013) The addition of ZIF-8 particles has 

dramatically increased the permeabilities of H2 and O2 by 400%. Another benefit of employment of 

MOFs as fillers for mixed matrix membrane is the enhanced filler-polymer interaction. When an 

inorganic filler is incorporated into the polymer matrix, the gap between filler and polymer matrix, 

which is recognized as a defect, is observed frequently.(Clarizia, Algieri, Regina, & Drioli, 2008) As 

a result, the optimal loading of inorganic fillers is often lower than 10 wt%.(Zornoza et al., 2011) 

Due to the organic moieties of MOFs, the MOF based fillers have exhibited higher affinity to the 

polymer matrix.(Nuhnen, Dietrich, Millan, & Janiak, 2018) Zornoza and coworkers reported the 

fabrication of MIL-53-NH2(Al)/polysulfone mixed matrix membrane.(Zornoza et al., 2011) The 

optimal loading of MIL-53 is around 25 wt% for the separation of CO2 and CH4. The higher filler-

matrix affinity was attributed to the hydrogen bond formed between MOF and polymer. Armstrong 

et al. have reported the possibility of making electrospun fibers that have ultrahigh MOF loadings 

through the incorporation of aqueous soluble polymers in the electrospun process.(Armstrong, 

Shan, Maringanti, Zheng, & Mu, 2016) These soluble polymers can be removed in the further steps 

to achieve the high MOF loadings. These fibers can potentially be used to form high loading 

membranes through fiber coalescence.  

As mentioned previously, the high surface area materials that have good affinity to the 

target molecules are recognized as potential adsorbents. Meanwhile, MOFs are the materials that 

have unprecedented high surface area as well as infinite possibility to produce high quality 

adsorbents. Therefore, the investigation of using MOFs as adsorbents started right after the 

invention of these materials. In recent years, with continued global warming and urgent need of 

limiting CO2 emission,(Matthews, Gillett, Stott, & Zickfeld, 2009) an increasing research effort has 

been devoted into CO2 capture and separation by MOFs due to their highly tunable framework 

activity(Figueroa, Fout, Plasynski, McIlvried, & Srivastava, 2008; Lee & Park, 2015;Mu & Walton, 

2011; Wang, Liu, et al., 2016; Wang, Ge, Chen, Hou, & Fang, 2016; Wang, Lackner, & Wright, 

2011) and high energy efficiency compared to conventional separation methods.(D’Alessandro, 

Smit, & Long, 2010a; J. R. Li et al., 2011) Among the concerned gas mixtures, CO2 removals from 
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coal fired power plant emission and natural gas are among the priorities. Emission from coal fired 

plant contains ~15% CO2(D’Alessandro, Smit, & Long, 2010b) and natural gas contains varying 

concentrations of CO2.(Tan, Lau, Bustam, & Shariff, 2012) The application of MOFs in the selective 

adsorption of CO2 from CO2/N2 and CO2/CH4 is, therefore, one of the present hotspots(Mu, Li, 

Huang, & Walton, 2012; Mu, Schoenecker, & Walton, 2010; Mu & Walton, 2011) and its 

environmental necessity is beyond doubt.(Tian et al., 2016) Among reported adsorption properties 

on different MOFs collected at room temperature and up to 1 bar, Walton et al. reported that MOF-

5 shows a CO2/N2 selectivity of 5.(Karra & Walton, 2010) Chen et al. carried out a computational 

study of CuBTC, showing a CO2/N2 selectivity of 20.(Q. Yang, Xue, Zhong, & Chen, 2007) The 

hydrostable MOFs, like UiO-66 and MIL-100, have also been studied as potential CO2 adsorbents. 

The CO2/N2 and CO2/CH4 selectivity of UiO-66 were reported to be around 37.5 and 10.1, 

respectively.(Cmarik, Kim, Cohen, & Walton, 2012) MIL-100 showed a slightly lower CO2/CH4 

selectivity of 8.(Llewellyn et al., 2008) Besides the one-pot synthesized MOFs, many post-synthetic 

modifications including ligand functionalization,(Demessence, D’Alessandro, Foo, & Long, 2009; 

Yichao Lin, Kong, & Chen, 2012; Vaidhyanathan, Iremonger, Dawson, & Shimizu, 2009) 

introducing open metal sites into framework,(Bao, Yu, Ren, Lu, & Deng, 2011; Park et al., 2012) 

and synthesis with strong CO2 affinity ligands,(An, Geib, & Rosi, 2010; T. Li et al., 2013) have been 

made to enhance the CO2 affinity to the framework. Chen et al. reported synthesis and adsorption 

study of amine functionalized MIL-101(Cr) with an improved heat of adsorption of CO2.(Yichao Lin 

et al., 2012) Deng et al. have demonstrated Mg-MOF-74 with open metal sites can improve the 

CO2/CH4 selectivity.(Bao et al., 2011) After that, Feng’s group endorsed the main-group metal-

based MOF by reporting CPM-200-V/Mg with a CO2/N2 selectivity as high as 406.(Zhai, Bu, Mao, 

Zhao, & Feng, 2016) Zhu et al. synthesized charged framework JUC-132, showing a high CO2/CH4 

selectivity of 29.2 at 1 bar.(He et al., 2015) Another example of CO2 capture via N-rich framework 

is mmen-CuBTTri reported by Long and coworkers showing a CO2 zero coverage heat of 

adsorption as high as -96 kJ/mol.(Yichao Lin, Kong, Zhang, & Chen, 2017; McDonald, 

D’Alessandro, Krishna, & Long, 2011) Rosi synthesized bio-MOF-11 using biomolecules, exhibiting 

a super high CO2/N2 selectivity of 75.(An et al., 2010) However, the modification of ligands to 
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enhance CO2 and framework interaction is usually due to chemisorption and therefore, increases 

the difficulty of desorption.(Z. Zhou et al., 2016) Therefore, CO2/N2 physisorptive separation 

through ultra-microporous MOFs can be another exciting lightning point and SIFSIX-3-Cu/SIFSIX-

3-Zn, with <4 nm pore sizes, exhibited remarkable CO2/N2 selectivites at 10500 and 1818 

respectively.(Nugent et al., 2013; Shekhah et al., 2014) (Part of this paragraph is reported in (Shan 

et al., 2017)) 

1.3 MOF Crystal Growth and Defects 

After the invention of MOFs, a large amount of effort was devoted into developing more 

and more MOFs for different applications. In the early stage, people were confused about how to 

obtain high quality crystals and the synthesis of MOF was still lack of systematic knowledge. The 

sample handle and storage after synthesis remains to be unknown. As a result, the samples have 

a low stability and the porous structure collapses at mild conditions. This problem was improved 

when the solvothermal synthesis followed by a solvent exchange and activation step became a 

routine procedure to synthesize MOF. Then, in the second stage, people spent much more energy 

on expanding the family of MOFs. Currently, more than 15000 different MOF structures were 

reported.(Coudert, 2015) During this process, different synthesis methods were adopted to obtain 

these crystals. Currently, solvothermal synthesis is still the most widely used technique to obtain 

MOFs. Due to the nature of MOF, the organic components sometimes have poor solubility in 

aqueous solution, like the terephthalic acid. At this point, solvents like DMF, DEF, ethanol, or 

methanol are good solvents for both metal and ligand. Meanwhile, some researchers have reported 

the ligand does not have to be dissolved before it can react to form MOF.(Hu & Zhao, 2015) In 

many of the MOF syntheses, the selected solvent was DMF, which is a toxic chemical with a high 

boiling temperature, which means a more complicated activation process is required to evacuate 

the pores. Researchers made serious concern about its environmental effect. Therefore, some 

effort was made to develop the hydrothermal process for obtaining MOFs with decent crystallinity. 

Dan Zhao reported the hydrothermal synthesis of UiO-66 under the assistance from modulator.(Hu, 

Peng, Kang, Qian, & Zhao, 2015) In a conventional solvothermal or hydrothermal synthesis, the 

synthesis time can vary from several hours to several days. Compared with conventional 
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solvothermal synthesis, the microwave-assisted synthesis can potentially shorten this time to 

several minutes or seconds.(Liang & D’Alessandro, 2013)  Sonochemical synthesis is another 

useful technique to significantly shorten the synthesis time for MOFs. Mitchell reported the 

sonochemical synthesis of CuBTC crystals and the sono-fragmentation as another important 

phenomenon during the synthesis was investigated.(Armstrong et al., 2017) Some innovative 

synthesis method also include the electrochemical synthesis,(Campagnol et al., 2016) mechanical 

synthesis,(Chen et al., 2016) and stepwise-synthesis.(Zhuang et al., 2015) 

The investigation of formation process of MOFs has tremendous meaning to facilitate the 

development of new materials. The formation of MOFs is mostly through the coordination-driven 

self-assembly process (Cook, Zheng, & Stang, 2012) and the resulted crystal structure is highly 

related to the reaction conditions including synthesis temperature, reactant concentration, reaction 

additives, solvent, and so on. Unfortunately, compared to the well-established mechanisms of 

inorganic crystals, MOFs’ mechanisms are still proposed based on the explanation of experimental 

observations, combined with established crystal growth mechanisms. (Vleet, Weng, Li, & Schmidt, 

2018) Even though a generic system is not yet established, it is still meaningful to present the 

current results to the audiences to have a better picture of the scientific background of our synthesis 

parameters investigation. 

Currently, the nucleation mechanisms adopted in MOFs synthesis include the building unit 

mechanism and the monomer mechanism taken from zeolite system, which is similar to MOF and 

recognized as a great reference. The building unit mechanism is referring to the formation of the 

minimum building units in the synthesis and these units further assemble into the crystalline 

products. This minimum building unit concept is reflecting but not tightly bonded to the secondary 

building unit (SBU) concept in the MOF field. (Eddaoudi et al., 2001) As an example, Surble et al. 

reported the extended X-ray absorption fine structure spectroscopy (EXAFS) study of the synthesis 

of MIL-89 using trimeric Fe acetate precursor as the metal source. (Surble, Millange, Serre, Ferey, 

& Walton, 2006) The trimeric iron oxide secondary building units was shown to be the fundamental 

unit to construct the framework during the entire synthesis process. In addition, the combined light 
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and small angle neutron scattering (SANS) was used by Nayuk and coworkers to investigate the 

room temperature synthesis of MOF-5 using a metal source that has similar structure as the MOF-

5 SBU. The mixture of preformed SBU with ligand resulted in the instantons nucleation and small 

particle sizes. (Nayuk et al., 2012) However, there is some controversy of this mechanism because 

some researchers claim the SBUs proceed to form the sample while some others say the SBUs at 

least went through a deformation or decomposition, which means the minimum building unit is not 

necessary the SBU. Shoaee and coworkers used in-situ atomic force microscopy (AFM) to image 

the growth step height of CuBTC. The observed height increased is systematically varied from the 

size of SBU of CuBTC suggesting the growth of CuBTC at least in this system is through the 

addition of a more simpler building units. (Shoaee, Anderson, & Attfield, 2008) Even though there 

are some debates about the detailed paths, the building unit formation and assembly process can 

be applied in a lot MOF synthesis, which leading to the study of the employment of different metal 

precursors and modulators to facilitate the formation of these minimum building units. (Surble, 

Millange, Serre, Ferey, & Walton, 2006) 

Meanwhile, another important mechanism is the monomer mechanism which was widely 

used in the zeolite synthesis to describe the formation of gel-like amorphous contents in the 

synthesis followed by this amorphous content transform into the crystalline product. (Vleet, Weng, 

Li, & Schmidt, 2018) This amorphous-to-crystalline transformation was observed among ZIFs and 

UiO-66. As an example, the time-resolved X-ray diffraction (XRD) was used to characterize the 

ZIF-8 formation process. They pointed out the formation of amorphous phase, which is later 

consumed to form the crystalline ZIF-8 particles. (Venna, Jasinski, & Carreon, 2010) A similar 

amorphous-crystalline transformation was observed in the formation of ZIF-71, another member of 

ZIF family by in situ time-resolved light and X-ray scattering experiments. (Saha et al., 2016) In 

addition, the transformation between amorphous state to crystalline product in UiO-66 synthesis 

can not be clearly depicted by the classical mechanism. Instead, the dissolution-recrystallization 

model is more suitable to explain the situation. This interesting formation process was reported by 

Goeston et al., which showed the formation of amorphous product, which further rearranged into 

crystalline UiO-66. (Goesten et al., 2016) 
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As consistent with the building unit theory, the classic growth via monomer addition was 

used to describe the growth MOFs, including HKUST-1 and MOF-5. (Cubillas, Etherington, 

Anderson, & Attfield, 2014; Zacher, Liu, Huber, & Fischer, 2009) Both studies from Zacher and 

Millange on HKUST-1 showed the homogeneous nucleation and growth. (Zacher, Liu, Huber, & 

Fischer, 2009; Millange et al., 2010) In addition to the classic mechanism, the formation of 

intermediate crystalline states is also frequently observed in MOF growth. The kinetic favored 

product is possible to be remained when a detailed control is stepped in. The second crystalline 

phase existence can be a result from this kinetic favored intermediate states and high activation 

energy of forming the actual thermodynamic stable phase. For an instance, Stavitski and coworkers 

reported the possible synthesis routes to obtain MIL-101-NH2 and MIL-53-NH2. The intermediate 

MIL-235-NH2 was observed by the time-resolved in situ X-ray scattering at low temperature, which 

was converted into MIL-101 or MIL-53 when different solvent environment was applied. (Stavitski 

et al., 2011) It was further proposed that the existence of DMF is required to obtain the kinetic-

favored product MIL-101 and the MIL-53 is the thermodynamic-favored product. (Goesten et al., 

2014) Therefore, in addition to the thermodynamic driven self-assembly process, the kinetic factors 

play important roles in the synthesis as well and people should give a good consideration when the 

formation of crystalline intermediates is found in the formation process. In some other cases, 

researchers have reported the observation of both aggregation and monomer addition behavior in 

the MOF growth. It is also suggested that the growth of MOFs can be a result of both processes. 

Saha et al. investigated the formation process of ZIF-71 by in situ time-resolved light and X-ray 

scattering. They identified some key steps in the formation process including, the formation of 

amorphous clusters (growth via cogulation), the formation of larger amorphous particles (growth 

via monomer addition), and the nanocrystal aggregation after crystalline transformation. (Saha et 

al., 2016)  

The consideration of the thermodynamic and kinetic has also led to the attempt of using 

reaction additives to further tune the reaction. For example, after people realized that the kinetic 

factor has a significant impact on the crystallinity, Dr. Hongcai Zhou’s group proposed the reversible 

reaction process to describe the association and dissociation process among metal, ligand, and 
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modulator in the MOF synthesis. (Feng et al., 2014) The representative reaction steps, depicting 

the reversible reaction nature in MOF synthesis are shown in the following equation: 

M[Modulator]n ⇌ M[Modulator]n-1+[Modulator] (1)  

M[Modulator]
n-1

+Ligand ⇌ M[Modulator]
n-1

[Ligand] (2) 

rassociation equilibrium=
k1k2{M[Modulator]n}{Ligand}

k-1{Modulator}+k2{Ligand}
   

k=Ae-Ea/RT     

Where, M is the metal, [Modulator] is competitive modulator in the synthesis, Ligand is the 

bridging ligand used in the synthesis, n is the number of coordinated components on metal, k is 

reaction constant, Ea is activation energy of association, and T is reaction temperature. Based on 

this conclusion, they described that the reaction reversibility is an important factor to obtain samples 

with high crystallinity. The mechanism was proposed as the dissociation of ligand allows the 

framework to repair the “defects” that resulting in the low crystallinity. This process can be applied 

in various MOF synthesis process and this phenomenon is significant for a fast reaction system 

including zirconium and iron and some other hard Lewis acid species. When the reaction speed is 

fast meanwhile, a large number of defects are formed, the framework fast expands like 

polymerization, resulting in a framework without the well-defined long-range order. The obtained 

product appears like a gel, which is consistent with the amorphous-to-crystalline transformation 

that was mentioned previously.  

Besides realizing the formation process by various of characterizations, people also probed 

the reaction system by adding different additives to manipulate the growth process. Upon the 

addition of reaction additives, the growth process can be highly impacted and deviate from the 

original pathways. The addition of modulator in MOF synthesis has become a common method to 

control the reaction kinetics. Some common adopted modulators include formic acid, acetic acid, 

benzoic acid, and HCl. In addition to the nucleation, the addition of modulator has impacted the 

both the particle size and crystal morphology. In CuBTC synthesis, the addition of modulator has 

shown its effect on tuning the morphology of the final product. The authors pointed out that the 
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modulation effect of modulator selectively blocks the growth along the selected facets. (Umemura 

et al., 2011) In ZrMOF or FeMOF synthesis, normally a high concentration of modulator is used, 

and the modulator sometime can inhibit the formation of solid product. This phenomenon was 

concluded by researchers as a result of thermodynamic equilibrium shift. The reaction process is 

concluded in the following equation. (Feng et al., 2014) 

 [Fe2MO](Modulator)
6
+

6

n
×Ligand ⇌[Fe2MO][Ligand]

6/n
+6×Modulator  

∆G=∆G0+RTlnK  

K=
[Modulator]

6

[Fe2MO(Modulator)6][Ligand]
6/n  

Where, [Fe2MO] is the metal cluster, [Modulator] is the modulator, [Ligand] is the bridging 

ligand, G is the Gibbs energy, and K is the equilibrium constant. Because the reaction happens 

spontaneously under the given reaction conditions, the Gibbs energy of reaction is smaller than 

zero. When a high concentration of modulator is added in the synthesis and the reaction equilibrium 

constant is function of the product concentration of the forward reaction, therefore, eventually there 

is a modulator concentration will cause the Gibbs energy of reaction become zero. As a result, the 

reaction will be terminated, and no MOF product can be obtained. Or we can understand this from 

another way that the addition of modulator lowers the supersaturation of the original metal-ligand 

complex. Therefore, it was proposed that the reaction equilibrium shift is also an important factor 

for the formation of defects since a certain amount of modulator will replace the original ligand. In 

addition to modulator, another reaction additive that researcher frequently use to tune the formation 

process is the deprotonation agent, which some people referred as proton modulation. It means 

the additive controls the protonation status of reactive ligands. (Jian et al., 2015; Xin et al., 2015) 

When acidic ligand was used in the synthesis, the addition of bases in the synthesis led to a faster 

nucleation rate and therefore, smaller particle sizes. (Xin et al., 2015) But in a ZIF synthesis, when 

N-based ligand is used, the addition of deprotonation agent led to a larger particle sizes. (Jian et 

al., 2015) Ostwald ripening process is also widely observed in later stage of MOF synthesis. It is 

responsible for the formation of more uniform distribution of MOF particles. People observed the 
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aggregation among ZIF-8 particles resulting in the disappearance of smaller particles and larger 

particles keep growing. (Cravillon et al., 2012)  

Currently, there is still not a generic mechanism can explain the formation process of MOFs 

and sometimes even contrary results were observed for the same MOF. But these results are still 

the valuable references for the future mechanistic and additive effect studies. In the later chapters, 

we will present our investigations of the effects of additive on MOF synthesis from perspectives of 

deprotonation, modulation, and capping effect. Our synthesis investigation will mostly focus on the 

synthesis of UiO-66 and 2D ZnBDC. These two reaction systems have benefits from these 

perspectives: (1) the exploration of stable MOF and 2D MOF frameworks are two significant 

directions to pursue. (2) these two reaction systems exhibit the good sensitive to reaction additives, 

which allows us to probe the formation process from direct synthesis, (3) the high coordination 

number of UiO-66 allows the investigation of reaction kinetics and defects formation without 

worrying about the framework break down. (4) These syntheses use the most widely used ligand 

terephthalic acid. Therefore, the results showing in this dissertation will be a great reference for 

people to understand the reaction mechanism of MOF synthesis. 

