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Abstract 

One of the greatest challenges humanity is facing today is the environmental crisis, 

accompanied by an energy one. The increase of greenhouse gases and the depletion 

of fuels has turned the scientific interest towards the research of new environmentally 

friendly and sustainable ways of reversing these problems.  

CO2 reduction is an innovative method of converting this pollutant into useful 

products, such as fuels. Since it can be electro-catalytically performed in ambient 

conditions, it is yet to be proved that assisted by alternative energy resources, such as 

solar power, it could create new paths towards a more environmentally respectful 

economy.  

Under this perspective, the recently invented crystalline and porous materials Metal-

Organic Frameworks could be of great assistance. Their unique properties make them 

excellent candidates for many applications, one of which is catalysis.  

As a result, the ultimate goal of this thesis is to prove that the electrocatalytic behavior 

of Metal-Organic-Frameworks is suitable for the electroreduction of carbon dioxide to 

useful products. Various synthesis techniques of these materials are investigated, 

especially the sonochemical route, which can lead to the formation of these materials 

under less energy and time compared to the traditional ones. 
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Περίληψη 

Στόχος της παρούσας μεταπτυχιακής εργασίας είναι η σύνθεση νέων υλικών, 

τα οποία μπορούν να λειτουργήσουν ως καταλύτες για την μετατροπή του 

διοξειδίου το άνθρακα σε χρήσιμα προϊόντα, όπως καύσιμα. Σε αυτό το 

πλαίσιο, γίνεται μια προσπάθεια σύνθεσής τους με εναλλακτικούς τρόπους, 

όπως με τη χρήση της ηχοχημικής μεθόδου, η οποία απαιτεί λιγότερο χρόνο 

και ενέργεια. Τα υλικά αυτά ονομάζονται Metal Organic Frameworks, MOFs, 

και διαθέτουν εξαιρετικές ιδιότητες, όπως μεγάλη ειδική επιφάνεια, 

κρυσταλλικότητα και πορώδες.  
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1. METAL-ORGANIC FRAMEWORKS 

1.1 Introduction 
According to Omar M. Yaghi reticular chemistry is defined as linking molecular building blocks 

by strong bonds to make crystalline extended structures.  That is the kind of chemistry lying 

behind Metal Organic Frameworks (MOFs), invented in 1995 by Omar’s research group. By 

linking metal ions through strong bonds using charged organic linkers (ex. Carboxylates) 

reticular chemistry has expanded the viewpoints of organic and inorganic chemistry. Thus, this 

chapter begins with the origins of MOFs and a recommended terminology according to IUPAC, 

continues with synthesis methods, and concludes with their applications.  

1.2 Brief History 
Metal Organic frameworks serve as a junction between inorganic and organic chemistry. By 

being hybrid materials with metal nodes and organic linkers they form a crystalline network 

with 1D, 2D, or 3D extended periodic structure. Nowadays, there is a great scientific interest 

in them due to their unique properties, such as high porosity, extremely high surface area, 

and structural diversity. Consequently, these materials exhibit high potential in many 

applications, such as gas storage, separation, chemical sensing, and heterogeneous catalysis.1–

6 

From an inorganic point of view, MOF’s origins rest at the beginning of the 18th century with 

the accidental invention of Prussian Blue. According to a book by Stahl7 in 1706 Johann k. 

Dippel was preparing “animal oil” in his laboratories from animal materials. Removing the 

impurities required distillation from potash (K2CO3) during which decomposed organic 

components formed cyanide. Iron from animal blood reacts with cyanide, forming Na2Fe(CN)6 

or K2Fe(CN)6, components that remain as impurities in the potash. Colormaker J.J. Diesbach 

working in Dippel’s laboratory used the potash that had been used for the ‘animal oil’ 

production to create cochineal red, but instead, he created the first coordination polymer, 

Prussian Blue.8 This was not proven until 1977, when Buser 8,9 performed an XRD analysis, 

therefore determining that it consists of a 3D network of Fe(II)/Fe(III) ions bridged by cyanide 

ligands with the chemical formula of Fe4
3+(Fe2+(CN)6)3 x H2O. 

It is worth mentioning that in 1897 Hoffman10 created a clathrate material (clathrate means 

basket in Roman), which at that time was considered a molecular solid. History repeating 

itself, it was the year 1952 when the scientific group of Powel and Rayner were studying 

Hofmann’s complex concluding that its molecular formula was Ni(CN)2NH3C6H6 and by 

conducting an XRD analysis they found that it was a 2D coordination network of Ni(CN)2NH3  
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sheets forming cavities containing benzene moieties as guest molecules. These guest 

molecules play an important role in the formation of clathrate material due to the structural 

collapse of the clathrate upon their removal. Powell is until today considered the father of 

clathrate chemistry. 11   

 

Figure 1: The crystal structure of the original Hofmann clathrate as determined by Herbert M. Powell and 
coworkers in 1952. Octahedral and square planar nickel moieties are linked by CN− ions into stacked layers of 

composition Ni(CN)2(NH3) that are separated by benzene guests.  
Color code: Ni, blue and orange spheres; C, gray; N, green; benzene guest, light gray12  

 

The following years after Powell’s study, many research groups have been synthesizing 

clathrate materials.13,14  It is interesting to note that Iwamoto’s scientific group discovered 

that Hofmann type clathrate materials are defined by the general formula 

[M1(NH3)2M2(CN)4]·G (G = guest molecule)15  and M1 and M2 are different divalent metals 

such Cd or Ni. Alexander F. Wells in the 1950s established the geometric principles of 

structural inorganic chemistry simplifying the coordination network to nodes and links from a 

topological point of view.16 

In the late 1980’s the research group of Hoskins and Robson recognized that the topological 

terms of nodes and connections Wells had proposed, could be applied to the synthesis of 

coordination networks with predicted architecture. They also realized that these scaffold-like 

materials have a potential variety of properties.17 In 1989, they synthesized a 3D coordination 

network by linking tetrahedral Cu (I) single metal nodes and 4,4′,4″,4‴‐tetracyano-tetra 

phenylmethane (TCTPM) as an organic linker.18 During the 1990s, scientific groups were 

experimenting with different linkers and metals further expanding the idea of controllable 

synthesis. The Fujita group in Japan, firstly prepared macrocyclic metal complexes in which 

metals are bridged by linear bidentate(chelate) ligands19 by using ethylenediamine‐capped 
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Pd2+ units bridged by 4,4′‐bipyridine. In 1994, the same group reported the formation of a 

two-dimensional square network material {[Cd(4,4’-bpy)~](NO3)2)~ which was studied for its 

catalytic behavior in cyanosilylation of aldehydes and its XRD analysis confirmed its 

structure.20 

 

Figure 2: Molecular square synthesized by reacting a capped Pd2+ complex with BIPY. Using Cd2+ ions results in 
the formation of an extended square grid structure of formula Cd (BIPY)2(NO3)2. Color code: Pd and Cd, blue; C, 

gray; N, green; O, red.12 

 

The term Metal-Organic Framework was first used by Omar Yaghi and his team. They basically 

synthesized two M(BDPY)2-related extended coordination networks which set the 

foundations for the evolution of MOF materials.12 In October 1995 they published a paper 

where they synthesized solvothermally a 3D MOF with the molecular formula Cu(4,4‘-

bpy)1.5·NO3(H2O)1.25.21 In December of the same year, Yaghi’s research group synthesized a 2D 

coordination network, CoBTC(Py)2, with the molecular formula 

[CoC6H3(COOH0.33)(NC5H5)2·0.66NC5H5]∞, consisting of alternating layers of pyridine and 

CoBTC. This network could selectively bind aromatic guests and its crystal lattice could remain 

thermally stable up to 350 oC.22 Four years later, in 1999, a research team led again by Yaghi, 

published a study on the synthesis of a MOF based on ZnO4 tetrahedra and 1,4-benzene 

dicarboxylate (BDC) building blocks with the molecular formula [Zn4O(BDC)3·(DMF)8(C6H5Cl)]∞ 

that is stable up to 300 ˚C, known as MOF–5. 23 
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Figure 3: MOF – 5. Top left the ZnO4 tetrahedra – Bottom left the linker BDC. Right: Single-crystal X-Ray structure 
of MOF-5. Each of the eight corners is occupied by a tetrahedral [OZn4(CO2)6] cluster. The yellow sphere 

represents the cavity of the framework. Color code: Zn, blue polyhedron; O, red; C, grey;24 

In the past two decades, more than 20.000 MOFs have been synthesized due to the flexibility 

in pore size, functionality, and architecture presented by these materials. 25 As observed from 

diagram 1 scientific interest and research is increasing rapidly since the invention of MOF-5.  

 

Figure 4: Number of MOFs reported in the Cambridge Structural Database (CSD) according to years. Retrieved 
from the CSD on 4th March 2020. 26 
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1.3 Terminology 
Due to MOF’s innovative character providing a rapidly growing expansion of their field of study 

by multiple research groups, appropriate terminology must be established. Another reason 

for this urgency is the interdisciplinary nature of MOFs, which lays its roots in both 

coordination and inorganic chemistry causing occasional misunderstandings among the 

scientific community. To avoid these misconceptions and after years of research, the 

International Union of Pure and Applied Chemistry (IUPAC) set the required guidelines in 

2013, according to which terminology is well established. 27 

A coordination compound is any compound that contains a coordination entity. A coordination 

entity is an ion or neutral molecule that is composed of a central atom, usually, that of a metal, 

to which is attached to a surrounding array of atoms or groups of atoms, each of which is 

called ligands. 

A coordination polymer is a coordination compound with repeating coordination entities 

extending in 1, 2, or 3 dimensions. 

A coordination network is a coordination compound extending, through repeating 

coordination entities, in 1 dimension, but with cross-links between two or more individual 

chains, loops, or spiro-links, or a coordination compound extending through repeating 

coordination entities in 2 or 3 dimensions. 

A metal-organic framework, abbreviated to MOF, is a coordination network with organic 

ligands containing potential voids. 

It shall be noted that there is no commonly accepted assigning of names for MOFs. MOFs’ 

nomenclature can be either their chemical formula or type (ZIF-68, MOF-74, etc.) or even the 

associated university/facility (UiO, MIL) accompanied by a number. 28   

1.4 Synthesis 

Conventional 

According to the literature, conventional synthesis is categorized as solvothermal and non-

solvothermal, based on the temperature range the synthesis reaction is occurring. 29,30 

Generally, non-solvothermal synthesis is carried out at room temperatures and ambient 

pressure in open flasks below the solvent’s boiling point. On the other hand, Rabenau 31  defies 

the solvothermal synthesis route as being carried out at or above the solvent’s boiling point 

in closed vessels at elevated pressure caused by solvent vapor or produced by a pump. The 
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term solvothermal is generally implying any solvent, whereas the term hydrothermal refers 

to water as a solvent.  

