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Summary  

This thesis aims to highlight the importance of the interface for Metal Organic 

Framework (MOF) film growth, MOF/polymer compatibility and MOF/support 

adhesion. For MOF film growth, a precise control of the molar concentrations of the 

reactants is crucial to avoid MOF synthesis in the liquid bulk, and to obtain 

homogenous films. For polymeric membranes with embedded MOFs, the 

characteristics of the interface between MOF and polymer are vital for (gas) separation 

performance. Lastly, the interfacial properties of MOFs provide very valuable 

information for all the aspects of MOFs, from synthesis to applications.  

Chapter 1 provides an overview to porous materials and metal organic frameworks 

(MOFs). A brief history of MOFs is followed by a discussion of their properties and 

the latest developments in the field, including a brief overview of companies involved 

with MOFs. Next, MOF films and their typical preparation methods (including the 

ones used in this thesis) and potential applications are discussed. Finally, the scope 

and outline of the thesis are provided.  

In Chapter 2, porous copper hollow fibers have been used as both support and as a 

metal source for preparing thin MOF films (Cu-BTC) via electrochemical synthesis. 

The effect of the applied potential and the presence of a supporting electrolyte (to 

increase the conductivity of the organic solution) are investigated to obtain 

homogeneous, uniform and continuous MOF films. The adhesion of the layers, their 

thickness, and particle size distribution are characterized. More uniform films with 

smaller particles have been obtained in the absence of a supporting electrolyte and at 

low potentials. This is explained with the combination of pronounced electric-field 

driven mass transport of the organic ligand from the liquid bulk and the slower 

dissolution of copper due to the lower overpotentials. When supporting electrolyte is 

used, ligand transport is much slower and copper dissolution higher due to higher 



x 

 

overpotentials resulting MOF formation in the bulk along with homogenous film 

growth.  

Chapter 3 introduces MOF film synthesis on ion exchange membrane. MOF (ZIF-8) 

films have been formed on ion exchange membranes (IEMs) by using diffusion-cell 

set-up. IEMs are dense polymeric membranes with fixed charge groups. For MOF film 

growth, they have been used to separate two reservoirs containing metal and organic 

ligand solution in diffusion cell and allowing one reactant to pass through the 

membrane depending on the type of IEM (anion-exchange or cation-exchange). The 

effect of the solvent type, crystallization time and type of IEM have been investigated 

to form pure ZIF-8 films, which are characterized with SEM and XRD. Using IEMs 

helps to control the local molar concentrations of the reactants at the interface in a 

way to favor ZIF-8 synthesis (deprotonation of 2-methylimidazole (HMIM) and the 

Zn(HMIM)n
+ (n=1-4) complexes and excess molar ratio of HMIM). Pure ZIF-8 

films have been obtained using a methanol-based synthesis approach with an 

anion-exchange membrane (AEM) barrier. Methanol mitigates the side reactions, 

such as hydrolysis and the dissociation of zinc, due to the lower dielectric 

constant, AEM provides a lower zinc concentration at the membrane interface 

due to Donnan exclusion. Moreover, protonated HMIM molecules, H2MIM+ which 

are inactive for the ZIF-8 reaction, are excluded. On the contrary, when CEM is 

used, the interface is enriched with Zn2+ ions, which does not favor ZIF-8 

crystallization, and H2MIM+ is also capable of passing between solution reservoirs. 

In aqueous synthesis, the formation of Zn(OH)2 is observed as a side reaction. In 

order to facilitate the deprotonation of HMIM and Zn(HMIM)n
+ (n=1-4) 

complexes, ammonium hydroxide is used as a typical deprotonation agent. 

However, it destroys the IEMs used in this work due to high pH. Chapter 3 

describes possible advantages for controlled local synthesis of MOFs on IEMs, 

through control of the local concentrations of the reactants and opens up new 

opportunities in terms of both MOF film synthesis and applications of these films.  
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In Chapter 4, the effect of post-thermal treatment on polymeric gas separation 

membranes with embedded metal organic frameworks (mixed matrix membranes 

(MMMs)) is investigated. For this, a highly permeable polymer, 6FDA-DAM, and three 

different MOFs (ZIF-8, sod-ZMOF, K+ sod-ZMOF) have been selected. The thermal 

treatments have been employed based on the boiling point of the solvent and the glass 

transition temperature (Tg) of the polymer, and involve inert (nitrogen) or oxidative 

(air) conditions. The findings for the pure polymer membranes indicate that the 

thermal treatment above the Tg under nitrogen mainly causes physical changes in free 

volume of the polymer and results in a permeability increase, shifting the performance 

to close to the latest upper bound. On the other hand, thermal treatments in air cause 

oxidation phenomena, possibly combined with crosslinking, leading to amplified 

selectivity values and drastic decreases in permeability. Thermal treatments on 

MMMs result in inferior performance as compared to pure polymeric membranes. 

Only MMMs that are heated to 315 °C in air show a healing effect on the leaky 

interfaces by shifting the performance towards the 2008 upper bound in the Robeson 

plot. Possible amorphization of MOFs may enhanced the interactions between the 

polymer and MOFs. Post-thermal treatment strategies can allow fine tuning gas 

separation membranes.  

The focus in Chapter 5 is to investigate interfacial properties of MOF (ZIF-8) films via 

contact angle measurements of multiple probe liquids. Films are characterized with 

FTIR, ellipsometry, atomic force microscopy and white light interferometry. The films 

are found macroscopically flat. The effect of the sample preparation and measurement 

techniques (vibration vs. no vibration, repeated cycles of advancing-receding contact 

angles) on the contact angle measurements are identified. The most stable contact 

angle measurements (achieved with piezoactuation) are used to estimate surface 

energy components (dispersive, polar: electron acceptor/donor). The most stable 

water contact angle of 91.0 ± 2.5° is in the limit of hydrophilicity and hydrophobicity 

despite its well-known reported hydrophobic characteristic, which may be related to 

the chemical heterogeneities in the MOF films. Dispersive and polar components are 

estimated by using diiodomethane and ethylene glycol contact angle values. Electron 
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acceptor/donor subdivision of the polar components cannot be estimated due to the 

large spreads in the water contact angle values found for ZIF-8 films. The contact angle 

is a facile method to explore the surface characteristics of a material however it is also 

quite challenging. Interfacial properties of MOFs promise extremely valuable 

information on solvent choice for well-dispersion, designing compatible MOF-

polymer-solvent systems, substrate choice, etc. The findings in Chapter 5 are 

important steps to understand MOF interfacial properties and their behavior in many 

applications.  

Chapter 6 reflects the work described on this thesis along with the future directions. 

Next, challenges that have been come across during the thesis, so called “negative 

results” have been presented and discussed. This chapter provides general 

perspectives to the MOF field and the results presented in this thesis.  
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Samenvatting 

Dit proefschrift adresseert belang van het grensvlak voor metaal-organisch raamwerk 

(Metal Organic Framework (MOF)) filmgroei, MOF/polymeer compatibiliteit en 

MOF/substraat adhesie. Voor de groei van MOF-films is het cruciaal om de molaire 

concentraties van reactanten nauwkeurig te controleren om zo MOF-synthese in de 

bulk te voorkomen en homogene films te verkrijgen. Voor polymeer membranen met 

ingebedde MOF's zijn de eigenschappen van het grensvlak tussen MOF en polymeer 

essentieel voor (gas) scheidingsprestaties. Uiteindelijk bieden de grensvlak 

eigenschappen van MOF's zeer waardevolle informatie voor alle aspecten van MOF's, 

van synthese tot toepassingen. 

Hoofdstuk 1 geeft een overzicht van poreuze materialen en MOF's. Een korte 

beschrijving van de geschiedenis van MOF's wordt gevolgd door een bespreking van 

hun eigenschappen en de nieuwste ontwikkelingen in het vakgebied, inclusief een 

kort overzicht van bedrijven die betrokken zijn bij (de productie van) MOF's. 

Vervolgens worden MOF-films, hun gebruikelijke bereidingsmethoden (inclusief 

degene die in dit proefschrift worden gebruikt) en mogelijke toepassingen besproken. 

Ten slotte wordt het kader en de hoofdlijnen van dit proefschrift gegeven. 

In Hoofdstuk 2 zijn poreuze koper holle vezels gebruikt om simultaan te dienen als 

substraat en metaalbron voor het vervaardigen van dunne MOF films (Cu-BTC) via 

elektrochemische synthese. Het effect van de toegepaste potentiaal en de 

aanwezigheid van een ondersteunende elektrolyt (om de geleidbaarheid van de 

organische oplossing te verhogen) worden onderzocht om homogene, uniforme en 

continue MOF-films te verkrijgen. De hechting van de lagen, hun dikte en 

deeltjesgrootteverdeling worden geanalyseerd. Bij afwezigheid van een 

ondersteunende elektrolyt en bij lage potentialen zijn meer uniforme films met 

kleinere deeltjes verkregen. Dit wordt verklaard door de combinatie van een 

uitgesproken door een elektrisch veld aangedreven massatransport van het organische 
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ligand uit de bulk en de langzamere dissociatie van koper vanwege de lagere 

overpotentialen. Wanneer een ondersteunend elektrolyt wordt gebruikt, is het ligand 

transport veel langzamer en is de koper dissociatie hoger als gevolg van een hogere 

overpotentiaal, wat resulteert in MOF-vorming in de bulk samen met homogene 

filmgroei. 

Hoofdstuk 3 introduceert MOF-filmsynthese op een ionenuitwisselingsmembraan. 

Met behulp van een diffusie cel opstelling zijn MOF-films (ZIF-8) gevormd op 

ionenuitwisselingsmembranen (IEM's). IEM's zijn dichte polymeer membranen met 

vaste ladingsgroepen. Voor MOF-filmgroei zijn ze gebruikt om twee reservoirs met 

metaal en organische ligandoplossing in de diffusie cel te scheiden en één reactant 

door het membraan te laten gaan, afhankelijk van het type IEM (anionuitwisseling of 

kationuitwisseling). Het effect van het type oplosmiddel, de kristallisatietijd en het 

type IEM zijn onderzocht om pure ZIF-8-films te vormen, die worden gekarakteriseerd 

met SEM en XRD. Het gebruik van IEM's helpt de lokale molaire concentraties van de 

reactanten aan het grensvlak te beheersen op een manier die de ZIF-8-synthese 

bevordert (deprotonering van 2-methylimidazol (HMIM) en een overmatige 

molverhouding van HMIM). Pure ZIF-8-films zijn verkregen met behulp van een 

synthese aanpak op basis van methanol met een anionuitwisselingsmembraan (AEM) 

-barrière. Methanol vermindert de nevenreacties, zoals hydrolyse en de dissociatie van 

zink, vanwege de lagere diëlektrische constante. AEM zorgt voor een lagere 

zinkconcentratie aan het membraangrensvlak als gevolg van zogenoemde Donnan 

uitsluiting. Bovendien zijn geprotoneerde HMIM-moleculen, die inactief zijn voor de 

ZIF-8-reactie, geëlimineerd. Omgekeerd, wanneer een CEM wordt gebruikt, is het 

grensvlak verrijkt met Zn2+ -ionen, wat ZIF-8-kristallisatie niet bevordert en kunnen 

geprotoneerde HMIM ook tussen oplossingsreservoirs bewegen. Bij synthese in water 

werd de vorming van Zn (OH) 2 waargenomen als nevenreactie. Om de deprotonering 

van HMIM te vergemakkelijken, wordt ammoniumhydroxide gebruikt als 

deprotoneringsmiddel. De hoge pH vernietigt echter de IEM's die in dit werk worden 

gebruikt. Hoofdstuk 3 beschrijft mogelijke voordelen van gecontroleerde lokale 

synthese van MOF's op IEM's, door beheersing van de lokale concentraties van 
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reactanten. Dit levert nieuwe kansen voor zowel MOF-filmsynthese als voor 

toepassingen van deze films. 

In Hoofdstuk 4 wordt het effect van thermische nabehandeling op polymeer 

gasscheidingsmembranen met ingebedde MOF’s (mixed matrix membranen 

(MMMs)) onderzocht. Hiervoor zijn een zeer permeabel polymeer, 6FDA-DAM en 

drie verschillende MOF's (ZIF-8, sod-ZMOF, K+ sod-ZMOF) geselecteerd. De 

thermische behandelingen zijn toegepast op basis van het kookpunt van het 

oplosmiddel en de glasovergangstemperatuur (Tg) van het polymeer en vinden plaats 

onder inerte (stikstof) of oxidatieve (lucht) omstandigheden. De resultaten voor de 

pure polymeermembranen geven aan dat de thermische behandeling boven de Tg 

onder stikstof voornamelijk fysieke veranderingen in het vrije volume van het 

polymeer veroorzaakt en resulteert in een verhoging van de permeabiliteit. Dit 

resulteert in een verschuiving van de performantie van het membraan in de richting 

van de 2008 ‘Robeson upper bound’. Anderzijds veroorzaken thermische 

behandelingen in de lucht oxidatieverschijnselen, mogelijk gecombineerd met 

vernetting van het polymeer, wat leidt tot een verhoogde selectiviteit en drastische 

afname van de permeabiliteit. Thermische behandelingen op MMM's resulteren in 

mindere prestaties in vergelijking met pure polymeer membranen. Alleen thermische 

behandeling van MMM's in lucht tot 315 ° C resulteerde in een helende werking op de 

lekkende grensvlakken tussen MOF en polymeer, waardoor een verschuiving optrad 

van de performantie in de richting van de 2008 Robeson upper bound. Mogelijke 

gedeeltelijke amorfisatie van MOF's kan leiden tot versterkte interacties tussen het 

polymeer en MOF's. Thermische nabehandeling strategieën kunnen het nauwkeurig 

afstellen van gasscheidingsmembranen mogelijk maken. 

De focus in Hoofdstuk 5 is het onderzoeken van de grensvlak eigenschappen van 

MOF (ZIF-8) films via contacthoekmetingen met meerdere testvloeistoffen. Films zijn 

gekarakteriseerd met FTIR, ellipsometrie, atoomkrachtmicroscopie en 

interferometrie met wit licht. De films zijn macroscopisch plat bevonden. Het effect 

van de monstervoorbereiding en meettechnieken (trilling vs. geen trilling, herhaalde 
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cycli van vooruitgang-terugwijkend contacthoekmetingen) op de 

contacthoekmetingen is geïdentificeerd. De meest stabiele contacthoekmetingen 

(bereikt met piëzoactuatie) zijn gebruikt om oppervlakte-energiecomponenten te 

schatten (dispersief, polair: elektronenacceptor / donor). De meest stabiele 

contacthoek met water van 91,0 ± 2,5 ° ligt op de grens van hydrofiliciteit en 

hydrofobiciteit, ondanks het veelvuldig gerapporteerde hydrofobe karakter van ZIF-8. 

Dit houdt mogelijk verband met de chemische heterogeniteit in de MOF-films. 

Dispersieve en polaire componenten zijn geschat met behulp van de 

contacthoekwaarden van diiodomethaan en ethyleenglycol. De onderverdeling van de 

polaire componenten in elektronenacceptor / donor kon niet worden geschat vanwege 

de grote spreidingen in de watercontacthoekwaarden die werden gevonden voor ZIF-

8-films. De contacthoek is een gemakkelijke methode om de oppervlakte 

eigenschappen van een materiaal te verkennen, maar het is ook behoorlijk uitdagend. 

Grensvlak eigenschappen van MOF's beloven uiterst waardevolle informatie voor de 

keuze van oplosmiddelen voor een goede dispersie, het ontwerpen van compatibele 

MOF-polymeer-oplosmiddelsystemen, substraatkeuze, enz. De bevindingen in 

hoofdstuk 5 zijn belangrijke stappen om MOF-grensvlak eigenschappen en hun 

gedrag in veel toepassingen te begrijpen. 

Hoofdstuk 6 reflecteert op het werk dat in dit proefschrift wordt beschreven en op 

mogelijke toekomstige richtingen voor vervolgonderzoek. Vervolgens zijn de 

tegengekomen uitdagingen, de zogenaamde 'negatieve resultaten', gepresenteerd en 

besproken. Ten slotte, biedt dit hoofdstuk algemene perspectieven op het MOF- 

vakgebied en op de resultaten die in dit proefschrift worden gepresenteerd. 
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CHAPTER 1 

Introduction  
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1.1 Porous materials  

The history of porous materials goes back to 3700 BC in Egypt where people used 

charcoal to produce bronze via the reduction of different metals. The early history 

continued with the discovery of the adsorption properties of charcoal, which was used 

to adsorb odorous vapors from wounds and purification of water with carbon 

materials.1 Today, porous materials are considered attractive for academic and 

industrial applications due to their potential as a bulk material to interact with other 

species.2 The common applications of porous materials include separation, 

adsorption, catalysis, drug delivery, etc.3 Common porous materials include activated 

carbon, mesoporous silicas, zeolites, and metal-organic frameworks (MOFs).4,5 

Mesoporous silicas have pore diameters in the nanometer range with pore surface 

chemistries that are interesting for drug delivery, gas separation, and storage.3 Zeolites 

are inorganic crystalline porous materials with rigid frameworks and well defined pore 

sizes. These properties make them attractive for many applications. For example, thin 

LTA-type zeolite membranes are commercially used in dehydration of solvents due to 

their hydrophilicity and small pore size.6 The extensive knowledge related to zeolites 

aids industrial applications such as gas separation, and has also created a tool box for 

further porous materials.6,7 MOFs are porous crystalline materials that are based on 

coordination bonds, instead of covalent bonds, between metal nodes and organic 

linkers. They are a recent addition to the porous materials community, arriving in the 

1990s and since then the number of the MOF structures registered in Cambridge 

Structural Database has exceeded 80,000.8  

1.2 Metal-organic frameworks 

Metal organic frameworks (MOFs) consist of metal ions or clusters connected by 

organic ligands in a crystalline infinite coordination network (Fig. 1.1). Since the term 

MOF was introduced by Yaghi for the first time,9 the MOF field has extensively grown 

in many different directions: involving new MOF discoveries, synthesis methods, 

characterization methods , applications, etc. Their unique properties such as high 

surface area, pore size and designable framework render them distinct from other 
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porous materials.10 It has been proposed that it is possible to design new MOFs with 

the combination of 86 different metals and more than 1000 organic ligands.11 The 

number of MOFs can increase even further with usage of multiple metals in one MOF 

and synthesizing different organic ligands. The diversity in MOFs also helps to bring 

different properties for different applications. It is possible to design the porosity, 

particle size and surface area (in theory) of MOFs. Designing MOF with a highest 

surface area and specific volume was accomplished with NU-109 and NU-110 MOFs 

(~7000 m2g-1), followed by DUT-60 with ~ 8000 m2g-1.12,13 The adjustable pore size lays 

between 0-98 Ångstrom and the particle size is between 1.6-10,000 nm.11 All these 

unique material properties make MOFs attractive for industrial applications such as 

gas adsorption, gas storage, gas separation, hydrogen catalysis, biomedical imaging 

and sensing, semiconductors, drug delivery systems, carbon capture, detection and 

sensing, etc.14  

In 2019, IUPAC selected ten chemistry innovations that will likely change the world; 

MOFs and porous materials for water harvesting were included in this list.15 Selective 

adsorption of molecules with the porous nature of MOFs, drug delivery, gas 

purification and capture are conventional potential applications for MOFs. The latest 

studies of Yaghi on harvesting 2.8 liter of water per kilogram of MOF at 20% RH is 

considered one of the innovations that can change the world.16  

 

Figure 1.1 MOF structure.17 ©2016, Eram Sharmin and Fahmina Zafar. Originally 
published in Metal Organic Frameworks under Creative Commons Attribution 3.0 
License. Available from: 10.5772/64797 
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Presently, MOFs have not (yet) changed the world in terms of commercial 

applications. However, emerging developments in new synthetic production methods 

has led to two new MOF products: TruPick and ION-X. (Fig. 1.2) TruPick is a post-

harvest freshness management tool for fruits and vegetables. A cooperation with 

Decco Worldwide Post-Harvest Holdings and MOF Technologies, a spin-off company 

based in Queens University Belfast initiated this product.18 TruPick uses a MOF 

adsorbent to store and release 1-methylcyclopropene (1-MCP), which inhibits the 

release of ethylene that is released by the ripened fruits and accelerates their ripening. 

The use of 1-MCP helps fruits to stay fresh up to nine months. This product is 

registered with the US Environmental Protection Agency and is used in the USA and 

followed by next in Turkey. Using MOFs for food applications was only possible due 

to the development of mechanochemical syntheses that eliminating usage of organic 

solvent.18–20 The second product, ION-X is for storage of hazardous gases and can be 

used in the electronics industry. It enables safer handling of the gases thanks to 

vacuum storage conditions.18–21 This product has been launched by NuMAT 

Technologies, a spin-off company of Northwestern University. Besides these exciting 

MOF products, BASF, as a main supplier of powder MOFs,22,23 has been working on 

MOF-based natural gas storage systems for the transportation industry. These have 

not been commercialized yet.24 

 

Figure 1.2 Commercial MOF products: TruPick and ION-X.20 Reproduced by 
permission of The Royal Society of Chemistry. 
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Notwithstanding their potential in various fields MOF commercialization requires a 

higher production volume to satisfy the markets. Research has been focused on 

discovering new materials while the production scales were limited to only mg-levels. 

In addition, the synthesis methods can be very complex and requires days, high 

temperatures, and/or very expensive chemicals. Presently, the gaps between lab-scale 

and commercial applications are becoming smaller. Developments in electrochemical 

synthesis, flow synthesis, mechanochemical synthesis, and spray drying are vital to 

promote increases in the numbers of MOF companies, with more products released 

to the markets.3,20,25–29 The university-borne new spin-off companies or the strong 

collaboration between universities and companies open new directions towards 

(valorization of) more applied-research. Some of these companies (together with the 

established year, the University collaboration and the field) are listed below:  

 Atomis – 2015 – Kyoto University – gas separation applications  

 Framergy – 2011 – Texas A&M University and École Normale Supérieure 

– Absorbent technologies 

 Immaterial – 2015 – University of Cambridge – MOF production  

 Immondo Tech – 2013 – Georgia Institute of Technology – MOF 

production 

 MOFapps – 2013 – CNRS - MOF production 

 MOF Technologies – 2012 - Queen’s University Belfast – MOF 

production  

 Mosaic Materials – 2014 – University of California – Gas separation  

 NovoMOF – 2017 – Swiss Federal Institute of Technology, Paul Scherrer 

Institute, École Polytechnique Fédérale de Lausanne and Fachhochschule 

Nordwestschweiz – MOF production  

 NuMat Technologies – 2013 – Northwestern University – Gas storage 

 ProfMOF – 2015 - University of Oslo – MOF production  

 Promethean Particles – 2007 – The University of Nottingham – MOF 

production  
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 Main MOF suppliers in the market: BASF, Aldrich, Dresden Materials 

Center, Merck, STREM and TCI.  

Based on the latest report by Global Info Research, the MOF market is expected to 

grow at a compound annual growth rate (CAGR) of roughly 34.3% over the next five 

years, from 70 million US$ in 2019 to 410 million US$ in 2024.30 As mentioned above, 

commercialization of MOFs has been dependent on strong collaboration between 

academia and industry. An expected growth in the MOF market requires intensified 

relationships between these parties. Academia is in the hearth of discovering new 

MOFs along with different properties, new production techniques such as green 

chemistries, and large-scale productions. I am convinced that when the broad 

knowledge and experience of the academia meets with the industrial 

commercialization mindset, new MOF products will enter the market based on their 

diverse properties.  

1.3 MOF films 

The interest in MOF film preparation has started 10 years after Yaghi and Li has 

reported the MOF for the first time. In 2005, Fisher and coworkers has prepared MOF-

5 films on functionalized Au substrate.31 Since then, many effort have spent to prepare 

MOF films to be used in different applications. The main advantage of using thin films 

compared to powders is faster diffusion of guest molecules through shorter diffusion 

paths.32 MOFs offer a porous nature along with designable chemical functionality.33 

Many different type of MOFs with various properties can potentially be used in a wide 

range of applications.34 In general, MOF films are used either as a supported thin layers 

(deposition of already-synthesized MOFs or direct-growth on substrate) or as a hybrid 

MOF-polymer films e.g. mixed matrix membranes (MMMs).19 Different substrates 

with different geometries have been used to grow/deposit MOF films. The knowledge 

from zeolites, polymers and coordination polymers has been adopted for the 

development of MOF preparation techniques. Although the MOF film properties vary 

based on the final application, the main focus is to obtain homogenous MOF films and 

control the thickness. For example, obtaining defect-free, continuous, intergrown 
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MOF membranes are required for separation applications. Moreover, long term 

(hydrothermal) stability and durability are needed for industrial applications.35 Beside 

the main applications such as gas storage, separation and catalysis, MOF films have 

been also the interest of more advanced technologies such as electronic, photonic, and 

sensing devices.33 MOF device fabrication is possible with homogenous, monolithic, 

defect free, dense and oriented MOF coating with permanent localization and 

patterning14 There are also other challenges such as film roughness, pinholes, 

interfacial properties (cohesion, adhesion to the substrate), mechanical properties, 

stability, density and size of crystals, alignment, etc. These challenges for the MOF 

research community have hindered use in applications. In order to tackle these 

challenges and fulfill the requirements, many different MOF film preparation 

methods have been developed in the last 15 years. Here, the most common ones are 

shortly presented together with their advantages and disadvantages. 

1.3.1 MOF film preparation techniques 

Powder MOF-based deposition (PMD) – This is a straightforward MOF film 

preparation method in which already-synthesized MOF powders (via conventional 

solvothermal and hydrothermal methods) are deposited onto a substrate.34 

Deposition can be done via spin-coating,36 dip-coating,37 electrospraying,38 supersonic 

spray39, and hot-pressing.40 The main advantages of this technique include that 

existing knowledge for MOF powder synthesis can be directly used for adjusting 

properties of the final MOF films. Controlled over the thickness can be achieved via 

generally well-known process parameters of the deposition process, such as the 

composition (concentration/size distribution) of the colloidal nanoparticles solutions, 

speed and the number of the coating steps. Compared to the other MOF film 

preparation techniques, coating of already-synthesized MOF particles does not 

involve chemical reactions, mitigating the production of unwanted components. 

Using as-synthesized MOFs colloids, without drying the particles and redispersion, 

shows better results in terms of adhesion as compared to the use of dried powders41 

and possible formation of defects can be overcome via applying multiple layers. 



9 

 

However, for thin MOF film formation, crystal grain boundaries remain as a challenge 

due to the limitation of preparing intergrown MOF films. The PMD methods are also 

utilized for seeding the substrates for secondary-growth MOF growth.42 

Another way to use to already-synthesized MOF powders is as a dispersion within a 

polymer matrix. Combination of nanoporous materials and polymers are considered 

attractive to achieve combined synergistic properties of the two materials.43 MOFs 

have been used as fillers for mixed matrix membranes (MMMs) prepared by dispersing 

inorganic fillers into the polymer matrix, specifically for gas separation applications. 

Their diversity with respect to pore sizes, high surface areas, chemical and thermal 

stability, and enhanced compatibility with polymers due to their hybrid nature have 

motivated many MOF-based MMMs studies. However, as was found for zeolites, the 

MOF-polymer interface characteristics remain a major challenge. Polymer-MOF 

interfaces can be leaky or rigidified, which has strong effects on the gas separation 

performances of the derived membranes. Therefore, theoretically predicted MMM 

separation performances have not been achieved. Efforts have been directed to 

chemically modifying the interface, synthesizing MOFs in the polymer matrix, 

development of complex preparation techniques, using wet MOF suspensions instead 

of dried ones, etc.41,44 However, interfacial morphology incompatibility problems and 

reproducibility issues remain challenging in such complex systems.45  

 

Figure 1.3 Schematic representation of mixed matrix membranes.  

Thin film nanocomposite membranes have been also prepared by incorporation of 

MOF particles into polyamide layer that is formed with interfacial polymerization 

on substrates for separation applications.46,47 Electrospinning, spin-coating, dip-

coating are other preparation ways of MOF-polymer mixtures.37,48 
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Solvothermal synthesis – This technique can be subdivided into i) in-situ, and ii) 

secondary growth.34,35 Both methods are adopted from general MOF crystallization 

methods, in the presence of a substrate placed vertically in an autoclave. With the in-

situ solvothermal method intergrown MOF films can be obtained. Concentration, 

time, temperature, and cooling rate are the main parameters to control the film 

properties. Some other approaches are also developed to further affect the film 

properties, such as microwave assisting, use of modified supports and use of 

additives.49–52 The main drawbacks are the required high temperature and pressure, 

along with scale-up concerns. Secondary-seeded-growth is based on controlling the 

nucleation by introducing nanocrystals as a seed on the surface. The seeding 

procedures can be dip coating, spin coating, thermal seeding, etc. (Fig. 1.4 (a)) 

Interfacial synthesis – Liquid-liquid interfacial synthesis of MOF films is based on 

the reaction between the metal source from one liquid with the organic ligand in a 

separate solvent that is immiscible with the other (such as water-hexane), thus 

localizing the crystallization reaction to the liquid-liquid interface.53 With this 

method, defect-free continuous MOF film preparation is possible in considerably 

milder conditions as compared to the solvothermal technique. Many MOF films on 

different substrates have been formed via this technique.54–58 Localized formation of 

MOF films as either inner- or outer-layer of polymeric hollow fibers have been 

developed by Brown et al.59 Interfacial synthesis is also possible at air-liquid interfaces. 

Self-standing ZIF-8 films can be formed at the water surface.60 Solvent evaporation in 

the reactant mixture creates a concentration difference resulting higher concentration 

at the water surface. Therefore, crystallization occurs where oversaturation is reached 

(Fig. 1.4 (b)). 