Besides synthetic studies, another important problem in MOF synthesis is the stability issue. 

The relative weak coordination bond has limited the applications of MOFs in some conditions. To 

solve this issue, the hard Lewis acid species, including Zr and Fe, were used in the synthesis to 

obtain stronger frameworks. Then, people realized the synthesis of these MOFs appeared to be 

harder and more advanced knowledge about the crystal formation process is required for obtaining 

these crystals with high crystallinity. After a careful investigation of synthesis conditions, 

researchers proposed that the reaction between metal and ligand is too fast that the product started 

to lose its long range order, resulting in gel-like product.(Feng et al., 2014) The solution of this 

problem has led to one significant achievement in the MOF synthesis, the employment of modulator 

to govern the reaction between metal and ligand. Dr. Kitagawa proposed the concept of modulation 

synthesis of MOFs, which indicated the importance of controlling the reaction between metal and 

ligand and the necessity of using extra reagent for the sake of controlling. After that, Dr. Hongcai 
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Zhou’s group was one of the pioneers in the field to have a detailed investigation of MOF synthesis 

and its thermodynamic and kinetical controls. Now, the addition of modulator to govern the reaction 

between metal and ligand becomes a common method to achieve a higher crystallinity. However, 

some new problems raised under this finer control of MOF synthesis, including the formation of 

discrete smaller particles and formation of defects. As a result of rapid reaction between metal and 

ligand as well as the addition of modulators, the obtain of large area Zr-based MOF film or 

membrane become harder. However, for the employment of MOFs into the membrane field, 

besides the good crystallinity of samples, the intergrowth between crystal particles is also important 

to achieve a defect-free membrane for desired separation process. In Chapter 2, we will present 

an investigation of the mechanism that governs the intergrowth among UiO-66 crystal particles. 

According to the proposed mechanism, we can successfully achieve the controlled growth of UiO-

66 membranes when the excessive protons were removed by the deprotonation agent. 

As previously mentioned, researcher realized the development of MOF that is specific for 

a certain application requires for the detailed understanding of the crystal formation process. After 

spending a good amount of effort into developing the new MOFs, researchers are frustrated by the 

low stability of the frameworks. Therefore, people turned their vision back on those several stable 

MOFs, including UiO-66, ZIF-8, and so on. However, one thing noteworthy is that the stability of 

the framework is a tradeoff of its activity. Here, we use UiO-66 as an example. The framework 

formed between hard Lewis acid Zr clusters and hard Lewis base terephthalic acid is one of the 

most stable MOF structures, which has good thermal, humidity, and chemical stability. However, 

the high stability of UiO-66 increases the inertness of the framework as well, which could be a 

drawback for selective adsorption and catalysis.(Shearer, Vitillo, et al., 2016) But the story starts to 

change after the addition of modulator and other additives in the synthesis to tune the reaction 

kinetics. Besides the improved crystallinity, people found that the manipulation of synthesis kinetics 

also leads to another issue as crystal defects and these defects made the inert frameworks back 

to life. Here, we mentioned the defects as the missing-ligand defects and missing-cluster defects 

instead of the low crystallinity as a result of losing order in a certain range. Back in 2003, 

researchers have noticed the existence of “intercrystalline voids” in the sample, but not much 
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attention have been devoted into this point.(Vishnyakov, Ravikovitch, Neimark, Bülow, & Wang, 

2003) This conclusion was used to explain the hysteresis in the N2 adsorption isotherm. In 2010, 

when Valenzano et al. carried out the detail investigation of UiO-66, the TGA results have revealed 

the quantity of ligand observed in the sample is less than the predicted amount based on the 

structural results.(Valenzano et al., 2011) This observation has led to the conclusion that the 

synthesized sample has a certain amount of defects. In 2013, people started to pay a tremendous 

attention to the defects in MOFs after the research paper reported by Wu et al.(Wu et al., 2013) In 

this article, the existence of defects, the type of defects, and the properties to defect relationship 

were investigated. From this point, people start to realize that not only the existence of defects in 

MOF framework but also these defects can significantly alternate the properties of obtained 

samples. As an example, Zhou et al. reported a systematic study of acetic acid modulated defective 

UiO-66, in which the surface area dramatically increased because of the defects.(Wu et al., 2013) 

Zhong et al. reported the synthesis of defective UiO-66 modulated with benzoic acid. The 

synthesized sample has a surface area as high as 1890 m2/g, much higher than the theoretical 

surface area around 1200 m2/g.(Bárcia et al., 2011; Ghosh, Colón, & Snurr, 2014) As a result of 

the increased surface area and different compensation groups, the defects can effectively modify 

the adsorption properties of synthesized UiO-66. The CO2 adsorption capacity is strongly 

influenced by the defects and various compensating groups.(Liang et al., 2016; Wu et al., 2013) 

The hydroxylated form of UiO-66 has a higher CO2 heat of adsorption (28 kJ/mol) compared to the 

dehydroxylated form (22 kJ/mol). The OH-O columbic interaction is attributed to this enhanced heat 

of adsorption.(Wu et al., 2013) In addition, De Vos reported the study of trifluoroacetate and 

hydrochloric acid modulated UiO-66 synthesis.(Vermoortele et al., 2013) The open metal sites 

created by removing the compensating groups are attributed to their increased catalytic activity. 

Furthermore, the substitution of compensating groups with more reactive groups opens an avenue 

for triggering the framework activity using easy and inexpensive methods.(Shearer, Vitillo, et al., 

2016)  As a result, the investigation of defect formation process in MOF synthesis became one of 

the most interesting research directions in the MOF synthesis. It is important to build a more 

comprehensive understanding of the defect formation mechanisms during MOF synthesis to direct 
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our material and experiment design in the future. Therefore, in Chapter 3, we will present a study 

of the formation mechanism of missing-cluster defects in UiO-66. A partially-deprotonated ligand-

based defect formation process was proposed, and a series of syntheses were applied to verify 

this hypothesis. (Part of this paragraph is reported in (Shan, McIntyre, Armstrong, Shen, & Mu, 

2018)) 

1.4 2D Materials and 2D MOFs 

Two-dimensional materials (2D materials) have attracted intensive attention after the report 

of the study of graphene. (Zhao et al., 2018) Due to the material thickness is largely reduced to an 

atomic level, the physiochemical properties of the materials can be significantly different from the 

bulk samples. Some well-known 2D materials include graphene, reduced graphene oxide, 

hexagonal boron nitride, layered double hydroxides, and so on. At the initial stage of studying 2D 

materials, researchers were struggling with obtaining the isolated single layer of 2D materials, even 

though these layered materials are not tightly coupled together. In 2004, Novoselov and Geim 

invented one of the most joyful and easiest techniques to obtain the single layer 

graphene.(Novoselov et al., 2004) Using Scotch tape to exfoliate 2D materials not only led them to 

the Nobel prize but also became one of the most popular methods to thin down 2D materials. In 

2005, Novoselov et al. reported another interesting method to obtain single layer samples of 

multiple materials, including BN, MoS2, NbSe2, Bi2Sr2CaCu2Ox, and graphite.(Novoselov et al., 

2005) This novel method is rubbing a crystal surface against a selected substrate and this process 

was described as “drawing by chalk on a blackboard”. Now, the mechanical exfoliation method is 

the first method came into people’s mind when talking about 2D materials. Currently, people are 

fascinated by the properties of 2D materials. When the thickness of a material is decreased to a 

certain degree, which means the communication between each layer of materials is highly limited 

and the physical phenomenon, including charge transfer and heat transfer, is highly in-plane 

restricted, we may observe some astonishing properties of it that we cannot obtain at a bulk state. 

(Butler et al., 2013)  Kamihara and coworkers reported the synthesis of LaOFeP layered 

superconductor with a transition temperature around 4 K. The superconductivity was attributed to 

the electron carrier transfer between La3+O2- layer and Fe2+P3- layer.(Kamihara et al., 2006) Another 
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example is the 2D molybdenum disulfide (MoS2), which is a 2D semiconductor. Different from 

graphene, MoS2 has a direct band gap around 1.8 eV, which enables its application in 2D 

electronics. In 2013, Lou et al. reported the CVD procedures to produce MoS2 thin film in large 

scale.(Najmaei et al., 2013)  

Towards the application in the separation processes, 2D materials are exciting due to their 

extremely small thickness, which matters significantly for the molecular transport process. In 2D 

membranes, the molecules can pass though the in-plane (2D layer) pores or the molecules can 

pass through the interlayer paths. Baoxia pointed out the potential of GO stackings serving as a 

sieving membrane for water purification.(Mi, 2014) After the GO stacks being hydrated, the 

interlayer channels with a size around 0.9 nm were created. The permeates have to travel through 

the interlayer channels. The molecules that have larger size than the channels will be blocked, 

while the water molecules are allowed to pass through. In 2017, Tsapatsis’s group reported the 

fabrication of 2D MFI zeolite membrane using vacuum-assisted filtration deposition followed by a 

secondary growth.(Jeon et al., 2017) The MFI membrane was consisted of the 2D MFI nanosheets. 

As a result of the ultrathin membrane, the membrane showed an outstanding selectivity as well as 

permeance that were never reported before. Towards the development of mixed matrix membranes, 

incorporating the laminal fillers into the polymer membrane is another promising research direction. 

 

Figure 1.5 Schematic diagrams of (a) conventional composite membrane, and (b) composite 

membrane containing high-aspect-ratio layered materials. The concept of sieving of one type of 

molecule while providing a highly tortuous path for the other using a high-aspect ratio layered 

material is illustrated. Adapted by permission from Elsevier: Journal of Membrane Science, 

nanoporous layered silicate AMH-3/cellulose acetate nanocomposite membranes for gas 

separations, Kim et al. (W. Kim et al., 2013) 
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Nair and coworkers reported the incorporation of SAMH-3 2D fillers into cellulose acetate to form 

mixed matrix membrane for CO2/CH4 separation.(W. Kim, Lee, Bucknall, Koros, & Nair, 2013) Due 

to the special geometry, 2D fillers, with a large aspect ratio, can achieve a much higher tortuosity 

for molecules to pass though, as shown in Figure 1.5 (taken from (W. Kim et al., 2013)) at a certain 

filler loading percentage. Similar to the conventional 2D materials, MOFs can appear as 2D crystals 

as well. Currently, people conclude the 2D Metal-organic frameworks as the MOF thin crystals that 

have high aspect ratio with very small thickness. As a new emerging research area, the number of 

investigations on 2D MOFs have increased dramatically in the past five years. Besides the 

investigation of the basic performance of these materials to pave the way for their advanced 

applications, the most attracting point of using 2D MOFs are membrane separation and catalysts. 

For membrane separation, to reach to a point that the permeability and selectivity compromise in 

a perfect way, people appreciate the thickness of membrane is reduced to an extreme point that 

one single molecule thickness would be the best case. Similar to the mixed matrix membranes with 

2D fillers, an increasing attention has been given to the 2D MOF based mixed matrix membrane. 

In 2014, the synthesis of 2D CuBDC was reported and the obtained 2D nanosheets were 

incorporated into the Matrimid polymer matrix. The fabricated mixed matrix membrane was used 

for CO2/CH4 separation.(Rodenas et al., 2015)  

Different from the inorganic 2D materials, the organic 2D materials that have both inorganic 

and organic portions, can exhibit very different physical or chemical behaviors. Therefore, the 

synthesis and investigation specifically on 2D MOFs can provide tremendously important 

information to researchers for the future investigation. However, most of the works are still at the 

exploration stage. The 2D MOF that is used in a lot of the studies is CuBDC, due to the easiness 

of obtaining the thin crystals of it. The report of the synthesis of 2D MOF-2 was back in 1998 by Dr. 

Yaghi’s group.(Li et al., 1998) It was the early point of MOF development, the study is mostly 

focusing on confirming the obtain of microporosity. However, one thing noteworthy is that, the 

authors carried out the single crystal XRD to determine the structure of sample, which means the 

sample is organized in an ordered way in c axis through some weak bonding, which the authors 

identified the coupling force as hydrogen bond. This conclusion is important because it defines one 
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important problem that researchers have to solve. Recently, people started to systematically 

investigate the synthesis methods of 2D MOFs. And the synthesis methods are defined as two 

types, 1) top-down method and 2) bottom-up method. The top-down method refers to the synthesis 

of bulk 2D crystals followed by a thinning down process to generate 2D MOF nanosheets. The top-

down method is easy to operate and can potentially produce large quantity of 2D nanosheets. 

However, the thinning down process requires a violent exfoliation, including sonication or chemical 

intercalation. As a result, the obtained sample is normally small and contains a large number of 

defects. The fragmentation would produce a broad particle size distribution. In 2011, Li et al. 

reported the top-down method to produce MOF-2 nanosheets.(Li, Maeda, & Xu, 2011) The MOF-

2 nanosheets were generated in a 300 by 300 nm dimension via a sonication process in different 

solvent environment. In 2012, Kitagawa’s group reported the fabrication of Cu-TCPP thin film via 

assembly of 2D nanosheets.(Xu, Yamada, Otsubo, Sakaida, & Kitagawa, 2012) The reported 

ultrasonication in solvent can produce nanosheets in 200 nm level dimension. Even though the top-

down method can successfully produce the ultrathin 2D MOF nanosheets and the yield is 

reasonable, the fragile MOF framework dislikes the conventional top-down method for separating 

the samples. The coordination bond formed framework can be easily broken down by the 

mechanical exfoliation. The produced nanosheets are normally in small size with lowered 

crystallinity. 

While, the bottom-up method is the opposite process, which can generate the MOF 

nanosheets directly. The obtaining of the nanosheets is through the detailed control of its synthesis 

process. Currently, the popular processes are limiting the diffusion process or reaction area. Dong 

and coworkers reported the Langmuir-Blodgett method to produce 2D Ni-based supermolecular 

polymer.(Dong et al., 2015) The single layer thick sample in micrometer level dimension was 

obtained at the air-liquid interface. Also in 2015, the 2D M-TCPP (M = Zn, Cu, Cd, or Co) was 

synthesized using the surfactant-assisted synthesis.(Zhao et al., 2015) It was proposed the addition 

of surfactant promote the anisotropic growth. Since the modification of the synthesis method 

requires a design of reaction based on a comprehensive understanding of material properties, only 

a limited number of studies were reported by now, and yields are low in most of the cases. Here, 
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compared with the top-down method, the bottom-up method is still recognized as a more promising 

method to produce 2D MOF nanosheets. The investigation of a fast and generic method to produce 

2D MOFs has tremendous meaning for the field to advance the applications in various directions. 

In Chapter 4, we will present a detailed investigation of synthesis of 2D MOF crystals. We proposed 

a novel synthesis method that involves the employment of capping agent to control the anisotropic 

growth MOFs that can be potentially used in a wide variety of MOFs as well as a bi-phase synthesis 

method that allows us to resolve the trade-off between crystallinity and yield. The obtained high 

quality 2D MOF nanosheets allowed us to carry out a more detailed study of their fundamental 

properties. 
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CHAPTER 2. 