As far as the non-solvothermal method is concerned, the parameters that must be carefully 

studied for the formation of the precipitation are the reagent concentrations, the pH, and the 

temperature. Increasing the temperature while using evaporating solvent results in higher 

yields by achieving the required nucleation conditions.32 

The solvothermal route has been, and still is, the most common way of synthesizing MOFs in 

laboratories since their discovery by O.Yaghi in 1995. Typically, the procedure involves the 

mixing of the reagents, the organic linker and the metal salt, in the solvent and the placement 

of the final solution in sealed reactors (most commonly known as autoclaves) at high 

temperatures for hours or even days. This route leads to better crystallinity and higher yield 

than the non-solvothermal. 33 

 

Figure 4: Schematic presentation of solvothermal synthesis 34 

 

As mentioned before, solvothermal/hydrothermal route of synthesis may take up to several 

days due to conventional heating. Thus, there have been developed alternative techniques to 

facilitate MOFs production by decreasing reaction time and as a result, demanding less 

energy.  

   

Microwave-Assisted 

Microwave heating was discovered accidentally in 1940’s by P.L. Spencer at the Raytheon 

Corporation when a candy bar melted in his pocket while he was working on radar related 

research project, a new type of magnetron. Intrigued by this fact, he went even further by 

placing other foods near the magnetron and watched them change their physical status due 
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to increasing temperature after some period.35  This observation led to the invention of the 

microwave oven, which revolutionized food industry. 

Microwaves are electromagnetic waves with wavelengths in the 1 m to 1 mm range (300 MHz 

to 300 GHz) and the frequency of radiation used in domestic microwave ovens is 2.45 GHz 

(12.24 cm). Microwave irradiation offers controllable heat transfer which can not only be used 

for food heating but can also be employed for a variety of chemical applications, such as 

material synthesis.  

The method is based on the interaction of electromagnetic waves with any material containing 

mobile electric charges, such as polar molecules in a solvent or conducting ions in a solid. 

Contrary to classical solvothermal methods, where thermal energy is transferred from the 

heat source to the solution through the reaction vessel, in MW synthesis the irradiation 

interacts directly with the reactants, resulting in more efficient and faster heating. 

Additionally, in MW synthesis crystallization occurs at the hot spots that form due to the direct 

heating of the solvent, in contrast to the wall of the reactor vessel as with conventional 

heating methods. Consequently, it is much faster and results in a smaller particle size.36 

Research in this field has proven that MOFs can be synthesized via a microwave-assisted 

process, firstly published in 2006 by a team at the University of Chicago Illinois.37  

Practically, in microwave synthesis, a substrate mixture in a suitable solvent is transferred to 

a Teflon vessel, sealed, and placed in the microwave unit, and heated for the appropriate time 

at the set temperature. The microwave approach, where an applied oscillating electric field is 

coupled with the permanent dipole moment of the molecules in the synthesis medium 

inducing molecular rotations, results in rapid heating of the liquid phase.38   

 

Figure 5: Schematic presentation of microwave assisted synthesis method 39 
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Electrochemical 

The electrochemical synthesis of MOFs was first reported in 2005 by researchers at BASF.40 

Their main objective was the exclusion of anions, such as nitrate, perchlorate, or chloride, 

during the syntheses, which are of concern to large-scale production processes. 

The synthesis consisted of immersing a copper plate in a solution containing the organic linker, 

1,3,5- benzene tricarboxylic acid (BTC), and an electrolyte. The copper electrode, was used as 

the source of Cu(II) ions. When a certain current or voltage was applied, the Cu(II) ions were 

released from the copper electrode to the solution and reacted with the dissolved linker. This 

technique resulted in the fabrication of a powder of HKUST-1. 41 

Currently, the electrosynthesis of MOFs can be classified in two main methods: (i) the before 

mentioned anodic dissolution and (ii) the cathodic deposition. 36 

In the anodic deposition, as shown in Figure 6, an applied electric potential induces the release 

of metal ions from the electrode, which then react with an organic linker present in the 

solution leading to the formation of a MOF film. In this case, the use of a metallic electrode 

(instead of metal salts) as the source of metal cations avoids the formation of any corrosive 

anions (mainly, nitrate and acetate anions) or any by-products.  The anodic dissolution is 

typically carried out in a two-electrode set-up without a reference electrode, and the use of 

protic solvents is usually needed to ensure the evolution of hydrogen and avoid the reduction 

of metal ions at the counter electrode. In addition, the use of a sacrificial compound (e.g., 

acrylonitrile, acrylic or maleic esters) that are preferentially reduced or a counter electrode 

with a suitable overpotential for hydrogen evolution is recommended.36,42 

 

In the cathodic deposition, a solution containing the organic linker, the metal ions, and a so-

called pro-base is contacted with a cathodic surface (Figure 7). In this approach, the MOF film 

deposition results from increasing the pH near the cathodic surface, where the 

electrochemical reduction of the pro-base occurs. An example of a pro-base is the nitrite ions 

coming from the reduction of nitrates, which can deprotonate the organic linker and form the 

MOF.36,43 
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Figure 6:  Electrosynthesis of MOFs by anodic dissolution36 

 

 

Figure 7: electrosynthesis of MOFs by cathodic deposition36 

 

In a comparative study on the influence of the synthesis procedure on the properties of 

HKUST-1, the compound was synthesized using solvothermal, ambient pressure, and 

electrochemical routes in pure ethanol and ethanol/water mixtures.44 Although XRD 

investigations demonstrated that in all cases HKUST-1 was formed, TG experiments, elemental 

analyses, and sorption experiments showed the inferior quality of the electrochemically 

synthesized product. This was explained by the incorporation of linker molecules and/or the 

conducting salt in the pores during crystallization.32 
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Mechanochemical 

Mechanochemical synthesis is a well-known technique in metallurgy and mineral processing 

but within the last few decades it has expanded rapidly into many areas of chemistry such as 

catalysis, inorganic chemistry and pharmaceutical synthesis.45–47 The central concept behind 

this synthesis method is to promote chemical reactions by milling or grinding solids without 

any or with only minimal amounts of solvents.48,49 Typically, the studies of mechanochemical 

mechanism between solids are introduced through mechanical energy such as ball milling.  

In general, the mechanical milling process is higher in energy and ensures the reproducibility 

between batches. In addition to the solvent-free conditions, this approach leads to a faster 

and more efficient synthesis of MOFs obtaining quantitative yields and allows to use MOF 

precursors with low solubility such as oxides, hydroxides, and carbonates. However, it should 

be noted that despite the solvent-free synthesis, purification may still be needed and may 

require a solvent.50 Nevertheless this synthetic approach is the most environmentally friendly 

process to produce MOFs and could reduce significantly the production cost.51 

 

The three different mechanochemical approaches used for MOF production are i)Solvent-Free 

Grinding (SFG), which is the simplest method and avoids the use of solvent; ii)Liquid-Assisted 

Grinding (LAG), which is more versatile, and quicker, as it uses catalytic amounts of liquid 

phases, which increase the mobility of the reagents; and finally, iii)Ion-and-Liquid Assisted 

Grinding (ILAG), which uses a catalytic liquid with traces of salt additives to accelerate the  

MOF formation. Using these techniques, the synthesis for almost all families of MOFs has been 

demonstrated, and selected studies will be explained in this section.36 

 

 

 
 

Figure 8: Mechanochemical MOF synthesis. Typically conducted via ball milling52 
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Sonochemical 

General 

Ultrasound is defined as a sound wave with a frequency exceeding 16 kHz and with a standard 

upper limit of 5 MHz for gases, or 500 MHz for liquids and solids. The application of ultrasound 

in the physical and biological sciences can be divided into two main groups: (i) low frequency 

or high-power ultrasound (20-100 kHz) and (ii) high frequency or diagnostic ultrasound (2-10 

MHz).53 The use of ultrasound has found many applications in the chemical and manufacturing 

industries where it is used to improve synthetic and catalytic processes and to create new 

products.54 

Sound as a wave propagates in a medium as a change in pressure causing compression and 

dilution regions and creating vibrations in the molecules of the medium. More specifically, in 

liquids and gases it is transmitted in the direction of the wave causing longitudinal waves and 

in solids causing transverse vibrations perpendicular to the wave propagation. 

Sonication of a liquid medium generates chemical and physical effects.55–58It is characterized 

by unique short times, high energy and pressure, as seen in Figure 9.59 The chemical effects of 

ultrasound do not come directly from the interaction of the acoustic waves with the 

molecules, instead, the effects come from acoustic cavitation process. Cavitation refers to 

creating a cavity in a liquid medium. However, the cavitation process involves the formation, 

growth, and the collapse of a microbubble in an ultrasonically irradiated solution.54 

 

 

Figure 9:  Islands of chemistry as a function of time, pressure, and energy. Sonochemistry occupies a unique short-
time, high-energy, and high-pressure space 59 

The medium through which ultrasound travels through experiences alternating acoustic 

pressure cycles. During rarefaction, the negative pressure causes a pulling effect causing 

bubble nucleation. In this case, the cohesive force between solvent molecules needs to be 
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overcome to create a bubble/cavity. For cavitation bubble to form, a high negative pressure 

is required. Theoretical negative pressure required to form a cavity in water is of the order of 

a few hundred atmospheres60. However, experiments have shown that the actual pressure 

required is much less than the theoretical value. This is because of the advantage of having 

impurities, dissolved gases and particulates in water. Once a bubble/cavity is formed, it 

undergoes oscillations under the pressure variation. 