Counter-diffusion (contra-diffusion) – Counter-diffusion is one of the facile 

synthesis methods developed by Li et al. for MOF films.61 In this technique, the 

(porous) support separates the reactant solutions and in-situ synthesis occurs on the 

surface of the support via diffusion of the reactants. (Fig. 1.4 (b)) For this, reactant 

solutions were prepared in methanol with metal : organic ligand ratio of 1:8, which is 
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a critical parameter for the ZIF-8 synthesis. Continuous ZIF-8 films were prepared on 

both side of porous nylon support with the thickness of 16 μm. In a subsequent study, 

aqueous ZIF-8 synthesis on a porous nylon support was demonstrated with the use of 

deprotonation agent, ammonium hydroxide.62 ZIF-8 films were grown on the side of 

the HMIM, with 2.5 μm thickness. Gas separation performances exhibited the ideal 

selectivity of 4.6 for H2/N2.  

The counter-diffusion technique has also been combined with hydrothermal, 

solvothermal, secondary-growth and anodic dissolution techniques. Combination 

with the secondary growth has been used to grow continuous MOF (ZIF-8) films on 

the inner surface of a tubular α-alumina ceramic support.63,64 Counter-diffusion has 

been also used with solvothermal synthesis techniques to obtain inter-grown, defect 

free membranes.65,66 In the study of Kwon and Jeong, α-alumina supports were soaked 

in metal solution, followed by soaking in organic ligand solution in an autoclave and 

synthesis took place at 120 °C.65 The resulting ~1.5 μm membranes showed 

propylene/propane selectivity (~55). Anodic dissolution and counter-diffusion 

techniques have been utilized for Cu-BTC/PES membranes with excellent dye removal 

performance.67 The hydrothermal synthesis accompanied the counter-diffusion 

technique for the growth of Co-Zn based ZIF-8 and ZIF-7 membranes on Co3O4 . The 

Co3O4 was used simultaneously as a support and a Co source for the mixed-MOF 

synthesis.68 ZIF-8 membranes were synthesized on α-Al2O3 hollow fibers with the 

thickness of 40-70 nm on the outer surface. For this DMF-based synthesis it was 

shown that the temperature highly affected membrane morphology and 

propane/propylene separation performance.69 Nanoporous network fillers have been 

used for ZIF-8 films growth via counter-diffusion, resulting in films with thickness of 

~500 nm and H2/CO2 selectivity of 43.70 ZIF-8 films have been grown on SiO2 

nanofibers via counter-diffusion, aiming at application in particulate matter removal.71 

Surface modification strategies have improved the adhesion between films and 

supports.72 The counter-diffusion concept has been applied to different MOFs: ZIF-

71,73 ZIF-7,52,65 SIM-1,52,65 Cu-BTC, 74 and ZIF-90.52 
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Layer-by-layer (LbL) (or Liquid-phase epitaxy (LPE)) LbL is an in-situ MOF film 

formation technique where the metal source and organic ligand solutions are 

alternatingly applied to the substrate in a stepwise manner.75 Ultimate control over 

the film thickness can be achieved via the number of the cycles. The main 

disadvantage of LbL is the limitation to use only paddle-wheel structure metal linkers 

with available coordination sites, while there is no limitation in the organic linker.34 

The application of the layers can be performed in different manners: dip-coating, spin-

coating, immersion, pumping, spraying.76–78 It is possible to obtain highly oriented 

uniform thin films on functionalized surfaces, also called as SUR-MOFs.75,79 These 

functional groups are used to connect metal or organic linker and initiating the 

growth of thin films, preferably in an oriented structure. Orientation can be controlled 

by the use of various functional groups.  

Electrochemical deposition (ED) – ED has been developed by BASF for the full-scale 

production of MOF powders.22,23 The main advantages of this synthesis method are 

the use of pure metals without counterions such as nitrates, the milder synthesis 

conditions (lower temperatures), and the short synthesis time.80 This well-established 

method has been also adapted for thin MOF film deposition.81 The anodic dissolution 

technique pioneered by BASF is based on using metal substrate as a working electrode 

dipped in an organic ligand solution. Metal ions are released from the electrode with 

the applied electric potential and react with the organic linker available in the 

solution. The use of a two- or three–electrode configuration, applied potential, 

concentration of the organic linker, use of supporting electrolyte, and synthesis time 

are some of the critical parameters affecting the final MOF (film) properties.21,80 In the 

cathodic deposition, reactants are in the solution together with probase, and MOF 

film formation takes place at the cathodic substrate surface due to the pH jump at the 

interface via probase reduction.82 Beside these two main techniques, galvanic 

displacement83 and electrophoretic deposition84,85 also are ED techniques. Different 

type of supports have been also used for ED such as, metal meshes, foils, plates, hollow 

fibers, glass, gold, etc.82,86–88 In order to obtain uniform, homogenous, defect-free 

MOF films, understanding the electrocrystallization mechanisms and their 
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characterization have been the main focus in the ED field. 82,87–89 Patterned MOFs, 

easy scale-up potential of ED, together with in-situ metrology techniques can be useful 

in many different potential applications such as catalysts, sensors, micro-patterned 

devices, etc.90–92 

 

Figure 1.4 ZIF film preparation techniques a) support exposed to the mixture of 
reactants b) reactants exposed to each other at the interface.93 Reproduced by 
permission from Springer Nature publishing group, copyright 2020.  

Chemical vapor deposition (CVD) – This technique is based on the MOF synthesis 

at the interface of the substrate by using vaporized reactants. Precise control over the 

thickness of the uniformly formed films is the main advantage of this method. 

Ameloot et al. developed the ZIF-8 CVD preparation on substrates with complex 

shapes, e.g., pillar arrays thanks to the use of vaporized reactants.94 Use of high 
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temperature for the deposition has been tackled in the recent work of Ameloot et al. 

by preparing another MOF, MAF-6 at lower temperatures (100 °C) than previous ZIF-

8 CVD preparation at 240°C.95 These patterned MOF films can be used in 

microelectronic applications. sequential, self-saturating gas-in-surface reactions. 

Atomic/molecular layer deposition (ALD/MLD) – ALD has been used for the 

deposition of metal oxides on substrates via sequential self-limiting reactions.96 For 

MOF synthesis, this technique is based on sequential steps of volatile metal and 

organic ligand reactants deposition.34,97 Good control over the thickness is possible via 

the control of the number of the repeating steps. This technique has been also used 

with the combinations of other techniques. For example, ALD can be used for the 

metal deposition followed by solvothermal method for MOF synthesis or as a 

nucleation layer for secondary-growth crystallization.98,99 Like CVD, ALD also 

contributes for the patterned MOF film preparation via control over the localized 

metal deposition. 

1.3.2 Applications 

MOF thin films and their applications are not considered mature with its 15 years 

history. Preparation techniques are still under development as well as assessing the 

potential applications. Beside fulfilling the criteria for specific applications, in a bigger 

picture, reproducibility and cost efficiency are the main challenges. However, MOF 

thin films and MOF hybrid films would be always in the scope of separation 

applications due to their specific pore sizes and high surface area. As discussed above, 

challenges such as defect-free film formation, stability and durability hinder their 

commercialization. With the control over the orientation and thickness along with 

the developments on localized synthesis techniques, MOF thin films are also attractive 

for many different applications: catalysis, drug-delivery, photovoltaics, CO2 reduction, 

water splitting, electronic devices, bioreactors, MOF-based capacitors and batteries 

(Fig. 1.5). 14,34,35,100 
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Figure 1.5 MOF applications.14 Reproduced by permission of The Royal Society of 
Chemistry.  

1.4 Thesis Outline  

In this thesis, the preparation of MOF films, both as surface-supported and mixed 

matrix membranes, was investigated. The focus was on understanding the role of 

the interface for synthesis and the performance of MOF based MMMs, and also 

efforts to quantify the interfacial properties of MOFs.  

Porous copper hollow fibers used, for the first time, as a both support and a metal 

source for preparing thin MOF (Cu-BTC) films (Chapter 2). An electrochemical 

route has been chosen because it is easy, fast and side-product-free, applicable to 

the hollow fiber geometry, and enables the desired films characteristics. We have 

shown that by omitting a supporting electrolyte from the synthesis solution and 

by using lower potential differences thin and reproducible film formation can be 



16 

 

achieved. This work is considered as an important step towards utilizing 

inorganic hollow fibers.86  

In Chapter 3, commercial ion exchange membranes (IEM) were used both as a 

dense polymeric support and a selective medium to synthesize MOF (ZIF-8) films 

in diffusion-cell set-up. The aim is to control the transport of the reactants at the 

interface for localized synthesis. The influence of the different dielectric constant 

solvent, type of IEMs (anion exchange and cation exchange) and duration of the 

synthesis are investigated to obtain pure, homogenous ZIF-8 films. It was shown 

that pure ZIF-8 films were obtained in methanol, despite a lower dielectric 

constant and reduced Donnan exclusion (charge density), for anion exchange 

membranes in this solvent. IEMs has been introduced as a support for MOF thin 

films for the first time with great potential to control the local concentration and 

the synthesis.  

In Chapter 4 MOFs embedded polymeric membranes were studied for gas 

separation applications. The effects of the post thermal treatment on the material 

properties and gas separation performance of these membranes are investigated. 

Three different MOFs (ZIF-8, sod-ZMOF and K+ exchanged sod-ZMOF) and 

highly-permeable polyimide (6FDA-DAM) have been used. The performance of 

the membranes mainly depends on the polymer, the effect of the post-thermal 

treatment is investigated in detail for the polymer films. Secondly, the gas 

separation performance of hybrid films shows different performances based on 

MOF stability (stable, amorphous or oxidized) after thermal treatment. The 

amorphization of MOFs was shown to have a healing effect on the leaky interface 

between MOF and polymer. Our results show that by only changing the post-

thermal treatment parameter, it is possible to obtain different gas separation 

performance from both pure polymeric and hybrid membranes.  

Chapter 5 covers analyzing and quantifying interfacial properties of MOF films 

(ZIF-8) via contact angle measurements. Sample preparation and measurement 

techniques (static, advancing-receding and most stable contact angle via 



17 

 

piezoactuation) have been addressed. The most stable contact angle 

measurements of multiple probe liquids are used to estimate the interfacial 

properties of spin-coated ZIF-8 films. The challenges to analyze the surface 

characteristic of porous materials are conceptually and quantitatively 

investigated, as the interfacial aspects of MOF films are valuable information to 

understand any MOF-based system.  

Chapter 6 reflects on the results showed in this thesis along with the possible 

future directions. Challenges across the thesis are discussed, with an emphasis on 

the so called “negative results” which were obtained during the course of this 

doctoral research. General perspectives on the MOF field, ranging from 

discovering new powders to designing films for nanotechnology applications and 

the contribution of this thesis to the growing field of MOFs are provided.  
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Abstract 

Porous copper hollow fibers have been used, for the first time, as both a support 

structure and as a metal source for preparing thin metal organic framework (Cu-

BTC) film via a fast, facile and direct electrochemical route. Our focus was on the 

effects of supporting electrolyte and magnitude of the applied electrical potential 

on the formation and the morphology of the films. In the absence of a supporting 

electrolyte, and at low potential, more uniform films with smaller particles are 

obtained. This is attributed to the more pronounced electric-field driven mass 

transport of the organic ligand from the liquid bulk towards the surface of 

electrode combined with the slower dissolution of copper due to the lower 

overpotentials. In the presence of a supporting electrolyte the ligand transport is 

much slower and copper dissolution higher due to higher overpotentials; this 

results in the formation of less homogeneous films and the growth of metal 

organic framework crystals in the liquid bulk. The localized formation of thin 

metal organic framework films on metal porous hollow fibers with high surface area 

to volume ratio is an important step towards various applications, including 

membranes, microfluidic devices, sensors and heterogeneous catalysts.  
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2.1 Introduction 

Metal-organic frameworks (MOFs) are hybrid materials consisting of inorganic metal 

centers connected by organic linkers. This nature gives MOFs synergetic properties of 

both inorganic and organic porous materials. MOFs have been studied for many 

different applications over the past decade due to their high surface area and porosity, 

relatively good thermal and chemical stability, designable framework, flexibility, 

sorption capacities, and functionalizability.1–6 For example, MOF thin films have 

attracted attention for separations, sensors, electric devices, and catalytic coatings.7–11 

Efforts towards controlling MOF localized synthesis, morphology and thickness have 

become crucial for these applications. MOF films can be prepared by multiple 

methods, including in-situ and secondary growth,12 dip coating,13 layer by layer 

growth,14 and electrochemical fabrication methods.15 After the electrochemical 

fabrication method was first developed for MOF powder synthesis by BASF in 2005, 

preparation of MOF films via electrochemical route has been also explored.16,17 The 

electrochemical method has a number of advantages versus other techniques. Firstly, 

it is a facile technique that offers the advantages of using lower temperatures than 

those needs for traditional methods. Secondly, by using a pure metal source instead 

of a metal salt, the formation of undesirable by-products, such as nitrates, is 

prevented.18 Thirdly, the time required for electrochemical synthesis is typically on the 

order of minutes while for other approaches can be hours or days.19  

Until now, 14 different MOFs have been electrochemically synthesized as thin films.20 

Among them, Cu-BTC (Cu3(BTC)2, HKUST-1, BTC=benzene-1,3,5-tricarboxylate) is 

the most studied electrochemically synthesized type of MOF in the literature. There 

are different electrochemical fabrication techniques, including anodic oxidation,17–19,21–

25 cathodic deposition,26,27 galvanic displacement,28 and electrophoretic deposition.29,30 

Anodic oxidation is the most common and the most straightforward technique. In this 

method, a working electrode (anode) is used both as a metal source and a support for 

the MOF films. By applying a potential difference between the working electrode and 

a counter electrode, metal ions are released and react with the organic linker available 

in the synthesis solution and the MOF film is formed. Under the right synthesis 
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conditions the formation of the MOF occurs on the surface of the working electrode 

and a thin film is formed. Often, a supporting electrolyte is used to enhance the 

conductivity of the organic solution due to its high resistivity.19  

Efforts have been made to investigate the crystallization mechanism, the reaction 

mechanism and the factors affecting the MOF film thickness and the quality. It has 

been shown that dense, thin MOF films can be prepared on a partially oxidized 

support without damaging it by controlling the applied potential, time and the use of 

supporting electrolyte.18 In the anodic dissolution method, MOF formation consists of 

four different steps: i) initial nucleation, ii) growth of islands, iii) intergrowth and iv) 

detachment.25 The reaction mechanism of the synthesis has been found to be a two-

step oxidation mechanism.24 Firstly, the presence of oxygen and water initiate the 

oxidation of Cu0 to Cu+1 as form of Cu2O. Secondly, Cu2O in the presence of organic 

linker solution leads to formation of Cu3(BTC)2. Cyclic voltammetry (CV) of Cu-BTC 

synthesis have been studied using Au(111) as a substrate to shed a light on the 

mechanism.31 After the deposition of copper to the Au surface, the interaction between 

the organic linker and copper in ethanol has been investigated. The oxidation of 

copper shifted to higher potentials due to the adlayer (adsorbed layer) of the organic 

linker on the copper surface. This may explain the good attachment of MOFs to the 

copper surface. It is also found that Cu oxidation occurs at low potentials (0.18 V in 

the presence of BTC) whereas a very large range of applied potential have been used 

in the literature (0.5-25 V).17,31 This can be also related to the use of a two-electrode or 

three-electrode electrochemical cell. In a three-electrode cell, the applied potential 

between the working and reference electrode can be controlled precisely, whereas in 

a two-electrode cell it is not possible to know the exact potential applied to the 

working electrode since it is not versus a reference electrode.15 Solutions suffer from 

high (ionic) resistivity due to usage of an organic solvent, which limits charge 

transport and thus electron transfer at the surface. In order to decrease the Ohmic 

(resistance) drop in the solution and increase the efficiency of the synthesis, a 

supporting electrolyte is typically added to the synthesis solution. Some studies have 

found that the supporting electrolyte has a strong effect on the kinetics of the 
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reaction.18,32 This can cause some cracks or defects on the substrate and it has been 

found that MTBS (tributylmethylphosphonium methyl sulphate), a supporting 

electrolyte commonly used in the organic solutions, can be trapped in the pores of the 

MOF and cause a decrease in the pore volume and specific surface area.33 

Up to now, there have been various studies to obtain MOF films on various copper 

supports such as plate, disk, mesh, bead and copper coated silicon wafers, using gold 

and glass carbon electrodes.15,16,18,31,34–36 However, to the best of our knowledge, 

electrochemical deposition of MOFs directly on porous hollow fibers (HFs) has not 

been previously reported. HFs are attractive for many industrial applications due to 

their high surface area to volume ratio and easy scale-up features. Therefore, MOF 

HFs have gained many interest as mixed matrix HF membranes,37–39, MOF films coated 

onto polymeric HFs40,41 or ceramic HFs incorporated with MOFs.42 In this work, we 

have prepared Cu-BTC-coated Cu HFs via an electrochemical synthesis route. It 

is shown that electrochemical synthesis can be used for MOF film formation on 

the outer surface of the metal HFs as a fast, simple and efficient direct synthesis 

technique. We investigated different synthesis conditions in order to obtain 

homogeneous, uniform and continuous MOF films and characterized based on the 

adhesion of the layers, their thickness, and their particle size distribution. 

2.2 Experimental 

2.2.1 Preparation of Cu-BTC-coated Cu HFs 

Cu-BTC-coated Cu HFs were prepared using a three-electrode electrochemical cell. 

(Fig. 2.1) As a starting point, an adapted procedure of Van Assche, 2012 and Schäfer, 

2016 with different substrates (e.g. copper mesh, copper plate) was followed.18,24 A 

copper HF, with a wall thickness of ca. 0.25 mm, an inner diameter ca. 1 mm and an 

average length 10 cm was used as a working electrode (WE). (Fig. 2.1(c)) The 

preparation of copper HFs via non-solvent induced phase separation is described in 

detail elsewhere.43 A copper wire (r = 0.23 mm) was polished using 240 grit sandpaper 

and used as a counter electrode (CE). As a reference electrode (RE), a saturated 
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calomel electrode (SCE) (from SI Analytics) was used.44 All the reported electrical 

potential values were based on standard hydrogen electrode (SHE). The synthesis 

mixture was prepared by adding the organic linker, benzene-1,3,5-tricarboxylic acid 

(trimesic acid, BTC) (Sigma Aldrich, ≥ 95%) and the supporting electrolyte 

methyltributylammonium methyl sulfate (MTBS) (Santa Cruz Biotechnology, >%98) 

both with the concentration of 16 g L-1 into a mixture of purified ethanol (EtOH, ≥ 99.9 

%, EMSURE®) and water (H2O, purified by a Milli Q system, Millipore) (EtOH:H2O 

65:35 v/v). 

All the electrodes were placed in the solution. The cell was heated to 50oC by 

immersing the assembly in a hot water bath. A PGSTAT204 potentiostat (Metrohm 

Autolab, B.V., The Netherlands) was used to apply a potential difference across the 

electrodes. For a given experiment, the desired potential was applied to the samples 

and synthesis allowed to take place over a given time (30 minutes). The current was 

recorded during the synthesis and was reported as an average over time (Fig. S2.1 and 

Table 2.1). After electrochemical synthesis, the MOF-HFs were rinsed in ethanol for 2 

days followed by drying at ambient temperatures for further analysis. Effect of the 

presence of the supporting electrolyte in the synthesis solution and the effect of the 

applied potential (0.5 – 5 V vs SHE) were investigated. The Cu-BTC-coated Cu HF 

samples synthesized in the presence of the electrolyte and in the electrolyte free 

solution were called E-(applied potential) and F-(applied potential), respectively. 

2.2.2 Materials characterization 

The Cu-BTC-coated Cu HFs were investigated using an SM-6010 (JEOL) scanning 

electron microscope equipped with an energy dispersive X-ray spectrometer (EDS). 

MOF thin layer deposition was essentially uniform on the HF surface, with only slight 

differences that may be attributed to the effect of the curvature of the HF and the local 

electric-field distribution. Consequently, in the analysis variations based on position 

were not considered. Cross-sections and the outer surface of fibers were sputtered 

with a 5 nm chromium coating (Quorum Q150T ES) prior to analysis. The XRD 

patterns of the samples were determined by powder X-ray diffraction (XRD) on a 



31 

 

Bruker D2 PHASER operated at 10 mA and 30 kV using a CuKα source with a 

wavelength (λ)¼ 1.54 Å at room temperature. Scans were made at variable angle, 

ranging from 5 to 50o with a 2θ step size of 0.02o and a scan speed of 1 s per step. The 

MOF sample for XRD analysis was obtained by scratching the outer surface of the 

fibers. Thermogravimetric analysis (TGA) was performed using a STA 449 F3 Jupiter 

(Netzch). Measurements were performed under 20 ml min-1 nitrogen flow and at a 

heating rate of 5 °C min-1, starting from room temperature up to 800°C. Temperature 

correction by melting standard and a blank correction with an empty cup were carried 

out prior to the measurements.  

2.3 Particle size and film thickness analysis  

Particle size and film thickness were determined by image analysis (ImageJ software ) 

using outer surface and cross-sectional SEM images, respectively.45 The particle size 

analysis was performed for each sample using at least two outer surface images and 

for more than 300 particles in total. A minimum threshold was set at 5 particles per 

bin (bins 0.2µm in width), bins containing fewer than this number were not included 

in the analysis. The particle size was fitted to a Gaussian distribution using least 

squares regression. The thickness of the MOF films was calculated by taking more 

than 10 measurements per cross-sectional SEM image. The mean particle size, the 

spread and thickness data are reported along with the standard error. 

2.4  Results and discussion 

Here, MOF film formation on the outer surface of the copper HF via electrochemical 

route is investigated. We considered two cases: with and without supporting 

electrolyte. In the first case, with supporting electrolyte, electrical potential gradients 

in the bulk are reduced or negligible due to the higher conductivity of the synthesis 

solution. In the second case, larger electrical potential gradients can exist in the bulk 

that can favor the transport of charged species to and from the electrodes via 

electromigration. From the perspective of electrocrystallization, MOF film formation 

via electrochemical method is a surface reaction that takes place in the electrical 
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double layer (near the electrode surface). Partial oxidation of the copper HF support 

and transport of BTC in order to react and form the MOF layer are then the critical 

parameters controlling the properties of MOF film.  

 

Figure 2.1 a) Schematic overview of the three-electrode cell. b) Porous copper HF c) 
Cross-sectional image of copper HF. Scale bar, 500 µm. 

2.4.1 Cu-BTC MOF films characterization 

Fig. 2.2 shows that on the outer surface of the HF films of Cu-BTC MOF crystals with 

the typical octahedral shape. In Fig. 2.3 the EDS data depicts the atomic composition 

of the films, revealing the presence of a uniform Cu-BTC MOF structure containing 

both organic (C) and metal (Cu) components. The X-ray diffraction patterns of the 

MOF films that were prepared with and without supporting electrolyte are in good 

agreement with simulated Cu-BTC (Fig. 2.4(a)), from the study of Zhou (2013) et al., 

CCDC 943009.46 Powder XRD patterns (2θ=7-50o) confirm the crystal structure of the 

Cu-BTC, indicating the successful synthesis of Cu-BTC films on the Cu HFs. The total 

weight change (3.5%) between 50-800oC in the TGA analysis corresponds to the thin 

MOF films on the outer surface of the fiber (Fig. 2.4 (b)). The initial weight loss 

between 50-200oC (0.7%) is attributed to the residual ethanol, adsorbed water on the 

surface, and coordinated water molecules in the MOF structure.47 The TGA results 

show that MOF is stable up to 280oC and the decomposition of the organic ligand, 

trimesic acid, starts at temperatures in excess of 280oC. 
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Figure 2.2 Formation of Cu-BTC MOF films (E-1) a) and b) SEM images of the cross-
sectional image of the Cu-BTC-coated Cu HFs. c) The outer surface of the HF. Red 
circles indicate cracks present. 

 

Figure 2.3 SEM image of the outer surface of the Cu-BTC-coated Cu HF (F-0.5). EDS 
map showing copper, oxygen and carbon distribution. Scale bar, 30 µm. 
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Figure 2.4 a) XRD patterns of Cu-BTC sample scratched from fibers and simulated 
Cu-BTC powders (data is taken from the study of Zhou (2013) et al., CCDC 943009, 
[6]). b) TGA curve of Cu-BTC-coated Cu HFs under continuous nitrogen flow. 

Some MOF formation within the pores of the fiber is also observed, specifically close 

to the outer surface of the HF (Fig. S2.2). Electrochemical reactions occur at the 

interface between the surface of the working electrode and the solution.48 Due to the 

porous nature of the HF, the reaction occurs in the pores as the organic ligand (BTC) 

solution can diffuse into the pores. The acidity of the BTC solution (pH=3) can possibly 

enable the dissolution of the copper ions in the pores while there is a negligible electric 

potential gradient within the pores driving transport.15 BTC molecules can react with 

these copper ions and form Cu-BTC MOF in the pores of the HF as well. Dissolution 

of metal substrates with the combination of acidity effect and high temperature 

(higher than 110oC) has been also reported previously.32  

2.4.2 Effect of the supporting electrolyte  

Introducing supporting electrolyte into the synthesis can help to overcome the high 

electrical resistance of the organic solvent and hence aid reduction of the Ohmic drop 

of the solution. An organic supporting electrolyte, MTBS is often used in the 

electrochemical synthesis of MOFs.49 The release of the copper ions occurs much 

faster in an supporting electrolyte solution as all the electrical potential drop occurs 

close to the surface so that the efficiency of the electrochemical MOF powder 

synthesis is improved.20 However, in this case we have observed some disadvantages 
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of using an supporting electrolyte based synthesis solution for thin film MOF 

formation on HFs.  

Cracks: During the formation of the MOF film, cracks were observed on the copper 

HF surface as indicated by red circles in Fig. 2.2(c). The porous copper HF is used both 

as a substrate and as a metal source for the MOF film synthesis. The growth of the 

MOF particles on the outer surface of the HF may create internal stress and result as 

cracks on the substrate, especially when the reaction occurs fast with the help of the 

supporting electrolyte (MTBS). When the applied potential was increased to 5 V, the 

effects of the presence of the supporting electrolyte are larger as can be seen in Fig. 

2.5 (c-d). The detachment of the MOF spikes and the rapid release of the Cu ions 

causes damage to the Cu HF support. A similar phenomenon on a copper mesh 

substrate was also reported by Van Assche (2012) and was attributed to the presence 

of supporting electrolyte and its effect on kinetics.18 

Blue solution: During the synthesis with the supporting electrolyte, MTBS, we have 

observed that the reaction solution turned blue within seconds. This color change is 

characteristic of Cu-BTC MOF powders.50 This can be the result of both powder 

synthesis in liquid bulk, as well as a detachment of the MOF films into the solution. 

By decreasing the resistance of the organic solvent through introducing MTBS, the 

faster release of the copper ions promotes the diffusion of these ions into the liquid 

bulk and synthesis of MOF particles in suspension. The use of supporting electrolyte 

on the reaction kinetics also promoted the detachment of the MOF films formed on 

the surface. Copper ions migrating through the MOF films creating voids below the 

MOF films results in poor adhesion of the films on the HF, as previously observed.25 

When this phenomenon occurs on a wide area, the MOF films are easily detached 

from the surface during the synthesis. As can be seen in Fig. 2.5 (a) and (b), large MOF 

branch-like structures have been observed on the outer surface of the fiber when a 

potential difference of 2 V applied in a supporting electrolyte solution. These 

structures are not physically stable and show poor attachment to the surface of the Cu 

HF. They can be easily detached from the surface and dispersed in the solution, as can 
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be seen in the corner of the Fig. 2.5 (b) where the synthesis solution is partially blue. 

As the applied potential is increased to 5 V, the synthesis solution became a deeper 

blue color (corner of the Fig. 2.5 (d)). The branch-like structures formed at this 

potential have completely detached from the surface and damage to the HF support 

has been also observed (Fig. 2.5 (d)). The presence of supporting-electrolyte allows for 

a very rapid synthesis of the MOF on the surface.  

 

Figure 2.5 The effect of applied potential higher than 1 V on the structure of the Cu-
BTC-coated Cu HFs a) low and b) high magnification SEM images of the sample E-2 
with the insets showing solution after synthesis. c) Low and d) high magnification 
SEM images of the sample E-5 with the insets showing solution after synthesis. 
(contrast and brightness adjustment has been made for Fig. 2.5 (b), (c) and (d)). 

Gas formation: Formation of gas bubbles at the counter electrode has been observed 

in the presence of supporting electrolyte at the applied potential higher than 1 V.51 

Hydrogen evolution occurs at high current densities and causes weak adhesion during 

electrodeposition processes.52 The detachment of the MOF films into the solution and 
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deformation on the Cu-BTC-coated Cu HF have been observed in E-2V and E-5V (Fig. 

2.5). The presence of a supporting electrolyte increases the current as it is shown in 

Table 2.1, as well as the current densities in the system.  

MOF formation on the inner surface: In the samples E-2V and E-5V with supporting 

electrolyte, some MOF crystals have been formed on the inner surface of the HFs (Fig. 

S2.3). These spots with MOF are not as homogenous as the outer surface due to the 

absence of electric field. As a result, the migration of charged species in the electric 

field is limited. The porous copper HF allows BTC to diffuse through the wall of the 

fiber as well as the access from the bottom of the fiber. The high potential difference 

near the open end of the fiber can cause dissolution of the Cu ions near this region 

and followed by the formation of MOF particles.  