INFLUENCES OF DEPROTONATION AND MODULATION ON NUCLEATION AND GROWTH 

OF UIO-66: INTERGROWTH AND ORIENTATION 

2.1 Introduction 

In the previous chapter, we have presented the discussion of the broad applications that 

MOFs have shined light on. However, a big obstacle preventing MOFs from being widely used for 

practical applications is their relatively low stability resulting from their inherent coordination 

bonding system.(Burtch, Jasuja, & Walton, 2014; Feng et al., 2014) A large variety of reported 

structure has suspicious structure stability when they are exposed to acid environment, base 

environment, or even just the humidity in the ambient environment. Many evidences have reported 

indicating the decrease of crystallinity, loss of surface area, and coalescence of particles, which 

will significantly impact the applicability of MOFs. To solve this problem, many research efforts was 

adopted to improve the stability of MOFs, which includes nut not limited to the synthesis of special 

geometry, synthesis of MOFs that is hydrophobic, and synthesis of MOFs that potentially have 

stronger coordination bond. Currently, zirconium-based MOFs (ZrMOFs), especially UiO-66, which 

are constructed by the high valence state zirconium clusters and hard Lewis base species ligands, 

are among the most stable MOFs ever reported. The strong zirconium-ligand coordination bond 

enables a thermodynamic enhancement of framework stability and the combination of numerous 

ligand and post-synthetic modifications have generated many ZrMOFs that span a large range of 

pore sizes and chemical properties.(Jasuja, Peterson, Decoste, Browe, & Walton, 2015; Kim & 

Cohen, 2012; Rada, Abid, Sun, & Wang, 2015) However, the downside of this strong interaction is 

that in the synthesis of ZrMOFs, the synthesized products normally appear as microcrystalline 

particles. The formation of either large single crystal or compact polycrystalline films are hard to 

achieve. The lack of control over the ZrMOFs crystal formation process will limit their advanced 

applications in optics,(Falcaro et al., 2016) microelectronics,(Talin et al., 2014) and sensing,(Li et 

al., 2017) which would require detailed and in-depth control of the crystal growth process to achieve 

a suitable mechanical strength and property integrity through the entire material. Therefore, it is 

extremely meaningful to advance our understanding of the crystal growth process of ZrMOFs. The 
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elimination of the early growth termination of ZrMOFs can potentially render us the growing of large 

crystal and the intergrowth between multiply crystalline particles. Liu et al. reported the synthesis 

of a UiO-66 membrane on alumina hollow fibers.(Liu, Demir, Wu, & Li, 2015) Miyamoto et al. 

reported the synthesis of a UiO-66 film on a Si substrate.(Miyamoto, Kohmura, Iwatsuka, Oumi, & 

Uemiya, 2015) In both of these studies, water is believed to promote the intergrowth between UiO-

66 particles but further clarification is necessary.(Miyamoto et al., 2015) Currently, the related study 

is still in a small number(Hod et al., 2014; Liu et al., 2015; Lu, Cui, Zhang, Liu, & Huo, 2013; 

Miyamoto et al., 2015) and the basic understanding of their formation process, the synthesis 

condition effects, and the role of different reagents need further investigation.  

The previous studies have shown that the formation of microcrystalline particles in ZrMOFs 

synthesis can be partially attributed to the strong Zr-Ligand interaction, leading to the formation of 

a large number of nuclei at beginning and therefore, each nucleus will not be able to grow into 

larger size. However, another fact that we noticed is the growth of ZrMOF particles are normally 

terminated when there is still lots of reactants in the solution. These left reactants should allow the 

crystal to keep growing. Therefore, there must be a terminating mechanism that prevents the 

ZrMOFs particles from continuous growth. To find out the terminating groups, we need to consider 

the possible solutes in the synthesis solution. In MOFs synthesis, organic ligands used as linkers 

for metal atoms/clusters, normally are bidentate or tridentate carboxylic acids. The existence of 

high concentrations of ligand in MOF synthesis solution can increase difficulty in the deprotonation. 

In particular, the synthesis of ZrMOFs normally requires a high concentration of modulator to 

compete with ligands. The modulator slows down the crystal formation rate to kinetically ensure 

the long range order of the final product.(Feng et al., 2014) Meanwhile, the modulator coexisting 

with ligands causes the deprotonation of ligand become even more difficult. Thus, in a ZrMOF 

synthesis solution, the possible solutes include Zr, ligand, partially-deprotonated ligand, fully-
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deprotonated ligand, modulator, and fully-deprotonated modulator (Figure 2.1.)  One of these 

components have terminated the growth of ZrMOFs particles. The inertness of ZrMOF framework 

proves the lack of open metal sites and therefore, Zr clusters do not locate at the most outer surface. 

Moreover, since modulator can be easily removed by the activation process, therefore, ligands are 

the most outer surface components when the crystal growth is terminated. In this work, we use the 

most representative ZrMOFs, UiO-66, as an example and propose that the critical component 

terminating the continuous growth of UiO-66 particles is the partially-deprotonated ligand. These 

partially-deprotonated ligands are caused by the large amount of protons accumulated in the 

synthesis solution. The hypothesis is verified by a series of syntheses with the employment of the 

deprotonating agent, triethylamine (TEA) to rejuvenate the continuous growth between UiO-66 

crystals. The modulation effect of modulator does not prevent the crystal growth but lead to the 

controllable orientation of the formed UiO-66 films. 

2.2 Materials, Synthesis, and Characterizations 

2.2.1 Chemicals 

Zirconium oxychloride octahydrate (ZrOCl2∙8H2O), terephthalic acid (H2BDC), zirconium 

chloride (ZrCl4), triethylamine (TEA), formic acid, and hexane were purchased from Sigma Aldrich. 

Figure 2.1 The possible solutes in a typical synthesis solution of ZrMOFs. 
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N,N-dimethylformamide (DMF) was purchased from Fisher Scientific. α-Al2O3 was kindly provided 

by Almatis. All the chemicals were used as received without any further purification. 

2.2.2 Synthesis of UiO-66 free standing films 

UiO-66 free standing films were synthesized via bi-phase solvothermal synthesis. Solution 

#1: ZrOCl2∙8H2O (161 mg, 0.5 mmol), H2BDC, and formic acid were dissolved in 5 mL DMF. The 

molar ratios of Zr:BDC:formic acid at 1:0.25:87.5, 1:0.25:100, 1:0.25:118, 1:0.4:125, 1:0.5:125, 

1:0.7:125, 1:0.6:150, and 1:0.84:150 were selected to synthesize free stand films. Solution #2: 612 

mg of TEA was mixed with 5 mL of hexane. Then, Solution #1 was injected underneath Solution 

#2 in a glass vial. The glass vial was sealed in a Teflon lined stainless steel autoclave and heated 

at 120 °C for 24 hours. 

2.2.3 Preparation of α-Al2O3 substrate 

The porous α-Al2O3 substrate was prepared based on previous reported method(Kasik & 

Lin, 2014) by pressing Al2O3 powder into a disk with 2 mm thickness and 20 mm diameter. Then, 

the disk was sintered at 1160 °C for 30 hours followed by polishing with SiC paper #500 and #800. 

2.2.4 Synthesis of UiO-66 membranes on α-Al2O3 substrate. 

To synthesize UiO-66 membranes on alumina substrates, the amounts of DMF and hexane 

were increased to 15 mL and placed in a 45 mL Teflon reactor. The same bi-phase synthesis 

method was used as preparing UiO-66 free standing films except the α-Al2O3 substrate was 

vertically placed inside reactor. The Solution #1 was prepared with Zr:BDC:formic acid molar ratios 

at 1:0.5:125 and 1:0.7:125 (ZrOCl2∙8H2O: 463 mg). The synthesized membranes were activated 

by immersed in acetone for 3days with solvent change once a day. Then, membranes were dried 

at ambient temperature.   

2.2.5 Characterizations 

Powder X-ray diffraction (PXRD) patterns of synthesized samples were tested using a high 

resolution X-ray diffractometer (PANalytical X’Pert PRO MRD) at 40 kV with a Cu Kα X-ray tube. 

Scanning electron microscopy (SEM) images of synthesized samples were collected on a Zeiss 

EVO MA 10 micrscope . A stainless steel permeation cell was used for gas permeation tests. The 
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synthesized membranes were placed inside the permeation cell and sealed by O-rings. Before 

each measurement, membrane was washed with target gas for 2 hrs at minimum.  

2.3 Results and Discussion 

2.3.1 Effects of the deprotonating agent 

Based on our hypothesis, when more and more ligands deprotonate and coordinate with 

metal clusters in the reaction solution, the increasing number of protons will result in partially 

deprotonated ligands, which could surround the crystal nucleus and prevent adjacent MOF particles 

from sharing a ligand to continue their growth (Figure 2.2).  To verify this hypothesis, TEA is 

employed as a deprotonating agent in this study, which is used to coordinate with the accumulated 

protons and facilitate the continuous growth of UiO-66 particles.(Fan et al., 2014; Schrock et al., 

1990; Tranchemontagne, Hunt, & Yaghi, 2008) As shown in Figure 2.3, a DMF-Hexane bi-phase 

system was designed to control the diffusion of TEA towards one direction (from the hexane phase 

to DMF phase) so that the effect of TEA on the growth of UiO-66 particles can be monitored. During 

the synthesis, TEA diffused from the upper phase (hexane) into the lower phase (DMF), which 

contains all the remaining reactants, and suppresses the number of partially-deprotonated ligands. 

As seen in Figure 2.4(b), an intergrown UiO-66 free-standing membrane, with very different 

morphologies on two sides, is observed at the interface of the bi-phase synthesis system. The 

upper side of the membrane in Figure 2.4(b) is filled with loosely packed particles, while the back 

Figure 2.2 Schematic illustrations of how intergrowth is terminated or enabled based on ligand 

deprotonation. 
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side is a densely intergrown crystal layer. We observed that the intergrown crystal layer was formed 

first during the synthesis, when there was a relatively high concentration of TEA to facilitate the 

deprotonation of ligands enabling the intergrowth between crystals. With the consumption of TEA 

during the reaction, the partial deprotonation phenomenon becomes a dominant factor in the 

synthesis process (Figure 2.4(d)). So that the discrete UiO-66 particles are observed (Figure 2.4(a)). 

Thus, our experiments directly demonstrate that TEA as a deprotonating agent can facilitate the 

intergrowth between UiO-66 crystals via diminishing the partial deprotonation of ligands. It is likely 

that the water added in previous studies acted as a buffer reagent to diminish the pH variation 

caused by the proton dissociation from modulator and ligand, resulting in a similar effect. As seen 

in Figure 2.4(c), the synthesized sample shows an orientation that differs from the (111) orientation 

observed in Miyamoto’s study.(Miyamoto et al., 2015)  

 

 

Figure 2.3 Schematic illustrations of the bi-phase system to synthesize free-standing UiO-66 

membranes. 



36 
 

2.3.2 Effects of the modulator 

Currently, the most commonly used growth control of ZrMOFs is through the addition of 

modulators. Monodentate acids are generally used as modulators to achieve the successful 

 

Figure 2.4 (a) Surface view of the upper left side of (b), which towards hexane phase during 

synthesis, (b) cross-section of the UiO-66 free-stand film synthesized in bi-phase system, (c) 

Surface view of the lower right side of (b), which towards the bottom of vial. (d) Schematic diagram 

of the sample formation and proton accumulation along with reaction. 

 

Figure 2.5 UiO-66 free-stand films synthesized with Zr/Ligand/Modulator ratio at (a) 1:0.25:87.5, 

(b) 1:0.25:100, and (c) 1:0.25:112.5. 
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synthesis of ZrMOFs and several other MOFs.(Diring, Furukawa, Takashima, Tsuruoka, & 

Kitagawa, 2010; Masoomi, Beheshti, & Morsali, 2015; Schaate et al., 2011) The modulation and 

capping effects were proposed by Kitagawa showing a kinetical control of crystal morphology via 

addition of monocarboxylic acid.(Diring et al., 2010) Specifically, in UiO-66 synthesis, benzoic acid, 

acetic acid, and formic acid have been explored as modulators.(Fei, Pullen, Wagner, Ott, & Cohen, 

2015; Schaate et al., 2011; Wißmann et al., 2012) Some researchers believed that the addition of 

modulator can impact the growth of UiO-66 through coordination equilibrium shift and concluded 

that the formation of framework nuclei is diminished and fewer nuclei grow to larger crystals with 

the increasing amount of modulator. Our experiments confirm these previous results and further 

demonstrate the effects of ligand/modulator ratio on the growth of UiO-66 membranes (Figure 

2.5(a-c)). In Figure 2.5(a), the sample was synthesized with Zr:ligand:modulator=1:0.25:87.5 (a 

relatively low modulator amount). Under the addition of TEA, we observed the intergrowth between 

UiO-66 particles same as the previous sample shown in Figure 2.4. However, because of the 

relatively low modulator concentration (compared to the other synthesis), the resulting UiO-66 

exhibits no clear crystal morphology. As reported in previous studies, decreasing the modulator 

concentration eventually results in a gel-like amorphous product.(Diring et al., 2010) While 

increasing the modulator concentration, the crystal particles start to show a typical UiO-66 

morphology (Figure 2.5 (b) & (c)). While increasing the modulator concentration, an increased 

particle size is observed, indicating a slower reaction rate that allows each particle to grow bigger. 

Therefore, the morphology of UiO-66 can be tuned by the addition of modulator. Meanwhile, the 

addition of deprotonating agent can consume the extra protons from the addition of modulator. As 

a result, the intergrown UiO-66 crystal film is independent from the morphology tuning property of 

modulator, as long as the partially-deprotonated ligands are removed. In addition, the film 

morphology of the intergrown UiO-66 films changed significantly to give the oriented attachment 

growth. As shown in Figure 2.7, this “flat surface” consists of highly oriented UiO-66 crystals, 

indicating that the addition of modulator has a certain function in controlling the UiO-66 crystal 

orientation. It is possible that the modulator competitively coordinate with metal clusters against 

ligands and the modulation effect causes an anisotropic crystal growth rate as shown in the 
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previous study of a copper-based MOF.(Tsuruoka et al., 2009) To further test the modulation effect 

on Zr metal clusters, UiO-66 were synthesized with increasing amount of ligand. The ligand to 

modulator molar ratios were set at 0.4:125, 0.5:125, and 0.7:125. When the ligand:modulator is at 

a low level (0.4:125), the modulation effect of modulator is noticeable and the synthesized crystal 

 

Figure 2.6 UiO-66 free-stand films synthesized with Zr/Ligand/Modulator ratio of (a) 1:0.4:125, (b) 

1:0.5:125, and (c) 1:0.7:125. 

 
Figure 2.7 (a) PXRD patterns of simulated UiO-66 and UiO-66 film synthesized with 

Ligand/Modulator molar ratio at 0.25:112.5 (111) and 0.7:125 (200), (b) UiO-66 with (111) 

orientation, and (c) UiO-66 with (200) orientation. 
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shows a (111) orientation. Increasing the ligand:modulator ratio to 0.5:125 (Figure 2.6(b)), the 

crystal layer remains the (111) orientation with increasing coverage. Interestingly, when the 

ligand:modulator ratio increases to 0.7:125 (Figure 2.6(c)), besides the crystal showing a typical 

UiO-66 morphology, the orientation of intergrown UiO-66 (200 orientation) is clearly different from 

the sample synthesized with ligand:modulator ratio=0.5:125. After we tested these samples with 

PXRD, a clear orientation shift is observed and shown in Figure 2.7(a). The orientation transition 

of UiO-66 film from (111) to (200) can be understood by the crystal evolutionary mechanism. As 

seen in Figure 2.8 (a), any coordinated ligand on Zr cluster can be replaced by a modulator when 

a suitable modulator:ligand ratio is selected. Under an extreme condition, when excessive 

modulator was added, the synthesis may end up as clear solution without crystal precipitation due 

to thermodynamic inhibition.(Feng et al., 2014) Therefore, the coordination equilibrium shift caused 

by the modulator can happen as described in Figure 2.8 (a). Because the coordination equilibrium 

shift is thermodynamically driven, this change can cause an anisotropic crystal growth rate that 

span the entire framework. When a ligand:modulator ratio=0.7:125 is used in synthesis, the 

modulators may coordinate with Zr clusters in a way as shown in Figure 2.8(b). Therefore, the 

relative growth rate of the labelled (arrow) direction will be faster than the other directions. Hence, 

based on the crystal evolutionary theory, the (200) plane with faster growth rate will render us the 

observed (200) orientation. In addition, along with the increase of modulator added in synthesis 

(ligand:modulator ratio = 0.5:125), modulators take another two possible positions resulting in the 

formation of (111) oriented UiO-66 layers (Figure 2.8(c)). Comparing Figure 2.5(a) and Figure 2.6 

(c), both these two groups of experiments correspond to the high ligand:modulator ratio but resulted 
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in very different products. The reason is that even though the ligand:modulator ratios are similar, 

the Zr:ligand:modulator ratios are different. In Figure 2.5 (a), the total amount of ligand+modulator 

is significantly lower than that of the sample in Figure 2.6(c). It is important that the total amount of 

deprotonated ligands+modulator reaches a certain coverage of Zr clusters to make their function 

effective. Interestingly, when the concentration of both ligand and modulator further increased, the 

formed films started to curve into interconnected hollow crystal spheres as shown in Figure 2.9, 

likely due to a lowering of its surface energy. Therefore, under the addition of TEA to remove the 

protons contributed by ligand and modulator, the continuous growth of UiO-66 is rejuvenated. The 

 
 

Figure 2.8 (a) possible modulator coordination positions driven by coordination equilibrium shift 

driven, (b) possible modulator coordination configuration leading to (200) orientation, and (c) 

possible modulator coordination configuration lead to (111) orientation. (Modulator is represented 

by the red bar and ligand is represented by the blue bar.) 

 

Figure 2.9 SEM images of UiO-66 crystal hollow spheres synthesized with Zr/Ligand/Modulator 

molar ratios at (a) 1:0.6:150, (b) 1:0.84:150. 
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addition of modulator does give significant impact on the crystal formation of UiO-66 particles and 

render us the control over the orientation of formed UiO-66 films  

2.3.3 Evaluation of membrane quality 

To further test if our control of the crystal intergrowth and orientation are independent from 

the substrate, we used the α-Al2O3 substrate to proceed the same in-situ synthesis. As shown in 

Figure 2.10 (a), we successfully synthesized a continuous UiO-66 film on α-Al2O3 support with no 

noticeable defects. The cross-section shown in Figure 2.10 (b) indicates a clear (200) orientation 

with ~15 µm thickness. In Figure 2.11 (a), when decreasing the molar ratio of ligand to modulator 

to 0.5:125 as we did in Figure 2.6(b), a (111) orientation with the coexistence of some (200) 

 

Figure 2.10 UiO-66 membrane synthesized on α-Al2O3 with Zr/Ligand/Modulator molar ratio at 

1:0.7:125: (a) top-view, (b) crossection. 

 

Figure 2.11 UiO-66 membrane synthesized on α-Al2O3 with Zr/Ligand/Modulator molar ratio at 

1:0.5:125: (a) top-view, (b) crossection. 
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orientation was observed. These results show that the introduction of α-Al2O3 into system has 

slightly changed the required corresponding ratio of ligand:modulator, however the effect of 

deprotonating agent and the general trend of how ligand:modulator ratio influences the crystal 

orientation remained. Along with the variation of ligand:modulator molar ratio, the amount of 

deprotonating agent added was unchanged, therefore, the continuous growth of crystals could be 

impacted in a subtle way. The defects of synthesized samples with two orientations were evaluated 

by the single gas permeation tests. As shown in Figure 2.12, CO2 permeance of both membranes 

show constant CO2 permeance independent from pressure variation, indicating the non-viscous 

flow. Therefore, the proposed synthesis method can effectively produce macro-defect free samples. 