 

Figure 10: Formation and collapse of bubbles formed in the solution after sonication, termed acoustic cavitation, 
produces very high local temperatures (~5,000 K) and pressures (~1,000 bar), and results in extremely fast heating 

and cooling rates (>1010 K/s) producing fine crystallites59 

The effect of ultrasound on the liquid and colloid systems is mainly due to cavitation. This is 

the occurrence of vapor formation and the release of air which is caused by a decrease in 

pressure in the liquid because high-intensity acoustic wave spreads through it. Though, in fact, 

the fall in pressure leads to the release of air dissolved from the liquid and the formation of 

gas voids, cavities. The pressure in the cavities is more than the pressure of saturated vapor, 

therefore, the cavity starts to form from a nucleus, increases to a finite shape and then 

collapses. The entire method only takes a few milliseconds. For cavity formation, the nuclei 

are microscopic bubbles. They form small cracks in the container surface and suspended 

particles on the edges of the vessels. When the bubbles fall, a faint glow is observed due to 

the heating of the gas in high pressure-induced bubbles. Thus, the bubble fall leads to a 

significant increase in temperature and the high-pressure difference in the surrounding liquid 

of the bubble61,62, 33 
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The use of ultrasonic waves and cavitation has many important effects as it applies to 

chemical processes. The resonant bubbles act as the instigator, increasing the area of contact 

among the reagents. In addition, thermal effects and pressure are due to the disruption of 

differential particle aggregates, which also increase the contact area. 

Sonochemical Synthesis of MOFs 

The sonochemical method was first used for the synthesis of a MOF, namely Zn3(BTC)2, in 2008 

where zinc acetate and H3BTC were mixed in 20% ethanol and subjected to sonication for 90 

minutes. However, high yield (75.3%) of the product was achieved even after 5-minute 

sonication. 63 

 

In the same year, another research group by using sonication was able to decrease the time 

of synthesis of MOF-5 from 24 h (conventional heating) to 75 min. Solutions of zinc nitrate 

and terephthalic acid in 1-methyl-2-pyrrolidone were mixed in nitrogen atmosphere. Then, 

the mixture was transferred into a reactor and subjected to sonication for 10 ± 75 min. 

Precipitation of MOF-5 commences even after 8 min of sonication.64 

 

In addition, HKUST-1 was synthesized via this method from an aqueous solution of copper 

acetate and a solution of H3BTC in a mixture of DMF with ethanol. The starting compounds 

were placed into a container mounted in a water bath and were subjected to sonication at a 

frequency of 40 kHz for some time (from 5 to 60 min). The yield of the product was from 62.6% 

to 85.1% depending on the synthesis duration.65 

 

The Schlesinger group made a study comparing six different methods of synthesis of HKUST-

1: synthesis at atmospheric pressure with heating under reflux, solvothermal synthesis, 

electrochemical synthesis, microwaving, mechanochemical synthesis (with addition of a 

solvent) and sonication. All procedures gave the pure phase of the product. Maximal yield at 

minimal synthesis duration was achieved by means of microwave radiation.66 
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Figure 11: Sonochemical Synthesis of MOF structures39 

 

1.5 Applications 

Gas Storage 

The application of MOFs on gas storage is critical since they are porous materials. For CO2 

collection from flue gas, several MOFs have been synthesized.67 Traditional gas absorption 

methods’ greatest flaws are their excessively large equipment sizes and significant energy 

consumption. MOFs, on the other hand, have a cheap cost and are reasonably easy to renew, 

among other advantages. Furthermore, most show potential as hydrogen, methane, and 

other sustainable energy storage materials. MOFs have previously attracted a lot of interest 

and have shown promising outcomes. 

Biomedical/Drug Deliver 

Because they offer important qualities including high BET surface area, great biocompatibility, 

and functional diversity, certain MOF materials have a significant quantity of drug loading 

ability. On a nanoscale scale, some of them might be used to develop new theragnostic 

nanomedical devices. Some MOFs on the mesoporous scale may also have the capacity to 

load biological molecules into their pores, such as anticancer drugs.  Patricia et al. 

demonstrated for the first time the extraordinary potential of MIL-100 and MIL-101 to host 

and distribute Ibuprofen. They also mentioned the vast potential for developing novel MOFs, 

such as their ability to adapt to the structure of medications and their dose needs. 

Asymmetric Catalysis 

Because of their pore structures and large specific surface area, MOFs can be functionalized 

using metal ions and ligands to produce catalytic sites. In the last few decades, researchers 

have recognized that MOFs could be used in asymmetric catalysts after incorporation of a 

chiral ligand or proper chiral catalytic units or open metal sites or inside pores.68 POST-1 is the 

first example of MOFs which exhibited catalytic features for an asymmetric chemical reaction 
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as reported by Kim et al. MOFs as asymmetric catalysts have the benefit of avoiding the  

time-consuming separation procedure necessary in a general synthesis technique that results 

in racemic mixtures, as well as not requiring huge amounts of chiral agents as in the classic 

stoichiometric synthetic method. 

Adsorptive Separations 

The gas separation process being realized by MOF materials is derived from the differences in 

adsorption/desorption behavior of components of a mixture.69 Rational design about the pore 

sizes and other properties at the molecular level may result in unique interactions with certain 

guest molecules rather than others and thus achieve unusual chemical-physical adsorption. 
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2. CO2 REDUCTION 

2.1 The Environmental Aspect 
One of the greatest challenges facing humanity in the 21st century is finding a reliable, safe, 

and carbon-neutral energy source. The world population is projected to reach 12 billion by 

the year 2100 (compared to 7.7 billion today).70 At the same time, living standards continue 

to rise in the developing world, resulting in increasing global energy consumption. 

Today, global energy production is mainly based on the burning of fossil fuels, as shown in 

Figure 12. From energy sources, coal, oil and natural gas account for 80.9% of current global 

energy supply. The rest is provided by nuclear energy, hydroelectric power, while renewable 

energy sources represent only 2.2%. Figure 13 shows an estimate of global energy 

consumption by 2050. It is estimated that coal and natural gas will present a slight increasing 

trend and nuclear power will remail stable. On the other hand, the use of renewable energy 

resources will increase rapidly over the next 30 years. 71 

Fossil fuel reserves are not inexhaustible. At current consumption rates, the known and 

economically viable reserves of oil, gas and coal are sufficient for about 30, 40 and 70 years, 

respectively,72 as the projections illustrate in Figure 13. Moreover, as far as oil is concerned, it 

is the raw material for several chemical products that are essential in everyday life and its 

depletion will lead to the deprivation of these products. Given both the growing world 

population and the growing trend of global energy needs, alternatives and more permanent 

solutions will soon have to be found. 

 

Figure 12: Total energy supply 1971 vs. 2019 - Data provided by IEA73 
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Figure 13: Global primary energy consumption by energy source(left) and global share of primary energy 
consumption(right) in 2020 and projection for 205074 

CO2 and Climate Change  

Carbon dioxide (CO2) is the primary greenhouse gas emitted through human activities. In 

2020, CO2 accounted for about 79% of all U.S. greenhouse gas emissions from human 

activities. Carbon dioxide is naturally present in the atmosphere as part of the Earth's carbon 

cycle (the natural circulation of carbon among the atmosphere, oceans, soil, plants, and 

animals). Human activities are altering the carbon cycle–both by adding more CO2 to the 

atmosphere and by influencing the ability of natural sinks, like forests and soils, to remove 

and store CO2 from the atmosphere. While CO2 emissions come from a variety of natural 

sources, human-related emissions are responsible for the increase that has occurred in the 

atmosphere since the industrial revolution.75  

 

The excessive combustion of fossil fuels has caused massive carbon dioxide (CO2) emissions, 

leading to rapid global environmental changes such as global warming, air pollution, 

desertification, acid rains, rise in sea levels, and extreme weather conditions.76 The threats to 

human life and the environment due to high CO2 emissions are increasing day by day with 

growing energy demands. 
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Figure 14: CO2 emissions from the burning of fossil fuels and cement production (land use not included) 77 

According to the Global Warming Potential (GWP) updates by the United States 

Environmental Protection Agency (EPA), CO2 has a GWP value of 1, which is lower than the 

value of CH4, N2O, chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), and other 

greenhouse gases. However, the CO2 absorption energy is much higher as it has remained for 

thousands of years in the atmosphere compared to other greenhouse gases, as shown in 

Figure 15, reflecting the severe contribution of CO2 to global warming. 78 

 

 
Figure 15: Global Greenhouse Gas emission by gas – IPCC 79 
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The concentration of CO2 in the atmosphere is constantly increasing over time. In Figure 16 

shows an increase in atmospheric carbon dioxide over the last 60 years. The data comes from 

the Mauna Loa Observatory of the US National Oceanic and Atmospheric Administration 

(NOAA) in Hawaii. The rate of increase of CO2 concentrations is constantly increasing and since 

2000, the global atmospheric carbon dioxide amount has grown by 12 percent.80 

 

 

Figure 16: Average carbon dioxide measurements since 1960 in parts per million (ppm). The long-term trend of 
rising carbon dioxide levels is driven by human activities. NOAA Climate.gov image, based on data from NOAA 

Global Monitoring Lab.81 

The Intergovernmental Panel on Climate Change (IPCC) was established by the UN and the 

World Meteorological Organization in 1988.82 The committee presented a report in 1990 

reflecting the views of 400 scientists on anthropogenic climate change. According to this 

report, the problem of rising temperature was real and had to be addressed immediately. The 

Intergovernmental Commission's findings prompted governments to establish the United 

Nations Framework Convention on Climate Change (UNFCCC). In 1992 at the Rio de Janeiro 

Summit (also known as the Earth Conservation Summit), 167 states signed a non-binding 

Framework Convention on Climate Change.83 

http://www.climate.gov/media/13611
http://www.climate.gov/media/13611
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It followed the Kyoto Protocol in 1997 in which 38 industrialized countries pledged to reduce 

greenhouse gas emissions by 5.2% by 2010.84 In December 2015, the 21st session of the 

Conference of the Parties (COP 21) of the United Nations Framework Convention on Climate 

Change (UNFCCC) and the 11th session of the Conference of the Parties to the Kyoto Protocol 

(CMP 11) took place in Paris. The new global agreement on climate change in Paris provides 

for an action plan to reduce global warming to below 2 °C. The main element of the Paris 

Agreement is to maintain the increase of the average global temperature below 2 °C in 

relation to the pre-industrial levels and to continue the efforts to limit it to 1.5 °C.85 

 

Ways of Reducing CO2 emissions 
CO2 can potentially be used to produce synthetic fuels such as methanol and biofuels or as 

raw material to produce chemicals like polymers, organic acids and alcohols or even to 

produce a wide range of other products. To date, CO2 has been used successfully in the 

production of refrigerants, beverages, fire extinguishers, water treatment processes, in the 

food industry and many other smaller scale applications. 