 

Figure 2.6 Formation of Cu-BTC MOF films (F-0.5) a) and b) SEM images of the cross-
sectional image of the Cu-BTC-coated Cu HFs. c) The outer surface of the HF.  
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Table 2.1 Results of Cu-BTC-coated Cu HFs synthesis. Particle size analysis of the 
MOFs, determined by image analysis (by ImageJ software) of SEM image at different 
magnification (x1000-x7500). The thickness of MOF films – synthesized for 30 min for 
both set of experiments (E and F) - was calculated by taking more than 10 
measurements per cross-sectional SEM image at different magnification (x500-
x2000). The data are presented as mean +- standard error (SE). 

Sample Electrolyte Applied 
Potential 

Current Mean 
Particle 

Size 

Spread Thickness 

(V) (mA) (µm) (µm) (µm) 

E-0.5 MTBS 0.5 5.68 2.30 ± 0.18 1.50 ± 0.27 25.31 ± 1.79 

E-1 MTBS 1 9.50 2.06 ± 0.11 1.21 ± 0.17 19.20 ± 0.68 

E-2 MTBS 2 19.82 2.86 ± 0.17 2.13 ± 0.28 27.93 ± 2.67 

E-5 MTBS 5 45.58 0.92 ± 0.04 0.61 ± 0.06 15.33 ± 1.19 

F-0.5 - 0.5 0.50 0.90 ± 0.02 0.43 ± 0.02 2.93 ± 0.39 

F-1 - 1 0.76 0.98 ± 0.03 0.45 ± 0.04 4.19 ± 0.26 

F-2 - 2 0.96 1.32 ± 0.09 1.19 ± 0.13 8.88 ± 1.10 

F-5 - 5 2.21 2.10 ± 0.03 1.10 ± 0.05 15.76 ± 1.19 
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Figure 2.7 Gaussian distribution of particle size of sample F-0.5 with least squares fit, 
along wit larger aggregates. Mean particle size (�̅� )and the spread (�̅�) values are shown 
in the graph.  

2.4.3 Electrolyte-free synthesis  

By omitting the supporting electrolyte (MTBS) from the synthesis solution more 

uniform films with smaller particles are obtained on top of the HF (Fig. 2.6). These 

smaller particles exhibit better attachment to the Cu HF surface (Fig. 2.6 (b)). As 

compared to the synthesis with supporting electrolyte, the same applied potentials 

now result in substantially lower current values due to the high resistance of the 

organic solution (Table 2.1). The low current indicates slower the reaction kinetics, 

evidently favouring more reproducible films. The lack of color change of the synthesis 

solution during and after the synthesis indicated that the MOF formation primarily 

occurs on the surface, without substantial detachment from the surface. When MTBS 

is excluded from the synthesis solution, the cracks and damage on Cu-BTC-coated 

Cu HFs observed when using supporting electrolyte solution are not apparent (see 

Fig. 2.6).  
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Figure 2.8 SEM images of the outer surface of the Cu-BTC-coated Cu HFs: E-0.5, E-
1, E-2, E-5.  

The electrochemical crystallization occurs at the electrode/solution interface and the 

limiting factor is the ion transport from the liquid bulk to the electric double layer 

(EDL).53 Movement of the ligand species is based on the gradients in the electric 

potential (migration) and chemical potential (diffusion), and the motion of the bulk 

fluid. In the absence of stirring the motion of the bulk fluid can be considered minimal 

and any potential convective contributions be neglected. Therefore, assuming that the 

mixture is thermodynamically ideal, net transport of species i can be described via the 

Nernst-Planck equation as:52  

Flux = Diffusion + Electromigration (2.1) 

𝐽𝑖 = −𝐷𝑖∇𝑐𝑖 −
𝑧𝑖𝐹

𝑅 𝑇
𝐷𝑖𝑐𝑖∇Φ 

(2.2) 

where Ji is the flux of species i in mol m-2s-1, Di is the diffusion coefficient of species i 

in m2 s-1, ci is the concentration of species i in mol m-3, zi is the charge number of the 
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species i (dimensionless), F is Faraday’s constant in C mol-1, R is the gas constant in J 

mol-1 K-1, T is the temperature in K, and Φ is the electric potential in V. 

In this study, electroformation of MOF films occurs at the interface between porous 

copper working electrode and the synthesis solution. By applying an electric potential, 

copper ions are released from the surface while BTC molecules diffuse or migrate to 

the EDL from bulk. The migration of BTC molecules in the bulk depends on the 

electric potential gradient in the system. In supporting electrolyte-free solution, there 

is a drastic Ohmic drop in the solution due to use of organic solution, ethanol. This 

Ohmic drop means there is an electric-field in the bulk (potential gradient) and 

transport of the BTC molecules would be facilitated with both migration and diffusion. 

Therefore, BTC transport to the EDL would be enhanced in electrolyte-free synthesis. 

In addition, a low current implies that copper dissociation on the pure copper HF is 

slow. The combined faster supply of BTC at the EDL surface and the slow and 

controlled release of the copper at this location results in the formation of the thin 

and homogenous MOF films comprising small crystals. A similar phenomenon was 

observed for hydrothermal synthesis of Cu-BTC on an alumina support previously; a 

low concentration of the precursors was suggested to result in small crystals and 

controlled layer formation.54  

Addition of a supporting electrolyte minimizes the electric potential drop in the bulk 

meaning there is limited contribution from electromigration. With the addition of the 

electrolyte, nearly all the change in electric potential occurs very close to the electrode 

surface. The transport of BTC molecules will then be primarily due to diffusion 

associated with a concentration gradient. Based on the free water diffusion 

coefficients, Cu2+ ions (1.43 x 10-9 m2 s-1) diffuse faster than the BTC molecules (7.6 x 10-

10 m2 s-1).35,55 The limited supply of the BTC at the electrode will lead to a less controlled 

film formation. This will become more pronounced when more copper is generated 

on the surface, i.e., at higher values of the current. When there is a large excess of 

copper ions, growth of Cu-BTC in the bulk fluid will become more apparent. 
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Combined with the diffusion limitations of BTC, this can also result as non-uniform 

concentration distribution around the growing crystals.53 

Another mechanism that affects the film properties is the adsorption of BTC on the 

copper HF surface. The presence of a molecular adlayer of BTC molecules, on copper 

surfaces, was previously reported by Schäfer, 2017.31 This layer would initiate the first 

layer of Cu-BTC MOF films. By applying higher potentials, the adlayer thickness would 

also then increase which explains the thicker MOF films obtained at higher potentials. 

The presence of the supporting electrolyte may also influence the adsorption of BTC 

by limiting the transport of BTC to the electrode surface that results as non-

homogenous and non-uniform MOF films. 

 

Figure 2.9 SEM images of the outer surface of the Cu-BTC-coated Cu HFs: F-0.5, F-
1, F-2, F-5. 

2.4.4 Particle size  

The particle size histogram, data and corresponding least squares fit are depicted in 

Fig. 2.7 for a representative sample for without electrolyte synthesis (and in Fig. S2.4 
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for with supporting electrolyte synthesis). The results of the particle size analysis, 

including mean particle size and the spread of the MOF crystals and the thickness of 

the MOF films, are reported in Table 2.1. The results show that the mean particle size 

and the spread decrease after removing the supporting electrolyte from the synthesis 

solution. A slight increase of the particle size with increasing the applied potential can 

be observed for experiment without the supporting-electrolyte. When a potential 

higher than 1 V (E-2, E-5) is applied to the copper HF, with supporting electrolyte, 

either the MOF films are detached from the surface of the HF or MOF powders are 

formed in the solution. It can be also seen from the SEM images in Fig. 2.5 (c) and (d) 

that the HF is damaged at 5V. SEM images of this sample show only the films left on 

the surface after the partial detachment.  

Based on classical nucleation theory it is expected that a higher applied potential will 

results in smaller crystals.22 Ameloot (2009) et al. observed a decrease in the particle 

size by increasing the applied potential from 2.5 V to 25 V in an supporting electrolyte 

system.17 By increasing the voltage, a higher dissolution rate and higher concentration 

of copper ions on the surface are obtained, which leads to higher nucleation rate and 

smaller crystals.17 Van Assche (2012) et al. also observed the same behavior for film 

formation in a smaller applied potential range (0.2 - 4 V) by explaining it with the 

relationship between high current densities and high concentration of metal ions near 

the surface.22 However, Joaristi (2012) et al. observed that the large current densities 

did not result in a large number of nuclei and small crystals.19 In this study, we have 

also observed that lower applied potential and lower current densities (without 

supporting electrolyte) lead to smaller crystals. It is important to note that crystal 

growth is also a function of supersaturation.56–58 In electrochemical crystallization 

processes, the extent of supersaturation is directly related to the potential difference 

between the equilibrium potential and the applied potential, i.e., the overpotential.53 

Overpotential impacts copper oxidation on the copper HF surface. The higher the 

overpotential, the higher the amount of copper ions released from the surface. In the 

electrolyte-free synthesis, overpotential can be considered to be lower vs. the case with 

supporting electrolyte, because more of the potential drop occurs within the bulk 
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rather than near to surface. Lower supersaturation (or lower overpotential) means 

slower nucleation and potentially relatively faster crystal growth which can result in 

larger crystals.57 However, for the MOF film formation, not only copper oxidation but 

also the BTC transport to the EDL plays a crucial role. In the electrolyte-free synthesis, 

the enhanced transport of BTC via electromigration and diffusion supplies more BTC 

to the surface of the nucleus and this evidently contributes to the uniformity of the 

particle size. As a result, supplying less copper but in a slow and controlled manner 

along with the enhanced transport of BTC ensures MOF film formation on the surface 

with uniform layer and smaller crystals. In addition, electrochemical adsorption is also 

another important part of the crystallization.31,53,59 Nucleation starts with the adsorbed 

molecules on the surface. More uniform nucleation sites might be created in the 

electrolyte-free synthesis. With the use of MTBS, there is also an additional chance 

that the anionic part can be adsorbed on the surface of the copper HF along with BTC 

molecules. In the supporting electrolyte synthesis, the adlayer of BTC initiates the 

nucleation process, while MTBS adsorbed sites cause non-uniformity and large spread 

in the particle size of the Cu-BTC crystals. In the electrolyte-free synthesis, nucleation 

points can be created in a controlled manner and favors formation of smaller particles 

in the desired location. 

2.4.5 Thickness  

As depicted in Table 2.1, the thickness of the MOF films increases when a supporting 

electrolyte is used in the synthesis solution. In the presence of supporting electrolyte, 

potential drop occurs primarily near to the surface due to smaller resistance in the 

bulk which indicates higher overpotential than electrolyte-free synthesis. When a 

potential difference is applied, dissociation of the copper starts immediately. This was 

observed during the synthesis; within seconds of applied potential, the HF starts to 

change color to characteristic blue of Cu-BTC. The activation energy for the 

crystallization is overcome much faster than supporting-electrolyte-free synthesis.19 

These fast kinetics allow the MOF crystals to grow as a thick film because more copper 

is generated with the help of the high overpotential. Sample E-5V has much thinner 
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MOF films due to the removal of the particles to the solution. This makes it difficult 

to compare the data with the rest of the samples. The sample E-2V shows 

agglomerated branch-like MOFs instead of a MOF film. Therefore, the effect of the 

applied potential on the samples with the supporting electrolyte can not be fully 

understood, mainly due to the detachment of the MOF film into the bulk. For applied 

potentials smaller than 2V, MOF films were obtained. In the electrolyte-free synthesis, 

the thickness of the obtained MOF films has been decreased. Homogenous and thin 

MOF films were obtained, as it can be seen in Table 2.1. By increasing the applied 

potential, more copper is oxidized and the thickness of the MOF films increased.  

MOF particles that separated from the surface turn the synthesis solution blue, which 

is a characteristic color of Cu-BTC MOF. The increase in the thickness results in a 

detachment of the particles from the surface, as can be seen in Fig. 2.6. After drying 

of the samples, it has been observed that some MOF particles were not well attached 

to the surface and were also removed. As the diffusion limitations control the 

transport of copper and BTC in the case with supporting electrolyte, the relative 

diffusivities of copper and BTC play more of a role. Copper moves much faster 

compare to BTC based on their ionic size (diffusion coefficients), which hinders 

formation of MOF near to the surface.  

Table 2.1 also shows an increase of the thickness by increasing the applied potential in 

the electrolyte-free synthesis along with the increase in the overpotential. More 

copper ions are generated at the surface and all of these copper ions react with the 

organic linker, BTC, with the increase of the overpotential which results in thicker 

MOF films. Neither colour change nor detachment was observed for this set of 

experiments.  

2.5 Effect of applied potential  

The effect of the applied potential in the range of 0.5-5 V vs. SHE is discussed for 

solutions with and without supporting electrolyte. As is depicted in Fig. 2.8 and 2.9, 

and is reported in Table 2.1, a comparison between electrolyte-free and with-



46 

 

electrolyte samples shows that the standard error (SE) and spread values decreased 

drastically in supporting electrolyte-free solutions, indicating more uniform MOF 

particles with relatively narrower distributions are formed. The mean particle size 

increases with increasing potential. Based on the nucleation theory, higher applied 

potentials should result in the smaller crystals.17 By increasing the voltage, higher 

dissolution rate and higher concentration of copper ions on the surface are obtained, 

which lead to a higher nucleation rate and smaller crystals.60 However, the porous 

nature of the copper HF electrode also allows more Cu ions to release to the surface 

and react with the organic linker ions even at lower voltages. The study of Joaristi 

(2012) et al, also has showed theoretically that only 0.124 V is necessary to overcome 

the nucleation activation energy of 71.6 kJ mol−1 for Cu-BTC MOF.19 All the applied 

potentials in this study are above this nucleation activation energy barrier. As also 

described above, overpotential as the replacement of the supersaturation is the key 

factor to explain the electrocrystallization of MOF films. By increasing the applied 

potential, overpotential is also increased. The critical Cu ion concentration for the 

MOF formation is reached rapidly and this allows crystals to grow for a longer time.  

The current values were decreased by a factor of more than 10 times by omitting 

supporting electrolyte from the synthesis. The current is directly proportional to the 

oxidation at the anode so that the current and time give a qualitative estimate of the 

crystal growth and the film thickness. In the electrolyte-free synthesis, the thickness 

increases in direct proportion to the applied potential. In the case of using supporting 

electrolyte, by increasing the thicknesses of synthesized films, the attachment of the 

films to the surface also becomes weaker and results in easier removal from the surface 

to the bulk that ultimately results in thinner and discontinuous films in the analysis. 

The current is lower due to the resistance of the organic linker solution in water-

ethanol mixture. Most of the applied potential is used to overcome the Ohmic drop of 

the solution.19 Higher current usually refers to higher reaction efficiency and yield.18,19 

It is crucial to remind of the distinct difference between MOF powder synthesis and 

film formation.17,18,22,24,31,35,61–63 Our results show that a decrease in the current is not 

detrimental but can result in formation of more uniform films. Cu-BTC-coated Cu 
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HF prepared without supporting electrolyte are promising candidates for the future 

applications such as gas separation or catalysis.  

We found that applying only 0.5 V vs SHE applied potential in both electrolyte-free 

and electrolyte containing systems was sufficient to obtain thin MOF films. In the 

early studies of electroforming MOF films, the applied potential has been varied 

between 2.5-25 V.17 However, this was done using a two-electrode system instead of 

three-electrode cell. In a two-electrode cell, it is not possible to control the exact 

applied potential to the surface of the working electrode which can limit the 

reproducibility of the experiments. A third electrode is needed to standardize the 

potential with respect to a reference electrode so that the potential on the working 

electrode can be controlled.48,52 Secondly, to synthesize MOF powders, higher applied 

potentials are necessary as the goal is to oxidize the anode and release metal ions into 

the bulk where MOF particles are formed. To electrochemically form MOF films, the 

anode must be partially oxidized and not damaged, so that the dissociated metal ions 

should not migrate to the bulk and stay near to the surface in order to form MOF 

films. By increasing the potential, the migration of metal ions away from the surface 

is also promoted. As mentioned above, the efficiency of the MOF film fabrication is 

not directly related with the high concentration of metal ions, high potential-current, 

etc.. A precise control of the kinetics of the reaction and crystallization is more 

important. To support our results, it is necessary to repeat that only 0.124 V is 

theoretically necessary to overcome the nucleation activation energy. Cyclic 

voltammetry studies have also show that the copper oxidized at 0.18 V in the presence 

of a trimesic acid, which is in reasonable agreement with theoretical calculations.31 

2.6 Conclusions 

In this chapter, we have prepared Cu-BTC MOF coated HFs by a partial anodic 

dissolution electrochemical route. We have used porous copper HFs as anode, metal 

source and support simultaneously for the fabrication of the MOF films. The 

successful formation of Cu-BTC MOF films onto porous copper HFs is confirmed by 

SEM, EDS, XRD and TGA. The effects of supporting electrolyte and applied potential 
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on the electro-synthesis of MOF films have been quantified. A supporting electrolyte 

is typically used to increase the conductivity of the synthesis solution and enhance the 

electron transfer during electrochemical synthesis of MOF powders. However, we 

found that usage of supporting electrolyte for MOF film formation has numerous 

disadvantages. It results in cracks on the MOF films, detachment of MOF films, the 

formation MOF particles in the bulk, and gas formation at the counter electrode. By 

increasing the conductivity of the synthesis solution, controlling the electroformation 

of MOF films on the fiber becomes more challenging.  

Alternatively, using an electrolyte-free solution and lower potential differences we 

have obtained thinner and more reproducible Cu-BTC films. The potential drop 

primarily occurs near the electrode surface with supporting electrolyte, while without 

supporting electrolyte (electrolyte-free) this potential drop is mainly in the bulk. The 

lower potential drop at the electrode surface in the electrolyte-free case lowers the 

rate of copper ion generation while also enhancing the transport of BTC, the slower 

diffusing molecule, to the surface for a higher degree of control of the MOF film 

formation. In order to obtain thin, dense and uniform MOF films, control of kinetics 

and synthesis location is crucial compared to the bulk synthesis. The applied potential 

changes the overpotential in the system, which is related to the release of copper ions 

available for the synthesis. Therefore, an increase in the particle size and film 

thickness have been observed for higher applied potentials. Utilization of 

electrochemical synthesis for MOF formation on a HF support is a straightforward and 

fast synthesis compared to the conventional methods e.g. solvothermal synthesis.42 

The synthesized HFs in our work are promising for numerous applications, in 

particular gas separation64,65 or catalysis66,67 due to their high surface areas, porosity 

and scalability for wide-scale usage. This work represents an important first step 

towards utilizing these HFs, after further work on improving the adhesion and 

mechanical properties.  
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Supporting Information 

 

Figure S2.1 Current-time graph during the synthesis of sample E-0.5V 
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Figure S2.2 Cu-BTC MOF crystal formation in the interior of the hollow fiber. SEM 
images of the cross-section of the Cu-BTC coated Cu HFs. Red circles indicate 
octahedral Cu-BTC MOF crystals.  
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Figure S2.3 SEM images of the inner surface of Cu-BTC-coated Cu HFs: E-0.5, E-1, E-
2, E-5.  
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Figure S2.4 Gaussian distribution of particle size of sample E-0.5 with least squares 
fit, along with larger aggregates. Mean particle size (�̅� ) and the spread (�̅�) values are 
shown in the graph.   
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CHAPTER 3 

MOFs-on-Ion Exchange Membranes: 

Using a charge-selective interface for 

localized film formation  
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Abstract  

Pure ZIF-8 films have been formed on ion exchange membranes (IEM) by using 

diffusion-cell set-up, for the first time. The IEMs function as both a dense 

polymeric support and selectively regulate the transport of the reactants to allow 

for controlled localized film formation. The synthesis of ZIF-8 requires the 

deprotonation of the 2-methylimidazole (HMIM) and Zn(HMIM)n
+ (n=1-4) 

complexes that can be achieved by the use of deprotonation agent or an excess of 

the organic ligand (2-methylimidazole, HMIM) or to create a sufficiently basic 

environment. When using IEMs, local molar concentrations of the (charged) 

reactants at the interface can be controlled in a way to favor ZIF-8 crystallization. 

The influence of solvents with different dielectric constants and the type of the 

IEM was investigated to explore the possibilities to control the formation of MOF 

films, which are characterized with SEM and XRD. The highest quality ZIF-8 films 

have been obtained using a methanol-based synthesis approach with an anion 

exchange membrane (AEM) barrier. In methanol, hydrolysis reactions of 

reactants are inhibited, while the dissociation of zinc into charged form is also 

somewhat reduced due to the lower dielectric constant. The use of an AEM also 

ensures a lower zinc concentration at the membrane interface due to Donnan 

exclusion, although this charge-exclusion is reduced as compared to the case of a 

pristine IEM in water (a high dielectric constant solvent). The ion selective nature 

of AEM also helps to ensure that any protonated organic ligand (H2MIM+) is 

hindered in crossing that favors ZIF-8 synthesis. When CEM is used, the interface 

is enriched with Zn ions, which is not desired for ZIF-8 crystallization, and 

H2MIM+ is also capable of passing between solution reservoirs. In aqueous 

synthesis, formation of Zn(OH)2 was observed as a side reaction of Zn2+. The use 

of a conventional deprotonation agent in ZIF-8 synthesis, ammonium hydroxide, 

destroyed the IEMs used in this work due to high pH. This study demonstrates 

possible advantages for controlled local synthesis of MOFs on IEMs, through 

control of the local concentrations of the reactants and opens up new 

opportunities in terms of both MOF film synthesis and applications of these films.  
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3.1 Introduction 

Metal organic frameworks (MOFs) are a class of nanoporous materials consisting 

of metal centers connected with organic ligands. 1 Their chemical and thermal 

stability, high surface area and porosity attracted interest in many different 

applications. Early studies have focused on obtaining powder materials.2–5 

However, as the application spectrum has expended to film-based sensors, 

electrical devices and separation membranes, a great deal of research has been 

focused on the preparation of MOF films.6 Different techniques have been 

utilized to form thin MOF film on various substrates such as: in-situ synthesis,7–

9 secondary growth,10–12 microwave irradiation,13,14 layer-by-layer,15,16 dip 

coating,1718 electrochemical synthesis,19 counter-diffusion20–22 and interfacial 

synthesis, 23–26 etc. Zeolitic imidazolate frameworks (ZIFs) are a sub-class of 

MOFs, consisting of divalent zinc ions connected with imidazolate based linkers 

with crystal structures similar to zeolites.27 As one of the most studied ZIFs, ZIF-

8 synthesis is considered a ‘simple’ process but remains complicated at the same 

time. Deprotonation of 2-methylimidazole (HMIM) (pKa=14.2) and Zn(HMIM)n
+ 

(n=1-4) (pKa=10.3) complexes requires a basic environment to initiate the 

formation of ZIF-8 crystals.52 In order to increase the pH, use of excessive organic 

ligand28–30 or deprotonation agent such as ammonium hydroxide is 

necessary.22,31,32 In aqueous media, due to the hydrolysis reaction of HMIM and 

Zn2+ the reaction becomes more complicated than in an organic solvent, mainly 

due to the uncontrolled hydrolysis.33  

The preparation of thin-films of ZIFs has been studied extensively, especially for 

ZIF-8.22,34 Yao et al. showed contra-diffusion ZIF-8 synthesis on a flexible porous 

polymer (nylon) membrane as a support. Two reactant solutions in methanol were 

separated with the support and the ZIF-8 film was formed on the membrane surface 

through contra-diffusion of the solutions. ZIF-8 crystals were formed on both side of 

the support. And different morphologies have been obtained due to different local 

molar ratios. On the metal solution side the ratio of organic ligand to metal ion was 

approaching zero, resulting in the formation of big crystals. On the organic ligand 
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solution side, the molar ratio was greater than the original molar ratios and the MOF 

crystallization was more controlled.20 Interfacial microfluidic membrane processing 

has been used for the synthesis of ZIF-8 films using immiscible solvents (octanol for 

Zn2+/water for imidazole) on hollow fiber membranes. Control over the synthesis 

locations, e.g., the inner or outer surface was possible via the choice of the solvents.35 

Li et al. used porous polyethersulfone (PES) supports soaked overnight in an aqueous 

metal solution, followed by exposing these to an organic ligand solution in hexane 

(with a small amount of ethanol as co-solvent) in order to form ZIF-8 membranes via 

interfacial synthesis.36 Abdul Hamid et al. coined the term polymer-modification-

enabled in situ metal–organic framework formation (PMMOF) for the preparation of 

ZIF-8 films.7 Metal doped polymer substrates were prepared for solvothermal 

synthesis of continuous and densely packed ZIF-8 films. Substrates were soaked in 

aqueous Zn solution for 1 h followed and placed in autoclave with organic ligand 

solution in methanol for solvothermal synthesis. Through metal doping, localized 

synthesis was possible to generate complex patterns of MOFs. Matrimid® hollow fibers 

with ZIF-8 membranes were prepared via PMMOF method under a continuous 

microfluidic flow of a growth solution. These membranes showed promising results 

for propane/propylene separation when coated with PDMS as a protective top layer.7 

In addition to different porous polymer supports mentioned above, up to now no use 

of dense ion exchange membranes as a support for pure ZIF-8 films has been reported. 

Only in one study, a dense commercial cation exchange membrane has been used to 

study the effect of incorporating ZIF-8 particles in a skin layer of polyamine that was 

formed by interfacial polymerization.37 This nanocomposite films containing ZIFs on 

cation exchange membranes have been used for monovalent ion separation, to 

demonstrate that nanoporous MOFs can show selectivity for monovalent ions, as well 

as mono vs. higher valence ions.38 IEMs are interesting candidates as a dense 

polymeric support for the MOF film formation due to their selective ion transport 

nature. An IEM allows counter-ions to permeate through the membrane while co-ions 

are excluded based on the anionic/cationic fixed charges. The possibility to control 

the interface concentration of the metal source via Donnan exclusion offers another 
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control parameter for ensuring high organic to metal ratios and localized film 

synthesis.39  

In this study, we explore the use of Fujifilm Type 1 ion exchange membranes for ZIF-

8 film formation. These membranes are made of dense polymeric (aliphatic 

polyamide) membranes with fixed charge groups and inert polyolefin fibers for the 

mechanical strength. Fujifilm Type 1 Anion-exchange membranes (AEMs) are 

functionalized with -(CH3)3N+ and Cation-exchange membranes (CEMs) with sulfo 

groups, –SO3
−.40 These membranes are used in various applications, such as 

electrodialysis.41 For the case of ZIF-8 film formation, IEMs are used to separate two 

reservoirs containing a metal and organic ligand solution respectively in diffusion cell 

and allowing one reactant to diffuse through the membrane depending on which type 

of IEM is used. We have investigated different synthesis conditions (time, solvent and 

combination of solvents, influence of deprotonation agent, IEM type) in order to 

obtain pure and controlled synthesis of ZIF-8 films, which are characterized by XRD 

and SEM in terms of the crystal structures and morphology.  

3.2 Experimental  

3.2.1 Materials 

The chemicals used for ZIF-8 film preparation consist of zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O, Sigma Aldrich, ≥ 99%), and 2-methylimidazole (HMIM, Sigma 

Aldrich, ≥ 99%), ammonium hydroxide (NH4OH, Sigma-Aldrich, 28– 30% aqueous 

solution), methanol (Merck KGaA, 99.8%) and water (H2O, purified using Milli Q 

system, Millipore). All the chemicals were used as received. The dense ion exchange 

membranes (IEMs) were purchased from FUJIFILM Europe B.V., The Netherlands. 

Type 1 Anion-exchange (AEM) (in OH- form) and Cation-exchange membranes (CEM) 

(in Na+ form) were used as a support and a selective transport facilitator for ZIF-8 film 

synthesis. IEMs were cut into ~7 cm diameter samples for use in a diffusion cell with 

diameter of 4 cm. The membranes were pre-soaked in the solvent (methanol, water 

or 0.025M Zn(NO3)2 solution) prior to the synthesis. 
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3.2.2 Preparation of MOF films on ion exchange membranes  

For only methanol based synthesis, 0.05 M Zn(NO3)2·6H2O solution, as a metal source 

and 0.4 M HMIM solution, as an organic ligand source were prepared in methanol and 

stirred for one hour. The molar ratio of Zn:HMIM was 1:8. The IEM was placed in 

between two chambers of a diffusion cell. One chamber was filled with the metal 

solution and the other with the organic ligand solution. The synthesis durations 

investigated as 16, 24 and 72 hours. After the synthesis, the samples were washed with 

methanol and stored in methanol. (Table 3.1) For the water based synthesis 0.025 M 

Zn(NO3)2·6H2O and 0.5 M HMIM solution for Zn:HMIM ratio of 1:20 were prepared. 

In order to increase the pH and deprotonate HMIM, ammonium hydroxide solution 

was added to HMIM solution with Zn:HMIM:NH4
+ molar ratios of 1:2:64 and 1:2:32 as 

per the conventional approach of He et al.22 The samples prepared in water were 

washed with water and also stored in water. More details can be found in Table S3.1.  

Sample naming convention is as follows: IEM type-Solvent type-the duration of the 

synthesis. As an example, sample code A-MeOH-16h means that ZIF-8 films were 

grown on AEM support for 16h and both metal and organic ligand solutions were 

prepared in methanol. When the solvent type is written as MeOH/W, it means metal 

solution was prepared in methanol and organic ligand was prepared in water. 

3.2.3 Materials characterization 

The membranes were dried overnight in a vacuum oven at 30°C for the analysis. The 

ZIF-8 films on IEM were investigated using an SM-6010 (JEOL) scanning electron 

microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS). 