 

Figure 2.12 CO2 permeance of UiO-66 membranes with (111) and (200) orientations at varied 

pressures. 

 

Figure 2.13 Gas permeation of UiO-66 membranes with different orientations. 
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The CO2 and N2 single gas permeations of UiO-66 membranes with two orientations are shown in 

Figure 2.13. The (111)-oriented membrane has a CO2/N2 selectivity at 2.66. It’s reasonable for UiO-

66 membrane to be CO2 selective and the theoretical selectivity (calculated from diffusive selectivity 

× adsorptive selectivity) is around 29. The deviation can be attributed to the existence of micro-

defects or grain boundaries. The (200)-oriented membrane has selectivity close to Knudsen 

selectivity indicating it has more defects compared with the (111)-oriented sample. In the synthesis 

of (200) orientation sample, due to the increase of ligand added in synthesis without further 

increase the TEA. Therefore, the partially deprotonated ligand caused by the increased amount of 

protons will start impact the growth between crystal and lead to the potential formation of more 

missing-cluster defects causing the result closer to Knudsen diffusion selectivity.  

2.4 Conclusions 

Here in Chapter 2, we are aiming to identify the key factor that preventing the intergrowth 

among UiO-66 particles and develop a process that can successfully obtain the high quality UiO-

66 membrane. Through the analysis of possible terminating groups in UiO-66 synthesis, we 

propose that the critical factor preventing the continuous growth of UiO-66 particles is the partially 

 

Figure 2.14 Schematic illustration of the proposed process to trigger the intergrowth between UiO-

66 particles. 
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deprotonated ligands caused by the accumulated protons in the synthesis solution. Because a 

typical solvothermal synthesis of UiO-66 happens in a sealed reactor with limited solvent/volume, 

the concentration of reactants and by-products keep changing along with the reaction proceeds. 

After the terephthalic acid coordinates with Zr clusters and leave the synthesis solution as solid, its 

original protons are still remaine in the solution. Therefore, the proton concentration keeps 

increasing as reaction moves forward. When the proton concentration increases, the deprotonation 

of ligand will be impacted, resulting in the partially-deprotonated ligand. Here, we demonstrated 

that the formation of UiO-66 membrane can be achieved when the partially deprotonated-ligand is 

diminished. A bi-phase synthesis method is used in our study and a series of control studies provide 

experimental evidence to support our discussion. Through the microscopic study, we investigated 

the morphology of intergrown UiO-66 film, and revealed the role of the deprotonating agent, which 

can coordinate with the accumulated protons and promote the deprotonation of ligand. When 

deprotonating agent is added in the reaction, the concentration of ligand and modulator and their 

relative ratio will not impact the intergrowth of UiO-66, but will cause the orientation transition based 

on the coordination equilibrium shift. In addition, these observations are independent from the use 

of substrate (Figure 2.14). The qualities of synthesized samples were evaluated by gas permeation 

tests. Compared with the (111) oriented sample, the (200) oriented sample has more defects due 

to more protons in synthesis solution while the amount of added TEA was maintained constant. 

(This work was reported in (Shan, James, et al., 2018)) 
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CHAPTER 3. 

INVESTIGATION OF MISSING-CLUSTER DEFECTS IN UIO-66 

3.1 Introduction 

In the previous chapters, we discussed that due to the nature of the coordination bond, 

many of the reported MOFs have undesirable stability.(DeCoste et al., 2013) The synthesis of UiO-

66, a highly coordinated ZrMOF, is one of the significant efforts made to enhance the stability of 

MOFs.(Cavka et al., 2008; Chavan et al., 2012; Valenzano et al., 2011) From a thermodynamic 

perspective, high valence state Zr4+ can form a strong coordination bond with the ligand.(Feng et 

al., 2012; Pearson, 1963; Silva, Luz, Llabres i Xamena, Corma, & Garcia, 2010) Different from the 

soft Lewis acids such as Cu2+ and Zn2+, the Zr4+ cluster is a hard Lewis acid that can form a stronger 

coordination bond with the hard Lewis base carboxylates.(Feng et al., 2014) The high coordination 

number of Zr also increases the steric hindrance of the Zr-ligand connection area and the tolerance 

for external impact.(Burtch et al., 2014) Meanwhile, the highly inert framework as a result from this 

strong framework has cause people’s concern about their applications towards adsorption and 

catalysts. After researcher proposed the intentionally formed defective UiO-66 framework exhibited 

an enhanced surface area and framework activity.  The defective UiO-66 has become an attractive 

option due to its highly-reactivated framework.  

Despite the interesting properties that these defects introduced to us, the outstanding 

stability is the major reason that UiO-66 is prominent among MOFs. This feature pushes it closer 

to practical applications than most MOFs. While we are excited that the defective frameworks can 

dramatically enhance the UiO-66 activity, the defects could also negatively impact its stability. 

Despite the extraordinary properties that “defects” have brought to us, some efforts have been 

made to reveal what these defects have taken from us. The water adsorption in defective UiO-66 

is highly enhanced.(Ghosh et al., 2014) The framework shifted sharply to hydrophilic by the 

introduction of defects. The heat of adsorption at low loading increases from ~15 kJ/mol of ideal 

unit cell to 60~70 kJ/mol of defective unit cell. UiO-66 synthesized at low temperature (100 °C) 

shows a significant number of defects and the framework collapses under heat treatment at 250 °C. 
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Meanwhile, the non-defective framework remains stable until 400 °C.(Shearer et al., 2014) The 

chemical stability of UiO-66(Hf) was tested by Goodwin and coworkers. Even though the framework 

did not fully collapse, the crystallinity significantly decreased under exposure to water, HCl, NaOH, 

and methanol.(Cliffe et al., 2014) Therefore, the control over defect formation in the UiO-66 

framework is extremely important for the advanced development of this material. It is meaningful 

to investigate the framework formation mechanism and relationship between reactants to direct the 

rational synthesis design.  

In this chapter, we re-accommodate the existing mechanism of the defect formation 

process by taking the deprotonation step into account. We propose the existing coordination 

modulation mechanism can describe the missing-ligand (ML) defect formation, but the missing-

cluster (MC) defect formation is due to the partially-deprotonated ligands (PD-ligands) surrounding 

particles caused by the accumulated protons during synthesis. This hypothesis can explain why 

the defects increase dramatically with decreasing pKa values of modulators. A series of syntheses 

and characterizations were carried out to verify this hypothesis. These results will be important for 

advancing our understanding of the defect formation process. Although much of the excitement 

around defect engineering in UiO-66 has focused on the reactivation of the framework based on 

ML defects for CO2 adsorption, the systematic introduction of defects in the highly stable Zr-MOF 

could have broader applications. To emphasize this, a UiO-66-Ferrocene composite was 

synthesized by immobilizing ferrocene molecules within the generated void space from MC defects. 

Ferrocene was used as a probe molecule to demonstrate how the porosity from MC defects leads 

to drastically increased accessibility of framework for doping of large function molecules or 

precursors.(Luz, Rösler, Epp, Llabrés I Xamena, & Fischer, 2015) The successful incorporation of 

the redox-active ferrocene molecules were characterized by enhanced selectivity of the material 

toward oxygen. 
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3.2 Materials, Synthesis, and Characterizations 

3.2.1 Chemicals 

All the chemicals were purchased from commercial vendors and used as received without 

any further purification. Zirconium Chloride (ZrCl4), Terephthalic acid (H2BDC), Formic acid (FA), 

Acetic acid (AA), and Ferrocene were purchased from Sigma Aldrich. N,N-dimethylformamide 

(DMF) and acetone were purchased from Fisher Scientific and Triethylamine (TEA) was purchased 

from Alfa Aesar. 

3.2.2 Sample preparations 

ZrCl4 (1.5 mmol) and H2BDC (1.5 mmol) were dissolved in 30 mL of DMF with varying amount 

of Acetic Acid or Formic Acid added. The Modulator:Ligand molar ratios used are 25:1, 50:1, 100:1, 

and 150:1. The mixed solution was poured in a Teflon lined stainless steel reactor and heated at 

120 °C for 24 hrs.  

The UiO-66-FA-100 °C sample was synthesized at 100 °C and used the same procedure as 

previous samples. The UiO-66-1/3C samples were synthesized by dissolving ZrCl4 (0.5 mmol) and 

H2BDC (0.5 mmol) in 30 mL DMF with Modulator:Ligand molar ratio at 100:1. The UiO-66-TEA 

samples was synthesized using the same procedure with the addition of TEA at 0.16 ml (TEA-1) 

and 1.06 ml (TEA-2).   

The synthesized samples were separated by centrifuge and were washed by DMF three 

times a day for three days. Then, the samples were soaked in acetone for solvent exchange and 

the solvent was changed three times a day for three days as well. The samples were then heated 

at 120 °C under vacuum for 24 hours.  

The ferrocene deposition was carried out in a tube furnace at 120 °C for 4 hours using 

nitrogen as carrying gas. The CVD process was performed with 50 mg UiO-66 and 50 mg ferrocene. 

(Zhang et al., 2016) 

3.2.3 Characterizations 

Powder X-ray diffraction (PXRD) of UiO-66 was measured on the High-Resolution X-ray 

Diffractometer (PANALYTICAL X’PERT PRO) using Cu K-Alpha radiations at 40 kV and 40 mA. 
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The N2 adsorption isotherms of UiO-66 were collected by Micromeritics’s TriStar II Plus at 77 K. 

The pore size distribution was measured by Micromeritics’s TriStar II Plus at 77 K calculated by 

built in NLDFT, Tarazona module. The particle sizes of synthesized samples were tested using 

PSS NICOMP 380 ZLS. The NICOMP number weighted distribution were taken from the average 

of 3 measurements. The TGA curves of synthesized samples were measured using the TA 

Instruments TGA Q500 Thermal Gravimetric Analyzer under nitrogen environment. The 

temperature ramped from 25 °C to 575 °C with a heat rate of 5 °C/min. The O2 and N2 adsorption 

isotherms were collected using the Quantachrome iSorb-HP at 40 °C. 

3.2.4 Computational studies 

The non-defective UiO-66 framework structure information was taken from the Lillerud et 

al. results(Cavka et al., 2008) and uploaded into the RASPA molecular software package 

developed by Dubbeldam et al..(Dubbeldam, Calero, Ellis, & Snurr, 2015) The UiO-66 frameworks 

with ML defects and MC defects are generated from the original non-defective structure using 

Mercury (Figure 3.1), and the corresponding cif files were uploaded into RASPA. The simulation 

box dimension was 42 Å×42 Å×42 Å with cutoff distance at 12 Å. In each simulation, 1×104 cycles 

were used (when increasing cycles, the results remain unchanged). The pore size distribution was 

calculated geometrically, where the pore size at a particular location was represented by the largest 

sphere that can fill the voids but not overlap with any framework atoms.(Dubbeldam, Calero, Ellis, 

& Snurr, 2016; Gelb & Gubbins, 1999) The pore size distribution is calculated by the Monte Carlo 
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volume integration. The Lennard-Jones (LJ) parameters for the UiO-66 frameworks were taken 

from the UFF force field.(Z. Li et al., 2016) Since the pore size distribution in RASPA is probed 

geometrically and the large pore size of UiO-66, the atom charges were ignored. 

3.3 Results and Discussion 

As proposed in the previous section, we attribute the formation of MC defects to the PD 

ligands, which is caused by the large number of protons in synthesis solution. In UiO-66 synthesis, 

the strong Zr-BDC interaction leads to a high activation energy and small rate constant of 

dissociation. The insufficient structure reorganization and defect reparation is the reason for the 

formation of a gel-like product commonly seen in MOF synthesis. Hence, the addition of a 

modulator has become an effective method to produce highly crystalline samples.(Wißmann et al., 

2012) The coordination modulation effect is understood from two perspectives: (1) the competitive 

 

Figure 3.1 Structure of UiO-66: (a) non-defective, (b) UiO-66 with ML defects, and (c) UiO-66 with 

MC defects. 

Atoms UFF 

  σ (Å) ε/kB(K) 

Zr 2.7983 34.754 
C 3.431 52.841 

O 3.118 30.195 

H 2.571 22.143 

 

Table 3.1 

 LJ parameters for the UiO-66 frameworks 
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coordination between modulator and ligand kinetically brings the reaction rate of ligand dissociation 

to the equivalent level of ligand association. Therefore, the synthesized sample has enough 

structural reorganization and reparation to achieve a highly crystalline product. Additionally, when 

the Zr-ligand reaction rate is lowered, the number of formed nuclei decreases and each formed 

nucleus can grow larger. (2) The coordination reaction direction depends on the amount of added 

modulator. The competitive coordination between ligand-Zr and modulator-Zr can 

thermodynamically causes the reaction equilibrium to shift in the reverse direction. When 

“excessive” modulator is added, the Gibbs energy of forward reaction becomes larger than zero 

and the reaction ends as a clear solution. Between the kinetically-controlled crystallinity 

improvement and thermodynamically-controlled complete coordination equilibrium shift, the 

coordination equilibrium can potentially lead to the crystal morphology variation of the synthesized 

sample.(Tsuruoka et al., 2009; Umemura et al., 2011)  

The modulation effect in controlling the UiO-66 morphology isn’t as obvious as reported in 

other MOFs. This may be attributed to the high coordination number of Zr diminishing the variation 

caused by modulator. Instead, under the addition of modulator, people observed the defect 

formation inside a UiO-66 crystal rather than a crystal morphology change. The view that the 

defects are formed due to the thermodynamic coordination equilibrium shift does not work well. 

Studies have shown defects in UiO-66 are highly dependent on the acidity and concentration of 

modulator.(Shearer, Chavan, et al., 2016) The addition of modulator with low pKa value leads to a 

larger amount of defects (evident from dramatically increased surface area). Modulators with higher 

pKa value can form a stronger bond with Zr clusters. If defects were caused by coordination 

equilibrium shift, a higher pKa modulator could lead to more defects than modulator that has a 

smaller pKa value. However, the opposite has been observed. Furthermore, Goodwin et al. 

investigated the defective UiO-66(Hf) framework.(Cliffe et al., 2014) The FA modulated UiO-66(Hf) 

contains two types of defects: ML defects and MC defects. If the defect formation is a 

thermodynamically-driven process, the modulator would attack the clusters coordinated with more 

ligands and these defects would be well-dispersed through the entire framework. The MC defects 

inside the crystal are concentrated in a nano-region instead of being well-dispersed throughout the 
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entire crystal, indicating the situation is more complicated than the coordination equilibrium shift. 

The coordination equilibrium mechanism can describe the coexistence of Zr-modulator 

coordination and Zr-ligand coordination. Meanwhile, the MC defects are caused by the PD-ligands 

surrounding particles because the PD-ligands can only coordinate with one Zr cluster. The common 

M:L molar ratio used in UiO-66 synthesis can vary from 20 to 100. However, when we discuss the 

importance of M:L molar ratio, we automatically assume they are fully deprotonated and ready to 

react with Zr. But we should treat modulator as H[Modulator] and ligand as Hn[Ligand], the 

competitive relationship is between the [Modulator] and [Ligand]. The (n+1) protons should also be 

taken into account. In this work, we re-accommodate the existing mechanism by taking into account 

the deprotonation step. 

As shown in Figure 3.2, when two clusters approach each other, the PD-ligands at the 

particle surface cannot connect by accepting a Zr cluster in between them. Meanwhile, the particle 

surface covered by fully-deprotonated ligands can still grow with adjacent particles. This model can 

explain why the defects increase dramatically with decreasing pKa values of added modulators. 

Since modulators with lower pKa value deprotonate easier, there will be a larger number of protons 

in the synthesis solution, which can suppress ligand deprotonation. Therefore, the reasoning is that 

the more modulator or the lower pKa value (higher acidity) of modulator, the more protons exist in 

the synthesis solution. These protons increase the difficulty of ligand deprotonation, so more MC 

defects are formed. Considering the defect formation in an adjacent manner, PD-ligands may exist 

from the beginning, but not in a high quantity because ligands haven’t started to coordinate with Zr 

 
 

Figure 3.2 Diagram of partially deprotonated ligands (purple) promote the missing cluster defect. 
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clusters. Therefore, the chance of a nucleus meeting with PD-ligands is low at the initial stage of 

synthesis. This chance rises as the reaction proceeds.  

3.3.1 Characterization of missing-ligand and missing-cluster defects 

To further verify our hypothesis that the formation of MC defects is a result of accumulated 

PD-ligands, a series of UiO-66 samples were synthesized under FA or AA modulation with varying 

synthesis conditions. Figure 3.3 (a) shows the N2 adsorption isotherms of a series of UiO-66 

samples synthesized with varying acetic acid:ligand (AA:L) molar ratios. When AA:L ratio increases 

from 25 to 100, the surface area increases from 860 m2/g to 1302 m2/g. In comparison to the 

 

Figure 3.4 PXRD of UiO-66 synthesized using varying amount of FA (a) and AA (b). 

 

Figure 3.3 N2 adsorption isotherms of UiO-66 synthesized with AA:L and FA:L ratio varying from 

25 to 100. 
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theoretical surface area of UiO-66, 1200 m2/g, this observation indicates that the reaction product 

transformed from a partially-crystalline gel-like sample to a crystalline defective framework. The FA 

modulated samples follow the same trend. In addition, at the same molar ratio of metal to ligand 

(M:L), UiO-66-FA shows a higher surface area. This result is consistent with those reported by 

Lillerud et al. and the improved crystallinity (Figure 3.4) can be explained by the kinetic model.(Feng 

et al., 2014; Shearer, Chavan, et al., 2016) However, when the M:L molar ratio is further increased 

 

Figure 3.6 TGA patterns of UiO-66 synthesized with varying AA:L and FA:L molar ratios. 