The main strategies to reduce CO2 emissions deal with the circular carbon economy (CCE), a 

holistic approach that consists of Reduce, Reuse, Recycle and Remove (4Rs) of CO2. The reuse 

of CO2 is categorized to search for low carbon energy alternatives such as wind, solar and 

hydro energy for replacing fossil fuels. Today, reducing CO2 emissions, while converting it into 

useful products appears as a necessary demand for environmental protection. There are 

different technologies proposed to reduce CO2 emissions, which are mainly based on the 

following approaches:82 

o CO2 collection and geological isolation and 

o CO2 conversion of into useful products 

 

The second approach regarding CO2 conversion into useful products seems the most attractive 

and promising solution. It can be achieved via chemical methods, via photocatalytic or 

electrocatalytic reduction. However, there are still some significant challenges regarding the 

practical application of mitigation technologies, which include 

o High cost of CO2 reduction technologies 

o Chemical and electrochemical conversion requires high energy  

o Restrictions on market size and lack of investment incentives 
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o Lack of incentives for industrial commitment and production of CO2-based 

chemicals 

o Insufficient socio-economic information 

 

Despite the challenges, the capture, conversion, and utilization of CO2 is still recognized as a 

viable and promising field of research in energy and the environmental sectors. The main 

methods of reducing CO2 include the following:  

o Radiochemical method. Products such as HCOOH and HCHO can be produced in 

aqueous solutions with the energy supply derived from γ-radiation. 

 

𝐶𝑂2
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝛾
→         𝐻𝐶𝑂𝑂𝐻,𝐻𝐶𝐻𝑂 

 

o Chemical reduction from metals (metallurgy field), which takes place at relatively 

high temperatures. 

2𝑀𝑔 + 𝐶𝑂2  → 2𝑀𝑔𝑂 + 𝐶 

𝑆𝑛 +  2𝐶𝑂2  → 2𝑆𝑛𝑂2  + 2𝐶𝑂 

2𝑁𝑎 +  2𝐶𝑂2  → 𝑁𝑎2𝐶2𝑂4 

 

o Thermochemistry 

𝐶𝑂2
𝐶𝑒4+,   𝑇>900𝐶
→           𝐶𝑂 + 1 2⁄ 𝑂2 

 

 

o Photochemistry 

𝐶𝑂2
ℎ𝑣
→  𝐶𝑂,𝐻𝐶𝑂𝑂𝐻,𝐻𝐶𝐻𝑂 

 

 

o Electrochemical 

𝐶𝑂2 + 𝑥𝑒
− + 𝑥𝐻+  

𝑒𝑣
→  𝐶𝑂,𝐻𝐶𝑂𝑂𝐻, (𝐶𝑂𝑂2)… 

 

 

o Biochemical 

𝐶𝑂2 + 4𝐻2 
𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→       𝐶𝐻4 + 2𝐻2𝑂 

 

o Biophotochemistry 

𝐶𝑂2 + 𝑜𝑥𝑜𝑔𝑙𝑢𝑡𝑎𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 
ℎ𝑣
→  𝑖𝑠𝑜𝑐𝑖𝑡𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 
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o Photoelectrochemistry 

𝐶𝑂2 + 2𝑒
− + 2𝐻+  

𝑒𝑣,ℎ𝑣,𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
→                 𝐶𝑂 + 𝐻2𝑂 

 

 

o Bioelectrochemistry 

𝐶𝑂2 + 𝑜𝑥𝑜𝑔𝑙𝑢𝑡𝑎𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 
𝑒𝑛𝑧𝑦𝑚𝑒,𝑒𝑣,𝑚𝑒𝑡ℎ𝑦𝑙𝑣𝑖𝑜𝑙𝑜𝑔𝑒𝑛
→                      𝑖𝑠𝑜𝑐𝑖𝑡𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 

 

 

o Biophotoelectrochemistry 

𝐶𝑂2

𝑒𝑣,ℎ𝑣,𝑒𝑛𝑧𝑦𝑚𝑒,
 𝑚𝑒𝑡ℎ𝑦𝑙𝑣𝑖𝑜𝑙𝑜𝑔𝑒𝑛,𝑝−𝑙ℎ𝑃
→                   𝐻𝐶𝑂𝑂𝐻 

 

 

Figure 17: The main methods of converting carbon dioxide into useful products - the chemical compounds that 
can be obtained from each method86 

 

 

2.2 Electrochemical CO2 Reduction 
Electrocatalytic CO2 reduction reaction (CO2RR) is a promising strategy due to its easy 

operating system, simple constructions, operational at neutral pH, ambient temperature and 

atmospheric pressure, and low energy utilization to produce valuable chemicals and fuels such 

as formic acid, methane, ethanol, and carbon using renewable electricity. Therefore, CO2RR 

coupling with renewable energy sources can effectively achieve a carbon-neutral energy cycle 

and hydrocarbon products with high activity, stability, and selectivity. 
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Synthetic fuels derived from CO2 can be a dynamic component of a carbon energy cycle, 

according to the following equation:87 

𝐶𝑂2 + 𝑒𝑛𝑒𝑟𝑔𝑦 → 𝑓𝑢𝑒𝑙𝑠 →  𝐶𝑂2 + 𝑒𝑛𝑒𝑟𝑔𝑦 

The fuel can be carbon monoxide, methane, longer chain hydrocarbons, methanol or C2-C3 

alcohols. Electricity can be generated by various methods. In order to accomplish this goal, 

one should devise sustainable systems that can produce fuels by converting carbon dioxide 

and water, utilizing naturally available solar, wind or hydro energy.88  

The liquid CO2 electrolysis products are more efficient energy storage media, as shown in 

Table 1, than thermal and mechanical storage, batteries, and hydrogen. A cost-effective 

electrochemical reduction of carbon dioxide will allow a shift towards a sustainable energy 

economy. In combination with a renewable energy source, CO2 electrospinning could lead to 

carbon-neutral fuels or industrial chemicals, which are now commonly derived from 

petroleum.89  

A necessary condition for such a process to take place is the development of active and 

selective catalysts, which allow the reduction of CO2 with high current density and high yields 

of the desired products without a significant quantity of by-products. 

The main factors that determine the efficiency of the energy storage medium are the energy 

density by weight and volume. In Table 1 a comparison of different forms of energy storage is 

presented. Mineral energy sources are given as a reference point for comparison with other 

forms.90 

Table 1: Comparison of Different Forms of Energy Stores. N/A = Not Applicable.NF: Value not found in literature. 
SS: Only utilized on small scale 

Energy Storage Type Energy Density Cycle 
Efficiency 

Capacity (MW) Capital 
($/kW) 

 kJ/kg 
 

MJ/m3    

Fossil Fuels      
Crude Oil 42000 37000 N/A N/A N/A 
Coal 32000 42000 N/A N/A N/A 
Gasoline 46400 34200 N/A N/A N/A 
Diesel 46000 37300 N/A N/A N/A 
CO2 Electrolysis 
Products 

     

Methane 53600 39 0.122 SS SS 
Methanol 21000 17000 0.488 SS SS 
FT Diesel (HHV) 47400  0.368 SS SS 
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Syngas (2:1  CO:H2) 
(HHV) 

24700  0.473 SS SS 

Biochemical Pathway      
Ethanol 28000 22000 0.6 N/A N/A 
Biodiesel 38600 34000 0.8 N/A N/A 
Thermal      
Water (100C -> 40C) 250 250 0.4-0.5 NF NF 
Inorganic Salt, heat 
fusion >300C 

>300 >300 0.6-0.7 NF NF 

Mechanical      
Pumped Hydro, 100m 
head 

1 1 0.65-0.8 1000-3000 500-1500 

Compressed Air  ~15 0.4-0.5 200-500 250-1000 
Flywheel, steel 30-120 240-950 0.8-0.95 20-40 100-300 
Electrochemical 
(Battery) 

     

Lead-Acid 40-140 100-900 0.7-0.8 400-100 NF 
Lithium ion 700 1400 0.7-0.9 200 600 
Water Electrolysis      
Hydrogen, gas 120000 10 0.4-0.6 100 800 
Hydrogen, liquid 120000 8700 NF NF NF 
Hydrogen, metal 
hydride 

2000-
9000 

5000-
15000 

NF NF NF 

 

 

This intense interest of scientists is due to the ever-increasing concentration of CO2 in the 

atmosphere, which led to the need to find methods of its capture and, in general, to reduce 

its emissions into the atmosphere. Although much work has been done in this area, to date 

there is no industrially viable method of producing a product. A method for industrial 

exploitation must have the following characteristics: 

o To be performed at low values of cathodic potential, close to equilibrium potential, 

in order to reduce energy requirements. 

o To have high% power efficiency (Faradaic Efficiency, % FE). 

o To have high conversion speed, that is the high current density. 

o To have a high selectivity to a product, which must be easily separated. 

Electrochemical reduction of CO2 was first studied in 1870 by Royer,91 who reported the 

reduction of CO2 to formic acid on Zn electrodes. In the 1990s catalytic efficiency was 

enhanced by the introduction of gas diffusion electrodes, which increased the catalytic 

surface, thus the contact area of gas and liquid phases. As mentioned before, the industrial 

application is not yet feasible due to high cost, low product selectivity, and poor stability.  
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Moreover, metal CO2 batteries, which are another type of utilization form of CO2 

electroreduction, can convert chemical energy into electrical energy. Among all CO2-assist 

batteries, metal–CO2 batteries currently show the most potential due to the use of active 

metals, such as lithium, sodium, zinc, magnesium, and aluminum, as anodes. Li–CO2 batteries 

are first reported, thus providing a new way of mitigating the greenhouse effect and the 

generation of electrical energy simultaneously. Na–CO2 batteries were developed later, but 

their high energy density and cheap cathode materials always attracted considerable 

attention.  

 

Figure 18: Milestone for the CO2 electroreduction 92 
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Thermodynamics of reduction 

Electrochemical reduction of CO2 leads to a variety of products, which depend mainly on the 

cathode electrode material and the electrolyte composition. The main products of 

electrocatalysis include HCOOH, CO, CH4, C2H4, CH3OH, H2C2O4, CH3CH2OH, etc.  

Kuhl’s research group93 report that electrochemical reduction of CO2 in copper cathodes and 

a wide range of cathodic potential (-0.6 to -1.2 V) gave a total of 16 different reduction 

products (CH3OH, CO, CH4, acetic acid, acetaldehyde, ethanol, ethylene glycol, allyl alcohol, 

propionaldehyde, 1-propanol, glyoxal, glycolaldehyde, ethylene glycol, hydroxy acetone, and 

acetone). The equilibrium potential for the formation reaction of a reduction product depends 

on the pH according to Nernst equation. 