Samples were sputtered with a 5 nm chromium coating (Quorum Q150T ES) prior to 

analysis. The XRD patterns of the samples were determined by powder X-ray 

diffraction (XRD) on a Bruker D2 PHASER operated at 10 mA and 30 kV using a CuKα 

source with a wavelength (λ)¼ 1.54 Å at room temperature. Scans were made at 

variable angle, ranging from 5 to 40° with a 2θ step size of 0.2-0.02° and a scan speed 

of 1 s per step. 
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3.3 Results and discussion  

In this study, we have explored two solvent systems for ZIF-8 film formation on IEMs: 

MeOH-based and aqueous-based. In MeOH, due to its lower dielectric constant 

relative to water, the dissociation of zinc from zinc nitrate is somewhat less favored. 

However, it is still dissociated to a substantial degree. The effective ion-exchange 

capacity of an IEM is also lowered by the use of a lower dielectric constant solvent as 

some of the fixed charge groups within the membrane will not dissociate, but in 

methanol (ε =32.7) charge-selectivity is still maintained. The advantage of methanol 

comes in limiting hydrolysis reactions, as well as potentially allowing more of the 

neutral HMIM to permeate the membrane vs. the case of a highly-charged dense 

polymeric membrane in water. In aqueous system, IEM is expected to facilitate the 

transport of the reactants at the interface due to higher Donnan exclusion and ion 

exchange capacity in water. However, in the aqueous-based synthesis the pH stability 

of the IEMs and hydrolysis of Zn2+ limited the formation of ZIF-8.  

3.3.1 MEOH-based synthesis 

 

Scheme 3.1 Schematic image of the ZIF-8 formation in MeOH based synthesis. 
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Table 3. 1 The experimental details for MeOH based synthesis of ZIF-8 films.  

Sample IEM Solvent (Zn/HMIM) Pretreatment 

A-MeOH-(X)h AEM MeOH/MeOH MeOH 

C-MeOH-(X)h CEM MeOH/MeOH 0.025 M Zn(NO3)2 

A-MeOH/W-(X)h AEM MeOH/H2O H2O 

C-MeOH/W-(X)h CEM MeOH/H2O MeOH 

A-W/MeOH-(X)h AEM H2O/MeOH MeOH 

C-W/MeOH-(X)h CEM H2O/MeOH 0.025 M Zn(NO3)2 

A= AEM, C=CEM, W= H2O, X=synthesis time (16h, 24h, 72h)  

Zn:HMIM ratio of 1:8 is used for all the samples. 

In MeOH-based synthesis, Zn ions are rejected by the positive charge of the AEM and 

vice versa for CEM. Therefore, ZIF-8 formation is expected on the Zn side for AEM, 

and on the HMIM side for CEM. However, these membranes are not 100% selective 

and the transport of the reactants to both sides can be also considered. Donnan 

exclusion would also contribute to control the local concentrations of the Zn2+ (as well 

as any protonated HMIM (H2MIM+) in MeOH, another potential advantage). At the 

interface, where film formation occurs, there will be increase in the concentration of 

the counter-ions and decrease of co-ions based on the charge of the membrane. For 

instance, low Zn/HMIM ratios can be reached at the Zn-solution side of the AEM 

interface. However, care should be taken with the molar ratios of the reactants 

calculated directly from the solution molar ratios, as Zn+2 shows a partial dissociation 

of ~70% in methanol.42 Based on Donnan exclusion this ratio would shift even more 

favorably to higher organic to metal locally at the AEM interface on the metal-rich 

solution side.42 Even though the methanol system has a lower ion exchange capacity 

and Donnan exclusion compared to water due to the same dissociation effect, in this 

case it led to very controlled synthesis of ZIF-8 films without observing any crossover 
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of synthesis between compartments. The experimental details of the MeOH-based 

synthesis can be found in Table 3.1. 

 

Figure 3. 1 XRD patterns of ZIF-8 films a) A-MeOH samples with different synthesis 
times, stars showing the characteristic peaks of ZIF-8 and b) A-MeOH-72h, powder 
sample stripped from the surface.  

Fig.3.1 (a) shows the XRD results of the ZIF-8/AEM membranes with the characteristic 

peaks at (110), (200) and (211) planes, as it is indicated with stars. XRD patterns of IEMs 

also shows some peaks at the same location as ZIF-8 characteristic peaks (Fig. 3.1 (a) 

and Fig. S3.2). The origin of these diffraction peaks is the polyolefin fibers exist in both 

AEM and IEM for reinforcement.43 In order to confirm the ZIF-8 structure, some films 

were stripped from the surface of AEM. The powder XRD results in Fig. 3.1 (b) are 

consistent with the reference ZIF-8 (CCDC 602542), which proofs that ZIF-8 films are 

obtained without any other phases. During the synthesis, there was no color change 

in any of the compartments of the diffusion cell for 16h. When the synthesis time 

increases, Zn side slightly turns into milky color to indicate that ZIF-8 particles are 

also formed in the bulk or detached from the surface. (Fig. S3.3)  

SEM images show that as the synthesis time increases the ZIF-8 particle size also 

increases (Fig. 3.2). In A-MeOH-16h, small size ZIF-8 grains are obtained. With the 

increase of the synthesis time, rhombic dodecahedra ZIF-8 crystals are observed on 

the surface. While intercrystalline gaps are still visible in A-MeOH-24h, well-

intergrown MOF films are obtained in A-MeOH-72h. As HMIM permeates through 
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AEM, at the interface the Zn/HMIM ratio will be less than the original reactant 

solutions. Rejection of the metal ions by the AEM also contributes into increase of 

HMIM concentration more than the Zn ions. This is due to Donnan exclusion at the 

interface, as the positively charged Zn2+ ions are excluded from the interface between 

membrane and the bulk. Thus, lower Zn/HMIM ratio favors the formation of the ZIF-

8 and the crystallization occurs on the Zn side of the AEM.8,34,44 As the synthesis time 

increases, more HMIM permeates through the membrane forming ZIF-8 films as an 

intergrown structure. Due to the different crystal growth rates on the surface, there is 

a non-uniform particle size distribution. The increase in the thickness can be seen in 

the decrease in the intensity of the polymer peaks in the XRD results Fig. 3.1 (a). Bigger 

crystals were washed off from the surface. Adhesion between the MOF films and AEMs 

was found to be good based on the scratching the surface for XRD analysis.  

 

Figure 3. 2 Top surface (Zn side) SEM images of A-MeOH membranes with bare AEM 
and different synthesis time.  
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In methanol, HMIM molecules form an equilibrium between protonated and neutral 

form and deprotonation of HMIM is initiated with the gain of lattice energy by ZIF-8 

crystallization.44 The dissociation of Zn(NO3)2 is around 70% in methanol indicating 

that it is largely ionic. In order to favor synthesis, excess HMIM is used to create a 

basic environment for the deprotonation of Zn(HMIM)+2 complexes and change 

equilibrium for the neutral HMIM.33 In an AEM system, positively charged protonated 

HMIM (H2MIM+) cannot easily permeate through the positively charged AEM 

implying transport of predominantly neutral HMIM; this also favors synthesis.  

 

Figure 3. 3 XRD patterns of C-MeOH with different synthesis times. 

When CEM is used as a support for the synthesis, there was no color change during 

the synthesis of all durations (16h, 24h and 72h). This is also confirmed with the XRD 

results in Fig. 3.3 indicating that there is no evidence of any crystal formation on the 

surface. We also monitored the pH of the HMIM solution before and after the 

synthesis, there was also no change in the pH values (pH=9) indicating no reaction. 

SEM analysis also did not show any trace of the synthesis on both sides of the 

membrane. Smooth polymer films are observed, as is the case for bare IEMs. (Fig. S3.1 

and Fig. S3.4) The cracks are due to swelling of IEMs in a solvent and drying under 

vacuum for SEM sample. The pretreatment step of exchanging cations with Zn2+ prior 

to the synthesis may affect the Zn2+ transport through the membrane. By introducing 

metal source to the membrane could start nucleation points for the ZIF-8 synthesis. 
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On the other hand, saturating CEMs in pretreatment solution of Zn(NO3)2 in water 

and placing this in a methanol solution leads to a preference for Zn2+ to be retained 

within the higher dielectric constant environment (CEM with water), at least 

initially.45 CEMs also facilitate the transport of any protonated HMIM (H2MIM+), 

which is not favorable for ZIF-8 synthesis.  

MeOH/Water-based synthesis: 

 

Scheme 3.2 Schematic image of the ZIF-8 formation in MeOH/Water based synthesis. 

 

Figure 3. 4 XRD patterns of a) A-MeOH/W and b) C-MeOH/W at different synthesis 
times. 

In MeOH/Water based synthesis, the methanol is replaced with water for the organic 

ligand, HMIM solution. As pretreatment, we choose the solvent of the reactant that 

can permeate through the membrane. AEM membranes are soaked in water prior to 

the synthesis, to promote HMIM transport through the membrane and CEM in 

methanol, as Zn2+ ions in principle will be the mobile reactant in that case. By choosing 
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water for the organic ligand and organic solvent for the metal source, it is aimed to 

facilitate the transport of the reactants to the solvent where it is more favorably to 

dissolved. There is also water and methanol exchange in the system. Due to its high 

dielectric constant, water is more favorable for ions compared to methanol. Therefore, 

uncharged HMIM transport in AEM may be easier to the repelled Zn.  

 

Figure 3. 5 Top surface (Zn side) SEM images of A-MeOH/W with different synthesis 
times. 

In Fig. 3.4(a), A-MeOH/W-16h and -72h samples show the characteristic peaks of ZIF-

8. Although, an extra shoulder at 10° might be an indication of an impurity for 72h 

synthesis, the rest of the pattern is compatible with the reference ZIF-8. SEM images 

show the ZIF-8 crystal growth at different reaction times (Fig. 3.5). As the reaction 

times increase, ZIF-8 crystal morphology changes from flake-like structure to a 

smaller-grain-like intergrown structure. The flake like ZIF-8 structure were reported 

when flake-like ZnO is used as a metal source for the solvent free synthesis of ZIF-8 

films.46 In this study, due to the counter diffusion of water, at the interface different 

side reactions of Zn may have resulted as different morphologies of ZIF-8. Increasing 

the synthesis time allows more supply of the metal source for the crystal growth, 

resulting in the morphology of the crystals to change from flake-like to grain-like. Fig. 

3.5 presents more uniform and smaller crystals for A-MeOH/W-72h compared to -24h. 

From our observations on the diffusion cell set-up, both Zn and HMIM side solutions 

had a characteristic milky appearance of ZIF-8, instead of the precipitation of Zn(OH)2 

crystals directly at the bottom of the cell. Therefore, the uniformity of the particles in 

A-MeOH/W might be due to the detachment of the big particles to the bulk. The color 



70 

 

change in both sides indicates the membrane is not less selective in this condition and 

both reactants can permeate through the membrane.  

 

Figure 3.6 C-MeOH/W-72h after the synthesis. HMIM side turns into a milky 
appearance after synthesis.  

 

Figure 3. 7 SEM image of C-MeOH/W-24h, top surface facing Zn side and HMIM side 
in the diffusion cell. 

When the AEM is changed to the CEM the synthesis occurs mainly in HMIM side, as 

can be seen in Fig. 3.6. However, the milky color represents either a reaction in the 

bulk or the detachment of (big) crystals to the bulk. According to the SEM images in 

Fig. 3.7 the deposition of intergrown ZIF-8 particles, with a few agglomerated large 

particles, is observed. Therefore, the color of the bulk might be due to the detachment 

of large ZIF-8 crystals. Even though the CEM is slightly more selective (in terms of 

synthesis) compared to AEM based on the control over the localized synthesis, there 

was still a layer of ZIF-8 crystals formed on both sides of the CEM. At the HMIM side 
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of the membrane, a large number of aggregates was present at the surface, more than 

at the zinc side as determined by visible inspection. These particles could be washed 

off with methanol after the synthesis. The SEM images show that on the Zn side there 

is a random formation of crystals, while the HMIM side is well-covered with a ZIF-8 

film. (Figure 3.7) In CEM, the Donnan exclusion at the surface does not favor the 

formation of ZIF-8, as the positively charged ions including protonated HMIM 

(H2MIM+), are enriched at the interface. However, the bulk conditions are more in 

favor of the ZIF-8 formation. The molar ratio of permeated Zn2+/HMIM is much 

higher than original ratio of 1/8. Therefore, the detachment or the synthesis in the 

bulk could be dominant over a stable film formation at the interface.  

Water/MeOH – based synthesis: 

  

Scheme 3.3 Schematic image of the ZIF-8 formation in Water/MeOH based synthesis. 

In this case water is used as the solvent for the metal source and methanol for the 

organic ligand, to explore the effect of solubility of the reactants. As mentioned before, 

water favors the dissociation of Zn2+ ions more than methanol; IEMs in water should 

have a higher effective charge-density (meaning a higher selectivity and a higher 

Donnan exclusion at the interface). However, the control over the side reactions of 

Zn2+ can be a limiting factor for the ZIF-8 synthesis and for the conditions studied 

here this appears to be the case.31 

Fig. 3.8 (a) shows ZIF-8 characteristic peaks on A-W/MeOH samples, along with extra 

peaks at around 20-21° and 27-28° when the crystallization time is longer than 16h. 

This is also confirmed with the XRD results of samples stripped from the surface of 



72 

 

AEMs. In Fig. 3.8 (b), XRD patterns of A-W/MeOH-16h is compatible with the 

reference ZIF-8. On the other hand, A-W/MeOH-72h exhibits ZIF-8 and Zn(OH)2 

multiple phase formation. (Fig. 3.8 (b)) Two consecutive peaks around 20-21° and 27-

28°are the indication of the Zn(OH)2 formation in the XRD analysis of films, shown 

with triangle index.47–49 SEM images also demonstrates the non-uniform, random 

formation of a different phase with very large crystals in the long time synthesis (24h 

and 72h). In contrary, A-W/MeOH-16h depicts a small particle size ZIF-8 crystal film 

formation with intergrown structure. (Fig. 3.9) 

Similar to the previous cases, in AEM, ZIF-8 films are formed on the Zn side thanks to 

the high local concentration of HMIM at the interface. However, use of water as a 

solvent for the Zn2+ solution results in uncontrolled hydrolysis reaction of Zn2+ ions 

with water. Zn(OH)2 formation is observed for 24h and 72h synthesis.31 As it can be 

seen in Fig. 3.9, multiple phases have grown on the surface. Hydrolysis of Zn2+ is a 

critical problem for crystallization of ZIF-8 and any potential advantages in using 

water as the medium with IEMs is evidently outweighed by this. 
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Figure 3. 8 XRD patterns of ZIF-8 films a) A-W/MeOH at different synthesis times b) 
powder stripped from A-W/MeOH-16h and 72h, c) C-W/MeOH at different synthesis 
times and d) powder stripped from C-W/MeOH-24h and 72h.  
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Figure 3. 9 Top surface SEM images of A-W/MeOH with different synthesis times.  

CEM studies also show similar uncontrolled and undesired phase formation on the 

surface. The Zn side shows open flake like structure, while denser structures are 

observed on the HMIM side. (Fig. 3.10) XRD results reveals Zn(OH)2 formation all the 

samples. (Fig.3.9 (c)) Zn(OH)2 formation could be more favored for CEM samples due 

to the pretreatment of the CEMs in Zn solution overnight. As the membrane already 

soaked in water for a long time.  

To summarize, ZIF-8 films has been formed on Zn side of AEMs when MeOH has been 

used as a solvent for both reactants. Using water as a solvent for the metal source 

causes uncontrolled side reactions of Zn2+, that limits the ZIF-8 formation. Use of 

pretreatment for CEM in metal solution in water, restricts Zn permeation to the 

methanol-based solution as dissociation in water is more favorable than methanol. 

When pretreatment of CEM takes place in methanol, the formation of ZIF-8 powders 

or detachment of the films are observed in the bulk. This can be explained by the fact 

that Donnan exclusion at the interface is not favorable for ZIF-8 formation, whereas 

low Zn/HMIM ratio in the bulk accelerates the ZIF-8 crystallization.  



75 

 

 

Figure 3. 10 Top surface SEM images of C-W/MeOH with different synthesis times. 

3.3.2 Limitations of aqueous synthesis 

To further confirm that aqueous synthesis of ZIF-8 on IEMs is unfavorable, we tested 

ZIF-8 film formation on IEMs in all aqueous systems. Although, aqueous conditions 

are more favorable for IEM performance, the improvement for the ZIF-8 synthesis 

does not reflect to the ZIF-8 synthesis. A major disadvantage (hydrolysis) has already 

been discussed but also the need for the use of deprotonation agent leads to pH 

stability issues for the IEMs considered. Experimental details of the aqueous synthesis 

can be found in Table S3.1 

With deprotonation agent 

In aqueous ZIF-8 (bulk) synthesis, use of the stochiometric ratio of Zn:HMIM (1:2) is 

not very common. The stochiometric ratio can be only used effectively at conditions 

that are sufficiently basic for the deprotonation of HMIM (pKa=14.2). Use of a 

deprotonation agent such as ammonium hydroxide (NH4OH) in aqueous synthesis of 

ZIF-8 is a conventional method to deprotonate HMIM.22,31,32,50 Here, the addition of 

NH4OH to the HMIM solution has been tested for ZIF-8 formation on IEMs with 

Zn:HMIM: NH4
+ molar ratio of 1:2:64. For both AEM and CEM, the Zn2+ solution turns 

to turbid appearance within the first minutes of the synthesis. (Fig. S3.6) Therefore, 

longer synthesis durations were not tried for this case. As it can be seen in the XRD 
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patterns of both AEM and CEM, the diffraction peaks of the polymer are not visible as 

they are not pH stable. (Fig. S3.7) SEM images show that different morphologies have 

been observed. In HMIM side of AEM, some deformation of the polymer can be seen. 

(Fig. S3.8) With the addition of NH4OH, pH of the HMIM solution is increased from 

10 to 12. However, the pH stability of AEM is between 2-10 and CEM is between 4-12.40 

Therefore, IEMs were not acting as a selective membrane but a diffusion barrier. When 

Zn:HMIM: NH4
+ molar ratio is decreased to 1:2:32 from 1:2:64 in the synthesis solution, 

the pH=11.5 remained high for the stability of the IEM, especially for AEM. Moreover, 

at pH=12, NH4OH was in the form of 100% ammonia (NH3(aq.)) and not NH4
+.51 Here, 

the synthesis did not occur immediately. Some particle formation in the solution and 

the wall of the containers were observed. For CEM, homogenous thick white layers 

were formed on CEM. XRD results show that these particles are Zn(OH)2. For AEM, 

another phase was obtained for 72h while no other peaks than the bare AEM were 

observed for 16h and 24h. (Fig. S3.9-10) 

Without deprotonation agent 

In this part, aqueous ZIF-8 synthesis on CEM with excess use of HMIM (Zn:HMIM 

ratio of 1:20) has been tested. ZIF-8 film formation has not been observed on CEM. 

XRD results presenting the formation of Zn(OH)2 due to the hydrolysis of Zn. (Fig. 

S3.11(a)) The peaks are very distinct in 16h and 24 h samples. At C-W-72h sample, 

intensity decreased due to the possible detachment of the large crystal into the bulk 

from surface. When the powder has been stripped from the surface, the formation of 

Zn(OH)2 can be clearly seen from XRD results. (Fig. S3.11(b)) SEM images shows web-

like structure on the Zn side and some crystal growth on the HMIM side. (Fig. S3.12) 

Homogenous Zn(OH)2 coating on the Zn side of CEMs are visually observed. During 

the synthesis, pH of HMIM solution stays constant (pH=11) indicating no consumption 

of HMIM. Aqueous synthesis with high Zn:HMIM molar ratio was also tested with 

AEM. After 16h synthesis of crystallization, XRD patterns of A-W-16h is identical to 

the bare AEM. When the crystallization time increased to 24h and 72h, only Zn(OH)2 

has been deposited on the AEM surface. (Fig. S3.13) SEM images show that web-like 
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structures are more clustered in this case on the Zn side of the AEM. (Fig. S3.14) At 

the HMIM side, beside the cracks occurred due to the drying, no formation has been 

observed. It is also important to note that using excessive HMIM alone increases the 

pH of the solution to 11.0 and AEM is not stable at this pH.  

3.4  Discussion 

Our incentive is to control the transport of Zn ions by using CEM as a support and to 

form ZIF-8 locally in the HMIM side and the vice versa for the case of AEM. Exploring 

different synthesis conditions allow us to explain the complexity of transport 

mechanism. There is a summary of the main conclusions along with more detail 

discussion on transport mechanism and equilibrium.  

(i) AEM vs. CEM - In this study, better control over the synthesis was achieved using 

AEMs compared to CEMs. In AEM, Zn cations are excluded by the membrane and in 

principle only neutral HMIM can permeate through (protonated HMIM (H2MIM+) is 

also excluded based on charge). In CEM, positively charged ions can permeate through 

the membrane while anions are rejected by the membrane. When CEMs were soaked 

in Zn2+ solution overnight prior to the synthesis, the ZIF-8 films were not formed. 

Since the pre-treatment is done in aqueous solution, ions are in a more favorable 

environment with the CEM vs. in the reservoirs when using methanol as the medium 

(due to the lower dielectric constant). Thus, during the synthesis, transport of 

positively charged ions was highly limited, since methanol is less favorable for charged 

species. If we look to the interface, the local concentration of Zn and positively 

charged HMIM (H2MIM+) would be much higher than the neutral (HMIM) when 

using a CEM that hinders the ZIF-8 formation. In the case of C-MeOH/W samples that 

soaked with methanol only. Here the ZIF-8 formation has been observed on the 

HMIM side of the membrane.  

AEM samples are only soaked in the solvent used for metal solution as a pretreatment. 

For an AEM Zn2+ transport is limited through the membrane while neutral HMIM 

transport is facilitated. Due to the jump on the Donnan equilibrium, at the interface 



78 

 

of the AEM, the concentration of Zn2+ ions is reduced vs. the bulk concentration and 

thereby a high ratio of organic to metal is obtained near the AEM interface on the 

metal side. This is the desired condition for the ZIF-8 synthesis. Although the 

deprotonation of HMIM not be fully completed, in principle with an AEM this issue is 

also reduced as protonated HMIM (H2MIM+) is not favored to cross a positively-

charged membrane. When HMIM is neutral, the transport to the Zn2+ side is still 

possible driven by the chemical potential gradient (concentration gradient) between 

each reservoir. Use of a different organic ligand (negatively charged) than HMIM may 

ease the complexity of the transport of MOF reactants.  

 (ii) Methanol is a more favorable solvent than water for ZIF-8 synthesis - Both solvents 

are conventionally used for synthesis of ZIF-8 crystals.29,44 However, ZIF-8 film 

formation by using IEM in a diffusion cell is different than the bulk synthesis. Here, 

slower and more controlled transport is desired in order to obtain homogenous films. 

Long crystallization times have been chosen for this study, considering the slow 

kinetics across the membrane (due to the dense polymeric nature). This long synthesis 

time increases the influence of side reactions of Zn2+, e.g. hydrolysis of Zn2+ to 

Zn(OH)2 when water is chosen as a solvent for the Zn nitrate solution.31 We have 

observed formation of pure Zn(OH)2 or formation of both Zn(OH)2 and ZIF-8 during 

this study. Beside Zn solution, HMIM also hydrolyzed and protonated in the aqueous 

solution.52 Methanol is a polar organic solvent with lower dielectric constant than 

water and the dissociation of the Zn ions is somewhat reduced (~30%) compared to 

the water. This helps to obtain a lower metal/organic ligand ratio that is favorable for 

the ZIF-8 formation. Additionally, the IEM loses some degree of its charge-density but 

evidently this loss of Donnan exclusion is compensated by transport of more neutral 

HMIM or certainly through avoiding hydrolysis.  

 (iii) Limitations of IEMs - The pH stability of the IEMs used in this study was a limiting 

factor for the ZIF-8 film formation. Increasing the pH can potentially be beneficial for 

the aqueous ZIF-8 synthesis, as it would ensure deprotonation. However, it is not 

possible to go higher than pH 10 and pH 12 for AEM and CEM, respectively. It would 
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be interesting to consider the use of more stable IEMs such as Fujifilm Type 10 or 

Fumasep® IEMs with a wider range of working pHs for future synthesis strategies.  

3.5 Conclusion 

In this study, we have prepared ZIF-8 films on IEMs by controlling the selective 

transport of the reactants based on their charge. IEMs were used both as a dense 

polymeric support and selective ion facilitator for the control of the synthesis. We 

have tried different configurations with different solvents and conditions. The 

successful formation of pure ZIF-8 films has been achieved when methanol was used 

as a solvent for both metal and organic ligand source. The benefits of using methanol 

as a solvent for ZIF-8 film formation are: (i) slower transport due to low dielectric 

constant and (ii) prevention of the hydrolysis side reactions of Zn2+. When water is 

used as a solvent for the metal source, the side reactions and deposition of Zn(OH)2 is 

inevitable for both AEM and CEM. Suppressing the ionic dissociation and hydrolysis 

is only possible when methanol is used a solvent with lower dielectric constant. Our 

attempts to use a deprotonation agent (ammonium hydroxide) in aqueous synthesis, 

failed due to low pH stability of IEMs. Alternatively, using lower Zn/HMIM ratios 

(1/20) in water has also ended as formation of Zn(OH)2. The transport mechanism also 

depends on Donnan exclusion. For the MOF film formation, it is desired to have a 

control over the concentrations of the reactants at the interface of the support. 

Therefore, IEMs are very attractive candidates to accommodate MOF films. Donnan 

exclusion creates an interface with counter-ions rich with exclusion of co-ions 

interface. Thus, lower Zn/HMIM interface locally can be obtained in the case of AEM. 

Our results also confirmed a better controlled of the ZIF-8 film formation on AEM 

than CEM when methanol is used as a solvent. ZIF-8 synthesis is more complex despite 

it is one of the most studied MOF. Deprotonation of the organic ligand, 2-

methylimidazole (HMIM) and the Zn(HMIM)n
+ (n=1-4) complexes, avoiding side 

reaction of the metal source, Zn2+, adjusting the pH of the solution and use of excess 

HMIM are some of the crucial parameters for the synthesis. Considering the 

complexity of ZIF-8 system, this concept can be applied to the synthesis of numerous 
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different MOFs, potentially very advantageously in the case of MOFs with negatively 

charged organic ligands such as dicarboxylic acids, tricarboxylic acids and 

tetracarboxylic acids. These MOF films can be utilized in separation based 

applications to selectively tune the ion selectivity and modify the properties. 
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Supporting Information 

Bare IEMs 

 

Figure S3.1 Top surface SEM images of Fujifilm Type I a) AEM and b) CEM. 

 

 

Figure S3.2 XRD patterns of reference ZIF-8 (CCDC 602542), Fujifilm Type 1 AEM and 
CEM. 
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MeOH-based synthesis 

 

Figure S3.3 The diffusion cell set-up after the synthesis of A-MeOH-16h, A-MeOH-
24h and A-MeOH-72h samples.  

 

Figure S3.4 Top surface SEM images of the C-MeOH with different synthesis time.  
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Figure S3.5 XRD patterns of C-MeOH/W-16h Zn side and HMIM side.  

Aqueous synthesis 

Table S3.1 The experimental details for H2O based synthesis of ZIF-8 films. 

Sample IEM 
Zn:HMIM:NH4

+ 

Solvent 

(Zn/HMIM) 
Pretreatment 

C-W/NH4
+-(X)h AEM 

1:2:64 

1:2:32 

H2O/H2O-NH4
+ water 

A-W/NH4
+-(X)h CEM 

1:2:64 

1:2:32 

H2O/H2O-NH4
+ Water 

A-W-(X)h AEM 1:20:0 H2O 
0.025 M 

Zn(NO3)2 

C-W-(X)h CEM 1:20:0 H2O 
0.025 M 

Zn(NO3)2 

A= AEM, C=CEM, W= H2O, X=synthesis time (16h, 24h, 72h) 
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Figure S3.6 The diffusion cell set-up after the 10 min synthesis of A-W/NH4
+-16h and 

C- W/NH4
+-16h samples. Zn:HMIM: NH4

+ ratio of 1:2:64 

 

Figure S3.7 XRD patterns of C- W/NH4
+-16h and A-W/NH4

+-16h samples Zn:HMIM: 
NH4

+ ratio of 1:2:64.  
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Figure S3.8 SEM images of C-W/ NH4
+-16h and A-W/ NH4

+-16h samples. Both Zn and 
HMIM side with Zn:HMIM:NH4

+ ratio of 1:2:64. 

 

Figure S3.9 XRD patterns of A-W/ NH4
+-16h, A-W/ NH4

+-24h and A-W/ NH4
+-72h 

samples with Zn:HMIM:NH4
+ ratio of 1:2:32. 
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Figure S3.10 XRD patterns of a) C-W/ NH4
+ samples with different synthesis times 

and b) powder stripped from C-W/ NH4
+-72h. Zn:HMIM:NH4

+ ratio of 1:2:32. 

 

 

Figure S3.11 XRD patterns of ZIF-8 films a) C-W samples at different synthesis time 
b) powder stripped from C-W-72h. (Zn:HMIM 1:20) 
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Figure S3.12 Top surface SEM images of C-W with different synthesis times. Zn:HMIM 
molar ratio of 1:20. 