 

Figure 3.5 TGA patterns of UiO-66 synthesized with varying AA:L and FA:L molar ratios. 
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from 100 to 150, the surface area of synthesized samples starts to decrease instead of continuing 

to increase. The surface areas of both samples are still higher than the theoretical value. We 

attributed this observation to extra protons in the synthesis solution stabilizing the formed Zr metal 

clusters, decreasing the formation of MC defects.(Ragon et al., 2014) 

Based on the thermogravimetric analyses of UiO-66-FA/AAs  (Figure 3.5 and 3.6), the 

weight loss starting after 450 °C is assigned to the BDC dissociation.(Shearer, Chavan, et al., 2016) 

The residual weights are adjusted to the same level to show the relative amount of BDC, in which 

the MC defects in the unit cell were ignored. In Figure 3 (a), the plateau height of UiO-66-AA is 

smaller than the one of UiO-66-FA, indicating it has more ML defects than UiO-66-FA. The higher 

pKa value of AA compared to FA increases the number of Zr-AA bonds, which become ML defects 

in the framework. When the M:L ratio is further increased (Figure 3.5 (b) and 3.6 (a), (b)), the 

protonation suppression effect of FA increases the ML defects in UiO-66-FA samples. Therefore, 

the UiO-66-FA samples are shown to have more ML defects than UiO-66-AAs under TGA. In Figure 

3.6 (b), consistent with the BET results, the difference between UiO-66-FA and UiO-66-AA TGA 

curves become smaller with higher M:L ratio. This observation may be attributed to the decreasing 

number of MC defects since a large number of ML defects were contributed from the MC regions. 

However, this characterization method has some limitation in differentiate the type of defects 

because we manually ignore the MC defects in residue mass to back calculate the number of 

missing ligand.  
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The pore size distribution analysis has been performed on those UiO-66-FA and UiO-66-

AA samples (Figure 3.7).  The pore size distribution of UiO-66-AA-25 has a peak positioned at ~6.6 

Å and a slightly broader peak ranging from 7.7 to 10 Å, centered at ~8 Å. Along with the increase 

of modulator quantity, the peak at ~6 Å gradually merges into the bigger pore peak and a new peak 

starts to show up between 15-20 Å. To gain additional insights into these results, the simulated 

pore size distribution of non-defective UiO-66 framework, calculated by the RASPA package, is 

presented in Figure 3.8 (a) as a comparison. The simulated result shows two major peaks at 6.9 Å 

and 7.7 Å. The simulation results from the non-defective UiO-66 framework are mostly consistent 

with the pore size distribution results derived from N2 adsorption isotherms. In Figure 3.8 (b), four 

ligands coordinated with one Zr cluster are removed in a unit cell. The simulated results of this 

framework show one peak shift from 6.9 Å to 7.1 Å and another peak at 7.7 Å becomes broader 

due to the new peak coming out at 8.1 Å. Therefore, it is reasonable to expect if more ligands are 

 

Figure 3.8 Simulated pore size distributions of (a) UiO-66 framework and (b) UiO-66 framework 

with ML defects and (c) UiO-66 framework with MC defects. 

 

Figure 3.7 Experimental pore size distribution of UiO-66 synthesized with varying M:L molar ratio 

and TEA. 
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disassociated from Zr clusters, the pore size distribution peaks will shift to larger diameters. In the 

experimental pore size distribution data (Figure 3.7), the peak at 6.6 Å merging into the broad peak 

position at ~8 Å can be attributed to the ML defects when increasing amount of modulators is added. 

Meanwhile, the appearance of ML defects spans the entire framework, indicating the formation of 

ML defects is a thermodynamically driven process. It can then be concluded that the pore size 

distributions derived from N2 adsorption isotherms adequately reflect the real situation. In addition, 

when the M:L molar ratio reaches 25 or higher, the ML defects can severely change the pore size 

of the UiO-66 framework from what is understood from its crystal structure. This observation is 

critical because when MOFs synthesized under modulation coordination are applied to adsorptive 

separation or membrane separation, the pore size plays an important role in determining the 

separation efficiency. In Figure 3.7, another important peak between 15 to 20 Å is not shown in 

either Figure 3.8 (a) or Figure 3.8 (b). To understand these cavities, the simulated pore size 

distribution of a defective UiO-66 framework with one metal cluster removed from one unit cell is 

shown in Figure 3.8 (c). The two peaks at small diameters significantly decreased and a new peak 

between 15 Å to 20 Å appears. This makes it clear that the new peak observed in Figure 3.7 is 

caused by MC defects. The peaks in experimental results are broader than the simulated result 

because of the missing-cluster defects that appear together in an adjacent manner as reported by 

the Goodwin and coworkers.(Cliffe et al., 2014) As modulator concentration increases, the peak 

representing the MC defects increases. Under the addition of AA and FA, the UiO-66 framework 

contains a large number of pores that are larger than 1 nm and close to meso-pores, due to the 

large amount of MC defects. The significant difference between ML defects peak and MC defects 

peak indicates these two types of defects are distinguishable and are formed based on different 

mechanisms. As reported, when the same amount of modulator is added in the synthesis, 

modulator with lower pKa value leads to a higher surface area.(Shearer, Chavan, et al., 2016) In 

Figure 3.7, at the same M:L molar ratio, the pore size distribution peak, representing MC defects 

of UiO-66-FA, is much higher than the one of UiO-66-AA. This observation suggests that the higher 

surface area of UiO-66 synthesized with low pKa value modulators is caused by increasing MC 

defects. This is because the lower pKa value modulator has stronger deprotonation capability, 
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leading to accumulation of protons in the synthesis solution. The larger number of accumulated 

protons leads to more PD-ligands.  Consistent with the adsorption data, when the M:L ratio 

increased to 150, the peak height representing MC defects decreases indicating that fewer MC 

defects are formed.  

3.3.2 Effects of deprotonation reagent, temperature, and concentration 

Our hypothesis that the MC defects are caused by the PD-ligands is slightly different from 

the discussion presented by Lillerud et al., in which the MC defects were formed due to the 

deprotonated modulator coordinating onto Zr clusters and remaining there until the end of the 

reaction.(Shearer, Chavan, et al., 2016) They proposed that the lower pKa value of FA (higher 

acidity) causes more formate in the solution and the actual formate:deprotonated ligand ratio is 

higher than the acetate:deprotonated ligand ratio at the same M:L molar ratio. Contradictory to this 

opinion, the common understanding of Zr-modulator coordination bond is that modulator with higher 

acidity forms a weaker Zr-modulator bond.(Li, Xu, Feng, Hu, & Bu, 2016) The presented data is 

inconsistent with this view because the Zr-formate interaction is weaker than the Zr-acetate 

interaction since formic acid has a lower pKa value. Therefore, the conclusion that the coordinated 

modulator is the reason for MC defect formation is unjustified. As we presented above, from the 

pore size distribution data derived from N2 adsorption isotherms, we can accurately track the ML 

defects and MC defects formed in UiO-66 synthesis. To further verify the role of the PD-ligands, 

we employed the deprotonation reagent, TEA, in the synthesis with M:L molar ratio = 100. Usually, 

 

Figure 3.9 Pore size distribution of sample synthesized with varying amount of TEA added. 
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the deprotonation reagents are alkaline and their function is promoting the reaction between metals 

and ligands in MOF synthesis.(Lu & Zhu, 2013; Shan, James, et al., 2018) In Figure 3.9, for both 

UiO-66-FA and UiO-66-AA, after the addition of TEA, the pore size distribution peak representing 

MC defects are significantly decreased. In addition, as seen in Figure 3.10 (a) and (b), when TEA 

is added in the synthesis solution, the height of the peak representing the defects in PXRD patterns 

significantly decreased for both FA modulated synthesis and AA modulated synthesis. When 

deprotonation reagent is added in synthesis solution, it can facilitate the deprotonation of ligands 

and, therefore, decrease the number of PD-ligands. Hence, the number of MC defects is 

significantly decreased. If the MC defects are caused by the modulator capping effect as described 

 

Figure 3.10 PXRD patterns UiO-66 synthesized with and without TEA modulated with (a) FA and 

(b) AA.  

 

Figure 3.11 Particle size distribution of UiO-66 particles synthesized with AA:L and FA:L molar 

ratios varying from 25 to 150. 
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by Lillerud et al., we should not see a significant decrease of MC defects since the addition of TEA 

will not impact the Zr-modulator interactions. This observation supports the mechanism that PD-

ligands cause the MC defects.  

In Figure 3.11, the particle size distributions of synthesized samples are measured by 

dynamic light scattering (DLS). Same as reported previously, modulator increased the particle size 

of synthesized UiO-66 crystals. When the M:L molar ratio increased, the modulation effect slows 

down the nucleation process and allows for crystal particles to grow in larger size. Meanwhile, the 

particle size of UiO-66 became less uniform. We suggest that the particle size distributions can be 

explained in terms of the crystallization mechanism. The crystallization rate of UiO-66 can be limited 

by the rate of nucleation or the rate of growth. As the number of protons (i.e. the modulator 

concentration) in the synthesis solution is increased, the crystallization process switches from being 

growth-rate-limited to nucleation-rate-limited, leading to larger, heterogenous particle sizes.(Zacher, 

Liu, Huber, & Fischer, 2009; Zahn et al., 2014) Consistent with this hypothesis, the nucleation 

process was proposed to be the rate-limiting step in the modulated synthesis of Zr-fumarate, 

indicated by its higher activation energy.(Ragon et al., 2014; Zahn et al., 2014) The study also 

reported increasing particle size with the addition of modulator. Meanwhile, in the synthesis of UiO-

66 with addition of HCl, the nucleation activation energy is lower than the one of growth.(Ragon et 

al., 2014) The size of the synthesized crystal particles, in this case, is decreased under the addition 

 

Figure 3.12 Particle size distribution of UiO-66 particles synthesized with and without TEA using 

(a) AA and (b) FA. 
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of HCl. As seen Figure 3.12 (a) and (b), when TEA is added into the synthesis solution, the particle 

size distributions of UiO-66 synthesized with both FA and AA become much more uniform and the 

particle size decreases. The observation is consistent with the result reported by Lu et al. but we 

suggest the mechanism described above is responsible for this behavior.(Zhao, Zhang, Li, Zhang, 

& Lu, 2017) The decrease in particle size and uniformity of particle size distribution is caused by 

the TEA largely decreasing the proton concentration, which  promotes nucleation and results in a 

growth-limited crystallization process. The same trend has been observed under the addition of 

water in synthesis.(Ragon et al., 2014) 

Reaction temperature also influences the quantity of PD-ligands produced in the reaction 

solution. In Figure 3.13 and 3.14, UiO-66 samples were synthesized at 100 °C and 120 °C with 

FA:BDC molar ratio set to 100. The UiO-66-FA synthesized at 100 °C shows a higher defect peak 

in PXRD patterns and higher N2 adsorption capacity compared with the one synthesized at 120 °C 

(Figure 3.13). The surface area of UiO-66-FA-100 °C is around 1800 m2/g, which is one of the 

highest reported surface areas of UiO-66. Compared with the sample synthesized at 100 °C, the 

UiO-66-FA-120 °C has lower surface area (1500 m2/g). It has been reported that the synthesis of 

UiO-66 at 220 °C can produce a relatively defective-free framework.(Shearer et al., 2014) 

 

Figure 3.13 (a) PXRD patterns and (b) N2 adsorption isotherms of UiO-66 synthesized at different 

temperatures. 
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Meanwhile, the particle size distribution of UiO-66-FA-120 °C is slightly more uniform compared 

with UiO-66-FA-100 °C (Figure 14 (a)). Therefore, when the samples are synthesized at the same 

M:L molar ratio, the amount of MC defects is sensitive to the synthesis temperature. Based on our 

hypothesis, when the synthesis temperature is decreased, lower synthesis temperature can result 

in more PD-ligands since deprotonation is an endothermic process. This explains previous 

observations of less defectivity at higher temperature. To confirm the increased number of defects 

is a result from more PD-ligands at lowered synthesis temperature, we again added deprotonation 

reagent in the synthesis. When TEA is added into the synthesis solution (100 °C), the particle size 

 

Figure 3.14 (a) Particle size distributions, and (b) pore size distributions of UiO-66 synthesized at 

different temperatures. 

 

Figure 3.15 (a) Particle size distributions and (b) pore size distributions of UiO-66 synthesized at 

100 °C with and without addition of TEA. 
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distribution becomes more uniform and the pore size distribution peak representing the missing 

cluster defects significantly decreased (Figure 3.15). Another important parameter that matters for 

the partial deprotonation mechanism is the reactant concentration. With the molar ratio among 

reactants remaining constant, the concentration variation of reactants will not severely impact the 

reaction equilibrium but will impact the proton concentration in the system. To further evaluate the 

effect of proton concentration, a UiO-66 sample was synthesized with the molar ratio between 

reactants remained constant, but the reactant concentrations were reduced to 1/3 of the original 

concentrations.  In Figure 3.16 and 3.17, the pore size distribution and N2 adsorption isotherms of 

 

Figure 3.17 Pore size distributions of UiO-66 synthesized at the original concentration (FA:L=100) 

and 1/3 of the original concentration (FA:L=100, C=1/3). 

 
Figure 3.16 N2 adsorption isotherms of UiO-66 and pore size distributions of UiO-66 synthesized 

at the original concentration (FA:L=100) and 1/3 of the original concentration (FA:L-100, C=1/3). 
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UiO-66 (Modulator:L=100, 1/3) are shown. For both AA and FA modulated UiO-66s, the reduced 

reactant concentration decreases the samples’ surface areas. Meanwhile, the pore size distribution 

peak representing the missing-cluster defects also decreased along with decreasing reactant 

concentrations. Therefore, the observation that the amount of MC defects is sensitive to the 

reactant concentration is aligned with our partial deprotonation mechanism for MC defect formation.   

3.3.3 Ferrocene deposition into MC defect-induced cavities 

MC defects create large pores in UiO-66 framework, in which we can deposit molecules to 

change the functionality of UiO-66. Here, ferrocene, a widely used probing molecule, was deposited 

into the UiO-66 framework via chemical vapor deposition (CVD) method. The UiO-66 and the 

ferrocene-functionalized UiO-66 (UiO-66-Fc) were characterized using BET surface area 

 

Figure 3.19 N2 and O2 adsorption over (a) UiO-66 and (b) Ferrocene modified UiO-66. 

 
Figure 3.18 (a) Pore size distributions of UiO-66 with (UiO-66-Fc) and without (UiO-66-No Fc) 

ferrocene.  
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measurements and pore size distribution measurements. Before the CVD process, the UiO-66 

sample had a BET surface area of 1714 m2/g. After loading, the surface area was reduced to 703 

m2/g due to ferrocene deposition. The pore size distributions of the UiO-66 and UiO-66-Fc (Figure 

3.18) shows a 5-fold reduction in the peak associated with the MC defects between 15 and 20 Å, 

indicating that most ferrocene molecules are deposited into the MC defective sites of the framework. 

This result reveals the extra cavities generated by the MC defects are accessible sites for function 

molecules deposition. Pure oxygen and nitrogen adsorption isotherms were collected up to 10 bar 

at 40 °C on both UiO-66 and UiO-66-Fc samples. As shown in Figure 3.19, the original UiO-66 

sample is essentially inert with a slightly preference for nitrogen.(McIntyre et al., 2018) The uptake 

of the ferrocene-loaded sample is decreased substantially because of the decreased surface area. 

There is an increase in selectivity toward oxygen in the composite material at high pressure; at 10 

bar, the selectivity is increased from 1.01 in the original sample to 1.51 in the ferrocene-loaded 

sample. The deposition of oxygen-scavenging ferrocene molecules in MOFs has been used to 

achieve enhanced O2 selectivity and the variation in the O2/N2 adsorption over UiO-66 after CVD 

process indicates the existence of ferrocene molecules.(Zhang et al., 2016)  

3.4 Conclusions 

In chapter 3, we investigated the possible mechanism that cause the formation of defects 

in UiO-66 framework. The MOF framework with defects can result in significantly different 

properties than people expected. These differences include but not limited to surface area, affinity 

to adsorbates, and stability. Therefore, understanding the formation mechanism and develop a 

method to remain or remove these defects are important for the future development of MOF as 

adsorbates. In addition to the previous work, we specifically proposed a missing-cluster defects 

formation mechanism in the UiO-66 framework. The coordination equilibrium shift under the 

addition of modulator can cause the formation of ML defects. Alternatively, the MC defects are 

caused by the PD-ligands as a result of the accumulated protons in synthesis solution. A series of 

experiments were designed to verify the proposed mechanism so that we can demonstrate that the 

formation of MC defects is sensitive to the pKa value of modulator, the addition of deprotonation 

reagent, the synthesis temperature, and the reactant concentrations. The modulator with lower pKa 
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value, the lower synthesis temperature, and the higher reactant concentrations lead to more MC 

defects. In addition, the formation of ML defects and MC defects cause significant pore size 

variation of the UiO-66 framework. The pore size distribution of synthesized samples allows us to 

track the variation of both ML and MC defects. These large cavities allow the deposition of large 

molecules in framework to combine the benefits of the large surface area of MOFs and functionality 

of the impregnated molecules. Ferrocene was incorporated into the defective UiO-66 framework 

using CVD method. Nitrogen adsorption and pore size distributions verified that the ferrocene was 

incorporated mostly into MC defective sites (Figure 3.20). (This work was reported in (Shan, 

McIntyre, et al., 2018)) 

 

 

 

 

 

 

Figure 3.20 Schematic illustration of the controlled formation of missing-cluster defects and the 

deposition of ferrocene molecules into the extra cavities to alternate the gas adsorption properties. 
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CHAPTER 4.  