𝑥𝐶𝑂2 + 𝑚𝐻
+ + 𝑛𝑒−  ↔ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 + 𝑛𝐻2𝑂 

 

𝐸 = 𝐸𝑜 + 0.0591𝑝𝐻, 𝑇 = 298.15 𝐾 

  

The normal potential Eo is calculated from the Gibbs free energy according to equation: 

𝐸𝑜 = −
𝛥𝐺𝑜

𝑛𝐹
 

 

In the last equation, ΔGο is the difference of free energy, n refers to the number of electrons 

that take part in the formation of each product and F is the Faraday constant. Table 2 shows 

the normal equilibrium potentials of the reduction products. As shown in the same table, the 

standard redox potentials for different electron pathways have no obvious laws. This is 

because the whole CRR reaction process is complicated, generally containing three steps:  

i) the adsorption of CO2 

ii) the surface diffusion of CO2 and the electron and proton transformation on CO2 

iii) the desorption of products. 
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Table 2: Standard potential of different CO2 electroreduction reactions 92 

 

 

Figure 19: Various products formed due to multi-step processes during electrochemical CO2 reduction 94 
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Hydrogen Evolution Reaction (HER) 

The most important competitive reaction of CO2 reduction is the release of hydrogen (HER) 

that takes place in aqueous solutions. HER is one of the most studied reactions in 

electrochemistry.95 Its mechanism and the speed of its conduct vary significantly, depending 

on the nature of the electrode. In high voltage electrodes for the release of hydrogen, the 

reaction is very slow and is carried out with high overpotential, while at other electrodes such 

as Pt, Ir, Rh, etc., the reaction is very fast and is carried out with low hypertension. At a Pt 

electrode, the reaction is carried out practically without hypertension.  

Typically, the HER follows the Volmer-Heyrovský-Tafel mechanism96,97 where a proton is first 

adsorbed into the surface of the catalyst and then reduced and releases hydrogen. The basic 

equation for the hydrogen evolution reaction is the following:  

𝐻2(𝑔)  ↔  2𝐻
+ + 2𝑒− 

This reaction comprises two intermediate steps:98 The first step involves the uptake of an 

electron by a proton in acidic aqueous solutions, during the reaction:  

𝑀 + 𝐻3𝑂
+ + 𝑒−  ↔  𝑀𝐻𝑎𝑑𝑠 + 𝐻2𝑂 

 

or from a molecule of water in alkaline or neutral solutions, according to the reaction: 

𝑀 + 𝐻2𝑂 + 𝑒
−  ↔  𝑀𝐻𝑎𝑑𝑠 +  𝑂𝐻

− 

 

while the formed atomic hydrogen is adsorbed to active positions on the electrode surface. 

This step of charge transfer and simultaneous adsorption of hydrogen to active positions on 

the electrode surface is called the Volmer reaction.  

The second stage involves the desorption of hydrogen in its gaseous molecular form, from the 

surface of the electrode. This step can be done in one of the following two ways: 

o The adsorbed hydrogen atoms diffuse over the surface of the electrode, join to form 

a hydrogen molecular gas, according to the following reaction. This step is called the 

Tafel reaction. If this reaction follows the Volmer reaction, then the total hydrogen 

release effect follows a Volmer-Tafel mechanism. 

 

 2𝑀𝐻𝑎𝑑𝑠  ↔  2𝑀 +  𝐻2(𝑔) 
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o Adsorbed hydrogen atoms with simultaneous uptake of protons and electrons can 

give molecular hydrogen gas, according to the following reaction called Heyrovský 

reaction. In this case the overall phenomenon follows the mechanism called Volmer 

– Heyrovský. 

𝑀𝐻𝑎𝑑𝑠 + 𝐻3𝑂
+ + 𝑒−  ↔  𝑀 + 𝐻2𝑂 + 𝐻2(𝑔)  

 

The Volmer heterogeneous electrochemical reaction is a common stage in both above 

mechanisms and explains the role of surface adsorption in kinetics and process mechanism, 

as well as the dependence of kinetics on the nature and electrocatalytic properties of the 

electrode. When the CO2 is reduced to an aqueous electrolyte, the hydrogen evolution 

reaction competes with the reduction. This is because hydrogen production is faster and 

protons are adsorbed to the surface of the catalyst before carbon dioxide, thus reducing the 

active surface of the catalyst for further reduction of CO2.99 

 

2.3 Catalysts 
Catalysis plays a vital role in our daily life. Various types of catalysts have been reported for 

the conversion of waste into useful products. Numerous metals have been heavily studied 

during the 1980s and they have been roughly grouped depending on their major reduction 

product.100  

Efficiency and selectivity of a catalyst depend on a large number of factors, such as 

composition, crystal structure, microstructural features (surface roughness, grain/ 

nanoparticle size, morphology), as well as presence and number of defects (point defects, 

impurities, uncoordinated sites, grain boundaries).101 It should be noted that, all these 

relevant properties could potentially vary under operation, thus highlighting the relevance of 

in situ studies. An important, additional aspect is the reductive stability of the catalysts, which 

is also related, particularly in aqueous systems to the pH of the electrolyte. Indeed, there is 

an active ongoing discussion on the identification of metal oxidation states during CO2RR, with 

some metals believed to be fully reduced  and some to be still partially oxidized.102 

As mentioned before, the redox potentials can be determined by many parameters, such as 

the electrolyte salts, CO2 pressure, and the types of catalysts. For example, due to generation 

of thermodynamically unstable products, single electron transfer requires more overpotential 

than proton-couple multielectron transfer. It is necessary to overcome high energy barrier of 

adsorbing CO2 and forming CO2
− anion radical. Therefore, catalysts play an important role in 

https://www.sciencedirect.com/topics/engineering/metal-oxidation
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facilitating the reaction rate and decreasing energy gaps. Remarkable CO2RR catalysts 

should possess six key traits as indicated in Figure 20.  

 

Figure 20: The traits an excellent catalyst should have92 

 

MOFs as catalysts 

With the development of reticular chemistry, MOFs, as one of the porous, crystalline, and 

extended materials, have become a popular research topic. Precise and molecular-level 

control is easily conducted for MOF synthesis through molecular and framework chemistry. 

Unsaturated metal sites play a vital role because they endow MOFs with remarkable CO2 

adsorption at low pressure. However, the competition of water molecules on the unsaturated 

metal sites reduces CO2 uptake, which is an intractable challenge to deal with. 

The Hinogami group first applied MOFs as electrocatalysts to reduce CO2. They synthesized 

copper rubeanate MOF (CR-MOF), and its major product was formic acid. CR-MOF exhibited 

0.2 V more positive onset potential and a larger yield of formic acid compared with the Cu 

electrode. CR-MOF showed slightly weak CO2 adsorption and led to the high selectivity of 

formic acid up to 98% due to the ionic metallic site and low density of CR-MOF. However, 

effectively controlling pore size must still be comprehensively explored.103 

Cu-MOF also showed considerable CO2 capture capability and increased CO2 concentration in 

aqueous solution. The entire electrode displays marked improvement of methane Faradaic 

efficiency from 2.5% to 20% at −1.8 V versus SCE compared with blank gas diffusion electrode 

(GDE) with the introduction of Cu-MOF into GDE. However, the weight ratio of Cu-MOF would 

effectively be controlled under 10% because additional Cu-MOF decreased GDE active sites 

and provided extra carbon sources for HER.  
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Although MOF possesses numerous merits, this framework also has defects in poor 

electron-donating capability and electrical conductivity. Herein, in addition to the metal 

center, ligand doping also plays a key role in CRR catalysis. The synergetic effect of ligand and 

C atoms on MOF is crucial to the enhancement of MOF catalytic capacity, especially when the 

metal center is not an ideal electron donor. Dou et al. reported that 1,10-phenanthroline-

doped Zn-based MOFs of zeolitic imidazolate framework-8 (ZIF-8) possessed high CO Faradaic 

efficiency of up to 91%.  
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3. MOFs Synthesis and Characterization 
Materials and Methods 

All materials were kindly offered by the Laboratory of Inorganic Materials and the partner 

group of Functional Materials of the Clausthal Centre of Materials Technology of the 

Technische Universität Clausthal, Germany. In Table 3 all used materials are presented. 

Table 3: Materials used in the present work 

Compound Name Formula Vendor Purity (%) 

Solids    
1,3,5-Benzenetricarboxylic acid  C9H6O6 Alfa Aesar 98 
2,5-Dihydroxyterephthalic acid C9H8O4 Sigma-Aldrich 98 

2-Methylimidazole C4H6N2 Alfa Aesar 97 
4,4-Bipyridine C10H8N2 Alfa Aesar 98 

Cobalt (II) Nitrate hexahydrate Co(NO3)2·6H20 Honeywell 98 
Copper (II) Chloride dihydrate CuCl2·2H2O Sigma-Aldrich ≥ 99 
Nickel (II) Nitrate hexahydrate Ni(NO3)2·6H2O Honeywell ≥ 97 

Zinc Nitrate hexahydrate Zn(NO3)2·6H2O Sigma-Aldrich 98 
Zinc Oxide ZnO Merck ≥ 99 

Zirconium (IV) Oxide Chloride 
Octahydrate 

Cl2OZr·8H2O 
 

Merck 99 

Sodium Bicarbonate 
 

NaHCO3 
 

Mallinckrodt 99.7-100.3 

Liquids/Solvents    
Acetone C3H6O Sigma-Aldrich ≥ 99.5 
Aniline C6H7N Sigma-Aldrich ≥ 99.5 

Sulfuric Acid H2SO4 Merck 95-97 
Ethanol absolut CH3CH2OH Honeywell ≥ 98 

Formic Acid HCOOH Merck 98-100 
Methanol CH3OH Chem-Lab > 99.8 

N,N-Dimethylformamide (DMF) C3H7NO Chem-Lab > 99.5 
Triethylamine (TEA) - Sigma-Aldrich ≥ 99.9 

 
    

The MOFs were synthesized via sonochemical and/or solvothermal route. They were basically 

characterized via X-Ray Diffraction (XRD). Finally, some of the samples were also characterized 

by Scanning Electron Microscopy (SEM).  

The sonochemical synthesis was conducted with the use of sonicator Vibra Cell VCX 750 W 

(20kHz) [d=13 mm].  

X Ray Diffraction was carried out at Chemical Engineering Department with a Bruker D8 

Advance diffractometer with a Cu Ka radiation (λ=1.5406 ˚A) at 40kV and 40mA with a step of 

0.05o at 2θ. All the reference patterns have been obtained from Cambridge Crystallographic 

Data Centre. 
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Synthesis 

The synthesized MOFs are going to be presented in series, based on the metal part. As a result, 

there are Ni-series, Cu-series, and Zn-series. 