 

Figure S3.13 XRD patterns of A-W with different synthesis times. (Zn:HMIM 1:20) 
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Figure S3.14 Top surface SEM images of A-W with different synthesis times. Zn:HMIM 
molar ratio of 1:20. 
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CHAPTER 4 

Thermal evolution of polymeric gas 

separation membranes with embedded 

Metal Organic Frameworks  

 

 

This chapter is adapted from:  

Ayşe Kılıç1, Özlem H. Demirel1, Göktuğ Ahunbay, Nieck E. Benes, S. Birgül 

Tantekin-Ersolmaz, Thermal evolution of polymeric gas separation 

membranes with embedded Metal Organic Frameworks, Manuscript in 

preparation.  
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Abstract 

Polymeric gas separation membranes suffer from a trade-off between permeability 

and selectivity, as one increases, the other decreases. Plasticization also diminishes 

the performance of these membranes at elevated CO2 pressures. In order to improve 

these challenges many attempts have been developed especially through material 

science. In this study, dispersion of as-synthesized MOF fillers in the polymer matrix 

and post-thermal treatments have been combined to address these issues and gas 

separation performances of these membranes have been investigated. For this, a 

highly permeable polymer, 6FDA-DAM, and three different metal organic frameworks 

(MOFs) (ZIF-8, sod-ZMOF, K+ sod-ZMOF) have been selected. The employed thermal 

treatment protocols are based on the boiling point of the solvent and the glass 

transition temperature (Tg) of the polymer, and involve inert (nitrogen) or oxidative 

(air) conditions. For the pure polymer membranes, the thermal treatment above the 

Tg under nitrogen mainly causes physical changes in free volume of the polymer and 

results in a permeability increase, shifting the performance to close to the latest upper 

bound. The thermal treatments in air cause oxidation phenomena, possibly combined 

with crosslinking, leading to amplified selectivity values and drastic decreases in 

permeability. For the mixed matrix membranes (MMMs) the performance is in general 

lower than that of the pure polymer membranes. Only after heat treatment in air at 

315 °C superior performances of MMMs as compared to the pure polymer membrane 

are observed. These improved performances are attribute to possible amorphization 

and oxidation of the MOF, and to enhanced interactions at the interface between the 

MOF particles and the polymer. The results indicate that well designed thermal 

treatment strategies can aid performance improvement of gas separation membranes.  
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4.1 Introduction 

CO2 separation from industrially important gas mixtures, such as natural gas, flue gas, 

and synthesis gas, is an urgent environmental and economic issue.1 In industry, 

membranes used for CO2 removal are commonly polymer-based, as these can be 

produced inexpensively on a large scale and have suitable properties. However, their 

separation performance is usually limited by a trade-off between permeability and 

selectivity.2–5 In addition they have a tendency to plasticize under high feed pressures 

of highly soluble components, such as CO2. Several techniques have been suggested 

to mitigate these drawbacks, such as polymer blending and thermal treatment.6 

Thermal treatment can strongly affect the properties and separation performance of 

the membranes. Carbonization, annealing and quenching are the common thermal 

processes for polymeric membranes and each leads to different consequences for the 

transport phenomena in the membrane.7–10 Due to the molecular rearrangement of 

the polymer chains, via controlled thermal treatment, the free-volume and packing 

density within the polymer matrix can be modified and this may lead to improvement 

in permeability and/or selectivity of the polymeric membranes. Moreover, chemical 

crosslinking may take place during the thermal treatment, which is an effective 

method to improve the plasticization resistance of polymeric membranes as well as to 

increase thermal and chemical stability.6,10–12 

Mixed matrix membranes (MMMs), produced by incorporating filler particles into the 

polymer matrix, are also promising to provide a solution to surpass the Robeson 

upper-bound. Here the aim is to combine the processability and mechanical stability 

of polymers and superior separation performance of fillers to achieve better 

membranes.2,13,14 Fillers reported for MMM fabrication include zeolites15, silicas16, 

carbon nanotubes17, carbon molecular sieves18 and metal-organic frameworks 

(MOFs).19 MOFs can be considered particularly attractive as their organic linkers have 

affinity with the polymer chains20–22, offering a good compatibility between the 

dispersed and continuous phases.23 They also have some unique features, such as 

tunable chemistry and pore structure, further aiding their potential for gas separation 
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applications.24,25 Numerous studies has been reported in the literature on MOF-based 

MMMs for separation of several gas pairs.1,14,20,26,27 

Zeolitic imidazolate frameworks (ZIFs) are a sub-family of MOFs that have attracted 

a great deal of attention as fillers in MMMs, because of their molecular sieving 

properties and excellent chemical and thermal stability.2,28,29 Especially ZIF-8 is 

extensively studied in literature on MOF based mixed-matrix gas separation 

membranes.13,27 Zeolite-like metal-organic frameworks (ZMOFs) are another subset of 

MOFs having the same similarity to zeolite frameworks as ZIFs, but have an anionic 

framework with charge-compensating cations as counterions. These counterions may 

enhance host-guest interactions with specific gas molecules, and hence ion-exchange 

using alkali metal ions may enable tuning the of their adsorption properties. 22,25,30 

Unlike ZIFs, there is limited number of studies on ZMOF-based MMMs.22,25  

This study investigates the effects of thermal treatment of 6FDA-DAM-based MMMs, 

in inert and oxidative environments, on CO2 separation performance. The aim is to 

identify the underlying structure-performance relationships. Therefore, the effects of 

thermal treatments of 6FDA-DAM membranes and derived MMMs with three 

different embedded MOFs have been examined via materials characterization and gas 

separation studies. 6FDA-DAM has been selected from numerous polyimides because 

it is commonly regarded as a high-potential material for natural gas purification. It 

has good intrinsic CO2/CH4 separation properties, high chemical and thermal 

stability, and high mechanical strength under aggressive feed gas conditions.11 In 

particular, the bulky -CF3 groups in this polymer promote a high free volume, 5 and 

their affinity towards CO2 further amplifies CO2 transport.31 ZIF-8 has been selected 

because it has previously been shown that, when embedded in a Matrimid®, in-situ 

amorphization of this MOF is possible by thermal treatment in air.2 Kertik et al. 

reported remarkably high CO2/CH4 selectivities that have been attributed to changes 

in the polymer characteristics and the MOF transformation. Recently, in situ 

fabrication of glassy ZIF-62/6FDA-DAM composites have been reported.32 The 

increase in the selectivity was explained due to the healing defects via the interactions 

between melted ZIF and polymer. We propose to extend this new concept to the 
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highly permeable polyimide 6FDA-DAM with three different MMM systems.33 In 

addition, the anionic indium-based sodalite-cage framework sod-ZMOF with 

imidazolium as a counter-ion, and its K+ ion-exchanged form (K+sod-ZMOF), have 

been selected. A previous simulation study suggests that competitive adsorption of 

CO2 over CH4 takes place in sod-ZMOF, and ion-exchanging with K+ might cause a 

further increase in its CO2/CH4 separation performance.34 To the best of our 

knowledge, this is the first study in which K+sod-ZMOF is used as a filler in a gas 

separation membrane.  

4.2 Experimental section 

4.2.1 Materials 

For the ZIF-8 synthesis, the metal source zinc nitrate hexahydrate and the organic 

linker 2-methylimidazole were purchased from Sigma Aldrich, with a purity of 

≥99.0%. For membrane preparation, N,N’-dimethyl formamide (DMF) was purchased 

from Merck with a purity of ≥99.8%. 6FDA-DAM polymer has been synthesized by 

MEMASEP group, ITU. Nano size sod-ZMOF and K+sod-ZMOF with particle size of 

~200 nm were kindly provided by KAUST.22 

4.2.2 ZIF-8 synthesis 

ZIF-8 was synthesized by following the procedure of Cravillion et al.35 As a metal 

source, zinc nitrate hexahydrate 9.9 mmol Zn(NO3)2·6H2O (Sigma Aldrich, with a 

purity of ≥99.0%) and as an organic linker, 79.1 mmol 2-methylimidazole (Sigma-

Aldrich, with a purity of ≥99.0%) solutions were prepared in methanol (Sigma-

Aldrich, with a purity of 99.8%). Metal source and organic linker solutions were mixed 

and stirred for one hour at ambient conditions. Synthesized ZIF-8 crystals were 

removed by centrifuge at 6000 rpm and washed with methanol three times. After the 

evaporation of methanol overnight, the crystals were dried at 40 °C in the oven for one 

day. The average size of the ZIF-8 crystals was ~200 nm. 
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4.2.3 Mixed matrix membrane preparation  

Prior to membrane preparation, both polymer and MOFs were dried overnight at 120 

°C under vacuum. MMM films containing 20 wt% MOF were prepared with the 

conventional solution-casting technique.36 The MOF loading was calculated as below: 

Loading wt% = 100 * [wtMOF /(wtMOF + wtpolymer)] 
(4.1) 

After the prescribed amount of MOF particles were added in dimethylformamide 

(DMF), the suspension was mixed overnight with a magnetic stirrer. Then, the 

mixture was sonicated for 1 h to promote a good dispersion of the crystals. A well-

established priming method for zeolites and MOFs based MMMs was implemented 

by adding 10 wt% of total required quantity of polymer in order to produce MOF 

particles coated with a thin layer of polymer which is thought to improve the 

polymer/filler interface and prevent agglomeration of filler.37,38 After mixing the 

solution overnight on a magnetic stirrer and performing five cycles of stirring and 

sonication 10 minutes each, the remaining polymer was added to the suspension 

gradually as 4 equal portions. The suspension was prepared with a 15/85 

polymer/solvent ratio. After the last portion of polymer was added, the film solution 

was allowed to stir for another night and was cast on a glass plate using a casting knife, 

with an initial thickness of 700 µm. The plate was placed in an oven at 80 °C and 

approximately three hours later the film was peeled off from the glass and kept in the 

oven at 100 °C overnight. Then it was heated to 130 °C with 1 °C min-1 heating rate and 

further annealed at this temperature for 72 h under vacuum to remove the residual 

solvent. 

4.2.4 Thermal annealing procedure 

The thermal treatment of the pure polymeric and mixed matrix membranes was 

carried out following the study of Kertik et al.2 Final thermal treatment temperatures 

were set considering the glass transition temperature (Tg) of the polymer and the 

boiling temperature of the solvent (DMF) used in the MMM preparation:  160 °C - 
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above the boiling point of the solvent, at 315 °C – below the Tg of the polymer and at 

400 °C – just above the Tg of the polymer (Table S4.1). After fast initial heating from 

room temperature to 85 °C, the samples were heated with sequential heating steps 

(heating rates 1 oC min-1, followed by 2-hour isothermal dwell at every ~60o interval 

steps) to the final temperature as it can be seen in Fig.4.1. After dwelling 24 hours at 

the final temperature, the samples were cooled down to room temperature slowly 

inside the switched-off furnace; or quenched by taking the samples out of the furnace 

and cooling in open air. For labeling the membrane samples in the rest of the paper, 

thermal treatment temperature and annealing condition (air or N2) are added in front 

of the membrane name e.g. 160-air-ZIF_MMM. When the sample is quenched, “Q” is 

added after the annealing condition. 

 

Figure 4.1 Thermal treatment programs of the membranes at 160, 315 and 400 °C. 
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4.2.5 Characterization 

The XRD patterns of the membranes and MOF crystals were determined by powder 

X-ray diffraction (XRD) on a Bruker D2 PHASER operated at 10 mA and 30 kV using a 

CuKα source with a wavelength (λ)½ 1.54 Å at room temperature. Scans were carried 

out at variable angles, ranging from 5 to 80° with a 2θ step size of 0.2° and a scan speed 

of 1 s per step. SEM analyses were carried out using a JEOL JSM-6010LA instrument. 

Membrane cross-sections were exposed by breaking the samples cryogenically in 

liquid nitrogen. The samples were attached on a sample holder with an adhesive 

carbon foil and coated with Chromium, to prevent charging of the samples. A Quorum 

Q150T ES sputter coater was used for coating. Samples were then characterized under 

high vacuum at an accelerating voltage of 5 kV. The thickness of the membranes was 

also confirmed by SEM images.  

Thermogravimetric analyses (TGA) of the powder materials used in MMM preparation 

were performed using a STA 449 F3 Jupiter (Netzch). Measurements were performed 

under 70 mL min-1 air flow (56 mL min-1 N2 and 14 mL min-1 O2) and at a heating rate 

of 5 °C min-1, starting from 35 °C up to 800 °C. Temperature correction with the melting 

point standard and a blank correction with an empty cup were carried out prior to the 

measurements. The initial sample mass was determined at the weighing scale prior to 

the measurements. Gases evolving during the thermogravimetric analysis were 

transferred to a mass spectrometer (MS, QMS 403 D Aëolos®, Netzsch) by a glass 

capillary. TGA and MS start times were synchronized; no correction was applied for 

the time offset caused by the transfer line time (estimated < 30 s, systematic offset). A 

bar graph scan for m/z¼ 1–100 amu was performed to determine the evolving m/z-

numbers. FTIR-ATR spectra were recorded on an ALPHA spectrometer equipped with 

an ATR platinum diamond crystal (Bruker, Germany) at a resolution of 4 cm-1. Spectra 

were averaged over the co-addition of 32 scans for each sample in the spectral range 

of 4000-400 cm-1. Prior to the measurements, a background spectrum was recorded at 

ambient conditions. Solubility tests were performed on all thermally treated 

membranes by keeping them in chloroform for three days to confirm the crosslinking 

of polymers after thermal treatment. 
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Thin film polymer samples for the ellipsometry experiments were prepared using 5 

wt% solutions of 6FDA-DAM in DMF. The solutions were spin coated (Laurell WS-

400B-6NPP-Lite spin coater) on a silicon wafer with a native oxide: ~0.4 mL polymer 

solution was injected on the silicon wafer followed by rotating at 500 rpm for 10 s 

(acceleration 228 rpm s-1) and then spinning at 3000 rpm for 1 minute (acceleration 

1710 rpm s-1). After spin coating, the samples were dried at 130 °C under vacuum for 

overnight prior to the ellipsometry measurements. The thicknesses of the polymer 

films were between 100-150 nm.39 Spectroscopic ellipsometer M-2000X (J.A. Woollam 

Co., Inc.) equipped with a Linkam heating stage with quartz windows was used to 

measure temperature dependent thickness and refractive index of the spin-coated 

polymer films under 250 mL min-1 air or nitrogen flow. In-situ measurements were 

performed with light reflected at 70° angle of incidence. The Complete EASE v.4.64 

software package (J.A. Woollam Co., Inc.) was used to model the data in the 

wavelength of 370-1000 nm. 6FDA-DAM films were modelled with Cauchy dispersion 

(fit parameters: thickness, A, B) using the built-in temperature-dependent optical 

properties of silicon wafer as a substrate. Dried spin-coated polymer films were heated 

to 200 °C with a heating rate of 5 °C min-1 and held at this temperature for 1 h followed 

by heating to 450 °C with 5 °C min-1 increment. After this step, two different cooling 

steps were used to represent the thermal treatments of 6FDA-DAM membranes: 

Quenched samples were cooled down with a heating rate of 25 °C min-1 and others 

were cooled down with a heating rate of 5 °C min-1. 

4.2.6 Gas separation measurements 

A custom-built high-pressure gas permeation setup was used for both single gas and 

mixed gas permeation experiments using a constant volume - variable pressure 

method, with vacuum at the permeate side. Each membrane was evacuated for 2 h 

after which it was placed into the stainless-steel cell and the desired feed pressure was 

applied at the top side of the membrane. The gas permeability values were calculated 

from the steady state pressure increase with time in a well calibrated volume at the 

permeate side. All measurements were performed at a constant temperature of 35 °C. 
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While single gas measurements (CO2, N2, CH4 and He) were performed at 4 bar 

transmembrane pressure, a 50:50 CO2:CH4 mixture was used to investigate the 

membrane performance under high pressure mixed gas conditions (up to 40 bar total 

feed pressure).  

4.3 Results and discussion 

In this study, we aim to explore the effect of the thermal evolution of the MOF 

embedded polymeric gas separation membranes. First, gas separation performances 

and materials characteristics of pure polymeric membranes that have undergone 

different thermal treatments are reported. Subsequently, results are presented for 

MMMs. To aid readability, the materials characterization results for the polymer and 

the MOFs can be found in Supporting Information (Fig. S4.1-4.8). 

4.3.1 Pure polymeric membranes 

Gas transport results 

The CO2/CH4 gas mixture separation performances of pure 6FDA-DAM membranes 

are summarized in Figure 4.2 together with corresponding Robeson trade-off curves. 

All of the measured single and mixed gas permeability values are listed in Table S4.2. 

The membranes annealed at 160 °C (160–air–6FDA-DAM) are considered as the 

benchmark for comparison with membranes annealed at higher temperatures. The 

CO2 permeability of the pure 6FDA-DAM is 406 Barrer, which agrees well with the 

result (390 Barrer) reported by Bae et al.20 As separation properties are affected by 

several parameters, such as the molecular weight of the polymer, the solvent used for 

film preparation, drying temperature, measurement conditions, etc., a wide range of 

permeability values varying between 20 and 1000 Barrer have also been reported in 

different studies.40–42  

Heating to just below the Tg in inert environment followed by slow cooling (315–N2–

6FDA-DAM) does not substantially affect the gas separation performance of the pure 
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polymeric membrane, as can be seen in Figure 4.2. At temperatures below the Tg, the 

polymer chain dynamics are too slow to allow the polymer to approach its 

thermodynamic equilibrium state within the timescale of the experiment. As a 

consequence, the non-equilibrium characteristics of the polymer, manifested by the 

excess free volume (EFV), are not affected by the imposed thermal treatment and the 

membrane performance is not changed. In contrast, when a similar thermal treatment 

is conducted under oxidative environment (315–air–6FDA-DAM) a substantial 

decrease in single gas permeabilities is observed, while the ideal CO2/N2 selectivity 

remains relatively unaffected (Table S4.2). The reduced permeability is not likely to 

be due to a reduced excess free volume, as the supplied thermal energy is comparable 

to that during the experiment under inert conditions. It is more likely to originate 

from some oxidation of the polymer. The combination of a reduction in permeability 

and a persisting selectivity may be explained by a very low permeability of the oxidized 

localities within the polymer, effectively no longer contributing to gas permeance, 

whereas unaffected regions maintain their properties.  
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Figure 4.2 The mixed gas separation performance of the 6FDA-DAM membranes 
thermally annealed at different conditions as labelled on the graph, plotted against 
the Robeson plot of 1991 and 2008 (Q: quenched).43 

Heating a membrane to 400 °C, above the Tg, in an inert atmosphere (400–N2–6FDA-

DAM) results in an increase of the pure CO2 permeability of 44%, with no considerable 

change in selectivity, positioning this membrane almost on the 2008-upper-bound in 

the Robeson plot. In the absence of oxidation, the changes in the gas separation 

performances must be explained by physical changes in the polymer structure. The 

enhanced permeability is associated with the increased free volume upon heating 

above the Tg, which at least partly persists as excess free volume upon slow cooling.44 

When the membrane is heated above the Tg and subsequently quenched to room 

temperature (400–N2(Q)) the time for relaxations of the polymer chains becomes 

further shortened and a larger excess free volume remains, augmenting the permeance 

of both gases. The result is that, in addition to an enhanced permeability, quenching 

results in a distinct decrease in mixed gas selectivity.10 The results demonstrate that 

when the membranes are heated to just above the Tg the gas final separation 
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performance is very sensitive to the cooling rates. When heating to 400 °C is done in 

air (400-air-6FDA-DAM) gas permeabilities strongly reduce (CO2: from 378 Barrer to 

46.3 Barrer, CH4: from 13.5 (calculated from mixed gas CH4 permeability) to 0.1 Barrer; 

N2: from 20.5 Barrer to 1.7 Barrer) and the CO2/CH4 mixed gas selectivity roughly 

doubles (from 30 up to 62). For CO2/N2 the ideal permselectivity increases ~50%. The 

results can be explained by the occurrence of oxidation reactions that, similar to when 

heating just below the Tg, result in denser and less permeable local regions in the 

polymer, but also addition chemical modifications such as crosslinking that lead to 

further tightened polymer segmental packing.11,32 The tightened packing has a more 

pronounced effect on the mobility of the larger CH4 molecules than on CO2 molecules, 

causing the increase in selectivity.2,11 As the oxidative reactions have pronounced 

effects on the actual chemistry of the polymer that overshadow effects related to 

physical chain relaxations, the sensitivity of the membrane performance to the cooling 

rate is minimal; as a consequence quenching the membranes has no strong effect. The 

pronounced effects of the presence of oxygen during heating on the changes in 

polymer density are also manifested by a strong reduction in the film thickness and 

an increased refractive index (spectroscopic ellipsometry, vide infra).  

The effects of oxidation reactions are also apparent in the gas separation behavior at 

elevated pressures, depicted in Figure 4.3. The CO2/CH4 selectivity shows the expected 

decrease with increasing pressure. For the thermal treatments below the Tg 

comparable performances are observed. Heating to 400 °C results in a much higher 

selectivity that is attributed to the densified structure that reduces the mobility of in 

particular the more bulky CH4. The plasticization behavior of the membranes is more 

clearly visible from the normalized CH4 permeance data in Fig. 4.3 (b). The minimum 

in the permeance corresponds to the so-called plasticization pressure that is similar 

for all three membranes. However, the changes in data for the membrane heated to 

400 °C are distinctly smaller, which is in accordance with a more densified and more 

crosslinked macromolecular structure. Crosslinking is also confirmed with the 

solubility tests in chloroform. Membranes annealed at 160 °C in air dissolved 

completely in chloroform in solubility test indicating that no crosslinking occurred at 
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this condition. On the other hand, all membranes treated at 315 °C and 400 °C became 

largely insoluble in chloroform. In particular, for the membranes annealed at 400 °C 

in air, there were no weight loss or deformity after solubility tests indicating 

crosslinking was achieved. 

 

Figure 4.3 a) actual CO2/CH4 selectivity and b) actual normalized CH4 permeability of 
pure polymer membranes thermally treated at different temperatures under air 
against total feed pressure. 

Materials characterization 

The XRD patterns in Fig. S4.9 show that all polymers, before and after treatment, are 

amorphous. Some of the spectra reveal a broad peak that is associated with (excess) 

free volume. The of the peak location is correlated with the diffusivities for gases.3,7,8 

The location can be expressed by d-spacing, where low angles correspond to elements 

with larger d-spacing. For the samples that are heated under inert conditions the 

variations in d-spacing, ~0.1 Å, are within the experimental error. For samples treated 

in air a distinct behavior is observed at 400 °C. The diffraction peak disappears, which 

indicates a pronounced reduction of the free volume in the polymer. This is in 

agreement with the gas transport data presented above that are also rationalized by a 

densification of the macromolecular make-up of the polymer due to (cross-linking) 

reactions.45  

The FTIR spectra for the pure polymer membranes in Fig. S4.9, shows that all the 

characteristic peaks of 6FDA-DAM are preserved in all samples. The spectra do not 

reveal distinctly visible peaks originating from the oxidation reactions that are 
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postulated to cause polymer densification during heating in oxidative environment. 

The TGA-MS results of polymer powders in Fig. S4.4 substantiate that, in inert 

atmosphere, the 6FDA-DAM based polyimide is very stable up to ~500 °C; the weight 

loss is only 5%. Around 520 °C, water peaks at m/z=17 and 18, fluoride peak at m/z =19 

and CO2 peak at m/z =44 are observed. At the final temperature of 800 °C the residual 

weight is approximately 50%. Under air, the polymer is only stable up to 420°C and all 

the polymer is lost at the end of the analysis. around 520 °C, carbon peak at m/z=12, 

water peaks at m/z=17 and 18, fluoride peak at m/z=19 and CO2 peak at m/z=44 are 

observed. Fluorine containing groups are observed to leave the materials only at 

temperatures exceeding those employed in the thermal treatments of the membranes. 

Peaks for COF3, CF3 and HCF2 are located above 500 °C. Under nitrogen the peaks of 

COF3, CF3 and HCF2 groups are all visible while under air COF3 is predominantly 

visible (Fig. S4.5). The preservation of CF3 groups is important for high-performance, 

because these bulky groups are known to enhance the free volume and the affinity for 

CO2.31  

Data for in-situ study of the thermal evolution of thin polymer films via spectroscopic 

ellipsometry are shown in Fig. 4.4 (a and b). In the absence of chemical reactions and 

changes to the polymer structure it is expected that thermal expansion will cause the 

film thickness to increase with temperature, and the refractive index to decrease with 

temperature. Above the Tg of the polymer the trends should be complete reversible, 

and below the Tg some hysteresis will result from the developing excess free volume. 

This behavior is observed for samples treated in inert conditions. It should be noted 

that the observed hysteresis here represents the thermal history of the polymer and 

hence is also due to the stresses in the polymer originating from the sample 

preparation. To prove this, multiple heat treatment steps between 200 – 450 °C were 

performed and the observed hysteresis became progressively less (Fig. S4.11 and S4.12). 

For the samples treated under air, the thickness variation is much more pronounced 

(Fig. 4.4 (c and d)). The evident hysteresis, and the final decrease in thickness and 

increase in refractive index are all indicative of progressive irreversible changes in the 

polymer during the heating in an oxygen containing environment. The importance of 
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reactions is also clear from the effect of the time; when the samples are quenched less 

time is available for the reactions to occur and the extent of the observed changes is 

smaller. In contrast to heat treatment in inert conditions, repeating the ellipsometry 

experiments for the same sample in air indeed results in continuing changes in the 

film thickness and the refractive index. These results are in agreement with the 

observed altered gas separation performance of the membranes, which indicate that 

the oxidative environment promotes crosslinking of the polymer. 

 

Figure 4.4 Ellipsometry results of 6FDA-DAM films on silicon wafer a) under N2-
quenched b) under N2-slow cooling, c) under air-quenched and d) under air-slow 
cooling. 

4.3.2 Mixed-matrix membranes 

When the heat treatment protocols are applied to MMMs, the membrane 

performance can also be affected by degradation/oxidation and amorphization of the 

embedded MOF particles, and changes in the characteristics of the MOF/polymer 
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interface etc. Fig. 4.5 depicts the thermal evolution of the individual constituents of 

the MMMs (the neat polymer and the MOF) in air and inert atmosphere. The results 

show that the polymer is stable in the entire temperature range of the thermal 

treatments of the membranes (up to 400 °C), in both air and nitrogen. Of the MOFs, 

ZIF-8 clearly has the highest thermal stability and displays only minor mass loss in the 

temperature range of the thermal treatments, both in air and nitrogen. Only in air the 

mass of ZIF-8 finally reaches a plateau, representing the oxidation of the material to 

zinc oxide. The sod-MOFs display inferior thermal stability and already degrade 

substantially at temperatures exceeding ~200 °C. For these MOFs, the presence of 

oxygen in the ambient appears to have only relatively small influence on the 

degradation behavior. This can be attributed to the presence of water surrounding the 

cation counter-ions in these frameworks, which provides an additional source for 

oxidation. This is substantiated by the water release peaks in the MS-TGA at higher 

temperatures than 100 °C (Fig. S4.7 and S4.8). These results imply that thermal 

treatment of the MMM with embedded sod-MOFs will likely not be successful.  

 

Figure 4.5 TGA curve of the powder 6FDA-DAM, ZIF-8, sod-ZMOF and K+ sod-ZMOF 
a) under continuous nitrogen flow b) under continuous air flow. 

MMMs with embedded ZIF-8 

For ZIF_MMM, the SEM images in Fig. 4.6 (a) show that after thermal treatment at 

160 °C there is a homogeneous particle distribution of MOF particles in 6FDA-DAM, 

with no apparent particle agglomeration. The image reveals no significant voids at the 
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polymer/filler interface, which is indicative of compatibility between the surface of 

the MOF crystals and the polymer. After thermal treatment at 315 °C in air a slightly 

altered morphology can be seen (Fig. 4.6 (b)) and heating to 400 °C in either air or 

nitrogen results in a quite distinct morphology (Fig. 4.6 (c) and (d), relatively). 

The separation performance of ZIF_MMM is depicted in Fig. 4.7 (a). When comparing 

the results for the pure polymer and the ZIF_MMM treated at 160 °C it is clear that the 

addition of the MOF causes an increase in permeability and a decrease selectivity. This 

is indicative of a more ‘open’ character of the material, possibly at the interface 

between the ZIF and the polymer. Upon heating under nitrogen the permeability 

remains unchanged, but a further reduction in selectivity is observed. When 

compared to the pure polymer membrane treated at the same temperatures the 

ZIF_MMM has inferior performance. Surprisingly, heating to 315 °C in air results in a 

higher selectivity and permeability as compared to the pure polymer treated in the 

same conditions. It has been reported previously that polymer embedded ZIF-8 might 

be thermally amorphized under these conditions,2 but it is also possible that 

(amorphous) zinc oxide may be formed within the polymer matrix.46 The XRD results 

in Fig. S4.13 shows possible amorphization of ZIF-8 at 315 °C. The improvement with 

respect to the pure polymer does suggest that a selective MOF structure, possibly 

amorphous, persists and that the interface between the polymer and the MOF is no 

longer non-selective, perhaps due to crosslinking between polymer and the 

amorphous MOF and healing the defects at the interface between MOF and 

polymer.2,32 It was not possible to measure the gas permeability of 400 – air – 

ZIF_MMM membranes. During the thermal treatment the ZIF-8 partly transforms to 

zinc oxide. This causes the polymer particle structure to become fragile. In addition, 

the gases evolving from the oxidation reaction cause pinholes in the structure, as is 

also evident from the SEM images in Fig. S4.16.  
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Figure 4.6 Cross-sectional SEM images of the thermally annealed MMM samples a) 
160 – air – ZIF_MMM, b) 315 – air - ZIF_MMM, c) 400 – air – ZIF_MMM and d) 400 - 
N2 - ZIF_MMM. Scale bar is 1 μm and the magnification is 10,000 for all the images. 
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Figure 4.7 The gas separation performance of the a) ZIF_MMMs and b)sod_MMMs 
and K+sod_MMMs, plotted against the Robeson plot of 1991 and 2008.43 (Black: 6FDA-
DAM benchmark, green: ZIF-8, red: sod-ZMOF and blue: K+sod-ZMOF). 
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MMMs with embedded sod-ZMOFs 

For the K+sod_MMMs, no improvements in performance are observed when 

comparing the MMM with the pure polymer, after both have received the same 

thermal treatment. The K+sod_MMM treated at 160 °C has comparable selectivity as 

the benchmark, but a lower permeability. When thermal treatment is conducted at 

315 °C the permeability shows a strong decrease that shifts the performance towards 

the 1991 instead of the 2008 upper bound. For the non-ion exchanged sod-MOF 

treatment at 160 °C results in a low permeability without gain in selectivity. Heating 

to 315 °C does not appear to affect the permeability, but slightly enhances the 

selectivity. As compared to the pure polymer, treatment at 315 °C in air shifts 

performance towards the upper bound. Again, the rationale for this could be enhanced 

interactions between polymer and MOF particles, as was observed for the ZIF based 

MMMs.2,32  

4.4  Conclusions 

The effects of thermal treatment of 6FDA-DAM polyimide gas separation membranes 

and the derived ZIF-8, sod-ZMOF and K+sod-ZMOF mixed matrix membranes are 

presented. The results indicate that the separation performance of the membranes can 

be improved via thermal treatment. SEM images of MMMs reveal a uniform dispersion 

of MOF particles in the polymer matrix. The performance of the MMMs was generally 

inferior to that of the pure polymer membranes. Only MMMs that were heated to 315 

°C in air showed a shift in performance towards the 2008 upper bound in the Robson 

plot. The upward shift is attributed to the superior selectivity of the, possible 

amorphous, MOF as compared to the polymer, combined with enhanced interactions 

between the polymer and the surface of the MOF particles. Overall, the results 

demonstrate that thermal treatment strategies can allow fine tuning of polymer and 

MMM gas separation membranes. 
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 Supporting Information 

 Material characterization results of powder materials 

a) 

 

b) 

 

Figure S4.1 XRD pattern of as-synthesized a) ZIF-8 with reference CCDC 602542 and 
b) sod-ZMOF particles with reference CCDC 294664. 