SYNTHESIS OF TWO-DIMENSIONAL (2D) METAL-ORGANIC FRAMEWORKS WITH 

OPTIMIZED ASPECT RATIO, CRYSTALLINITY, AND YIELD 

4.1 Introduction 

Atomically thin layered organic frameworks are a sub-category of two-dimensional (2D) 

materials which can be constructed by coordination bonding of monomers or by inorganic metal 

clusters and organic linkers to form 2D polymer and 2D metal-organic frameworks (2D MOFs), 

respectively. These 2D MOFs offer advantages of both 2D layers as well as traditional MOFs in 

that they have large surface to volume ratio offering high surface reactivity / sensitivity.(Hai et al., 

2018; Zhao et al., 2015) Highly crystalline porous structure within the 2D plane has promising 

applications in gas sensing and separation membrane applications.(Kang, Fan, & Sun, 2017; Peng, 

Li, Ban, & Yang, 2017) The presence of transition metal atoms is highly attractive from catalysis 

and sustainability applications perspective. Lastly, 2D MOFs can be isolated down to monolayers 

and owing to their mechanical flexibility, they can be implemented into a variety of optoelectronic 

applications.(Chaudhari, Kim, Han, & Tan, 2017; Feng et al., 2018; Sengupta et al., 2016; Stavila, 

Talin, & Allendorf, 2014) 

Despite their potential, studies to date show that it is extremely challenging to synthesize 

and manufacture 2D MOFs at large scales with ultimate control over crystallinity and thickness. 

Innovative studies by Kitagawa’s team have demonstrated that 2D MOF crystal growth (such as 

NAFS-1 and NAFS-2 nanofilm) takes place at the liquid/air and liquid/liquid interfaces.(Makiura et 

al., 2010; Motoyama, Makiura, Sakata, & Kitagawa, 2011) Study by Gascon developed a three-

phase strategy in which metal cation (Cu2+) and organic ligand (carboxyl groups) were localized 

into two liquid layers and separated by a third layer.(Rodenas et al., 2015) Other complementary 

methods, such as ultrasonication(Amo-Ochoa et al., 2010) and chemical intercalation,(Li et al., 

2011) were utilized to yield ultra-thin MOFs, however these studies only lead to the production of 

small scale 2D MOFs. As such, many fundamental questions remain open for scalable 

manufacturing of 2D MOFs: i) How can one attain control over the bonding nature (vdW, hydrogen, 
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or chemical bonding) between layers to produce weakly coupled 2D sheets similar to those in MoS2, 

graphene, and others?; ii) How can one optimize the synergistic effect among the metal clusters, 

ligands and other reaction additives to avoid the tradeoff between productivity and crystallinity 

without compromising on its aspect ratio?, and iii) How to probe fundamental properties of 2D MOF 

nanosheets through non-destructive methods? 

In this chapter, we have demonstrated the governing effects of interplanar hydrogen bonds 

induced by coordinated water molecules on the framework dimension (2D vs. 3D) of MOF-2. 

Replacing water with pyridine is a critical piece to attain layered MOF-2D structures while adding 

controlled amount of triethylamine (TEA) and formic acid allow for tuning kinetic reaction constants 

by adjusting the proton concentration. Detailed Kelvin probe force microscope (KPFM) and Raman 

spectroscopy on these high quality 2D MOF sheets not only establish their vibrational properties 

for the first time, but also show striking differences between inorganic 2D sheets (dichalcogenides) 

and 2D-MOFs when material thickness is reduced. These results and established synthesis route 

enable large scale strategy to realize the layer-by-layer growth of 2D MOF-2 with high yield and 

scalability. 

4.2 Materials, Synthesis, and Characterizations 

4.2.1 Bi-phase synthesis of vdW MOF-2  

Zn(NO3)2
.6H2O, Cu(NO3)2

.3H2O, benzene-1,4-dicarboxylic acid (H2BDC), pyridine, 

triethylamine (TEA), hexane, formic acid, isopropanol, and acetone were purchased from Sigma-

Aldrich without further purification. N,N-dimethylformamide (DMF) and N,N-diethylformamide (DEF) 

were purchased from Fisher Scientific. For the bi-phase system, formic acid (0.04 ml), 

Zn(NO3)2
.6H2O (0.18 mmol), pyridine (0.02 ml), and H2BDC (0.1 mmol) were dissolved in 5 ml of 

DEF to form the bottom solution. And the upper solution was formed by adding TEA (0.07 ml) in 5 

ml of hexane. After all the components are dissolved, the bottom solution was slowly injected 

underneath upper one. This two-phase system was sealed in a glass vial and kept at room 

temperature for 24 hours. For the growth of vdW MOF-2 on substrates, the selected substrates 

were held by a Teflon supporter and placed in the DEF phase vertically. The same recipe was also 
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applied to grow CuBDC except the Zn(NO3)2
.6H2O was replaced with the same mole of 

Cu(NO3)2
.3H2O. Samples collected from vials were undergone activation by immersing in 10 ml of 

acetone for 3 days and drying in vacuum at 120 °C for 12 hours. Water intercalation-50 mg of vdW 

MOF-2 was placed in 10 mL of ultra-pure water for 24 hours. Then, the sample was dried in fume 

hood. Pyridine intercalation- 50 mg of HB MOF-2 was placed in 10 mL of pyridine for 24 hours. 

Then, the sample was dried in fume hood. 

4.2.2 Conventional synthesis of HB MOF-2  

The conventional synthesis of MOF-2 was extensively reported, here we referred to 

Manuel’s publication:(Getachew, Chebude, Diaz, & Sanchez-Sanchez, 2014) Zn(OAc)2
.2H2O of 

1.56 g (7.24 mmol) was dissolved in 11.04 ml (0.61 mol) of water and 0.68 g (4.1 mmol) H2BDC 

was dissolved in 14.18 ml of DMF. The blended solution under continuous stirring formed white 

precipitates within 15 min, and the suspension remained under stirring at room temperature for 24 

h. The precipitate was then filtered and washed repeatedly with DMF and dried overnight. 

4.2.3 Characterizations  

The morphologies of vdW MOF-2 and CuBDC were observed with Environmental 

Scanning Electron Microscope Philips XL30 at a voltage of 10 kV with the assistance of Au sputter 

coating. The Raman spectroscopy measurements were taken using a Renishaw InVia Raman 

microscope under 100 objective lens using 488 nm laser as the excitation source, and the laser 

power was set to 37.5 µW. Ingredients, including H2BDC, DEF and pyridine were measured from 

powder samples purchased from Sigma. Topography and electrical measurements were both 

conducted by a Bruker Multimode 8 instrument with a Nanoscope V controller. Samples were 

mounted on an ITO substrate for electrical measurements. Silver or nickel paste was used to 

connect the ITO surface to a sample mounting disk. Surface potential was measured in an 

amplitude modulation mode with an Au-coated probe. The work function of the tip was calibrated 

by scanning the freshly exfoliated highly ordered pyrolytic graphite. Pt/Ir-coated tips were used for 

conductive AFM measurements in the contact mode. The scanning size was 256 × 256, and the 

scanning speed was set to 1 Hz. Data was analyzed by Gwyddion software and MATLAB. The 
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XRD of samples were collected using a Bruker D8 ADVANC powder diffractometer with Cu K-alpha 

radiation (λ = 1.542) at 40 kV and 40 mA and scan step of 0.02° 

4.2.4 Theoretical predictions  

We used the Vienna Ab initio Simulation Package (VASP)(Kresse & Furthmüller, 1996a, 

1996b) to perform density functional theory (DFT) calculations. We also adopted the Perdew-

Burke-Ernzerhof(Perdew, Burke, & Ernzerhof, 1996) (PBE) functional for treating the electron-

electron exchange-correlation interactions. Correspondingly, we used the PBE version of potential 

datasets generated according to the projector augmented wave(Blöchl, 1994; Kresse & Joubert, 

1999) (PAW) method, where the 1s state of H, 2s22p2 states of C, 2s22p3 states of N, 2s22p4 states 

of O and 3d104s2 states of Zn were accounted for as valence electrons. The cutoff energy for the 

plane wave basis sets was set to 500 eV. For the k-point sampling, we used a 2 x 2 x 1 grid for the 

MOF supercells with and without a pyridine molecule. A vacuum spacing of more than 25.0 Å was 

used to separate the image interactions of each supercell due to the periodic boundary conditions. 

Before analyzing the electronic structure and computing the Raman spectrum, geometry 

optimizations were performed until the total energy and force were converged to 10-6 eV and 

0.01eV/ Å, respectively. The calculations of Raman spectrum were based on the method by 

Porezag and Pederson.(Porezag & Pederson, 1996) 

 

Figure 4.1 (a) Schematic description of synthesis routes utilized in conventional growth yielding 

traditional HB MOF-2; (b) Schematic description of HB MOF-2 and (c) SEM image collected from 

HB MOF-2 materials. 
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4.3 Results and Discussion 

4.3.1 Achieving control over interlayer hydrogen bonds vs vdW forces  

Conventional MOF-2 can be described as a ZnBDC framework consisting of Zn tetrahedral 

clusters connected by four benzene-1,4-dicarboxylic acid (H2BDC) via coordination bonds, forming 

molecular arrangements in 2D landscape. Following from Yaghi’s original work,(Li et al., 1998) 

although these repeated units constructed along 2D directions, their layers are stacked onto each 

other tightly through hydrogen bonding. As such, common thinning-down methods such as 

mechanical exfoliation, polymer assisted transfer and liquid phase exfoliation largely fail to produce 

large-scale MOF-2 nanosheets with high aspect ratios. For example, the uniform solution (shown 

as blue liquid in Figure. 4.1 (a)) in conventional growth consists of dimethylformamide (DMF), water 

molecules (pink branches), ligands- terephthalic acid (gray bar), and zinc cluster (blue dots), and 

the established synthesis involving these precursors simply produces strongly coupled sheets 

(Figure 4.1 (b)) that have overall chunky / bulk appearance (labelled HB MOF-2) in Figure 4.1 (c).  

In order to achieve 2D vdW MOF nanosheets that are weakly coupled through vdW forces, 

we have developed a novel dimension-controllable growth method. In this method, the goal is to 

minimize interlayer (out-of-plane) growth and reduce interlayer coupling strength to yield ultra-thin 

vdW layered MOF-2 sheets (Figure 4.2 (b)), while controlling the in-plane (sheet) growth rate to 

achieve high aspect-ratio (large size 2D sheets) with high crystallinity. Strategy used for achieving 

 

Figure 4.2 (a) Schematic description of novel bi-phase growth of vdW MOF-2; (b) These lamellar 

MOF-2 sheets interact through van der Waals forces (vdW MOF-2) by maximizing the in-plane 

construction and limiting the out-of-plane growth rates (see depiction), and (c) SEM image clearly 

shows highly lamellar nature of these vdW MOF-2 materials. 
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vdW layers relies on replacing precursor H2O which is used in HB MOF-2 synthesis with pyridine 

molecules along with rate controlling TEA and formic acid agents. In MOF-2, Zn sits in a square-

pyramid coordination geometry with a coordination number at 5, in which the deprotonated ligands 

(BDC) occupy four coordination sites and the remaining site is occupied by H2O. Latter site is the 

origin for the formation of hydrogen bonding across the layers which in return creates strong 

coupling and thus chunky morphologies as shown in Figure 4.1 (c). To limit the formation of 

hydrogen bonds and change the interlayer bonding from hydrogen to vdW, our method substitutes 

H2O with pyridine molecules (C5H5N depicted in red Figure 4.2 (a) and (b)), which has energetically 

favorable binding energies to Zn (0.92 eV) in comparison to H2O-Zn bonding (0.51 eV). In parallel, 

our process utilizes TEA and formic acid agents which have been found to be necessary for high 

yield synthesis of vdW MOF-2 by controlling the reaction speeds. 

 

Figure 4.3 Growth and morphology of vdW MOF-2. Deposited vdW MOF-2 sheets appear (a) 

lamellar/layered, exhibit (b) smooth surfaces with thickness 10 nm and lower. 
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4.3.2 Synthesis of vdW-MOF-2 by water / pyridine replacement route  

Overall reaction setup is a bi-phase synthesis which includes 1) the upper phase (pink 

region in Figure 4.2 (a)) consisting of hexane mixed with TEA (which is displayed as branches in 

light purple highlighted in red circle) and 2) the bottom phase containing diethylformamide (DEF) 

solved with metal precursors (M=Zn and Cu) and the ligand (H2BDC), as well as pyridine 

(highlighted in red circle). In comparison to established HB MOF-2 growth, addition of pyridine itself 

in the bottom phase were found to be highly effective in producing highly lamellar vdW MOF-2 

shown in Figure 4.2 (c) and Figure 4.3 which -we argue- is due to replacement of hydrogen bonds 

with pyridine molecules around metal sites and reduction of interlayer forces. When replaced, it 

effectively reduces the hydrogen bond nature, instead increases the interlayer separation by linking 

 

Figure 4.4 Growth and morphology of vdW MOF-2 nanosheets. Deposited vdW MOF-2 sheets with 

a large lateral single crystal sizes (a) and (b). 

 

Figure 4.5 Large crystals of vdW MOF-2 can be attained / collected at the bottom of the reaction 

vial (a), and these crystals can be easily exfoliated using standard Scotch tape method (b). 



73 
 

large pyridine molecule to these metal sites and sustains vdW interactions. This point will be 

clarified later in the article.  

The elemental composition of vdW MOF-2 is confirmed by corresponding energy-

dispersive X-ray spectroscopy (EDX) (Figure 4.3 (a)) wherein silicon and partial oxygen contribution 

comes from the underlying Si/SiO2 solid substrates. This method can be used for the synthesis of 

bulk vdW MOF-2 crystals (Figure 4.5 (a)) which is naturally collected at the bottom of the reaction 

vial or in thin film form which can easily be deposited onto any arbitrary substrate. Bulk vdW MOF-

2 crystals easily reach gram scales and even scaled to larger volumes by simply increasing the 

overall volume of the precursors. Synthesized bulk vdW MOF-2 show striking similarities to lamellar 

h-BN, graphite, or MoS2 crystals in that they can be easily exfoliated using Scotch tape (Figure 4.5 

(b)) to yield monolayers (see AFM images in Figure 4.6 (a)) on arbitrary substrates such as ITO or 

transparent sapphire which will be used for Kelvin probe force microscope (KPFM) and optical 

measurements later in the article (Figure 4.4 (b), 4.5, and 4.6 (a)). After adjusting reaction speeds 

 

Figure 4.6 Sample exfoliated onto any arbitrary substrates to yield even monolayer thick vdW MOF-

2 sheets as shown by the AFM measurements (a). (b) Technique can be applied to synthesize 

bulk crystals or even to deposit thin films as shown by our optical image for CuBDC film grown on 

substrates.  
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by TEA and formic acid chemistry (see below), deposited vdW MOF-2 sheets can reach full 

coverage on substrates as shown in Figure 4.7 (a) and (b)) which is critical for their meaningful 

applications. Even low magnification SEM images are sufficient to observe extremely thin lamellar 

sheets (~10 nm) which comfortably reach up to 10s of µm and lateral sizes (Figure 4.3 and 4.4). 

Such obtained MOF-2 with extremely high aspect-ratio (> 103) is a direct evidence of the dimension-

controllable stacking behavior.  

4.3.3 Control over aspect ratio and crystallinity by TEA/formic acid chemistry.  

Here, we note that large-area coverage vdW MOF-2 deposition or highly crystalline bulk 

vdW MOF-2 largely depend on our ability to control the reaction speeds. For example, without using 

TEA or formic agents, pyridine alone only produces very low yield (limited) synthesis of bulk vdW 

MOF-2 crystals as shown below.  

 

Figure 4.7 Morphologies of deposited vdW MOF-2 and CuBDC crystals on Si/SiO2 substrates 
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 To demonstrate the effect of each additive on the reaction process, a series of control 

syntheses are presented below. We have performed nearly two hundred (~200) independent 

measurements / systematic growth studies to reach fundamental understanding of how addition or 

concentration of formic acid, TEA, hexane, and other factor influence the growth kinetics. To 

investigate the effect of pyridine, in this group of synthesis, different amount of pyridine, as the only 

additive, is added in the synthesis solution. The synthesis details are listed in Table 4.1. No solid 

S
a
m

p
le

 

N
a
m

e
 

 

2
D

#
1

2
1

 

2
D

#
1

2
2

 

2
D

#
1

2
3

 

H
e
x
a
n

e
 

[m
l]
 

2
.5

 

5
 

1
0

 

D
E

F
 

[m
l]
 

5
 

5
 

5
 

Z
n

(N
O

3
) 2

 

[m
g
] 

5
4

 

5
4

 

5
4

 

H
2
B

D
C

 

[m
g
] 

1
6
.5

 

1
6
.5

 

1
6
.5

 

F
o

rm
ic

 

A
c
id

 

[m
l]
 

0
.0

4
 

0
.0

4
 

0
.0

4
 

P
y
ri

d
in

e
 

[m
l]
 

- - - 

T
E

A
 

[m
l]
 

0
.0

7
 

0
.0

7
 

0
.0

7
 

 

Table 4.1  

Synthesis details of the control study of pyridine. 
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product formed among these three samples until 288 hours (Figure 4.8-left.) The first crystal was 

observed in 2D#112 that has the smallest amount of pyridine. The adding of pyridine delayed the 

formation of MOF-2 crystals. However, it is clear to observe that this crystal is composed of stacking 

layers shown in Figure 4.8-right. Without using TEA or formic agents, using pyridine alone produces 

very low yield (limited) synthesis of bulk vdW MOF-2 crystals. As such, control with TEA and formic 

acid is necessary in the process. 

 Scalable manufacturing of MOFs typically requires high reactant concentration synthesis 

to avoid high volumes of solvent. It has been reported that uncontrolled MOFs growth in such a 

condition would lead to amorphous products, since the overspeed coordination reaction limits the 

framework reparation.(Bueken et al., 2017; Van Vleet, Weng, Li, & Schmidt, 2018) Therefore, 

traditionally the high crystallinity of MOFs is obtained with the sacrifice of production yield.(Zahn et 

al., 2014) Similar to traditional MOFs, in-plane construction of MOF-2 involves coordination reaction 

between organic ligands (dissociated BDC) and metal cations in solution. In this solution, rates are 

determined by the dissociated proton concertation (cH+) and control over cH+ is essential to achieve 

highly crystalline MOF-2.(Feng et al., 2014; Guo et al., 2012; Nayuk et al., 2012) 

 

Figure 4.8 (left) Photograph of 2D#112-114 with increased amount of pyridine, taken after 288 

hours; (right) Digital image of the only one crystal grown in 2D#112 with the smallest amount of 

pyridine. The rest two vials were still transparent after 288 hours. 
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Here, we increased cH+ by utilizing formic acid (HCO2H) in the reaction solution (bottom 

phase) to effectively reduce the reaction speed as established in our control measurements below. 