Cu-series 

HKUST – 1_ST 

1:1 molar ratio of H3BTC and CuCl2·2H2O (0.6315g,3mmol and 0.5152 g,3 mmol respectively) 

were dissolved in 50ml mixed solvent of deionized water: EtOH :DMF = 1:1:1 v/v. The solution 

was transferred into a to a glass bottle, sealed with a screwed cap and maintained at 110 oC 

for 24h in convection oven. The resulting blue crystals were thoroughly washed several times 

with DMF and ethanol. Finally, it was left to dry at 100 oC for 24h.104 

 

HKUST – 1_US 

CuCl2·2H2O and H3BTC at one-to-one molar ratio were dissolved under magnetic stirring in a 

mixture of solvents DMF: EtOH: deionized water, 30:15:30 v/v respectively. Then, the solution 

was transferred to a three-neck round bottom flask (100 ml) and sonicated at 65% power for 

1h.   

When the reaction was finished, the mixture was left to cool down at room temperature. The 

formed precipitate was centrifugated several times with DMF, EtOH and deionized water. 

Finally, the solution was transferred into a to a glass bottle, sealed with a screwed cap and 

dried out at 100 oC overnight. 

 

Cu/PANI – BTC_ST 

In an effort to use MOF composites for electrochemical experiments, Cu/PANI MOF was 

fabricated by a two-step process including the chemical polymerization of aniline.105 

Synthesis of Polyaniline: About 25 mL of H2SO4 (2 M) was mixed with 4.5 mL of aniline 

monomer in 100 mL distilled water and stirred for 2 h in the ice bath. Subsequently, 50 mL 

ammonium persulfate (0.25 M) was added slowly during 1 h while stirring. After 4 h of stirring 

in the ice bath, the precipitate was aged for 24 h and then was filtered off, washed with 

distillated water and EtOH, and finally dried in the oven with 60 °C for 12 h. 

The PANI/Cu-MOF composite was prepared as follows: H3BTC (0.256 g, 1.5 mmol) and 

CuCl2·2H2O (0.315 g, 1.5 mmol) were dissolved in a mixed solvent of EtOH :DMF :deionized 

water (20:20:20ml) with 1:1:1: volume ratio. Then, 0.047 g of polyaniline were suspended in 

the above-mentioned mixed solvent with ultrasonic irradiation for 80 min (30%). The copper 
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solution was added to the polyaniline mixture and irradiated for 1 h. 0.315 μL of 

triethylamine were added and the resulting mixture was stirred for 24 h at room temperature. 

Afterwards, the dark blue crystals were centrifuged, washed with distillated water and 

methanol, and dried in the oven with 110 °C for 24 h. 

Due to the different precursors from the original experiment in literature, the appropriate 

adjustments have been made. 

 

Ni-series 

Ni-BTC_ST 

For this sample Ni(NO3)2·6H2O and  H3BTC were used as precursors at 1:1 molar ratio. 0.4418 

gr of the metal salt and 0.3183 gr of the linker were dissolved in 50ml mixed solvent of 

deionized water: EtOH :DMF = 1:1:1 v/v. The solution was transferred to a glass bottle, sealed 

with a screwed cap and stayed for 24h at 110 oC in convection oven to dry. The green crystals 

formed were washed several times with DMF and EtOH and dried overnight at 90 oC.106 

 

Ni-BTC-bpy_ST 

Precursors Ni(NO3)2·6H2O as metal salt and  H3BTC and 4,4 Bipyridine as linkers (1:1:1 molar 

ratio, 0.4358 gr metal salt, 0.3153 gr and 0.2346 gr respectively) were used for the fabrication 

of this material. The precursors were dissolved in 60 mL DMF with stirring at room 

temperature. Then, the resulting mixture was transferred to a glass bottle, sealed with a 

screwed cap and left to dry in convection oven for 18 h at 80 oC. The formed precipitation was 

thoroughly washed with DMF and EtOH followed by a drying step overnight at 110 oC. 

 

Ni-BTC-bpy_US  

The exact same precursors, solvent and quantities as in the before mentioned solvothermal 

route were used for the sonochemical synthesis of this material. This time, the resulting 

mixture was transferred to a three-neck round bottom flask (100 mL) and sonicated at 40% 

power for 1h. Right after the cooling in room temperature the resulting precipitate was 

thoroughly washed several times with DMF and EtOH. Finally, it was transferred to a glass 

bottle, sealed with a screwed cap and dried out in convection oven overnight at 110 oC.   
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Zr-series 

MOF-808_ST 

H3BTC and Cl2OZr·8H2O at one-to-one molar ratio (0.11 gr and 0.16 gr respectively) were 

dissolved in a solvent mixture of DMF and formic acid (1:1 v/v, 40 mL each) were placed in a 

60-mL screw capped glass bottled. Then the solution was heated to 100 °C for 7 days in 

convection oven. The colorless precipitated crystals were collected and washed with DMF and 

acetone. Finally, the resulting crystals were dried overnight 130 °C.107 

MOF-808_US  

The sonochemical route involved a three-neck round bottom flask, where H3BTC and 

Cl2OZr·8H2O (1:1 molar ratio, 0.11 gr and 0.16 gr respectively) were dissolved in DMF and 

formic acid at 1:1 v/v (80ml total volume). The solution was sonicated for 1h at 40% power.  

The formed precipitation was collected and washed with DMF and acetone. Finally, the 

resulting colorless precipitation was transferred to a glass bottle, sealed with a screwed cap 

and dried out in convection oven overnight at 90 oC.   

 

Zn- series 

MOF-74_ST 

MOF-74 with Zinc was fabricated by adding 0.48 gr (0.5mmol) Zn(NO3)2·6H2O and 0.099 gr (0.5 

mmol) 2,5-Dihydroxyterephthalic acid to a mixed solvent of DMF, EtOH and deionized water 

(30:2:2 ml). The mixture was then transferred to a glass bottle, sealed with a screwed cap, and 

placed in convection oven at 125°C for 24 h. Afterwards, the precipitation was washed with 

methanol and finally, dried out at 110°C overnight. 

MOF-74_US 

The sonochemical synthesis of MOF-74 was carried out at a three-neck round bottom flask, 

where 2,5-Dihydroxyterephthalic acid and Zn(NO3)2·6H2O (0.949 mmol - 0.188 gr and 3.14 

mmol -  0.934 g respectively) were dissolved a mixed solvent of DMF, EtOH and deionized 

water (30:2:2 ml). The resulting mixture was sonicated for 1 h at 65% power. It is left to cool 

down at room temperature and then, centrifugated several times with DMF and MeOH. The 

resulting solid was activated under vacuum at 250°C for 12h. 

ZIF-8_RT 

In this experiment, ZIF-8 was synthesized in room temperature under continuous magnetic 

stirring. Zn(NO3)2·6H2O (3.75 mmol, 1.116 gr) and 2-Methylimidazole (15 mmol, 1.235 gr) were 

dissolved in 60 ml MeOH. The solution was transferred to glass jar and vigorously stirred under 
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magnetic assistance for 17 h. The precipitation was collected, centrifugated with MeOH and 

finally, dried overnight at 90°C. 

ZIF-8_ST 

The typical solvothermal synthesis of ZIF-8 involves the one-to-one molar ratio of 

Zn(NO3)2·6H2O (1.2 mmol, 0.3648 gr) and 2-Methylimidazole (1.2 mmol, 0.098 gr). The 

reactants were dissolved in DMF, transferred to a sealed glass bottle, and remained at 140°C 

in convection oven for 24h. The precipitation was washed several times with DMF and MeOH 

respectively and dried at 110°C overnight to obtain the final crystals.  

ZIF-8_US 

For the sonochemically synthesized ZIF-8 0.5895 gr of the metal salt Zn(NO3)2·6H2O  and 

0.1642 gr of the linker 2-Methylimidazole (1:1 molar ratio) were dissolved in DMF with the 

addition of 0.5 ml TEA. The mixture was transferred in a three-neck round flask and sonicated 

for 1 h at 40% power. After cooling at room temperature, the mixture was centrifugated with 

DMF and MeOH. Finally, it was transferred to a glass bottle, sealed with a screwed cap and 

placed in convection oven at 110 °C for 24 h to dry. 

ZIF-8_CALCINATED 

The ZIF-8 fabricated in room temperature under magnetic stirring was calcinated at 500°C 

for 2h to obtain ZnO.  
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Characterization 

X Ray Diffraction 

As illustrated in the Figure 21, the simulated and the experimentally synthesized HKUST – 1 

are identified. As a result, it is safe to mention that the both lab fabricated solvothermally and 

sonochemically HKUST-1 are in accordance with the literature.  

 

Figure 21: XRD pattern of the simulated and the synthesized HKUST -1 

The experimental Cu/PANI MOF appears to have the same peaks as the simulated, so it was 

successfully synthesized (Figure 22). 

 

Figure 22: XRD pattern of the simulated and the synthesized Cu/PANI MOF 
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As far as the Ni-BTC MOF is concerned, the XRD pattern obtained from literature is not in 

accordance with the one fabricated in the lab, as shown in Figure 23. This leads to the result 

that the solvothermally synthesized MOF has not the same structure as the simulated, as it 

was originally targeted; yet further investigation is required. 

 

Figure 23: XRD pattern of the simulated and the synthesized Ni – BTC MOF – There are no common peaks 
between the simulated Ni-BTC and the as synthesized material 

In the following figure (Figure 24), the XRD pattern of the simulated Ni-BTC-bpy MOF and the 

experimental solvothermally and sonochemically synthesized Ni-BTC-bpy MOFs are 

presented. The fabricated materials are in accordance with literature.

 

Figure 24: XRD pattern of the simulated Ni-BTC/Bpy and the synthesized solvothermal and sonochemical 
materials. The peaks do not assemble, so it is not certain that the as synthesized materials are Ni-NTC/Bpy 
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As far as MOFs-808 are concerned, the XRD patterns are illustrated in Figure 25. In this case 

there is agreement between the simulated and the experimentally synthesized MOFs. Both 

solvothermal and sonochemical MOFs present the same peaks as the simulated one, as a 

result there is certainty that the as mentioned materials are successfully fabricated in the lab.  