 

 

Figure S4.2 SEM image of the as-synthesized ZIF-8 powder samples. Scale bar is 1 μm 
and the magnification is 14,000. 
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Figure S4.3 SEM images of the as-synthesized a) sod-ZMOF powder and b) K+sod-
ZMOF powder samples. Scale bar is 1 μm and the magnification is 50,000 for all the 
images. 

 

 

Figure S4.4 TGA-MS results of pure 6FDA-DAM powder a) under air and b) under 
nitrogen flow with a heating rate of 5°C min-1. 
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Figure S4.5 TGA-MS results of 6FDA-DAM a) under air and b) under nitrogen with a 
heating rate of 5°C min-1. 

 
Figure S4.6 TGA-MS results of pure ZIF-8 powder a) under air and b) under nitrogen 
flow with a heating rate of 5°C min-1. 
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Figure S4.7 TGA-MS results of pure sod-ZMOF powder a) under air and b) under 
nitrogen flow with a heating rate of 5°C min-1. 

 
Figure S4.8 TGA-MS results of pure K+sod-ZMOF powder a) under air and b) under 
nitrogen flow with a heating rate of 5 °C min-1. 



121 

 

 Thermal annealing and membrane characterization 

Table S4.1 The membrane samples list including the thermal annealing conditions. 
For N2 environment 150 ml min-1 gas flow is used, no additional flow is used for the 
samples in air. 

Samples Thermal annealing condition 

pure 6FDA-DAM 

above boiling point (160°C) air 

below Tg (315°C) air 

below Tg (315°C) N2 

above Tg (400°C)  air 

above Tg (400°C)  N2 

ZIF-8/6FDA-DAM 

above boiling point (160°C) air 

below Tg (315°C) air 

below Tg (315°C) N2 

above Tg (400°C)  air 

above Tg (400°C)  N2 

sod-ZMOF/6FDA-DAM 

above boiling point (160°C) air 

below Tg (315°C) air 

below Tg (315°C) N2 

above Tg (400°C)  air 

above Tg (400°C)  N2 

K+ sod-ZMOF/6FDA-DAM 

above boiling point (160°C) air 

below Tg (315°C) air 

below Tg (315°C) N2 

above Tg (400°C)  air 

above Tg (400°C)  N2 
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Table S4.2 Separation performance of thermally treated membranes. The permeability and selectivity data are presented as mean ± 
standard deviation (SD)) and if it is available together with duplicate measurements.  

Membrane 

 Single gas permeation 
 Mixed gas permeation 

(50:50 CO2:CH4 molar ratio) 

 

Permeability (Barrer) 
Ideal 

CO2/N2 

selectivity 

 CH4 
permeability 

(Barrer) 

CO2 

permeability 
(Barrer) 

Actual 
CO2/CH4 

selectivity 

CH4 N2 CO2 He      

160 – air- 6FDA-DAM - 
20.5 ± 
0.07 

378 ± 2.88 315 ± 1.17 18.5  13.5 ± 0.24 406 ± 2.96 30.1 ± 0.63 

160 – air- 6FDA-DAM - 2 - 
22.0 ± 
0.23 

368 ± 3.90 305 ± 2.71  16.7  13.3 ± 0.33 400 ± 2.84 30.1 ± 0.72 

315 – N2 - 6FDA-DAM - 21.7 ± 0.13 389 ± 2.55 331 ± 2.73 17.9  13.3 ± 0.16 404 ± 3.04 30.3 ± 0.37 

315 – N2 - 6FDA-DAM - 2 - 22.8 ± 0.17 401 ± 2.00 343 ± 3.19 17.6  14.3 ± 0.32 436 ± 1.31 30.6 ± 0.70 

315 – air- 6FDA-DAM 6.94 ± 0.05 9.49 ± 0.11 177 ± 1.04 179 ± 0.67 18.6  5.29 ± 0.10 173 ± 1.79 32.7 ± 0.40 

400 – N2 - 6FDA-DAM - 
30.0 ± 
0.46 

545 ± 2.21 
452 ± 
3.90 

18.2  18.2 ± 0.33 571 ± 2.99 31.4 ± 0.57 
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400 – N2 - 6FDA-DAM - Q - 
44.3 ± 
0.41 

708 ± 3.50 N/A 16.0  32.5 ± 0.89 751 ± 4.58 23.1 ± 0.70 

400 – air - 6FDA-DAM 
0.882 ± 
0.018 

1.69 ± 
0.02 

46.3 ± 
0.47 

108 ± 0.91 27.3  0.754 ± 0.013 46.9 ± 0.81 62.2 ± 1.16 

400 – air - 6FDA-DAM - 2 - - - - -  0.816 ± 0.025 49.7 ± 0.16 61.8 ± 1.89 

400 – air - 6FDA-DAM - Q - 
3.98 ± 
0.08 

86.7 ± 
0.76 

189 ± 2.14 21.7  0.975 ± 0.031 61.5 ± 0.59 63.1 ± 2.03 

160 – air – ZIF-8/6FDA-DAM - 
25.0 ± 
0.24 

493 ± 2.19 445 ± 6.19 19.8  18.8 ± 0.26 528 ± 1.46 28.1 ± 0.32 

315 – N2 – ZIF-8/6FDA-DAM - 33.2 ± 0.14 531 ± 2.93 501 ± 3.09 16.0  20.3 ± 0.48 526 ± 1.88 25.9 ± 0.61 

315 – N2 – ZIF-8/6FDA-DAM - 2 - 
34.7 ± 
0.23 

548 ± 4.51 
492 ± 
4.20 

15.8  22.7 ± 0.67 592 ± 3.27 26.1 ± 0.78 

315 – air – ZIF-8/6FDA-DAM - 
10.6 ± 
0.08 

200 ± 1.51 198 ± 1.63 18.8  6.12 ± 0.06 213 ± 0.85 34.8 ± 0.37 

315 – air – ZIF-8/6FDA-DAM - 2 - 
9.06 ± 
0.06 

179 ± 1.64 214 ± 1.56 19.8  5.15 ± 0.10 193 ± 1.33 37.5 ± 0.64 

400 – N2 – ZIF-8/6FDA-DAM - 
35.2 ± 
0.30 

528 ± 3.25 419 ± 3.37 15.0  24.9 ± 0.47 547 ± 1.86 22.0 ± 0.38 

160 – air – sod-ZMOF/6FDA-DAM - 12.3 ± 0.10 241 ± 1.57 
207 ± 
2.30 

19.6  8.15 ± 0.19 253 ± 0.57 31.1 ± 0.77 
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160 – air – sod-ZMOF/6FDA-DAM - 
2 

- 12.5 ± 0.12 246 ± 2.11 205 ± 1.14 19.6  8.63 ± 0.19 259 ± 1.17 30.0 ± 0.72 

315 – N2 – sod-ZMOF/6FDA-DAM - 13.4 ± 0.05 252 ± 0.92 270 ± 1.33 18.8  7.64 ± 0.13 260 ± 0.74 34.1 ± 0.60 

315 – N2 – sod-ZMOF/6FDA-DAM - 
2 

- 14.2 ± 0.12 265 ± 2.51 263 ± 2.01 18.6  8.47 ± 0.22 290 ± 1.73 34.3 ± 0.82 

315 – air – sod-ZMOF/6FDA-DAM - 
12.9 ± 
0.06 

240 ± 1.14 237 ± 2.23 18.6  7.01 ± 0.06 247 ± 0.89 35.3 ± 0.26 

315 – air – sod-ZMOF/6FDA-DAM - 
2 

- 11.6 ± 0.09 224 ± 1.24 
262 ± 
2.64 

19.2  6.60 ± 0.11 238 ± 1.59 36.0 ± 0.72 

160 – air – K+sod-ZMOF/6FDA-DAM - 19.0 ± 0.21 352 ± 2.51 260 ± 1.72 18.6  12.7 ± 0.21 365 ± 1.55 
28.8 ± 
0.48 

160 – air – K+sod-ZMOF/6FDA-DAM 
- 2 

- 19.7 ± 0.15 369 ± 2.36  275 ± 3.39  18.7  13.9 ± 0.20 392 ± 1.44 28.2 ± 0.36 

315 – N2 – K+sod-ZMOF/6FDA-DAM - 9.5 ± 0.16 177 ± 1.71 178 ± 1.52 18.7  5.97 ± 0.16 183 ± 0.85 30.7 ± 0.89 

315 – air – K+sod-ZMOF/6FDA-DAM - 
3.72 ± 
0.09 

64.2 ± 
0.60 

115 ± 1.05 17.2  1.74 ± 0.02 69.0 ± 0.70 39.5 ± 0.22 
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Figure S4.9 XRD patterns of pure 6FDA-DAM membranes thermally annealed at 
different conditions. (Q: quenched) 
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Figure S4.10 FTIR results of 6FDA-DAM membranes thermally annealed at different 
conditions: black: 160 °C - air, red: 315°C - air, blue: 400°C - air, green: 400°C - N2 

 

 

Figure S4.11 Ellipsometry results under N2 a) thickness b) refractive index. 
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Figure S4.12 Ellipsometry results under N2 a) thickness b) refractive index. 

 

Figure S4.13 XRD patterns of MMMs a) ZIF_MMM, b) sod_MMM and c) K+sod_MMM 
thermally annealed at different conditions. (Q: quenched). 
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Figure S4.14 Cross-sectional SEM images of the thermally annealed MMM samples a) 
160 – air – ZIF_MMM, b) 315 – air - ZIF_MMM, c) 400 – air – ZIF_MMM and d) 400 - 
N2 - ZIF_MMM. Scale bar is 1 μm and the magnification is 10,000 for all the images. 
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Figure S4.15 Cross-sectional SEM images of the thermally annealed MMM samples a) 
160 – air – sod_MMM, b) 315 – air – sod_MMM, c) 160 – air – K+sod_MMM and d) 315 
– air – K+sod_MMM. Scale bar is 1 μm and the magnification is 10,000 for all the images.  

 

 

 

Figure S4.16 Cross-sectional SEM images of 400 – air – ZIF-8/6FDA-DAM close to a) 
top and b) bottom surfaces showing the pinholes occurred after the thermal 
treatment. Scale bar is 1 μm and the magnification is 10,000 for all the images. 
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Figure S4.17 Cross-sectional SEM images of the thermally annealed a) 400 – air – sod-
ZMOF/6FDA-DAM and b) 400 - N2 – sod-ZMOF/6FDA-DAM MMM samples. Scale 
bar is 1 μm and the magnification is 10,000 for all the images. 

 

Figure S4.18 SEM images of the thermally annealed a) 400 – air – K+sod-ZMOF/6FDA-
DAM (powder) and b) 400 - N2 – K+sod-ZMOF/6FDA-DAM (cross-section) MMM 
samples. Scale bar is 1 μm and the magnification is 10,000 for all the images. 

 

 

Figure S4.19 FTIR results of a) ZIF-8/6FDA-DAM and b) sod-ZMOF/ 6FDA-DAM 
membranes thermally annealed at different conditions: black: 160 °C - air, red: 315°C - 
air, blue: 400°C - air, green: 400°C - N2. 
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Figure S4.20 FTIR results of K+sod_MMM membranes thermally annealed at different 
conditions: black: 160 °C - air, red: 315 °C - air, blue: 400 °C - air, green: 400 °C - N2.  
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CHAPTER 5 

Assessing interfacial properties of MOFs 

using contact angle measurements: 

Promise and Pitfalls 

 

  

 

 

 

 

 

 

 

 

This chapter is adapted from:  

Özlem H. Demirel, Nieck E. Benes, Jeffery A. Wood, Assessing interfacial 

properties of MOFs using contact angle measurements: Promise and Pitfalls, 

Manuscript in preparation.  
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Abstract 

Interfacial properties of metal-organic frameworks (MOFs), such as adhesion and 

wetting properties, play an important role for synthesizing powder MOFs (colloidal 

stability), preparation of pure and hybrid MOF films and their eventual application. 

Despite this, relatively few studies have been focused on quantifying the interfacial 

properties of MOFs. Here, we have systematically investigated the interfacial 

properties of spin-coated ZIF-8 films through contact angle measurements of multiple 

probe liquids. Films have been characterized with FTIR, ellipsometry, atomic force 

microscopy (AFM), white light interferometry (WLI). The effect of drying and waiting 

time have been found as critical parameters for the static contact angle measurements, 

highlighting the importance of the sample preparation and measurement techniques. 

The water contact angle hysteresis measured with advancing-receding method shows 

a wide variability between maximum and minimum contact angle can be obtained for 

this system. This is attributed to the separate hydrophilic and hydrophobic domains 

of the ZIF-8 films or possible instability of ZIF-8 in water. The most stable contact 

angle values have been achieved by using piezoactuation as a mechanical stimulus, 

showing large deviation with the apparent ‘static’ angle. Despite its well-known 

reported hydrophobic characteristic, average water contact angle values of 91 ± 2.5° on 

ZIF-8 films were found implying this material is on the boundary between 

hydrophobicity and hydrophilicity. Using most stable contact angle measurements, 

the surface tension components of ZIF-8 films were estimated. Diiodomethane (DIM) 

as a non-polar probe liquid has been used to calculate the dispersive surface energy 

component of the ZIF-8 films as 46.8 mN m-1 which is also found consistent with the 

estimated theoretical value. The polar component of surface tension has been 

estimated by using both diiodomethane and ethylene glycol contact angle 

measurements simultaneously. Polar contributions of 0.4 mN m-1 were estimated, 

substantially lower vs. dispersive contributions. Calculating the electron 

acceptor/donor subdivision of the polar component was not possible in this case due 

to the large spreads in the water contact angle values found for ZIF-8. The interfacial 

properties of MOFs are very valuable piece of information as a tool box for designing 
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MOF synthesis and applications. Here we have shown a way to asses these properties 

together with the challenges involved in carrying out measurements as well as 

interpretation. This work highlights the utility of these measurements towards 

understanding MOF interfacial properties and is an important step to understanding 

the behavior of MOFs in numerous applications.  

5.1 Introduction 

Metal organic frameworks (MOFs) are hybrid crystalline materials consisting of metal 

centers connected with organic ligands. Since their discovery, they have been 

considered attractive due to their high surface area to volume ratio, amongst other 

properties, for use in various applications such as gas separation/storage, catalysis, 

sensing, etc. The flexibility from the ability to use different metals and organic ligands 

to create a MOF allows for tuning properties of a synthesized MOF for a given 

application. MOFs can be in the form of powders, colloids in suspension,1 films on a 

substrate or embedded within a polymer as a composite material2–4 to try to provide 

additional functionality, such as in a mixed matrix membrane.5 In all these cases, the 

adhesion (or interfacial energy) of the MOF and substrate or surrounding material 

and the MOF with itself is a crucial parameter governing performance.3,6,7 As it is also 

shown in this thesis, the adhesion between the Cu-BTC MOF films and copper hollow 

fiber support (Chapter 2), ZIF-8 MOF films and IEMs (Chapter 3), and the MOF-

polymer interface in mixed matrix membranes affects the formation of the MOF films 

and the performance of the MMMs applications (Chapter 4).  

However, despite the importance of adhesion properties, there is a limited literature 

on this topic. Most studies to date have focused on hydrophilicity/phobicity and 

oleophilicity/phobicity properties of MOFs. Recently, the effect of the morphology on 

wetting properties of MOFs have been investigated by Medina, et al.8 M-CAT-1 MOFs 

have been prepared as pellets, oriented films and oriented/nanostructured films. 

Pellets have shown amphilic wetting properties (hydrophilic and oleophilic), while 

oriented MOF films with lower water contact angle of 30° vs. a pellet (46°) and 

underwater oil contact angle of 130° (indicating oleophobic characters). The polar 
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component of the surface tension has severely increased with the transition from 

pellet to oriented films, finding that it doubled from ~10 to 20 mN m-1 for oriented 

films and further increased to 30 mN m-1 for nanostructured films. Oriented and 

nanostructured MOF films have shown extreme wetting properties with spreading 

water contact angle and under water oil contact angle of 174°. Superhydrophilic and 

superhydrophobic MOFs have been obtained with only changing the morphology 

from randomly oriented to nanostructured with the increase in the surface energy 

from ~60 to 80 mN m-1 due to the increase in the polar component. In another recent 

study, electrochemically grown superhierarchically rough Cu-BTC MOF films have 

been investigated in terms of its omniphobicity.9 Their results show that both water 

and diiodomethane have relatively high contact angle values, 107.1 and 99.2°, 

respectively. In addition, low-surface-tension fluids such as acetone also formed a 

droplet on the surface.  

A few studies on MOFs and their adhesion properties, beyond 

hydrophobicity/hydrophilicity, have been found in the literature. In these studies, 

mostly diiodomethane (non-polar) and water (polar) contact angle values have been 

used to obtain dispersive and polar components of the surface energy via Fowkes 

theory. For example, interfacial properties of photoswitchable MOF film, 

Zn(AzDC)(4,4’-BPE)0.5 grown on carbon fiber have been investigated.10 Increased 

surface energy with the deposition of MOFs on the carbon fiber surface was attributed 

to the increase in the polar component of the surface energy which has an influence 

on the wettability properties of these fibers and its interaction to epoxy composites. 

Kim et al., have explored the UiO-66 and polyurethane compatibility for the 

composite films.11 The surface energy of UiO-66 pellets have been found as 53.3 mN 

m-1 through water and diiodomethane contact angle measurements. The results show 

that dispersive components are more dominant than the polar component for UiO-66 

MOFs (42.0 and 11.8 mN m-1, respectively). One of the benchmark MOFs, Cu-BTC, has 

been studied for its interaction with PLA.12 The surface energy components were 

calculated by using ethylene glycol and diiodomethane due to the large deviations in 

water contact angles. Surface energy of Cu-BTC with 53.3±2.5 mN m-1 and PLA with 
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57.1 ± 3.3 mN m-1 have been calculated and their dispersive components have been 

found much higher than the polar interactions. Although polar and dispersive surface 

components shed light on the interfacial properties of MOFs, as known from zeolites, 

electron donor and acceptor components of the polar interactions are also valuable 

information to understand especially the hybrid systems. The interaction of MFI type 

zeolites and different polymer interfaces has been investigated with AFM and surface 

energy analysis.13 These experiments showed the importance of Lewis basicity for the 

polymer more than van der Waals component. Better adhesion can be obtained with 

acidic (electron acceptor) component of zeolites and the basic (electron donor) 

component of the polymer. Similarly, Ferraris, et al. have studied the ZIF-8 interfacial 

properties to control the interface between two immiscible polymers, representing 

one of the few studies on this aspect (to the best of our knowledge).14,15 Measuring 

water contact angles and assuming only apolar liquid-liquid interactions for the MOF 

led to estimating the interfacial tension of ZIF-8/PBI and ZIF-8/6FDAA as 0.90 and 

1.24 mN m-1, respectively. Their results show that ZIF-8 play an interface 

compatibilizer role for this system by lowering the interfacial energy of PBI/6FDD (4.3 

mN m-1).  

MOFs themselves prove a challenging material to assess interfacial properties on, due 

to their porous nature, high roughness, lack of consistency between different 

measurement techniques and absorption of probe liquids as discussed in detail by 

Fischer et al.16 However, the information regarding interfacial properties, that is 

experimentally accessible, is highly valuable in order to understand MOF properties 

such as suspension stability (Hamaker constant/van der Waals interactions), as well 

as MOF-substrate interactions. In the literature, it is possible to find some studies on 

hydrophobic MOFs which focus primarily on the water contact angle (WCA) and 

oleophilic/oleophobic properties of MOFs. WCA can provide information about the 

hydrophilicity/phobicity properties of a material, in this case MOF, but is not 

sufficient for a full determination of the surface properties which consist of both polar 

and non-polar contributions.17 Comparing with other materials, quantification of the 

interfacial properties of MOFs has received relatively little experimental focus.8,16,18–23  
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ZIF-8 has been one of the most studied MOFs due its reported hydrophobic and 

oleophilic properties.14,21,24–33 However, the reported WCA values vary between the 

studies depending on the morphology of the samples, substrates and measurement 

conditions. Hydrophobic and oleophilic nature of ZIF-8 has been tested on the powder 

samples, with WCA of 142 ± 1.2° and showing spreading behavior for n-hexadecane 

angle26 and on ZIF-8 films grown on carbon nitride, with WCA of 135° and with 

absorbing oil up to 58 wt% from water/oil mixtures.27 In another study, WCA of thin 

ZIF films on glass substrate prepared via dip-coating have been measured. WCA of ZIF 

films as one-layer and two- layers on glass substrate and four-layers on QCM have 

been reported along with standard deviations, respectively: WCA of ZIF-8 (62.2 ± 2°, 

78 ± 5°, 122 ± 0°). 30 Dip-coating technique has been also used for preparation of ZIF-8 

on polyimide support and the reported WCA values were around 40° and 54° for ZIF-

8 and ZIF-67, respectively.31 Although the hydrophobicity of the polyimide supports 

increased after MOF coating, values are lower than other reported values. Roughness, 

air pockets, porous structure absorbing water were discussed as reasons of the low 

contact angles. WCA of spin-coated ZIF-8 films on silicon wafer were reported as 86.4 

± 3.7°.14 As it can be seen from these studies, there is not one ultimate contact angle 

value for ZIF-8, values are found in between 40-140°. Despite its hydrophobic 

reputation, many studies have reported WCA below 90° or at the limits of at the limit 

of hydrophilic and hydrophobic material (90°).  

The measurement of sessile droplet contact angle of a liquid on a probe surface is a 

method by which interfacial energies can be determined.34 The most commonly 

measured angle is the well-known water contact angle as discussed previously, 

however through the use of additional non-polar, monopolar and polar probe liquids 

a larger degree of insight towards the interfacial properties of a material can be 

achieved. This is exemplified in the so-called three-component interfacial tension 

component method of Van Oss/Good/Chouwdury (vOGC) (van der Waals/Lewis 

Acid/Lewis base) or two-component the Owens-Wendt (O-W) (dispersion/polar). 

Each of these relative scales allows for estimating interfacial properties, although both 

have their own limitations (vOGC is a relative scale against water and O-W does not 
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allow for negative interfacial tensions). From these measurements, estimates of 

interfacial adhesion energy strength can be computed or the Hamaker constant of a 

material determined. This means that the additional probe liquids provide a “simple” 

method for quantifying interfacial energy.  

However, as is well known within the interface science community while the concept 

of a liquid contact angle on a surface is a simple concept in practice the measurement 

and interpretation can be rather complicated. The contact angle and the interfacial 

energies (tensions) are balanced only in equilibrium, meaning that the desired contact 

angle is the equilibrium or Young angle. In practice, measuring such an angle on a 

substrate is challenging as there are numerous metastable states which a droplet can 

be kinetically trapped in (“pinned”). On top of this, analysis is complicated by: the 

need for a macroscopically flat substrate, potential evaporation of the droplet in this 

pinned state and possibly inhomogeneities of the substrate or impurities in the probe 

liquids. Quite often the advancing and receding angles are considered to be more 

rigorous quantities, although these themselves are also subject to interpretation.16,35,36 

The time scale for evaporation and for achieving the equilibrium (or more practically, 

most stable contact angle) are typically not compatible. This means that in order to 

make use of the wealth of information possible via contact angle measurements, some 

method must be employed to ensure that the most stable contact angle has been 

achieved. 

A number of techniques have been proposed in order to ensure that the reported 

contact angle is in fact the most stable angle allowing use of the Young-Dupré 

equation. For example, the use of a microbalance for accurate determination of the 

contact angle has been demonstrated previously.37 As a conceptually simpler method, 

applying vibration has been considered to overcome local energy barriers, depin 

droplets and arrive at the most stable contact angle in a relatively short time frame 

(prior to substantial droplet evaporation). This concept has been used irregularly in 

the ~150 years since Thomas Young first reported contact angles and the law that bears 
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his name but has attracted more attention in recent years as a relatively simple 

method that can be used with existing goniometer systems.38  

In this study, we explore and quantify the interfacial properties of a synthesized MOF 

(zeolitic imidazolate framework 8, ZIF-8) through contact angle measurements of 

multiple probe liquids on spin-coated ZIF-8 films through systematic investigation. 

We achieve the most stable contact angle using piezoactuation, comparing the values 

with and without vibration and demonstrate that the angles achieved without 

vibration are far closer to the advancing angle vs. the “most stable contact angle”, as 

well as investigate the possible influence of film roughness on the resulting behavior. 

From our determined contact angles, we determine the surface energy components of 

ZIF-8 and relate this to adhesive energy with various substrates, as well as suspension 

stability. Our findings of the van der Waals interfacial component was tested against 

the theoretical prediction of the Hamaker constant of ZIF-8, computed using the 

refractive index and dielectric constant as measured by ellipsometry (and compared 

to literature). We highlight how the measured interfacial properties of ZIF-8 help to 

explain its suspension stability in various liquids, which is crucial for the ability to cast 

films on a substate. This work highlights the value in using multiple probe liquids with 

varying polarity to assess surface properties for MOFs, while also quantifying the 

challenges involved in measuring on such materials.  
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Table 5.1 Probe liquids for contact angle measurements and surface tension 
properties (at 20°C).39  

Probe Liquids Formula 

γ γLW γ⊕ γ⊖ 

(mN m-1) 

Diiodomethane 
(DIM) 

CH2I2 50.8 50.8 0 0 

Water (W) H2O 72.8 21.8 25.5 25.5 

Formamide (F) CH3NO 58.0 39.0 2.28 39.6 

Ethylene glycol 
(EG) 

C2H6O2 48.0 29.0 3.0 30.1 

γ: surface tension, γLW: Lifshitz-van der Waals surface component, γ⊕: electron-

acceptor surface, component, γ⊖: electron-donor surface component 

5.2 Theoretical Background 

At equilibrium, the forces at the three-phase contact line are balanced and give rise to 

the classic Young-Dupré equation (below): 

𝛾𝐿 cos 𝜃𝑒𝑞 = 𝛾𝑆 − 𝛾𝑆𝐿 (5.1) 

where γL is the liquid free surface energy, θeq is the contact angle, γS is the solid free 

surface energy and γSL is the interfacial tension between solid-liquid. (Fig. 5.1) 

 

Figure 5.1 Schematic representation of a liquid droplet on a solid with interfacial 
tension components.  
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Through the use of a suitable combining rule for surface and interfacial tensions, 

individual contributions can be determined as resulting from van der Waals 

(dispersion) type interactions and polar interactions such as in the Owens-Wendt 

formulation (equivalent formulation by Fowkes). These polar interactions can be 

further subdivided as in the Van Oss-Chaudhury-Good (vOCG) method as Lewis 

acid/base type interactions. The vOCG approach is based on a relative scale with the 

acid and base components given relative to water. In both cases, it is a crucial to note 

that the Young-Dupré equation applies only at equilibrium. That is, effectively at the 

most stable contact angle a droplet will form on a macroscopically flat substrate. In 

order to achieve this angle prior to liquid evaporation, it is possible to actuate (shake) 

the droplet to overcome local energy minimum and arrive at the apparent most 

favorable energetic state of a droplet (most stable contact angle) which can be equated 

with the equilibrium angle. (Fig. 5.2) Typically droplets placed on a surface without 

actuation or some other energy supplied to depin the droplet will initially assume 

angles far closer to that of the advancing contact angle.40–43  

Owens-Wendt Approach (Fowkes): 

𝛾𝐿(1 + cos 𝜃𝑒𝑞) = 2 (√𝛾𝐿
𝐷𝛾𝑆

𝐷 + √𝛾𝐿
𝑃𝛾𝑆

𝑃) 

 

(5.2) 

where γL is the liquid free surface energy, θeq is the contact angle, γL
D and γL

P are the 

liquid dispersive and polar surface components, respectively, and γS
D and γS

P are the 

solid dispersive and polar surface components, respectively.  