Starting from this section, the growth condition mentioned in manuscript is named as ‘standard 

growth’. Here, the role of formic acid is studied without adding TEA, pyridine, or hexane. The 

synthesis details are listed in Table 4.2. As seen in Figure 4.9, the synthesis solution remained as 

clear solution after mixing the reactants and after 96 hours. The distinct observation from the 
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Table 4.2  

Synthesis details of the control study of formic acid. 
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standard growth indicates that the adding of formic acid slows down the coordination reaction 

speed in MOF-2 growth. After 96 hours, several crystals were formed in 2D#108 which has no 

formic acid in reaction solution. However, the chunky feature of synthesized crystals is obvious 

even under digital microscopy. (Figure 4.9 (a)) Among samples with formic acid, only several thick 

crystals were appeared after two months in 2D#109 which has the smallest amount of formic acid 

in this series. Therefore, we have observed the increased amount of formic acid slows down the 

coordination reaction speed in MOF-2 growth. 

When the reaction is controlled by the addition of acid, increasing cH+ may also lead to early 

termination of in-plane growth potentially causing small size MOF-2 crystallites.(Zacher, Nayuk, 

Schweins, Fischer, & Huber, 2014) To circumvent this problem, we added a deprotonating agent 

triethylamine (TEA i.e., N(CH2CH3)3) in the upper hexane phase (Figure 4.2 (a) pink phase) which 

has been successfully shown to be effective in increasing the reaction speeds. The control study 

of the effect contributed solely from TEA is also carried out. In the following section, we will present 

the investigation of the deprotonation effect of TEA accelerates the reaction between Zn and BDC. 

 

Figure 4.9 Photographs of 2D#108-111 taken (a) immediately after all reactants are added and (b) 

after 24 hours; Digital image of crystals in 2D#108 (without acid) after 96 hours (c) and crystals in 

2D#109 after 60 days. 
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As a control study, the only variation among 2D#115 to 2D#117 is the amount of added TEA. The 

synthesis details are listed in Table 4.3. After TEA was added in the reactant solution, gel-like 

products formed immediately in these three samples (Figure 4.10 (a)). This observation indicated 

the deprotonation effect of TEA accelerates the reaction between Zn and BDC. After 24 hours, gel-

like products deposited on the bottom of vials, and no solid crystals were formed. Too fast 

nucleation caused by TEA leads to amorphous products. After 288 hours, some gel product started 
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Table 4.3  

Synthesis details of the control study of TEA. 
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to convert into triclinic crystals. (Figure 4.10 (d), (e) and (f)) Raman spectrum comparison between 

gel-like product in 2D#115 and MOF-2 crystals in standard growth demonstrates the poor 

crystallinity of 2D#115 (Figure 4.11). 

 

Figure 4.10 Photographs of 2D#115, 116 and 117: (a) gel-like products are formed just after TEA 

was added in; (b) after 24 hours; (c) after 288 hours’ growth; (d)-(f). digital images of these three 

samples respectively. 

 

Figure 4.11 Raman spectra of gel-like products in 2D#115 and MOF-2 crystal from standard 

growth. 
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In the previous sections, we demonstrated the acceleration and deceleration effects of TEA 

and formic acid. Here, the synergistic roles of them in single-phase is displayed, with different ratios 

of formic acid and TEA to assist our discussion of the necessity of the employment of hexane. 
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Table 4.4.  

Synthesis details of the synergistic study of formic acid and TEA. 
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Different from the bi-phase in standard growth, TEA and formic acid are added in a single-phase 

(DEF) in this series. Before the addition of TEA, the reactant solutions are clear without any solid 

product formation (Figure 4.12 (a)). As mentioned above, the addition of TEA would lead to gel-like 

products. The same results occur in 2D#118 and 2D#119. While, a transparent solution is kept in 

2D#120 which has the highest ratio of formic acid over TEA.  

After 24 hours, solid products were obtained in all three syntheses (Figure 4.12(c)).  Their 

morphologies are showing in Figure 4.13 respectively. With relatively low ratios of formic acid/TEA, 

2D#118 and 119 appeared as the gel products. Meanwhile, 2D#120 was a mixture of crystalline 

product and gel-like product (Figure 4.13 (c)). Thus, directly mix formic acid and TEA, these two 

agents with opposite contributions is not a wise strategy. In the other hand, although the gel product 

is restricted by formic acid, the increment of formic acid declines the crystal yield (51% in 2D#120) 

 

Figure 4.12 Photographs of 2D#118, 119 and 120: (a) before the addition of TEA; (b) after the 

addition of TEA immediately; and (c) after 24 hours. The ratio of formic acid/TEA is marked below 

the respective vial in Figure 4.12 (a). 

 

Figure 4.13 Digital images of 2D#118, 119 and 120 with various ratios of formic acid/TEA after 24 

hours. 
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dramatically. In a sum, there is a trade-off between crystallinity and crystal yield in single-phase 

growth. Raman spectra in Figure 4.14 indicate the amorphous feature in 2D#120. Therefore, mixing 

formic acid and TEA in a single-phase solution while produces vdW-MOF-2 also sacrifices the yield 

as well as the crystallinity. Thus, our studies show that it is necessary to separate these two 

counteracting agents into two-phases. 

As the above discussed, formic acid, TEA and pyridine all have essential contributions on 

the synthesis of vdW MOF-2. Besides, directly mix them together is not a wise strategy to obtain 

vdW MOF-2 with high crystallinity. As TEA diffuses into the bottom phase, it governs the quantity 

of proton in a direction where TEA diffuses.(Shan, James, et al., 2018) Here, hexane also buffers 

the contact between formic acid and TEA, in that way we have the high crystallinity and yield all at 

the same time, and optimizing the hexane amount is of paramount importance in the growth 

process as shown below. Here, the amounts of formic acid and TEA were kept the same with those 

in standard growth, only the volume of hexane is varied from 2D#121 to 2D#123 to display the role 

 

Figure 4.14 Raman spectra of products in 2D#120 and MOF-2 crystal from standard growth. 
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of hexane. The synthesis details are listed in Table 4.5. Figure 4.15 clearly presents the 

appearance change before and after the formation of bi-phase. Just after the reaction solution 

encounters TEA in hexane phase, a gel-like product forms at the interface in these three samples 

(Figure 4.15 (b)). From the red frame in Figure 4.15 (c), it is clear to find out that 2D#121 with the 

least hexane volume has the thickest gel-like product. We believe that it is an evidence that hexane 

dilutes the concentration of TEA and such effect slows down the diffusion of TEA toward reaction 

 

Figure 4.15 Photographs of 2D#121, 122 and 123 with the increased amount of hexane: (a) TEA 

and hexane with various volumes forms the upper phase; (b) inject in reaction solution to form the 

bottom phase; (c) gel-like products formed at the interface with different thicknesses (as indicated 

in a red frame); (d) plenty of crystals were formed after 24 hours. 

 

Figure 4.16 Images of crystals observed in 2D#121, 122 and 123. 
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phase. After 24 hours, gel-like products at interface disappeared in these vials and crystals formed 

along vial walls and bottoms. Although crystals formed in all these three samples, their 

morphologies are not the same. As shown in Figure 4.16, in 2D#121, blurry crystals and the 

amorphous surrounding both indicate the poor crystallinity. 2D#122 and 123 both don’t have 

amorphous particles, but the crystals in 2D#123 are much smaller.  
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Table 4.5.  

Synthesis details of the control study of hexane. 
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 In addition, to demonstrate that the proposed bi-phase synthesis method is an easy 

scaling up method, we carried out a simple scale-up experiment. Comparing with the standard 

growth, there are several differences in the scale-up synthesis: (1) changed the solvent from DEF 

to a cheaper solvent DMF, (2) magnified reactant concentration by thirteen times, (3) the reaction 

temperature was raised from room temperature to 120 oC; (4) the reaction time was shortened from 

24 hours to 16 hours. The synthesis details are listed in Table 4.6. 
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Table 4.6  

Synthesis details the scaling-up synthesis. 
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As can be seen in Figure 4.17, Thin flakes with shinning appearance were obtained in the 

scaled-up growth. Plenty of crystals are densely populated at the bottom of reaction vial (Figure 

4.17 (b)). In this study, the yield was calculated by the following equation. 

yield= 
(MassZn(BDC)(Pyridine)(Solvent)/MWZn(BDC)(Pyridine)(Solvent))

(MassH2BDC/MWH2BDC)
×100% 

Where, MassZn(BDC)(Pyridine)(Solvent) is the weight of sample, MWZn(BDC)(Pyridine)(Solvent) is the 

molecular weight of Zn(BDC)(pyridine)  (Solvent), MassH2BDC  is the weight of H2BDC added in 

synthesis, and MWH2BDC is the molecular weight of H2BDC. The typical weight of one batch is 338 

mg and the yield is 66.3% in the scaling-up synthesis.  

In sum, when formic acid or TEA was used as the only additive, the synthesis ended as a 

clear solution or a gel-like product. When the same amount of formic acid and TEA were added in 

a single-phase solution, the obtained product appeared as gel product with decreased yield. When 

an increasing amount of hexane was applied as a buffer solution to separate the formic acid and 

TEA, we observed the sample turned into crystalline product without decreasing productivity. Thus, 

our studies show that it is necessary to separate these two counteracting agents into two-phases 

as demonstrated above. Therefore, the bi-phase synthesis method is an effective method to unlock 

the trade-off between crystallinity and productivity. And hexane amount is an important synthesis 

parameter. In a sense, TEA and formic acid agents act as gas and brake pedal for the reaction and 

control the overall growth speed. Since coordination reaction takes place in an environment with 

strictly defined proton concentration, this bi-phase method gives birth to the scalable synthesis of 

2D MOFs.  
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This novel bi-phase growth method described in this article has several advantages over 

other established 2D MOFs growth routes. Firstly, since our method replaces water with pyridine 

and reduces the hydrogen formation intentionally, and produces vdW MOF-2 sheets. Based on our 

exploratory studies which can also be applied to -at the very least- Cu(BDC) (Figure 4.6 and Figure 

4.7 (c) and (d)).(Kutzscher et al., 2017; Y. Yang, Goh, Wang, & Bae, 2017) Secondly, the formic 

acid and gradient TEA along the bottom reaction phase offer effective control over proton 

concentration as well as the quantity of partially deprotonated ligand. This growth mechanism offers 

us the capacity for scalable synthesis of 2D MOFs without sacrificing the crystallinity as evidenced 

by FWHM Raman spectrum analysis which will be detailed in the next section. The overall yield 

can reach 71% in the synthesis of vdW MOF-2 and 80% in CuBDC respectively. To our best 

knowledge, such high yield of 2D MOFs is remarkable in published bottom-up methods. (Ding et 

al., 2017; Zhao et al., 2018)  

 

Figure 4.17 Digital images of 2D#124 taken after from the side wall of reaction vial (a) and (b) and 

the bottom of the vial (c); (d) photograph of collected vdW MOF-2 crystals from one batch. 
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4.3.4 Fundamental insights on vdW MOF-2 structure.  

While electron diffraction techniques allow for direct ways to confirm this crystalline 

structure, our extensive STEM, TEM, and cryo-TEM measurements were shown to be ineffective 

due to damage threshold far below 60 keV. To shed light into the structure of MOF-2, we have 

constructed and relaxed vdW MOF-2 unit cell (Figure 4.18) using density functional theory, 

calculated the expected x-ray diffraction (XRD) (Figure 4.19), as well as and vibrational spectrum 

(Raman spectrum) (Figure 4.22). Results were compared to experimental data (Figure 4.19 (b)) 

and both theory and experimental results were iterated a number of times till good match in 

calculated and measured XRD and Raman spectrum was achieved.  

 

Figure 4.18 Different views of the unit cell of vdW MOF-2 model from DFT calculation 
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To show the efficacy of the approach, we have first calculated the diffraction pattern of 

refined HB MOF-2 unit cell which was found to be consistent with prior literature(Furukawa, 

Cordova, O’Keeffe, & Yaghi, 2013), and compared it to our experimental HB MOF-2 datasets. 

Striking similarities between these two datasets (dark green and yellow) shown in Figure 4.19 (b) 

(green). Using similar methodologies, similar comparisons were made for vdW MOF-2 first by 

constructing and relaxing the vdW MOF-2 structure (Figure 4.18). Resulting vdW MOF-2 structure 

is shown in Figure 19 (a) (in-plane and side views): Comparison between theoretical XRD patterns 

(black solid line) and experimental datasets acquired from synthesized vdW MOF-2 (red solid lines) 

are shown in Figure 4.19 (b). Firstly, experimental XRD data collected from HB (green) and vdW 

 

Figure 4.19 (a) Refined structure of vdW MOF-2; (b) Powder XRD patterns of HB MOF-2 

(experimental and simulated) and vdW MOF-2 (experimental and simulated) as well as vdW 

Cu(BDC); 

 

Figure 4.20 Interlayer binding energy of MOF-2 calculated by DFT 
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(red) MOF-2 show differences mostly related to out-of-plane distance differences which will be 

further clarified below. Similarly, Cu(BDC) vdW layers also exhibit similar prominent peaks but at 

different positions due to different lattice spacings originating from Cu and Zn clusters.  

Closer look at the calculated and experimental XRD patterns of vdW MOF-2 shows 

confirmed 00l reflections related to reflections from adjacent vdW layers, and most of the prominent 

peaks can be closely matched to those simulated ones. 2 values are as close as ~0.40. We also 

note that vdW MOF-2 is indeed lamellar in nature as evidenced by DFT binding energy calculations: 

 

Figure 4.22 Micro-Raman spectra of vdW MOF-2 (ZnBDC), as well as DFT simulation results 

respectively, inserted optical images of MOF-2 and CuBDC with white spots are showing the 

locations where micro-Raman spectra measured. 

 

Figure 4.21 (a) vdW MOF-2 samples soaked under water under irreversible transformation from 

vdW to HB due to pyridine – water replacement mechanism and (b) the corresponding PXRD 

patterns. 
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plotting interlayer binding energy with respect to interlayer distance shows that energetic minima 

(stable stacking) can only be attained by vdW functional corrections are incorporated into DFT 

calculations (Figure 4.20 (c)).  

Here, to further demonstrate the similarities between HB and vdW MOF-2 structures, we 

have immersed vdW MOF-2 sheets under ultra-pure H2O for 24 hours. Our results show that vdW 

MOF-2 structure successfully transition from vdW like to HB like (Figure 4.21 (a)) which means that 

H2O molecules effectively diffuse between the layers and replace pyridine groups with H2O. We 

note that large crystal structure changes are highly unlikely since the process itself is limited to 

room temperature. This process also offers an evidence that pyridine molecules originally sit where 

hydrogen bonds are positioned, since interaction with H2O simply reduces vdW into HB MOF-2 

(see schematic 4.21 (a) and XRD datasets in Figure 4.21 (b)). This chemical reaction is 

unidirectional since drying transformed HB MOF-2 does not reverse the structure (Figure 4.21 (a)).  

4.3.5 Vibrational dispersion and Raman spectrum.  

Further structural confirmation was obtained by comparing calculated vibrational spectrum 

(simulated Raman spectrum) to experimental Raman spectrum in Figure 4.22. Black solid line in 

Figure 4.22 represents simulated Raman spectrum coming from DFT calculations near Γ=0 point 

which display a close resemblance to our experimental results (red solid line). Observed close 

agreements between calculated XRD, vibrational spectrum, and our experimental results 

convincingly demonstrate that anticipated structure is accurate. Our detailed angle resolved Raman 

measurements on vdW as well as HB MOF-2 structures also show further evidence for proposed 

structure as well as crystallinity in Figure 4.23 and 4.24. Here, we note that while Raman spectrum 
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analysis has been successfully applied to many inorganic 2D crystals, previous studies failed to 

apply this method to vdW MOFs due to limitations in synthesis methods to achieve larger area 

nanosheets with high crystallinity, and our work introduces this technique for vdW MOF-2.  

 

Figure 4.23 Angle-Resolved Raman of vdW MOF-2: (a)-(e), polar plots of typical P1, P2, P3, P4, and 

P5 in vdW MOF-2 (blue dash lines are pointing at their maximum and minimum values); Raman 

vibration modes identified from DFT calculation for each peak are listed at right part; (f) schematic 

graph of Angle-Resolved Raman and laser directions at maximum and minimum values. 

 

Figure 4.24 Typical Raman spectrum and AR Raman of HB MOF-2 
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Typical Raman spectrum collected from MOF-2 sheets exhibited five (5) prominent peaks 

with low FWHM (~6 cm-1), located at 864, 1017, 1137, 1434 and 1611 cm-1 and marked as P1, P2, 

P3, P4 and P5, respectively (Figure 4.22). Rather low Raman FWHM values suggest that the defect 

concentration is low and most of the phonon vibration modes only come around the Γ=0 point due 

to Raman selection rules. This means that resulting materials exhibit high crystallinity though 

intrinsic point defect concentration remains unknown currently. Finite displacement analysis was 

also performed to extract out the atomic vibrational character of predicted modes which has been 

outlined in Table 4.7. Here, P4 peak position shows appreciable disagreement between predicted 

and measured Raman peak positions. Since this mode is related to atomic vibrations around Zn 

clusters and C-H bending in DEF, we attribute this slight discrepancy to a deviation from local force 

field generated from the interaction between solvent and MOF network.  

While it is clear that FWHM, peak position, as well as Raman line-shapes allow us to 

distinguish crystallized vdW MOF from constituent chemicals, it is essential to also develop 

guidelines for recognizing different types of vdW MOFs from simple and non-destructive Raman 

measurements. Close comparison between vdW Cu (CuBDC, blue curve) and Zn based vdW 

MOFs (MOF-2, red curve) show three striking differences between these two materials; 1) P1 and 

P4 peaks located at 864 and 1434 cm-1 split and shift in CuBDC vdW MOFs in comparison to MOF-

2. Interestingly, these two modes are made of atomic vibrations involving metal clusters as listed 

in Table 4.7. This finding is quite reasonable since atomic weight directly influences vibration 

 

Table 4.7  

Description of atomic vibrations involving Raman active modes in vdW MOF-2. 
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frequencies of these modes. As such, these effects manifest itself in terms of different peak 

positions as well as line-shapes as observed in Figure 4.22, and P1 / P4 peaks can be used as 

material type identification. 