 

Figure 25: XRD pattern of the simulated and the synthesized MOFs 808 

Most of the peaks that appear in the experimental MOF-74 are identified with the simula- 

ted, as shown in Figure 26.   

 

Figure 26: XRD pattern of the simulated and the synthesized MOF-74 
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Regarding the ZIFs, all three synthesis, solvothermal,sonochemical,and stirring in room 

temperature are successful and in accordance with the simulation, as presented in Figure 27. 

 

Figure 27: XRD pattern of the simulated and the synthesized ZIF-8  

As far as the zinc oxides are concerned, the commercial and the derived from ZIF-8_RT 

present the same peaks. It is should be noted though, that the derived presents more noise, 

as illustrated in Figure 28. 

 

Figure 28: XRD pattern for ZnO, commercial and derived from ZIF-8_RT 
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Scanning Electron Microscopy 

These characterization experiments were conducted with Zeiss Supra 55 and Hitachi SU-70.  

Firstly, the SEM images for HKUST-1 samples are illustrated in Figures 29 and 30. HKUST-1_ST 

presents no uniformity in size and shape, with an average crystal size of 50 μm. The 

sonochemical HKUST-1 as shown in Figure 30, also presents inhomogeneity in size and shape 

but, the average size is less than 50 μm. 

 

Figure 29: SEM image for the solvothermal HKUST-1 

 

Figure 30: SEM image for the sonochemical HKUST-1 

  

The next images, Figures 31 and 32, present Ni-BTC/bpy samples, solvothermal and 

sonochemical respectively. The solvothermal, as presents in Figure 31, does not show any 

homogeneity neither in size, nor in shape. On the other hand, in Figure 32, on the left it is 
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clearly presented uniformity in size for the sonochemical sample. In Figure 32 on the right, 

where there is higher resolution, the shape of the crystals seems as cubic. 

 

Figure 31: SEM image for Ni-BTC/bpy solvothermally synthesized 

 

Figure 32: SEM images for Ni-BTC/bpy sonochemical in two different resolutions. Left x500 and right x1000 

 

For MOF-808, the resulting SEM images are shown in Figure 29 and Figure 30. In Figure 29, it 

is reflected the microstructure of MOF 808_ST in resolution x2500 and x5000 on the left and 

right, respectively. First of all, it is not a nanomaterial since its crystals exceed the level of 

micrometers, but on the other hand it is crystalline. It seems that the structure is basically 

tetrahedral without the formation of aggregates. As for the sonochemical sample in Figure 30, 

there is no uniformity in size and shape. 
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Figure 33: SEM images for MOF 808_ST. On the left resolution is x2500 and on the right x5000. On the left image 
tetrahedral crystals are clearly shown 

 

Figure 34: SEM images for MOF 808_US. As illustrated, there is no uniformity in size and shape 

 

Figure 28 clearly illustrates the SEM images of the sonochemically synthesized MOF-74. On 

the right image, aggregates are present as shown, while the structure is crystalline, almost 

rod-like. On the left image, higher resolution allows the deduction that there is no uniformity 

in the size of the rods. 

 

Figure 35: SEM images for MOF-74 US. On the right image it is observed aggregation, while the higher resolution 
of the left image illustrates the absence of size uniformity  
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The SEM images for ZIF-8 fabricated in room temperature with magnetic stirring are 

presented below (figure 29). This material seems perfectly crystalline with polyhedric crystals. 

There is uniformity in size, too. Finally, the crystals of this material are in the scale of 

nanometers as it can be seen from the right image of Figure 29. 

 

Figure 36: SEM images for ZIF-8_RT. Higher magnification on the right image (resolution x20000) reveals uniform 
polyhedric nanocrystals. 

 

ZIF-8_RT is followed by the solvothermally synthesized ZIF-8. For this material the aggregates 

formed are clear, as illustrated in figure 30 (left, resolution x10000). The microstructure seems 

sheet-like and there is no uniformity in size.  

 

Figure 37: SEM images for ZIF-8_ST. On the left, clear aggregates are shown, while there is no uniformity in shape 
and size. Sheet-like crystals are assumed due to the higher resolution of the right image.  
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Finally, in Figure 31, the SEM image is presented for ZIF-8 sonochemically synthesized. Even 

though the image is not so clear, it is certain that an average crystallite size is 100 nm. On the 

other hand, there is no uniformity the shape of the crystals.  

 

Figure 38: SEM image for ZIF-8_US. Crystals are formed, but with no uniformity in shape and size. 

 

A general comment, regarding the ZIF series characterized by Scanning Electron Microscopy, 

is that the solvothermal ZIF-8 does not show strict crystallinity compared to ZIF-8 fabricated in 

room temperature with magnetic stirring. Moreover, the sonochemical sample illustrates 

absence of shape and size uniformity. All three represent differently shaped crystals, which 

means firstly, that more characterization methods are needed and secondly, that optimization 

of solvothermal and sonochemical pathways is required.   
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4. CO2 Reduction Experiments 
Experimental Setup 

The experiments were conducted in an H-type cell, as shown in Figure 32. In this setup, the 

working electrode, reference electrode and the counter electrode are fixed inside the two 

reaction chambers with the working electrode and the reference electrode being in the same 

cell. The chambers were separated by Nafion 117 membrane for proton exchange. Each cell 

was filled with 80ml of NaHCO3 0.5M, which served as electrolyte.  

Carbon dioxide gas was purged into the cathode chamber and the products were inserted in 

gas chromatographer. At the same time, the three electrodes were properly connected to the 

potentiostat (Biologic SP-150) for the electrochemical measurements.  

  

 

Figure 39: Schematic illustration of an H-type cell. 108The gas product is the inlet to the gas chromatographer. All 
three electrodes are connected to the potentiostat. 

 

The electrochemical measurements (CO2 Reduction Reaction, CO2RR) were carried out in a 

gas-tight H-type cell separated by a Nafion 117 membrane. The working electrode (WE) and 

reference electrode (RE) (Ag/AgCl, sat’d) are inserted in the cathode department and the 

counter electrode (CE) (Pt mesh) in the anode one. Both the anode and the cathode are filled 

with 0.5 M NaHCO3 as the aqueous electrolyte. Before the experiment the cathode is purged 

with CO2 for 45 min. A continuous flow of CO2 (30 mL/min) was used throughout the 
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electrocatalysis and was regulated with mass flow controllers (Vögtlin Instruments). Each 

selected potential for the CO2 reduction was set with a potentiostat for 30 min. The gas outlet 

was connected to a gas chromatographer (Bruker GC-436) equipped with a TCD and a 

HayesepQ column for the quantitative analysis of gas products. 

Electrodes 

Working Electrode Preparation 

All the working electrodes (WE) were prepared as following: 5mg of the synthesized MOF 

were suspended in 500μl Isopropanol and were put in ultrasound bath for up to 15 minutes. 

Then, with the addition of 50μl Nafion solution 5% (Quintech), the slurry was left in the 

ultrasound bath for an hour.  

The substrate for all electrodes was carbon paper of 2.5 cm2 surface area (1cm x 2.5cm).  

250μl of the MOF slurry were uniformly spread onto the substrate assisted by a micropipette 

and then dried under room temperature. On each electrode, the loading MOF was 1.0 

mg/cm2. 

The working electrodes were serving as cathodes for CO2 Reduction Reaction (CO2RR) to test 

their electrocatalytic activity measured by Faradaic Efficiency (see section Electrocatalytic 

Experiment – FE Calculation) 

Reference Electrode 

In all experiments the reference electrode (RE) used was saturated Ag/AgCl which is generally 

quite common among electrochemical experiments. It is composed of a silver wire and 

immersed in a solution that is saturated with potassium chloride. The actual potential of the 

half-cell prepared in this way is +0.197 V vs Standard Hydrogen Electrode. The pertinent half 

reaction is 

AgCl(s)   +  e- −⇔ Ag(s)  +  Cl− (sat’d) 

Counter Electrode 

The counter electrode in use was a commercial platinum electrode of 2.5 cm2 surface area. 

Electrolyte 

As mentioned before the electrolyte was 0.5M NaHCO3. The solution was made by dissolving 

21gr of NaHCO3 purchased by Mallinckrodt to 0.5lt of deionized water.  
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Electrochemical experiments 

Once the setup is assembled, CO2 purge starts in the cathode cell. At the same time, an Open 

Circuit Voltage (OCV) electrochemical measurement takes place. Then, the second 

electrochemical measurement is Linear Sweep Voltammetry (LSV) and finally, 

Chronoamperometry (CA) takes place as the last electrochemical measurement to check the 

product formation and measure current density in a standard potential. 

Open Circuit Voltage (OCV) 

OCV consists of a period during which no current can flow, and no potential can be applied 

to the working electrode. The cell is disconnected from the power amplifier. 

On the cell, the potential measurement is available, so the evolution of the rest potential can 

be recorded. This period is commonly used as preconditioning time or for the system to reach 

thermodynamic equilibrium. 

Linear Sweep Voltammetry (LSV) 

Linear Sweep Voltammetry (LSV) is a voltametric technique used to analyze the oxidation and 

reduction processes occurring between a stationary working electrode (WE) and a counter 

electrode (CE) while using a supporting reference electrode (RE) in a three-electrode 

configuration. In LSV the potential scan is applied linearly versus time, in a single direction, 

starting from a potential where no electrode reaction is happening, to either positive 

potentials (oxidation) or negative potentials (reduction), while measuring the current 

response.109 

For the experiments conducted of this thesis, the negative potential range was from 0 to -2.5 

V versus the reference electrode.  

Chronoamperometry (CA) 

Chronoamperometry consists of the application of constant potential to the working 

electrode (WE) and the current is measured as a function of time. The current – time response 

reflects the change of the concentration gradient in the vicinity of the surface. It is often used 

to measure the diffusion coefficient of the electroactive species or the surface area of the 

working electrode. Also, it is used for the study of the electrode process mechanism.  

An alternative and very useful way of recording the electrochemical response is to integrate 

the current, so that one obtains the charged passed as a function of time.  



 
 
 

 

51 

 

      

Here, chronoamperometry is applied from -1.5V to the potential that the potentionstat 

overloads while the current density is measured. The current is used for the calculation of 

Faradaic Efficiency (FE). 

Electrocatalytic Experiment – FE calculation 

The second basic goal of this thesis is the calculation of the Faradaic Efficiency between MOFs 

in order to investigate their catalytic behavior in CO2RR. Faraday’s laws of electrolysis are two 

quantitative laws used to express the magnitudes of electrolytic effects. They were first 

described by the English scientist Michael Faraday in 1833.110 The laws state the following: 

The amount of chemical change produced by current at an electrode-electrolyte boundary is 

proportional to the quantity of electricity used, and  

The amounts of chemical changes produced by the same quantity of electricity in different 

substances are proportional to their equivalent weights.   