Van Oss-Chaudhury-Good Method: 

𝛾𝐿(1 + cos 𝜃𝑒𝑞) = 2 (√𝛾𝐿
𝐿𝑊𝛾𝑆

𝐿𝑊 + √𝛾𝐿
⊕𝛾𝑆

⊖ + √𝛾𝐿
⊖𝛾𝑆

⊕) 

(5.3) 

where γL
LW and γS

LW are the liquid and solid Lifshitz-van der Waals surface 

component, respectively, γL
- and γL

+ are liquid electron-donor and electron-acceptor 

polar surface components, respectively, and γS
- and γs+ are solid electron-donor and 

electron-acceptor polar surface components, respectively.  
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In either case, detailed information about interfacial properties and energy can be 

computed if the material surface tension components are known. The vOCG approach 

requires a minimum of three probe liquids, one non-polar, one polar and one 

monopolar liquid in order to attempt to estimate these parameters as independently 

as possible. The choice of probe liquids strongly influences the uncertainty of the 

resulting parameter set. The advantage of this approach is the ability to use liquid 

contact angle measurements in order to determine solid properties, and then make 

predictions regarding stability, solubility/miscibility or adhesion of these materials.44 

Compared to the two-component models, the vOCG is capable of predicting negative 

interfacial tensions (miscible liquids/soluble materials) but comes with the added 

complications of finding three suitable probe liquids which have sufficiently different 

surface tension components and form finite contact angles on substrates. In this work, 

we compare both the two-component and three-component approaches and use the 

predictions to help explain experimental observations regarding ZIF-8 colloidal 

stability in various suspending liquids.  

Advancing and receding contact angles (ACE and RCA) are important parameters for 

solid surface characterization, that represents the highest and lowest angle of contact 

angle hysteresis range, respectively. ACA is measured by adding liquid to the 

deposited droplet and at certain point, the contact line expands with constant angle 

which is ACA. The RCA is measured by removing liquid from the droplet. At first, the 

contact line will be stable with decrease in CA. When it is reached to RCA, CA remains 

stable and contract line is receding.34–36 ACA and RCA, besides giving range for the 

contact angle hysteresis, also gives a lot of information to understand solid-liquid 

systems.  

In this work, we systematically investigate the influence of vibration on ‘static’ contact 

angles of various probe liquids on a ZIF-8 film, the advancing and receding water 

contact angles and the angle observed under piezoactuation. For this, the influence of 

substrate preparation conditions (drying temperature/time) are considered for its 

influence on the resulting interfacial properties. 
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Figure 5.2 Schematic representation of a liquid droplet on a solid with interfacial 
tension components with piezoactuation as a mechanical stimulus (‘LectroFan 
micro2 speaker).  

5.3 Experimental 

5.3.1 ZIF-8 synthesis and film preparation 

ZIF-8 crystals were synthesized by the modified version of the recipe from Cravillion.45 

Metal and organic ligand solutions were prepared separately with 2.9 g 

Zn(NO3)2.6H2O (zinc nitrate hexahydrate, Sigma Aldrich, ≥99.0%) and 6.5 g 2-

methylimidazole (HMIM, Sigma Aldrich, 99%) dissolved in 200 ml methanol (MeOH, 

Sigma Aldrich, anhydrous 99.8%). Zn solution poured slowly into the organic ligand 

solution and the mixture was mixed with magnetic stirrer for one hour. The synthesis 

mixture turned into a milky color as the synthesis started in couple of minutes. ZIF-8 

crystals were obtained via centrifuge and washed with methanol and ethanol (EtOH, 

EMSURE®, absolute for analysis), respectively. ZIF-8 colloidal solution in EtOH was 

prepared directly at this point without drying the crystals. For material 

characterization, ZIF-8 crystals were dried at 40 °C under vacuum overnight. For 

comparison, commercial ZIF-8 (Basolite Z1200, Sigma Aldrich) was used.  
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For thin ZIF-8 film, 0.2 M ZIF-8 colloidal solution in EtOH was prepared after the 

synthesis. The solutions were spin coated onto silicon wafer with native oxide layer in 

Laurell WS-400B-6NPP-Lite spin coater. For this, ~0.4 mL ZIF-8 solution was injected 

on the silicon wafer followed by rotating at 3000 rpm for 30 s with an acceleration rate 

of 1000 rpm s-1. After spin coating, the samples were dried in a nitrogen box, or at 30 - 

60 °C under vacuum for overnight prior to the contact angle measurements.  

5.3.2 Characterization 

ZIF-8 powder - The XRD patterns of the ZIF-8 powders were determined by powder X-

ray diffraction (XRD) on a Bruker D2 PHASER operated at 10 mA and 30 kV using a 

CuKα source with a wavelength (λ)¼ 1.54 Å at room temperature. Scans were made at 

variable angle, ranging from 5 to 45° with a 2θ step size of 0.02° and a scan speed of 1 

s per step. The ZIF-8 powders were also investigated using a field-emission electron 

microscope (FE-SEM, JEOL, Japan). The intensity-weighted particle size distribution 

of the ZIF-8 powders was determined by the dynamic light scattering (DLS) technique 

using a Malvern Zetasizer Nano ZS instrument. The ZIF-8 colloidal solution was 

diluted to 10 ppm for the DLS measurement. Fourier transform infrared spectroscopy 

(FT-IR, Spectrum Two, Perkin Elmer) was used with Universal ATR Two attachment) 

for the surface analysis of ZIF-8 coated Si wafers.  

ZIF-8/Si wafer - Spectroscopic ellipsometer M-2000X (J.A. Woollam Co., Inc.) was 

used to determine the thickness and refractive index of the spin-coated ZIF-8 films. 

Measurements were performed with light reflected at 70° angle of incidence. The 

Complete EASE v.4.64 software package (J.A. Woollam Co., Inc.) was used to model 

the data in the wavelength of 370-1000 nm. 6FDA-DAM films were modelled with 

Cauchy dispersion and B-spline (fit parameters: thickness, A, B) using the built-in 

optical properties of silicon wafer as a substrate. The results reported as the average 

of five measurement from different spots of the sample along with the standard errors. 

Atomic force microscopy (AFM) (Vecco Dimension 3100) was used for 

roughness/surface characterization about the ZIF-8/Si wafer films. The measurements 

are done with probe type PPP-NHCR-20 (NanoSensors) by using tapping mode in air. 



146 

 

White light interferometry (Bruker WLI Contour GT-I (ILP) has been used to create 

2D/3D picture of the MOF film surface.  

5.3.3 Contact angle measurements 

A contact angle goniometer (DataPhysics OCA20) was used for contact angle 

measurements at ambient temperature (20-22 °C) and relative humidity (45-55%). 

Milli Q Water (18.2 MΩ cm), diiodomethane (DIM, Sigma Aldrich, ReagentPlus®, 99%, 

containing copper as stabilizer), formamide (F, Supelco, for analysis EMSURE®, ≥ 99.2 

%) and ethylene glycol (EG, Sigma Aldrich, anhydrous, 99.8%) were used as probe 

liquids.44 A separate syringe was dedicated for each probe liquids. 2 μL droplet was 

carefully deposited onto the sample surface. In this study, each contact angle 

measurement has been tested on a different sample prepared under the same 

conditions. Re-measuring on the same sample was strictly avoided in order not to 

change the surfaces through irreversible chemical changes. The image of static contact 

angle was taken after three different waiting times: 30 s, 2 min and 5 min, reported 

contact angles based on 3-5 repeats per sample. Advancing and receding contact 

angles (ACA and RCA) of water were measured in sessile drop needle-in mode by 

leaving the needle in the droplet. Continuously supplying and withdrawing water up 

to 10 µl at 0.2 µl min-1 within three cycles to calculate ACA and RCA, respectively as 

per the procedure recommended by Korhonen et al.35 In order to overcome the energy 

barriers for the droplet without substantial evaporation of the probe liquids, a 

vibration method has been used after the droplet placed onto the sample. For this, a 

‘LectroFan Micro 2’ speaker was used with the Physics Toolbox Suite free application 

(for Android) to generate a tone.46 The frequency and waveform were chosen based 

on previously reported experiments, as well as experimentation.40,42 ZIF-8/Si wafer 

samples attached to top surface of the speaker. After the droplet has been put on the 

sample, the speaker turned on with a tone generated (sine wave- frequency of 250Hz) 

for 30 s. The contact angle values are reported along with the standard error and the 

size of the sample.  
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5.4 Results and discussion 

5.4.1 ZIF-8 characterization  

Powder XRD patterns confirm the crystal structure of the ZIF-8 as a proof of the 

successful synthesis of ZIF-8 (Fig. 5.3 (a)). FE-SEM image in Fig. 5.3 (c) shows uniform 

ZIF-8 crystal formation with small particle size between 50-80 nm diameter. In (Fig. 

5.3 (b)), DLS result show that the intensity size distribution is narrow and the average 

particle size is 122 nm with PDI of 0.102 The difference between the particle size 

obtained by SEM and DLS is due to the different measuring techniques and the 

environment. DLS measurement was performed in a diluted dispersed ZIF-8 powders 

in EtOH and particles can be agglomerated to a certain degree.  

The thickness of the ZIF-8 films were estimated using ellipsometry as 206.5 ± 10.3 nm. 

Spin-coated ZIF-8 films were also investigated with FT-IR spectrum, as it can be seen 

in Fig. 5.4 (a). Bare Si wafer is also reported along with ZIF-8/Si wafer. The main bands 

at 3144, 2931, 1662, 1580, 1505, 1422, 1376,1308, 1143, 994, 755, 695 cm-1 are all visible for 

ZIF-8/Si wafer. The result is consistent with the previous studies.45,47 To be more 

precise, the peaks at 3144 and 2931 cm-1 represents aromatic and aliphatic C-H 

vibrations, respectively. C=C stretching and C=N stretch vibration are visible at 1662 

and 1580 cm-1. The bands at 1300 and 1422 cm-1 are showing the ring stretching, while 

the peak at 1143 cm-1 is corresponding to the aromatic C-N stretching. The bands at 

994 and 755 cm-1 are related to C-N bending vibration and C-H bending mode, 

respectively. Lastly, The peak at 694 cm-1 is corresponding to the ring-out-of plane 

bending vibration of HMIM.  
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Figure 5.3 Characterization results of ZIF-8 powders a) XRD patterns of ZIF-8 
powders and commercial ZIF-8 (Basolite Z1200), b) Intensity size distribution of ZIF-
8 crystals in ethanol obtained by DLS and c) FE-SEM image of ZIF-8 as-synthesized 
powders (x100.000 magnification). 

From the SEM and other characterization methods, it is clear that while the substrate 

appears macroscopically flat (and no visible deviation is observed in the baseline when 

doing visual contact angle analysis) the actual substrate has a degree of surface 

roughness.48 AFM and WLI were used t to obtain an estimate of the surface roughness. 

The ZIF-8 particles used in this work are in the range of 50-80 nm and coated on the 

silicon wafer as an ideally close-packed thin film with a thickness of ~200 nm, as 

estimated from ellipsometry. Based on either atomic force microscopy or white light 

interferometry, the observed ‘roughness’ macroscopically does not alter the contact 

area to a substantial degree indicating the substrate is effectively “flat” (see SI for 

computation: Fig. S5.1 and 2).48,49 While the estimated surface roughness did not 

indicate there would be a substantial impact on the estimated contact angle, this is 

only an estimate of the surface value and as the substrate is porous a larger impact 

could be possible when measuring upon a MOF film (i.e. the case where there is 
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uncovered bare substrate in contact with the liquid or larger wetting networks 

throughout the porous structure).48,50 Given the particle size, the expected gap spacing 

between particles was quite small and AFM estimates of roughness showed no more 

than a 10% increase in the surface contact area. WLI indicated a roughness of 1.002, 

indicating it is relatively flat. (Fig S5.2) 

 

Figure 5.4 a) FT-IR spectra of ZIF-8/Si wafer and bare Si wafer samples and b) FE-
SEM image of ZIF-8/Si wafer. 

5.4.2 Static contact angle  

Influence of the drying conditions – First, we have explored the ‘typical’ approach 

of contact angle measurements. As-prepared ZIF-8 films after drying at room 

temperature under nitrogen box have different contact angle values compared to the 

ones dried at higher temperature. The effect of the residual solvent in the thin films 

changes the surface characteristics drastically. As it can be seen Table 5.2 and Fig. 5.5, 

changing the drying conditions to 60°C, where presumably all ethanol has evaporated, 

led to approximately doubled water contact angle, from 45.7° to 98.9°. Initially 

spreading DIM droplets were found to a finite angle of 50.7±0.3° while CA-F have 

increased from 8.5±1.1° to 45.3±0.8°. Drying at ambient temperature under nitrogen 

presumably was not sufficient to remove all the ethanol. Beside the effect of the 

residual solvent, change in the surface energy may be also due to long drying time 

under vacuum. Under vacuum there may be defect formation and/or increase in the 

roughness on the surface that liquid droplet sets on an air cushion instead of the solid 
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which is a desired characteristic of hydrophobic surfaces.51,52 Capillary condensation is 

also another possible phenomenon can take place on the porous material like MOF 

films.53 However, the droplet and the surface were stable after these conditions. 

Although the WCA of 45.7±0.24 is consistent with previously reported values,31 the 

drastic change in WCA after drying is also in the range of previously reported values 

in the literature.14,29,33 

Table 5.2 Contact angle results of probe liquids on ZIF-8 film dried in different 
conditions 

 
Sample 

Drying 
conditions 

Waiting 
time (s) 

T 
(°C) 

Relative 
humidity 

(%) 

CA-W CA-DIM CA-F 

(°) 

Bara Si 
wafer 

N/A 30 21.8 51 
42.4±0.5 

(n=6) 

45.3±0.8 

(n=6) 

23.6±0.5 

(n=7) 

ZIF-8/Si 
wafer 

Troom - N2 30 22.1 53 
45.7±0.24 

(n=4) 
Spreading 

8.5±1.1 

(n=3) 

ZIF-8/Si 
wafer 

60°C - 
vacuum 

30 20.8 50 
98.9±0.7 

(n=4) 

50.7±0.3 

(n=4) 

45.3±0.8 

(n=3) 

n: size of the sample, reported along with the standard error (CA ± standard error) 
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Figure 5.5 Contact angle results of probe liquids on ZIF-8 film dried in different 
conditions. 

Time dependence - For the contact angles of the probe liquids, three different waiting 

times have been used, 30 s, 2 min and 5 min. Measurement time is the time between 

droplet is deposited on the surface and the contact angle is measured. Water contact 

angle has not been measured for 5 min due to significant evaporation of the droplet. 

As it is reported in Table 5.3, CA-DIM values are more stable compared to the other 

probe liquids because it has a low volatility and is thereby less affected by the long 

measurement time, as well it possesses no substantial polar interactions. CA-W values 

have been decreased with the longer waiting times. Due to the evaporation of water 

droplet, it is difficult to discuss these results based on the surface characteristic. On 

the other hand, CA-F has strongly affected by the measurement time, as it can be also 

seen in large deviations reported along with the contact angle results. In the case of 

60°C drying did not show large deviations in contact angle vs. time (likely relating to 

the low relative volatility of this solvent). However, after examination of the substrate 

it became apparent that formamide actually dissolved the ZIF-8 thin films on the 

silicon wafer. (Fig. 5.6) This implies that the interfacial tension of formamide/ZIF-8 

may be negative, which has implications as to the possible polar nature of ZIF-8 and 

necessitated the use of an additional probe liquid. As an alternative monopolar liquid, 

ethylene glycol was considered. This liquid has been used previously by Li et al. as a 

probe liquid, although it is less ideal vs. formamide due to its potentially hygroscopic 

nature.12,54 Hygroscopicity of ethylene glycol can also have a strong influence on the 
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contact angle as water can cluster at the interface and this may be the cause behind 

the much larger variance of these contact angles. In order to practically reach the 

equilibrium/most stable contact angle, which are required in order to fully 

characterize the interfacial properties of the ZIF-8 film, these obstacles need to be 

overcome. Due to the evaporation of the solvents within the measurement time and 

possible adsorption of the liquids by the porous crystal structure of the MOFs are the 

challenges.  

 

Figure 5.6 Contact angle results of formamide with 30s and 2 min waiting time, inset 
showing the ZIF-8 film removal after the formamide contact. 
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Table 5.3 Contact angle measurements of three probe liquids with different 
measurement time. 

Drying 
conditions 

Measureme
nt time 

Measurement 
conditions 

CA-W 

 

CA-DIM 

(°) 

CA-F 

 

60°C/vacuum  

30 s 

T: 21.0 °C 

RH: 50.0 % 

91.3±3.0 

(n=8) 

49.2±0.6 

(n=8) 

44.3±0.8 

(n=6) 

2 min 
79.4±4.0 

(n=8) 

48.8±0.6 

(n=8) 

35.0±4.0 

(n=6) 

5 min (evaporation) 
49.6±0.6 

(n=4) 

24.7±6.6 

(n=3) 

n= size of the sample, reported along with the standard error (CA ± standard error) 

Films in presence of humidified air - To understand the effect of the humidity on 

the contact angle measurements, ZIF-8/Si wafer samples have left in a box filled with 

water with no contact with water for two days, assuming complete water vapor 

saturation. The results are reported in Table 5.5 and Fig. 5.7 indicating only a slight 

increase in the contact angle after the humidity treatment. ZIF-8 is known as a 

hydrophobic MOF in the literature. In a previous study by Liu et al., it has been used 

as a hydrophobic coating for zeolites.55 However, it also reported that it has 

hydrophilic crystal surface.16 As discussed in the introduction, there are values of water 

contact angles for ZIF-8 systems ranging from relatively hydrophilic to slightly 

hydrophobic. Our results agrees with the hydrophobic character of the ZIF-8, as it is 

almost stable after the humidity treatment. On the other hand, ZIF-8 water stability 

is also open to discussion. Lin et al., has shown the degradation of the morphology 

due to the hydrolysis of ZIF-8.56 Their XRD results implied stable crystals with some 

intensity lost until 48 h water immersion time however their study showed that longer 

water immersion times resulted in severe defects of the film, shorter contact times 

may even microscopically alter the surface characteristics. 
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Figure 5.7 Contact angle of water on dried and humidified samples. 

Table 5.4 Contact angle of water on dried and humidified samples. 

Drying 
conditions 

Measurement 
Conditions 

T 
(°C) 

Relative 
humidity 

(%) 

CA-W 

(°) 

60°C/vacuum  30 s 20.8 50 
105.4±2.5 

(n=2) 

Humidity  

(2 days)  
30 s 21.5 46.3 

111.9±1.8 

(n=3) 

n= size of the sample, reported along with the standard error (CA ± standard error) 

5.4.3 Advancing – receding contact angle 

The results of three advancing-receding contact angle (ARCA) cycles (cycles are 

measured in row) at three different locations of the sample shows an overlap as an 

indication of homogenous coating of ZIF-8 film on Si wafer. (Fig. 5.8) However, the 

surface alters once it contacts with the droplet that we see this hysteresis between 

cycles. The contact with water may cause some contaminations on the sample surface. 

Recently, the microdroplet contamination has been investigated for 

superamphiphobic (superhydrophobic and superoleophobic) surfaces by Butt et. al., 

similar phenomenon may also happen on the ZIF-8 surface.57 Therefore, in this study, 
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always fresh samples have been used to measure contact angle values, except for this 

three cycle advancing-receding contact angle measurement. Comparison with the 

static water contact angle results, ACA values are closer to the short waiting time 

measurements, while RCA values are in the range of longer waiting time results. ACA 

and RCA results represent the maximum and minimum contact angle values can be 

obtained from one system, respectively, also called as contact angle hysteresis.58 For 

ZIF-8 films, ACA values are closer to the short waiting time values and RCA results are 

closer to the longer waiting time measurements. As a result, they are all in the range 

of this contact angle hysteresis. However, in order to obtain most stable contact angle 

values which is also expected to be in this range, a mechanical stimulus is needed. 

ACA and RCA are playing a critical role to decide surface characteristic of a solid. 

However, they are also considered as sensitive measurements with their own 

challenges.35 

 

Figure 5.8 ARCA measurement results with three cycles at three different locations 
of a sample.  
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Table 5.5 Advancing and receding contact angle of water on sample dried in 60 °C. 
ACA and RCA have been performed with consecutive three cycles.  

Drying 
conditions 

Measurement 
Conditions 

ACA-W* 

(°) 

RCA-W* 

(°) 

60°C  

vacuum  

Volume: 10 μL 

Speed: 0.2 μL s-1 

T: 21.0 °C 

RH: 46.5 % 

Cycle 1 
112.5±0.1 

(n=3) 

Cycle 
1 

40.6±0.1 

(n=3) 

Cycle2 
105.3±0.3 

(n=3) 

Cycle
2 

36.5±0.4 

(n=3) 

Cycle 3 
102.7±0.5 

(n=3) 

Cycle 
3 

32.2±0.0 

(n=3) 

n= size of the sample, reported along with the standard error (CA ± standard error). * 
average of three measurements reported with std error. 

5.4.4 Most stable contact angle 

The contact angle hysteresis from ACA and RCA give an indication of the equilibrium 

contact angle which is needed for the characterization of solid surface. However, 

measuring ECA has some challenges, therefore, most stable contact angle which is 

described as the only measurable contact angle related to the average surface energy 

is becoming more common.37 For this, a mechanical stimuli vs. is required for the 

relaxation of the droplet while avoiding the evaporation of the liquid. Here, we have 

used piezoactuation (250 Hz sine wave-30 s). The contact angle results are reported in 

Table 5.6 an Fig. 5.9. Water contact angles achieved with vibration shows more 

deviation compared to the other probe liquids. The effect of the evaporation of the 

liquid and the polar-apolar characteristic of the liquid may have an impact on this as 

well as the roughness characteristic of the MOF films. Diiodomethane is a less volatile 

liquid with only van der Waals surface component. As the polarity increased the 

spread in measurements increased. Hygroscopic nature of ethylene is also another 

concern that it can be affected by the humidity.  
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The contact angle results achieved with and without vibration, they are all in the range 

of the contact angle hysteresis as it is found with ACRA measurements. Static water 

contact angles reported in this study are 91.3±3.0° and 105.4±2.5° with 30 s waiting time 

from two separate samples. However, the most stable contact angle with vibration is 

reported as 91.0±2.5°. This result show that ZIF-8 films are not highly hydrophobic but 

nearly the transition of hydrophilic and hydrophobic, which is consistent with many 

of the reported studies in literature. Although, many studies have been focused on 

hydrophobic ZIF-8 properties, ZIF-8 possess hydrophilic crystal nature with 

hydrophobic pore surface due to the flexible methyl groups.16 The internal and the 

external surface characteristics are different as it is also observed for another MOF, 

ZIF-71.59 The ZIF-8 films in this work are randomly oriented and in general this will be 

the case until dedicated synthesis methods are used.60,61 The large deviations in the 

literature values and this study might be due to the different domains (hydrophilic 

and hydrophobic) present on the surface. These domains may also respond the 

contact with probe liquids differently than each other, i.e. varying degrees of 

hydrophobicity and hydrophilicity, the reported instability of ZIF-8 in water also 

challenge interpreting based on WCA.  

For diiodomethane, the difference between the static and most stable contact angle is 

more severe as it decreases to 23.1±0.6° from 50.7±0.3°. In both cases, the standard 

deviation of droplets on the surface was greatly reduced vs. water. This may be 

attributable to the same potential orientation effect that increased the spread in water 

contact angles having a negligible impact on the van der Waals interactions (apolar). 

Difference in the surface morphology may also effect such a difference, as it is 

previously reported on the surface holes/defects cause a transition from Wenzel to 

Cassie state.62 
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Table 5.6 Contact angle of probe liquids with after vibration (250 Hz sine wave - 30 
s) 

Drying 

conditions 

Measurement 

Conditions 

CA-W 

 

CA-DIM 

(°) 

CA-EG 

 

60°C  

(2 weeks)/vacuum 

30s – 250 Hz 

sine wave 

T: 21.1 °C 

RH: 53.3 % 

91.0±2.5 

(n=20) 

23.1±0.6 

(n=12) 

40.1±1.1 

(n=12) 

n= size of the sample, reported along with the standard errors. (CA± standard error) 

 

Figure 5.9 Contact angle of the probe liquids after 250Hz sine wave vibration. 

5.4.5 Interfacial properties  

Non-polar contribution (DIM): The dispersive component of ZIF-8 can be estimated 

by using diiodomethane contact angle measurements with piezoactuation. In 

principle with piezoactuation, we have ensured to have achieved the most stable 

contact angle and we use this as our estimate in the Young-Dupré equation. For either 

the two or three-component surface tension, this estimate is not affected as 

diiodomethane possesses only dispersive interactions (van der Waals).  

We can re-write the Young-Dupré equation for a non-polar liquid and re-arrange to 

achieve the dispersive (VdW) component as: 
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𝛾𝑆
𝐷 = 𝛾𝐿

(1 + cos 𝜃𝑒𝑞)2

4
 (5.4) 

For ZIF-8, we estimate a value of 46.8 mN m-1 based on the mean of our diiodomethane 

measurements. For comparison, it is in the same range with other MOFs reported such 

as Cu-BTC and UiO-66.11,12 Ferraris et al. calculated the ZIF-8 surface tension from 

water contact angle measurements as 20.34 mN m-1 by neglecting the polar component 

of ZIF-8.14 Even a small polar component for ZIF-8, given the high polarity of water, 

would then have a large impact on the estimated dispersive component. Given that 

other authors have reported substantial polar contributions for MOF systems and 

zeolites,9,12,13 we will assess the validity of this assumption through testing with polar 

liquids.  

As an additional consistency check, we also estimate the Hamaker constant based on 

the relationship derived by Israelachvili and use this to compute the dispersive 

component of surface tension of ZIF-8.63 The refractive index of ZIF-8 (based on dense 

films) has been reported as 1.58464 and the dielectric constant as 2.5.65 The UV 

absorption frequency of ZIF-8 has not been reported but these values are often in the 

range of 1.5 to 2.5 x 1016 rad s-1 and we use this to get a range of plausible values.63 Based 

on this relationship for the Hamaker constant, we estimate that the dispersive 

component of surface tension of ZIF-8 is between ~ 42 mN m-1 to 52 mN m-1 which is 

consistent with our value determined from contact angle measurements and also in-

line with dispersive values reported for other MOF materials. 10–12 

Since we have a porous film, it is possible that there is an influence of roughness (as 

well as chemical heterogeneity) on the interpretation of the contact angles. As 

discussed earlier both AFM and WLI measurements indicate that the surface 

roughness value is extremely low which is consistent with the reports of Li et al.33 In 

the case of porous substrates, one can imagine that there is successive wetting events 

throughout the different layers and that this effective roughness may be larger. 

However, given that the spread in contact angle measurements across multiple 

different prepared substrates was quite minimal for diiodomethane (standard error = 
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0.6 , n =12 ), that the value computed based on Hamaker theory is also comparable 

and that the value is in-line with other reported MOF dispersive components it implies 

that any effect of roughness may be negligible. We will further test this consistency by 

comparing the results with multiple liquid probes. 

Two-component probe liquids (DIM–EG): We extend the analysis now to include 

the use of a polar probe liquid. The typical probe liquid for polar properties is typically 

water, however for the case of ZIF-8 this is challenging. As discussed previously, ZIF-

8 is composed of both hydrophilic and hydrophobic domains which can complicate 

interpretation of this value (although evidently not the dispersive component) based 

on the stability of DIM and also the water stability of ZIF-8 itself is also debatable 

based on the results of Zhang et al.56 This is evident in the spread in the most stable 

contact angle, as well as the cycling of ACRA and in the larger spread in static angle 

measurements. For these reasons, interpretation of the polar aspects of ZIF-8 using 

water is problematic and therefore we turn to the use of ethylene glycol. This was also 

the case for Elangovan, who explored multiple probe liquids for Cu-BTC pellets but 

analyzed via the two-component using diiodomethane and ethylene glycol.12 

Using Eq. 5.2, we fit the dispersive and polar components of ZIF-8 based on the most 

stable contact angle measurements of DIM and EG in a least-squares sense. For this 

fit, we estimate the following values (along with 95% confidence intervals): 𝛾𝑆
𝐷 = 46.8 

± 0.9 mN m-1 and 𝛾𝑆
𝑃 = 0.4 ± 0.1 mN m-1. The residuals from the fit were found to be 

normally distributed with a mean of zero, based on a normal probability plot.  

The dispersive component is not impacted by the regression simultaneously using 

diiodomethane and ethylene glycol and a small (but non-negligible) polar component 

is estimated from these results. Based on estimate parameters, we estimate the water 

contact angle based on the known properties of water and estimate a contact angle of 

~83° which can be considered closer with the mean of the most stable water angle 

(~91°) as determined from piezoactuation but farther than that observed in static or 

ACRA measurements for water. This value is consistent with the measurement of 

Ferraris et al. for water, indicating that the difference in estimated dispersive 
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component is more likely related to that work assuming no substantial polar 

component for ZIF-8.14  

Three-component estimates (DIM–EG –Water): In principle, the Lewis acid/base 

subdivision of polar interactions can provide a much greater detail for understanding 

the nature of adhesion. Lee et al. previously identified the importance of these types 

of interactions for zeolites, helping to explain the interfacial interactions for potential 

application as gas separation hybrid membranes.13 Given the emphasis in the MOF 

research community on this topic, a similar analysis for MOFs can be beneficial. 