Additionally, the Raman spectra of MOF-2 and CuBDC vdW layers are compared to 

constituent chemicals such as DEF, H2BDC, and pyridine to understand the contributions arising 

from these chemicals to the overall Raman spectra (Figure 4.25). While observed Raman peaks of 

vdW MOFs show distant resemblances to H2BDC and DEF, well-crystallized vdW exhibit peaks 

that are much more intense, well-defined and are located at different frequencies. For example, in 

comparison to H2BDC and DEF, C-C breathing mode (P5 mode) becomes much sharper (45 cm-1 

→ 6 cm-1) after vdW MOF is crystallized. Also, P1,2,3,4 peaks are generally blue shifted due for 

formation of new bonds and have different Raman line-shapes.  

 

Figure 4.25 Raman spectra of vdW MOF-2 as well as all the components: H2BDC, DEF and 

pyridine. 
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4.3.6 Thickness dependent behavior.  

Reduced interlayer coupling and vdW nature of these synthesized sheets enabled us to 

perform thickness dependent material properties for the first time. In past, small lateral size and 

strong hydrogen bonding between the layers limited our ability to shed light on their material 

behavior at nanoscales which is precisely why the literature predominantly focuses on the bulk 

material behavior instead of ultrathin 2D response. Due to their low electronic optical activity, we 

have performed KPFM measurements to probe their surface potential values as a gauge for 

material behavior. Previously, KPFM technique has been applied in graphene and other 2D 

systems as a successful tool to probe spatial distribution of charge carriers as well as interlayer 

 

Figure 4.26 Kelvin probe force microscope (KPFM) for thickness dependent phenomena. (a) AFM 

images and (b) KPFM scans of vdW MOF-2 sheets deposited onto conductive ITO substrates; (c) 

AFM and KPFM scans on exfoliated MoS2 sheets onto conductive ITO; (d) Change in VCPD with 

respect to sheet thickness for vdW MOF-2 and MoS2. 
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screening effect by measuring the surface potential of 2D material with varied thickness.(Datta, 

Strachan, Mele, & Johnson, 2009; Vidyasagar, Camargo, Romanyuk, & Kholkin, 2017) We have 

performed a series of KPFM studies on synthesized vdW MOFs and compared their thickness 

response to that from mechanically exfoliated molybdenum disulfide(MoS2), a well-known 2D 

semiconductor, as a reference (Figure 4.26).  

Here, the work function is determined by φtip-qVCPD= φsample, where φtip is the work function 

of the AFM tip (5.25 eV), q is the electron charge and VCPD is the contact potential difference 

measured by KPFM. As shown in Figure 4.26 (c), the surface potential of MoS2 show dramatic 

variation with thickness (ranging from 1 nm to several tens nm) which is consistent with the 

previously published results.(Li, Xu, & Zhen, 2013) The origin of this surface potential variation has 

been attributed to the partially overlapped d-orbitals of Mo and p orbitals of S atoms across adjacent 

layers which is related to how well or poorly the layers are coupled to each other.  

In contrast, the surface potential distribution of 2D vdW MOF-2 (Figure 4.26 (a)-(b)) 

appears uniform across the flake and independent of thickness with a value of 3.22 V. These values 

show only small change from 20 mV to 60 mV (ΔVCPD~40 mV) from 46L down to 5L which is 

minuscule comparing to traditional inorganic vdW 2D materials. In MoS2, for example, ΔVCPD is 250 

mV from 2 to 48 layers and 180 mV from 5 to 48 layers. These measurements were repeated on a 

 

Figure 4.27 The schematic structure of vdW MOF-2 and p orbitals configuration of a benzene ring 

constructed in MOF-2 structure 
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variety of samples from different batches and similar results were observed. The absence of 

thickness dependence of the work function may be explained by the electron charge density 

distribution in layered MOF-2: As shown in Figure 4.27, the benzene rings in MOF-2 are all 

perpendicular to the plane, so the π bonds formed by p orbitals of carbon atom are extended in-

plane and do not overlap between the two layers. This is in stark contrast to other 2D carbonaceous 

materials like graphene where interlayer coupling predominantly occurs through C atoms’ p orbital 

interaction in adjacent layers. Despite these findings, we still anticipate that constituent layers in 

vdW MOFs are still coupled to each other much similar to other 2D vdW crystals. However, KPFM 

surface potential measurements alone show the interaction is not strong enough to cause sizable 

changes in the surface potential values of vdW MOFs. While interlayer coupling might be weak, 

how the interactions between the vdW MOF layers influence material behavior warrant future 

studies. 

4.4 Conclusions 

In chapter 4, we made the attempt to solve one of the critical problems in the field of 2D 

MOF field, obtaining high-quality isolated 2D MOF nanosheets. According to the coordination 

chemistry and computational results, pyridine was used as the critical capping molecule here for 

the synthesis of 2D MOF-2 and CuBDC. As presented above, we have demonstrated a scalable 

and reproducible bi-phase synthesis method for large-scale high-quality production of vdW MOFs 

sheets. Replacing water molecules with pyridine has been identified as the primary factor 

sustaining perfectly layered vdW MOF sheets. At the same time, addition of TEA and formic acid 

deprotonating and pronating agents have been found to be highly effective in increasing and 

slowing down the chemical reaction rates and growth speeds to attain highly crystalline vdW MOF 

sheets which has been evidenced by SEM, EDX, AFM, and optical images, and confirmed by 

detailed Raman spectroscopy measurements. Owing to large lateral sizes, vdW nature, and high 

crystallinity, we were able to perform AFM, KPFM, and Raman measurements to establish their 

fundamental vibrational properties as novel material characterization tool, while providing the very 

first insight on their thickness dependent properties. Overall findings are anticipated to open up 

new venues towards large-scale synthesis of vdW MOFs by offering ways to manipulate interlayer 
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coupling strength and reaction rates and offer fundamental insights into their vibrational and 

thickness dependent properties. (This work was reported in (Shen et al., 2018) ) 
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CHAPTER 5. 

SUMMARY AND FUTURE WORK 

5.1 Summary 

In this dissertation, we presented investigations of the synthesis process of both 2D and 

3D MOFs. Our studies are aiming to provide some insight on three fundamental questions. (1) How 

to achieve the intergrowth among UiO-66 particles? (2) What is the formation mechanism of 

missing-cluster defects in UiO-66? (3) How to obtain the isolated 2D metal-organic framework 

nanosheets?  

In the first section, our research effort focused on the first question, “how to achieve the 

intergrowth among UiO-66 particles?”. When people are pushing MOFs more and more towards 

the real-life applications, the discrete particles is not a good format to be used since it lacks handling 

with ease and structural integrity. The well intergrowth among MOF particles without pinholes is 

critical when they used in the applications that require high structural integrity like membrane or 

thin film. In the synthesis of UiO-66, people particularly use the modulator to guarantee the sample 

crystallinity and the reaction is carried out in a sealed reactor. Therefore, when the carboxylate 

exits the reaction system to form a solid product, all the protons are left behind. According to a 

discussion of the possible solutes in the reaction solution, we proposed that the partially 

deprotonated ligands can surround the UiO-66 particles and terminate their growth. The extra 

protons accumulated in the synthesis solution along with the reaction proceeds was attributed to 

the formation of independent microcrystalline particles. To prove this hypothesis, we developed a 

bi-phase synthesis method to combine the original UiO-66 reaction solution together with a hexane 

phase that dissolved the deprotonation agent. By this method, the crystallization process of UiO-

66 was controlled by the addition of modulator and the intergrowth between particles was 

guaranteed via the deprotonation agent coordinating with protons. During the reaction, the 

transition between intergrown UiO-66 film to discrete particles was observed along with proton 

accumulation. As long as the deprotonation agent is sufficient to coordinate with the protons, we 

can obtain the intergrown UiO-66 films independently from varying the ligand or modulator 
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concentrations. We further proved the control of the molar ratio between ligand and modulator 

allowed us to control the crystal orientation of the UiO-66 membranes. This research work is 

important as one of the several successful attempts in making the UiO-66 membranes. The 

reported data will for sure to be a great reference for future researchers in the exploration of 

synthesizing Zr-based MOF membranes.   

When people studied the synthesis of UiO-66, they have also noticed the formation of 

missing-ligand or missing-cluster defects in MOF framework, that can significantly alternate the 

framework properties. Some researchers are extremely excited about utilizing these defects to 

make the relatively inert MOF sample into a more reactive framework but some others are worried 

about the formation of defects will significantly lowered the framework stability. Therefore, 

understanding the formation mechanism of these defects and having a method to control these 

defects are absolutely important. Therefore, in the second section, we worked on finding a solution 

for this fundamental question: “how the missing-cluster defects are formed in UiO-66 framework?”. 

According to a lot of synthetic studies, the existence of the partially-deprotonated ligand was 

proposed as the cause of the missing-cluster defects and a series of UiO-66 samples, as a 

demonstration, were synthesized with different amount of defects. The computational results were 

presented to support the characterization of missing-ligand and missing-cluster defects. Showing 

a high compliance with the computational results, the pore size distribution analysis obtained from 

the porosimetry measurements was shown to be a strong technique to track the existence of 

missing-cluster defects and missing-ligand defects in UiO-66. According to our synthetic studies, 

the amount of missing-cluster defects in UiO-66 is sensitive to the deprotonation agent, synthesis 

temperature, and reactant concentration, which strongly suggested the deprotonation status of 

ligand plays an important role in the formation of miss-cluster defects. The formed extra cavities 

from the defective sites were further probed by the ferrocene molecules, showing these extra 

cavities are accessible for large size functional molecules. This part of work helps us realize a 

possible cause of missing-cluster defects formation in UiO-66. In addition, the proposed 

mechanism allows us to either remain or remove the existence of missing-cluster defects, which 

can largely tune the framework porosity. 
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2D MOFs is a relatively new research direction in the MOF field. A method for obtaining 

high quality isolated 2D MOF nanosheets is an essential step to advance the research progress in 

this direction. In the third section, we worked on finding a solution to the third question: “how to 

obtain isolated 2D MOF nanosheets?”. After the interlayer hydrogen bonds were recognized as the 

key reason for the formation of bulky crystal, pyridine was employed as the capping molecule to 

prevent the formation of this interlayer hydrogen bonds. The previous demonstrated bi-phase 

synthesis system was also adopted here to promote the formation of ultrathin vdW MOF 

nanosheets. A large number of control experiments were presented to support our discussion of 

the control over the reaction process. In this system, instead of achieving the intergrowth among 

particles, the employment of this bi-phase synthesis system is for the production of high quality and 

high yield of 2D MOF nanosheets in the same time. And it exhibited the superior capability to 

combine the reaction additives. The proposed synthesis method allowed us to obtain the vdW 2D 

MOF thin flakes with high aspect ratio in large quantity. With a simple tape-exfoliation, monolayer 

sample can be easily obtained. Moreover, by simply immersing the substrate in the synthesis 

solution, the MOF samples can be grown on various substrates. Thanks to the high-quality samples 

obtained in our study, we are able to characterize the Raman spectra and thickness-dependent 

results of 2D ZnBDC for the first time. The results reported in this dissertation not only present a 

facile method to produce 2D MOF nanosheets but also some fundamental data that the on-going 

research can use as a reference. These results will for sure benefit the future researchers’ 

exploration in the direction of MOF synthesis mechanism and process development. 

5.2 Future Work 

5.2.1 Future work: Synthesis of NiBDC and CoBDC 2D MOF frameworks 

One of the most essential steps in synthesis of 2D MOFs is to achieve the anisotropic 

growth of materials. For some applications like catalysis or organic semiconductors, people are 

interested in the special physiochemical properties of 2D MOFs, which only has in-plane 

coordination bonding. Meanwhile, for some other applications, like membrane separation, people 

are aiming for the special geometry of 2D MOFs. Therefore, a facile and generic method to obtain 
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the 2D MOFs with high quality and high aspect ratio is essential to obtain the isolated sample to 

benefit the characterizations and for future applications. This is will based on the development of a 

generic synthesis method to produce the formation of 2D MOFs. 

As described in Chapter 4, we developed a successful method to produce the vdW 2D 

MOF nanosheets that have been demonstrated to be applicable for both CuBDC and ZnBDC. In 

the future, it is meaningful to carry out a more comprehensive investigation of the applicability of 

the proposed method on other metals and even metal alloy system. Currently, a lot of the research 

works focused on Cu-based 2D MOFs synthesis. The selection of Cu as the metal source is not 

only because the properties it provides. Some facts about the 2D MOF synthesis is that at this point, 

the development of material is still very immature and there are not many 2D MOFs were 

synthesized as examples.  Meanwhile, another important reason is the synthesis of Cu-based 2D 

MOFs is relatively easier. If we understand this point from the coordination geometry point. The Cu 

like to form a two-dimensional square planar coordination geometry with a coordination number at 

4. Therefore, Cu by itself has the ability to form a 2D material and people do not have to give a high 

level of concern to the formation of hydrogen bond in between the layers.  

Meanwhile, the interesting fact is that in our previous investigation, we have demonstrated 

the addition of pyridine in the synthesis can promote the anisotropic growth of both ZnBDC and 

CuBDC. One point that we should take away here is the Zn and Cu have different possible 

coordination geometries. In contrast to Cu, Zn has a possible coordination number of 5, which is 

capable of forming a square pyramid coordination geometry. Therefore, in forming the analogue 

2D structure, Zn has another open site for forming the hydrogen bond interplanar. However, the 

addition of pyridine led to the formation of the analogue 2D structures.  

Part of the reason, we may give is the steric hinderance of pyridine only allows the 

coordination between metal and ligand happens in a planar away, which facilitates the formation of 

a 2D MOF structure. In addition, our DFT computational results showed the coordination between 

metal and pyridine is energetically more favored than the coordination between metal and water. 

As a result, from both points, the addition of pyridine can promote the formation of 2D MOF 
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structures when a metal ion has a more complex possible coordination geometry. Moreover, as 

proved by the synthesis of CuBDC, the addition of pyridine did not interfere with the formation 

metals that do not have an out-of-plane coordination site. Therefore, it is rational to expect when 

Ni or Co, which can potentially form an octahedral coordination geometry, are used as the metal 

source, the 2D structure is also possible to achieve under the addition of pyridine. Meanwhile, we 

have shown that the addition of pyridine not only promotes the formation of thin ZnBDC crystals 

but also the coordination between pyridine and metal clusters can slow down the reaction. 

Therefore, the addition of pyridine for potentially increasing the crystallinity of sample is possible. 

Hence, the further exploration of this reaction system is meaningful. If the synthesis of ZnBDC, 

CuBDC, NiBDC, and CoBDC is possible assisted by pyridine, the study can be further extended to 

the synthesis of 2D MOF alloys that contain two or more metals. In sum, from this proposed project, 

the conclusion that we can have is the pyridine is the superior reaction additive in the 2D MOF 

synthesis, which improve the reaction from (1) promoting the formation of 2D structure independent 

from metal type and (2) improving the crystallinity of the sample. Our current preliminary result is 

showing the synthesis of 2D Ni and Co is possible and in the future work, we should carry out a 

systematic investigation of the synthesis NiBDC and CoBDC samples in the following work. These 

results will serve a strong evidence to support the discussion that pyridine coordination with metal 

ions can facilitate the formation of 2D coordination geometries independent form the metal type, 

which is a result from the steric hinderance contribution form the pyridine molecules and stronger 

interaction between metal and water molecules. In addition, our method allows for the formation of 

high-quality 2D MOF samples. After obtaining a series of 2D MOF samples with different metal 

ions, the next step should be the fundamental characterizations of these high-quality samples by 

Raman and AFM to obtain the structural understanding and thickness-dependent, which are not 

yet reported previously. In sum, the proposed synthesis and characterization studies will lay down 

a solid foundation for the synthesis of 2D MOF synthesis as well as a database for understanding 

their properties.  

5.2.2 Future work: Synthesis of 2D MOF-based membranes and mixed matrix membranes 
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One step further than the formation of 2D MOF nanosheets, our method has also 

demonstrated the intergrowth among 2D MOF samples is possible using our method. The 

intergrowth among 2D MOF samples is critical for their application in making thin films or 

membranes. Currently, the formation of 2D MOFs is still highly rely on the vacuum filtration process. 

Even though this method is capable of fabricating 2D MOF-based membranes, it has the 

disadvantages of trade-off between defects and thickness. Since the preliminary data has proved 

the possibility of the in-situ synthesis of 2D MOF film. Therefore, it is valuable to keep investigating 

this bi-phase synthesis method in the application of facilitating the formation of 2D MOF 

membranes. Apparently, the sample still have some defects like some flakes are bending over 

towards different directions. But this is a great start for the progress. In future work, the synthesis 

conditions and combination of different reactants will be investigated to generate a combination 

that allows the formation of large area defect free 2D MOF film.  

As indicated by the membrane development history of 3D MOFs, the successful fabrication 

of MOF-based mixed matrix membranes appeared much earlier than the pure MOF-based 

membranes. Also, people are fascinated about the special geometry of MOF when it is used in 

mixed matrix membrane. Therefore, in parallel with the development of 2D MOF-based membrane, 

the investigation of 2D MOF-based mixed matrix membranes is great research project. In this work, 

we have presented the synthesis of 2D MOF nanosheets and the obtained sample can be easily 

separated into thin sheets by gentle bath sonication.  The simple tape exfoliation allows us to obtain 

single to several layer thick nanosheets. Therefore, the obtained sample is ready to be used to 

combined with polymer solutions. Currently, our lab has fabricated the 2D MOF@Matrimid mixed 

matrix membranes that is ready to be used in membrane separation. In future work, new polymer 

matrix will be combined with 2D MOFs to generate mixed matrix membranes for different gas 

separations. 
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