However, given the spread in the most stable water contact angle and the previously 

discussed issues relating to water and ZIF-8, it is difficult to further quantify the nature 

of interaction. Formamide dissolved ZIF-8 and other polar probe liquids such as 

ethanol or glycerol are either too volatile or too close in nature to that of ethylene 

glycol in order to likely obtain statistically significant regressions. The increase in the 

spread of measurement most stable contact angles appears to increase with increasing 

polarity, which is consistent with potential heterogeneity in the wetted perimeter of 

the substrate (hydrophilic/hydrophobic domains of the MOF). When including the 

water contact angle data and regressing via Eq. 5.3 (Van Oss-Chaudhury-Good) for the 

van der Waals components we estimate a 𝛾𝐿𝑊  of 46.9 mN m-1 with a much wider 

confidence interval (41 to 52 mN m-1) but both polar components (electron donor or 

acceptor) have 95% confidence intervals which pass through zero. The van der Waals 

estimate was evidently not effected, which is also consistent as the predicted water 

contact angle for the two-component model is consistent with the mean experimental 

value for most stable water angle. At least for the case of ZIF-8 use of water as a probe 

liquid to assess interfacial properties is prone to many challenges, but we note that 

this may not be the case for other MOFs and stress that a full three-liquid probe 

analysis can be extremely valuable.  

5.5 Conclusion 

ZIF-8 films have been prepared on silicon wafer via spin-coating technique. In order 

to explore the interfacial properties of the MOF films, contact angle measurements 
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have been performed in three different manner: static, advancing-receding and most-

stable. Static contact angle analysis showed the effect of the drying conditions of the 

films. Drying at higher temperatures under vacuum results higher contact angle values 

for the three probe liquids. Longer waiting time of the droplet before measuring the 

contact angle showed the challenges of using porous materials. Evaporation of the 

liquid, possible absorption, air pockets on the surface and capillary condensation have 

been affected the results and hinders the relaxation of the droplet to reach the most 

stable contact angle. The contact angle hysteresis have been found with advancing 

receding contact angle measurements. After each cycles, ACA and RCA were shifting 

to low values. Roughness, deformation of the surface and possible microdroplet 

contaminations might have a role on this change. Most stable contact angle have been 

measured after applying 30 second of 250 Hz sine wave to the samples that placed on 

top of a pieozospeaker. Although ZIF-8 is known as a hydrophobic MOFs, the most 

stable water contact angle of 91.0 ± 2.5° is in the limit of hydrophilicity and 

hydrophobicity that may be related to the chemical heterogeneities in the MOF films. 

Interfacial properties of ZIF-8 films has been estimated by using the most stable 

contact angle values. Dispersive component of ZIF-8 films were calculated using DIM 

contact angle values and has been found consistent with the dispersive component 

calculated from Hamaker theory. In order to calculate the polar surface energy 

component of 0.4 mN m-1, DIM an EG contact angle measurements have been used 

that is much lower than the dispersive component of 46.8 mN m-1. Due to the large 

spreads in the measurements, water contact angle has not been used for the 

estimations. This can be attributed to the evaporation of water as well as the effect of 

the polar component of water and their interactions with ZIF-8 films.  

Our results show that pretreatment has an enormous effect on the contact angles, as 

does the measurement approach (vibration vs. no vibration, repeated cycles of ACRA). 

There is a large deviations for the reported contact angle values of ZIF-8, as it is 

discussed in the introduction. These deviations may arise from the sample 

morphology as the contact angles are reported on powders, pellets, randomly oriented 

films and oriented films. CAs are a way to try to assess the surface characteristic of a 
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material but it is also quite challenging, although commonly used (but the pitfalls are 

not commonly discussed). Interfacial properties of MOFs can help to choose a good 

solvent for the well-dispersion, for designing MOF hybrid films (MOF-polymer-

solvent systems), for the choice of the substrate for supported MOF films, etc. 

Therefore, exploring the interfacial properties of MOFs via surface tension 

components are quite important for the any MOF based systems. Challenges arise due 

to the porous nature, roughness, absorption, etc. have been also considered in this 

study. Our findings motivate future studies on more continuous films and on 

preparation techniques to really probe under controlled dynamic conditions how 

these films age. 
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Supporting Information 

All roughness metrics indicate a smooth surface (Fig S5.1 and S5.2). Wenzel roughness 

factor has been calculated (Eq. S5.1) as r ≈ 1, indicating the surface is flat from 

macroscopic perspective. Depth measured via Dektak (scratch test) was also found 

consistent with ellipsometry results.  

 

 

Figure S5.1 AFM images of ZIF-8/Si wafer samples (1 μm x 1 μm). The surface 
roughness values were calculated as 18.9 nm (Rms). 
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Figure S5.2 (a) 2D corresponding roughness profiles along x-axis and y-axis (42 μm x 
56 μm) and (b) 3D WLI images. The average surface roughness values were 
calculated as 2 nm (Ra). 

The Wenzel roughness is taken as the average of the roughness based on lines over x 

(at fixed y-values) 

𝒓𝑾 =
𝟏

𝑴

∑ ∑ [√{(𝒙𝒊,𝒋 − 𝒙𝒊−𝟏,𝒋)
𝟐 + (𝒛𝒊,𝒋 − 𝒛𝒊−𝟏,𝒋)

𝟐}𝒏−𝟏
𝒊=𝟏

𝑴
𝒋=𝟏

𝒙𝒏 − 𝒙𝟏

 

X→ [X1, XN], Y→ [Y1, YM] (X is in N-lines and Y is divided into M-lines based on 

the spatial resolution of the WLI) 

(S5.1) 
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CHAPTER 6 

Reflection and Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 



172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



173 

 

6.1 Reflections  

The overall objective of this thesis was to develop new insights to understand the role 

of the interface for MOF film preparation and properties. Firstly, thin films of 

benchmark MOFs, Cu-BTC and ZIF-8 have been prepared on two novel functional 

supports (metal: porous copper hollow fiber and polymer: ion exchange membranes) 

by controlling the transport of the reactants at the interface. Secondly, the effect of 

the interfacial properties on gas separation performance have been investigated for 

MOF embedded polymer films. At last, we have looked at the interfacial properties of 

MOFs from the surface characteristic and adhesion properties point of view.  

Porous copper hollow fibers were utilized as both support and a metal source for 

electroforming MOF films on the outer surface of the hollow fiber. Here, we critically 

assess the current knowledge on electrochemical synthesis for MOF film formation. 

Unlike the conventional electrochemical synthesis approach, here we propose the 

limited use of the supporting electrolyte in the synthesis solution and lower applied 

potential to obtain thin and reproducible MOF films. By using an electrolyte-free 

synthesis, a large potential drop occurs in the bulk in electrolyte-free solution and a 

smaller contribution is given towards electrode reactions. This lower potential drop 

at the electrode surface lowers the rate of copper ion generation, while the larger 

potential drop in the bulk enhances the transport of the charged organic ligand, 

leading to an improved overall film quality. The findings of this work stress the 

importance of understanding the transport rate of the reactants at the interface for 

controlled electrosynthesis of MOF films on copper hollow fiber support.  

Electrochemically formed MOFs on HF may be interesting candidates for 

electrochemical reduction of CO2. As one of the important factors in electroreduction 

of CO2 is the solubility in aqueous solution, MOF can capture CO2 with the 

unsaturated Cu sites, therefore it can increase the CO2 concentration near the 

catalyst.1 However, our preliminary experiments on CO2 electro-conversion did not 

show any improvement with the existence of MOF films on copper hollow fibers. This 

was attributed to the poor mechanical stability of the obtained films and poor 
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adhesion between MOF films and support. Here, future research should be towards 

improving the adhesion of these films to the copper hollow fibers. The fibers can be 

directly transfer to the electrochemical reduction set-up after the synthesis to avoid 

any delamination due to drying. The mechanical strength can also be improved 

potentially by using electrical conductive ionomer (e.g. Nafion) to protect the films 

against the CO2 flow from inside out to the hollow fiber.2 Moreover, these fibers can 

be utilized in various applications such as gas separation and storage, sensing and 

water adsorption, but only once the issue of adhesion is solved.3  

In Chapter 3, ion exchange membranes (IEMs) have been introduced as a functional 

support for MOF ZIF-8 films providing a selective medium to control the reactants 

based on their charge. IEMs were used to separate the two reactant solutions in a 

diffusion-cell set-up, controlling both transport of reactants and local concentration 

via Donnan (charge) exclusion. In the course of this thesis the effect solvent type 

(varying dielectric constant), synthesis time and type of IEM were investigated. The 

results showed a high potential of this approach for controlling the local 

concentration of reactants to favor the crystallization of MOF films. For ZIF-8 

synthesis, excessive organic ligand (HMIM) ratio is required compared to the metal 

source (Zn2+). Donnan exclusion at the interface of anion-exchange membranes 

(AEMs) led to lower zinc concentration vs. bulk and compared to HMIM molecules 

which is favorable for the synthesis. Exclusion of the transport of protonated HMIM, 

H2MIM+ by the AEM is also another beneficial condition for the ZIF-8 synthesis. 

Furthermore, methanol-based synthesis showed pure ZIF-8 film formation on IEM, by 

preventing hydrolysis side reaction of zinc ions even with a reduced Donnan exclusion 

effect vs. water. Aqueous synthesis with and without deprotonating agent was not 

successful although the charge-selective properties of IEMs are typically higher in 

water. Uncontrolled hydrolysis reactions, formation of Zn(OH)2 and pH stability of 

IEMs in the presence of deprotonation of HMIM were the main challenges for the 

specific case of ZIF-8 synthesis.  
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This is the first demonstration for the use of ion exchange membranes as a functional 

support (Chapter 3). As future work, different IEMs with higher pH stability can be 

investigated for the aqueous synthesis of ZIF-8, although the issue of hydrolysis 

reactions at longer reaction times would remain. Using different organic ligands, 

especially with negative charge such as dicarboxylic acids, tricarboxylic acids and 

tetracarboxylic acids, may provide much better control for the synthesis of the 

different MOF. This approach can open new directions for controlled localized 

synthesis of MOF films in general, as well as for the controlled synthesis of patterned 

MOF films on IEMs. The ion-transport properties of MOFs are themselves extremely 

attractive, offering tunable monovalent ion-selectivity that is typically not observed in 

commercial polymeric IEMs and voltage-dependent divalent vs. monovalent 

transport.4 The enhancement of fluid-phase ion transport when using heterogeneous 

ion-exchange interfaces is well established, combined with the other ion-selective 

properties of MOFs this is a very attractive option for future research in ion-selective 

processes.5  

Beside supported thin MOF films, MOF based mixed matrix membranes (MMMs) are 

also extensively studied in literature for gas separation applications.6–10 In this thesis, 

we have investigated thermal evolution of three different MMM (ZIF-8, sod-ZMOF 

and K+-sod-ZMOF/6FDA-DAM) systems for CO2/CH4 separation as well as that of the 

polymer, since the performance mainly depends on the properties of the polymer. The 

effect of the post-thermal treatment on polymer has already shown that it is possible 

to alter its performance from high permeable to high selective, as expected from the 

trade-off behavior. However, using an oxidative environment for the thermal 

treatment has been shown to have larger impact on obtaining highly selective 

membranes, due to the irreversible chemical modifications of the polymer matrix. 

These irreversible changes are confirmed with in-situ ellipsometry measurements. 

When MOFs are introduced to the polymer matrix, the thermal stability of MOFs had 

a strong impact on the final performances. We have observed stability/instability, 

oxidation and possible amorphization of MOFs. Unstable MOFs have made the 

membrane too brittle and further measurements were not possible. This was observed 



176 

 

for the oxidative high temperature thermal treatments. Amorphization of MOFs may 

heal the leaky interfaces with possible crosslinking between MOF and polymer under 

oxidative environments, as it is also reported previously by Kertik et al.11  

Polymeric membranes suffer from the well-known trade-off between permeability and 

selectivity. In addition, the plasticization of the polymer at certain pressure decreases 

the performance of the polymeric membranes drastically. The idea of dispersing 

highly selective filler in polymer matrix is based on overcoming these problems and 

obtaining synergetic performance of two materials: processability and high separation 

performance. However, theoretical predictions are based on an ideal filler/polymer 

interface.12 Therefore, in practice, MMMs have always suffered from not satisfying the 

theoretical performance due to leaky or rigidified interfaces. We have shown that post 

thermal treatment approach, among other efforts to overcome the problems of 

MMMs, may be used to tune the gas separation performances of both polymeric and 

hybrid membranes. Oxidation and amorphization of MOFs in MMMs needs to be 

investigated in more details to understand their potential in gas separation. The 

interfacial properties of both MOFs and polymer are the most critical parameters to 

obtain defect-free membranes. Therefore, more efforts needs to be directed to design 

compatible filler-polymer pairs by exploring their interfacial properties.13 If we look at 

a bigger picture for MMMs, even though many studies report high performance 

membranes, reproducibility in a large scale remains challenging for such a complex 

systems. The trade-off can be overcome by playing with process parameters.  

The previous chapters have shown the importance of the interfacial properties of 

supported MOF films and MOF-polymer interface in mixed matrix membranes. 

However, in the literature there are relatively few studies quantifying the interfacial 

properties of MOFs.14–16 Therefore, in Chapter 6, the interfacial properties of ZIF-8 

films have been investigated via contact angle measurements of multiple probe 

liquids. Firstly, our findings highlight the importance of the sample preparation and 

measurement techniques. The effect of the drying conditions of the samples changed 

the contact angle values drastically. Secondly, most stable contact angle has been 
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achieved by applying mechanical stimulus (piezoactuation) and these values have 

been used to calculate the surface energy component of the MOF films. The most 

stable water contact angle of 91.0 ± 2.5° is in the limit of hydrophilicity and 

hydrophobicity. This may be explained with the chemical heterogeneity of the surface 

as it is randomly oriented films. In the literature, water contact angle values of ZIF-8 

has been also reported between ~60-150° indicating sample preparation and 

configuration (powders, pellets, films, etc.) have huge impact on the contact angle 

values. Diiodomethane contact angle measurements (most stable) have been used to 

estimate dispersive component that is found also extremely close to theoretical 

predictions based on Hamaker constant. Polar component has been estimated as 0.4 

mN m-1 by using diiodomethane and ethylene glycol contact angle measurements by 

Fowkes model. Polar contributions are much lower than the dispersive contributions 

(46.8 mN m-1) but have a substantial impact on interaction with water. Unfortunately, 

due to large spreads in the water contact angle measurements three-component Van 

Oss-Chaudhury-Good Method could not be used to calculate the subdivision of the 

polar component (electron donor and acceptor) which provided valuable information 

to understand the interaction with other materials such as MOF/polymer interface in 

mixed matrix membrane applications.  

Contact angle measurement is an “easy” approach to assess the interfacial properties. 

However, the challenges in the measurements and interpretation can make it more 

complicated, especially for porous crystalline materials as MOFs. In a relatively 

current review on hydrophobic MOFs by Jayaramulu et al., discuss the challenges to 

measure the surface energy of porous crystalline materials.17 Roughness, porosity, 

surface coverage, adsorption of the probe liquids are some of the challenges. The 

information is obtained by assessing the interfacial properties would be used in 

designing compatible MOF based hybrid materials, choosing a solvent for stable 

colloidal systems, choosing a substrate for supported MOF films, etc. Therefore, 

despite challenges, understanding the surface characteristic of MOFs are quite 

valuable. Using the same configuration as the interaction such as powder, pellet or 
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films, would be useful and more attention needs to be given for sample preparation 

and measurement techniques.  

6.2 Challenges across the thesis 

In this part, so-called “negative results” on amorphous MOFs and efforts on 

understanding the ion transport properties of MOFs that were obtained during this 

thesis are presented. These topics are relatively new areas in MOF field and there were 

many questions to be answered to understand their potential in various applications.  

6.2.1 Amorphous MOFs – ZIF-4 vs. ZIF-zni 

Amorphous MOFs (aMOFs) are a new class of porous material that are built of metal 

ions/cluster bonded organic linkers. The main characteristic is the lack of the long-

range periodic order array. aMOF are obtained by post treatments to crystalline 

MOFs, such as pressurization, heating, ball milling, dielectric-barrier discharge, and 

dehalogenation with NH3. There is limited literature on aMOFs and in particular on 

aMOF films. Thus, we aimed to prepare one of the most studied aMOFs, ZIF-4. ZIF-4 

can be amorphized thermally and it shows unique behavior when it is heated. At 300°C 

it is completely amorphized and at 400°C, another MOF structure, dense ZIF-zni is 

formed. ZIF-4 and ZIF-zni have the same chemical formula with different morphology. 

We have followed the synthesis procedure from Bennett, et al.18 Our first trial yielded 

a negligible amount of ZIF-4 particles, which was not possible to analyze. After some 

modifications in the synthesis procedure, we have consistently synthesized ZIF-zni 

instead of ZIF-4 as it can be seen in XRD and SEM results. (Fig. 6.1 and 6.2)  

This reproducibility problem why we could not obtain ZIF-4 in our laboratory may be 

due the lack of details in the experimental sections, different synthesis conditions, 

different purities of the raw materials and human factor. The number of MOF entries 

in Cambridge Structural Database has reached to more than 80,000. A one-time 

synthesis is enough to be registered as a new MOF. Reproducibility should be a 

highlighted problem in general within the scientific community, as well as in 
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particular for MOF synthesis. Researchers should be motivated to provide as much of 

details as possible in their publications. As the reproducibility of adsorption data of 

MOFs have been critically discussed by Sholl et al. and the importance of the reporting 

the details of the synthesis and measurement conditions to assess the different crystal 

phases were underlined.19  

 

Figure 6.1 XRD spectrum a) different synthesis methods to obtain ZIF-4 b) ZIF-4 
synthesis results as ZIF-zni. 

 

Figure 6. 2 SEM images of ZIF-zni crystals. 
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The ultimate goal of this study was to investigate aMOF films. Therefore, we decided 

to continue with obtaining ZIF-4 films. We have used the same synthesis solution as 

ZIF-4 powder synthesis and tried different approaches to form a ZIF-4 film on porous 

anodic alumina oxide (AAO) supports: counter-diffusion, dip coating and secondary 

growth. Counter diffusion at room temperature and dip coating followed with thermal 

treatment did not any film formation on the AAO support. However, the secondary 

growth method resulted as a formation of yellow, sticky, gel-like formation (Fig. 6.3 

(b)). XRD results shows that there is no crystal formation but an amorphous structure 

formed. (Fig. 6.3 (a)) We have also confirmed this with the SEM images in Fig. 6.3(c-

e). Unfortunately, removing this polymer-like amorphous structure from a glass petri 

dish without deforming the AAO proved to be extremely challenging.  

 

Figure 6.3 The XRD and SEM results of ZIF-4 films a) XRD spectra of ZF-3 sample and 
bare AAO support b) the picture of the ZF-4 sample after the synthesis c) cross 
sectional SEM image d) the top surface of the films with circle indicating where the 
SEM image in e) was taken. 

6.2.2 Ion transport through nanopores of MOFs 

Ion transport through the nanopores of MOFs is a relatively new application of MOFs. 

This research area has been dominated with theoretical studies, with only a relatively 

few experimental studies emerging in the past few years.4,20,21 Ion transport in 

nanoporous materials can be explained with different mechanisms such as electrical 

double overlap, Donnan exclusion – charge selectivity, dielectric exclusion, ionic 

Coulomb blockade or the combinations of all of these mechanisms. Recent studies 
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have postulated that the transport of alkali metal ions in MOFs is based on partial 

dehydration as in biological-channels.4 In this thesis, some efforts were been made to 

study the ion transport in MOFs and investigate different selectivity mechanisms. In 

order to do this, obtaining defect free and continuous MOF films was the starting 

point to understand the mechanism. 

Our first trial was to obtain a MOF plug at the top of the nano-pipette as in Fig. 6.4. 

We could study the ion transport by forcing ions from one to pass through the pores 

of the MOFs. The synthesis method was adopted from Jiang et al.22 However, we came 

across problems due to poor adhesion between MOF and glass. Preliminary results 

also showed that the MOF plug was leaking based on the experiments with methyl 

orange dye. Upon closer inspection of the MOF plug inside the pipette, it was found 

that the MOF plug was not well attached to the glass wall. Additionally, it was hard to 

control the location where the ZIF-8 plug would start synthesizing, since the reaction 

occurred at the interface of the zinc solution and the HMIM solution. Furthermore, 

permselectivity values (0.1 M KCl/0.5M KCl) were not higher than 3% for all the 

samples. Therefore, it was not possible to study the ion transport with MOF-plug. The 

main challenge was to obtain a defect-free MOF plug with a good adhesion to the 

glass, highlighting against the importance of the interfacial properties of MOF 

materials and the need for more detailed investigations in this aspect of MOF 

behaviour. 
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Figure 6.4 Schematic representation of the ZIF-8 plug formation on the tip of the 
nano-pipette. 

The second approach to study ion transport was to obtain MOF/graphene oxide (GO) 

film on anodic alumina oxide (AAO) support. We aim to extend the study to selective 

multivalent ion transport, starting with a fabrication method based on the study of 

Zhang et al. where selective ion transport of alkali metal ions in MOFs was 

investigated.4 The fabrication method includes several steps, elaborate handling of the 

AAO since it is very brittle and long duration (4-5 days). During the preparation, some 

inhomogeneity has been observed in spin coating process due to porous nature of the 

support. This caused different zones on the porous support as it can be seen in the 

Fig. 6.5 (d). The coverage of the AAO surface with ZIF-8 films was successful as it can 

be seen in Fig. 6.5 (a) and (b) with bare support and ZIF-8/GO film on AAO support, 

respectively. There was also some uncovered parts in SEM analysis for some samples. 

MOFs on IEM in Chapter 3, can be better candidates compared to AAO supported 

MOF/GO membranes due to simplicity of the procedure and as well as improved 

mechanical stability of IEMs than AAO (elastic polymer vs. brittle nanoporous 

aluminum oxide).  
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Figure 6.5 a) SEM image of the bare AAO support, b) ZIF-8 film on AAO support, c) 
uncovered regions d) the sample after spin coating to show the different zones and 
the brittleness of the support. 

 

Figure 6.6 Permselectivity and Debye length results based on different salt 
concentrations. 
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As a first step to study ion transport properties, we have performed permselectivity 

measurements in different salt concentrations. The results in (Fig. 6.6) show that by 

changing the salt concentration permselectivity approaches to its theoretical value. 

We hypothesize that in our case effective ion-selectivity was dominated by cracks and 

the effect of these cracks was mitigated by achieving ion-selectivity due to Debye layer 

overlap between the charged walls of the cracks at low salt concentrations. This Debye 

layer overlap mechanism is consistent with other nano-scale ion-selective systems, 

such as nanopores or nanochannels.23,24 The defects in synthesized materials were also 

confirmed with further dye-tests and obtaining defect-free MOF films remained as a 

challenge. In this process, the control over the film fabrication was very challenging 

due to the multiple steps. In order to open up new research directions, reproducible 

results and knowledge-transfer, facile synthesis and clear communication are needed 

among scientists. The future direction for this study would be obtaining defect-free 

MOF films, in order to continue investigating the ion transport properties of these 

films with different salts/valances and studying their performance as electrodialysis 

(ED) membranes or modifying ED membranes. This work also helped to motivate our 

study of MOF synthesis on IEMs, where initially the goal was purely to study ion-

transport but the clear advantages of using the IEM as a synthesis platform became 

apparent as experiments were carried out.  

6.2.3 MOFs-on-Lewatit® 

Water sorption on CO2 adsorbents is a critical problem as it causes very high energy 

cost in the regeneration step and lowers the CO2 adsorption. In order to mitigate the 

water sorption, hydrophobic ZIF-8 shell was grown on the outer surface of Lewatit®. 

For this, the experimental procedure of Gao et al. was adapted, where ZIF-8 crystals 

were grown on zeolite 5A to enhance the hydrophobicity.25 This procedure includes 

seeding and secondary growth steps. During secondary growth, the temperature was 

kept at -15°C in order to control the continuous MOF growth on the outer surface of 

Lewatit® without defects. As it can be seen in SEM images (Fig. 6.7) and XRD analysis 

in Fig. 6.8, MOF particles have grown successfully on the outer surface of ~0.7 mm 
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diameter, Lewatit®. The synthesis procedure was repeated several times to ensure 

defect-free formation. However, the CO2 sorption of the MOF/Lewatit® did not show 

any improvement and in fact it actually substantially reduced with no substantial 

different in the water uptake. This can be because the ZIF-8 crystals are not spread 

equally on the Lewatit® but form clusters. As it is also discussed in Chapter 5, the 

hydrophobic properties of ZIF-8 is open to discussion and it depends on many 

parameters. ZIF-8 shows hydrophobic characteristics only after post-synthetic 

approaches such as coating with carbon nitride foam,26 modification with alkyl 

chains27 as it is discussed in the review of Jayaramulu et al. on hydrophobic MOFs.17  

 

Figure 6.7 SEM images of Lewatit® with MOF formation on the outer surface. 
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Figure 6.8 XRD spectra of ZIF-8 reference, Lewatit® and ZIF-8/Lewatit®. 

6.3 Perspectives 

The field of metal-organic frameworks (MOFs) is a relatively new and growing field, 

consisting of many different disciplines. Since their discovery in 1995,28 many new 

chemistries have been used to synthesize new MOFs. In 2017, the number of MOFs 

has reached to 80,000 in The Cambridge Crystallographic Data Centre.29 This number 

already shows how fast the field growing in the last 22 years. MOF researchers have 

come together for the first time at the 1st International Conference on Metal-Organic 

Frameworks and Open Framework Compounds, organized in 2008 in Germany. The 

conference covered porous solids and particularly MOFs, from new synthesis to 

applications. Following this, 1st European Conference on Metal Organic Frameworks 

(EUROMOF) and Porous Polymers, Germany has been organized in 2015. It was stated 

in the invitation letter that innovative porous materials would find applications in 

various fields, like adsorption, separation or energy transformation and storage. As 

new materials were synthesized with great potential on many different applications, 

the lack of applications was the missing link. Some part of this thesis has been also 
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presented in the last two EUROMOF conferences. In EUROMOF 2017, in the 

Netherlands, the focus was still mainly academic research including different MOF 

structures and morphologies along with different synthesis strategies and their 

applications. The take-home message of the conference was that there were multiple 

ways to obtain many different MOF structures that can be used in numerous 

applications in theory or in small scale. In 2019, the 3rd EUROMOF conference took 

place in Paris with over 450 delegates from 37 countries. Within a 2 year time, the 

MOF community doubled along with the involvement of many companies, both spin-

off companies and dedicated MOF departments in big companies. Within the 

conference oral presentation program, there were many presentations from 

companies. This conference showed that the gap between academia and industry has 

started to disappear for MOFs. The differences between two conferences in last two 

years were regarding growing from lab scale to large scales, from complex synthesis 

methods to easy and reproducible methods. Developments of flow synthesis,30–33 

mechanochemical synthesis34–39 and spray-drying40–42 have opened the door to 

(economic) scale-up the MOF production. Beside larger companies supplying MOFs 

such as BASF43, spin-off companies such as MOF technologies, NuMat, Framergy, 

Promethean Particles, Profmof with close contact to the academia started to create 

the MOF market. Trupick and ION-X are first commercial examples of MOF 

applications designed by MOF Technologies and NuMat, respectively.44 

While MOF powders have started to find some applications in the industry, MOF films 

are still in the early stage of the development. Obtaining homogenous, defect-free, 

oriented or intergrown MOF films are some of the requirements for certain 

applications such as gas separation and storage, catalysis as well as the electrical 

applications for advanced nanotechnology applications.45 Chemical solution 

growth,46, layer-by-layer,47 electrochemical film growth,48 films of preformed MOF 

particles (via spin coating, dip coating, etc.),49,50 interfacial synthesis51 and counter-

diffusion52 are main MOF thin film preparation techniques.45 For gas separation 

applications, obtaining defect free and continuous MOF films is the main requirement 

to avoid leakage together with stability of the films. For the electronic devices 



188 

 

including memory devices and field-effect transistors (FETs), formation of oriented 

films with green chemistries and the control over the roughness are main 

requirements.53 In the review of Ameloot et al., MOFs potential in electronic devices 

is extensively discussed.54 MOFs can be used as an integral part of solid-state 

electronics and the preparation of MOF films is also important part of the valorization 

process. MOF film preparation/deposition technique should be also compatible with 

the current technology in cleanroom environment. Other potential applications of 

MOF films are photovoltaics for solar energy conversion, 

electrochemical/photocatalytic CO2 reduction, water splitting, the fabrication of 

components for information technology, energy storage, including supercapacitors 

and batteries, and thermoelectric devices.45  

This thesis deals with MOF film growth onto sacrificial metal and charge selective 

polymer supports, preparation of MOF-based MMMs along with their gas separation 

performances and assessing interfacial properties of MOF films. It is hoped that the 

research presented in this thesis helps towards transferring the MOF powder synthesis 

knowledge into MOF film preparation methods. For this, the control over the 

concentrations of the reactants at the interface of the substrate are found very crucial. 

Moreover, the MOF-polymer interfaces to prepare defect-free films are the vital 

parameter towards gas separation applications. As a result of the post-thermal 

treatment approach to improve the separation performance, amorphization and 

oxidation of MOFs should be further investigated to understand the MOF/polymer 

interface as well as the gas separation performance. At last, the importance is stressed 

of the interfacial properties of MOFs based on their interactions with various solvents, 

substrates, etc. Their potential in various applications can be further explored by using 

the work of this thesis. MOF film preparation and understanding their interfacial 

properties can inspire future research on use of functional substrates, designing better 

MOF/polymer or MOF/substrate interfaces to improve the adhesion and 

compatibility. It is hoped the work of this thesis along with all these positive and 

negative results can be expected to aid further development and application of thin 

MOF films. 
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Sevgili Elif Nur, ömürlük bir dost kazandım MST sayesinde. Verdiğin her türlü 
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