If the current is not constant during electrolysis, quantity of charge is calculated as the integral 

of the current in the axis of time. 

𝑄 = ∫ 𝛪(𝑡)𝑑𝑡 

In agreement with the mentioned above, Faradaic Efficiency can be calculated as 

 

𝐹𝐸 =  
𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠[𝑚𝑜𝑙 𝑝𝑟𝑜𝑑] · 𝑛𝑒− [

𝑚𝑜𝑙 𝑒− 
𝑚𝑜𝑙 𝑝𝑟𝑜𝑑]

· 𝐹 [
𝐶

𝑚𝑜𝑙 𝑒−]

∫ 𝐼𝑑𝑡
𝑡

0
[𝐶]

 

 

Where F is the faradaic constant 96485 C/mol, nproducts is the number of moles of the formatted 

product, ne is the number of electrons needed for the product formation and I is the current.  

The electrocatalytic experiments of CO2 reduction led to the formation of CO according to the 

following reaction 

𝐶𝑂2(𝑔) + 2𝐻
+ +  2𝑒−  →  𝐶𝑂(𝑔) + 𝐻2𝑂(𝑙) 

 

In the following section, the results of the experiments are presented for the Cu-series and 

the Zn-series of MOFs, starting by the Linear Sweep Voltammetry, continuing with 

Chronoamperometry and as a conclusion, the Faradaic Efficiency. 
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Cu-series 

In the copper MOF series, only HKUST-1 solvothermally synthesized and Cu/PANI MOF 

resulted in product formation. Their LSVs are presented in the same diagram (Figure 33) 

creating different slopes after -1.3V. 

 

Figure 40: LSV for HKUST-1 solvothermal and Cu/PANI MOF. At ~-1.5V their slopes differ, but both MOFs reach 
almost -45 mA. 

Regarding the CAs of these two materials, firstly both electrodes reach -1.8 V without 

overloading, as shown in Figures 34 and 35. Both, at -1.5 V are stable, and HKUST-1 remains 

stable in all measurements. Cu/PANI MOF at -1.7V starts as stable, but at 25 min creates a 

slope. This could be due to a human error for example, a slight movement of the electrodes. 

At -1.8V, HKUST-1 appears to create slope. This might be an indicator of loss of stability with 

time. Cu/PANI on the other hand, shows different behavior at the same voltage, with an 

increase in current, which remained stable during the measurement.   

E vs. Ag/AgCl 
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Figure 41: CA results for HKUST-1 at different potentials 

 

Figure 42: CA results for Cu/PANI MOF in different potentials. At -1.7V at 25 min a slope is created.  

  

  

t(min) 

t(min) 
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Figure 43: FE (%) comparison between HKUST-1 and Cu/PANI. At -1.8V the Faradaic Efficiency is almost the same 
for both materials 

 

In Figure 36, it is illustrated the comparison between the Faradaic Efficiencies of these two 

materials. First of all, both do not reach 10%, which means that the quantity of the formed 

carbon monoxide is very low. Even though that HKUST-1 illustrates greater FE value at -1.5V, 

it drops in the next two experiments, remaining stable for both. Cu/PANI MOF on the other 

hand, has its major FE value at -1.7V, which drops at -1.8V, but it still has greater value than 

the first measurement at -1.5V.  Both materials, appear to have almost the same FE at -1.8V. 
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Zn-series 

MOF-74 

The LSV for the MOF-74 samples, sonochemical and solvothermal, is represented in Figure 37. 

It is interesting to mention that here, the slope formed is around -1.2V for the sonochemically 

fabricated, while for the sonochemical it starts at -1.5V. The solvothermal reaches -2.2V, while 

the sonochemical reaches -2.05V. 

 

Figure 44: LSVs for MOF-74, US and ST (Black-ST; Red-US). At -2V MOF-74 US reaches its lowest current value -
45mA – MOF-74 ST reaches -40mA at -2.2V 

 

The interesting thing about the chronoamperometries is that the sonochemical sample is 

stable throughout the conduction of all measurements, as shown in Figure 39. As illustrated 

in Figure 38, MOF-74_ST drops current at -1.7V at 22 min. the current continues to drop at 

both -1.8V and -1.9V for the solvothermal sample. At -1.9V both materials start at 30mA, but 

the solvothermal reaches up to 42mA at the end of the measurement.  
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Figure 45:  CA result for the solvothermal MOF-74 at different potentials 

 

Figure 46: CA result for the sonochemical MOF-74 at different potentials 
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Figure 47: FE (%) for the MOF-74 US and ST. The sonochemical sample in red presents lower FE compared to the 
solvothermal in lower potentials 

 

As far as the FE is concerned, even though it is observed that the solvothermal sample does 

not exhibit stability in the overall CAs, its performance in CO formation is far better. Its FE 

reaches up to 40% FE at -1.7V, almost doubling the efficiency from the measurement at -1.5V. 

On the contrary, the MOF-74_US illustrated lower FE, yet stable at -1.7V and -1.8V. On the 

contrary, its FE value at -1.9V exceeds the respective solvothermal  
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ZIF-8 

The ZIF-8 are represented in two sections: one for the ZIF-8 fabricated with the three before 

mentioned pathways, and another one for the derived ZIF-8 at 500C compared to the zinc 

oxide. 

The LSV measurement of the three ZIF-8 samples is illustrated in Figure 41. Room temperature 

fabricated and solvothermal are almost identical, while the sonochemical starts to drop 

current at -1.5V. 

 

Figure 48: LSVs for the room temperature synthesized (black), solvothermal(red) and sonochemical ZIF-8 (blue) 

 

Firstly, it is observed that the room temperature synthesized ZIF-8 reaches the potential of -

2.2V without overloading, while the other two, solvothermal and sonochemical, reach -2V and 

-1.9V respectively. ZIF-8_RT seems to have the most stable behavior during all measurements, 

while solvothermal at -1.9V and -2V drops its current value. The sonochemical sample seems 

to keep stable current, but overloads at -25mA at -1.9V, while the RT sample reaches up to 

33mA average at -2.2V. Another observation, regarding the solvothermal sample, is that 

between -1.9V and -2V the current drops almost half from -18mA to -32mA average. 
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Figure 49: CA result for ZIF-8 RT in different potentials. It reaches -2.2V with -33mA average current 

 

Figure 50: CA result for solvothermally synthesized ZIF-8. Current drops abruptly at -1.9V and -2V 
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Figure 51: CA result for the sonochemical ZIF-8 in different potentials 

 

Figure 52: FE(%) of ZIF series. ZIF-8 RT(green) presents excellent FE up to 90% at -2.1V 

As far as the FE is concerned, the best electrocatalytic behavior is presented by the room 

temperature synthesized ZIF-8. At -2.1V it reaches its highest value of 90%, while the rest of 

the samples reach up to 35% average, as shown in Figure 45. Moreover, the solvothermal 
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sample, does not result in product formation at -1.5V, reaches a high value of 33% and then 

drops until overloading. The sonochemical sample starts with the same FE values with the RT 

one at -1.5V and remains stable around 30% average until overloading. 

The next experiments refer to the zinc oxide derived from the ZIF-8_RT after calcination at 

500C, compared to a commercial zinc oxide. From 0V to -1.8V they seem identical, but 

afterwards the calcinated sample differs in slope and reaches -2.2V at -47mA, while the 

commercial reaches -2V at -40 mA, as illustrated in Figure 46. 

 

Figure 53: LSV of the commercial ZnO (black) and the derived from ZIF-8_RT (red). The last reaches up to -2.2V 
with -40mA, while the commercial -2V at -40mA 

 

First and foremost, the commercial sample overloads at -1.9V terminating the measurement 

at 17min, as Figure 47 presents. Moreover, its potential reaches fully -1.8V, while the derived 

one reaches up to -2V without overloading, as seen in Figure 48. The derived sample appears 

more stable regarding current. At -1.8V the commercial ZnO has an average current value of 

24 mA, while at the same potential the calcinated sample has an average value of -15 mA. 
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Figure 54: CA results for the commercial ZnO at different potential. At -1.9V the measurement is terminated at 
17min due to electrode overloading 

 

Figure 55: CA results for the derived from ZIF-8_RT ZnO at different potentials 
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Figure 56: FE (%) comparison among commercial (red) and derived ZnO from ZIF-8 RT (green) 

 

It is quite obvious from the chronoamperometries (Figures 47-48) that the calcinated sample 

reaches higher FE due to lower current values. Both, though, lead to product formation with 

the commercial ZnO having its highest value at 18%, while the derived ZnO reaches 33% at -

1.7V, value that remains stable up to -1.9V, as Figure 49 represents. 
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5. Discussion 
The results of the two parts of this thesis are discussed in this section. Firstly, some comments 

regarding the synthesis experiments are presented followed by results from the 

electrocatalytic ones, with an effort to reach a conclusion regarding tested MOFs catalytic 

behavior in CO2RR. 

Regarding the synthesis experiments, three different synthesis methods are tested; the 

traditional solvothermal method, the room temperature with magnetic stirring and the 

sonochemical. For the copper series, there have been fabricated two sample of HKUST-1 via 

ultrasound and solvothermally, and one composite, the Cu/PANI MOF. All three were 

fabricated with one-to one molar ratio of the reactants yet in different volume ratios. The Ni 

series involve the Ni-BTC and two samples fabricated solvothermally and sonochemically for 

nickel and two linkers: BTC and Bipyridine. The last two were synthesized with the exact same 

quantities of precursors and solvents. The same value applied for the two samples of MOF-

808. Finally, the zinc series include all three aforementioned synthesis methods. It is important 

to mention here, that some of the fabrications are based on literature, with the appropriate 

adjustments were needed. However, some sonochemical samples, such as the Ni-BTC/bpy are 

sonochemically synthesized for the first time.   

The characterization method used for structure identification was X Ray Diffraction. Scanning 

Electron Microscopy was used for the observation of the size and the shape of the crystals.  

As far as XRD is concerned, the HKUST-1 samples have been successfully synthesized, their 

XRD patterns are in accordance with the simulated. Cu/PANI MOF appears to display the same 

peaks as the simulated, so it is assumed that has been a successful experiment in terms of 

structure. The Ni-BTC MOF was also synthesized, but the obtained simulation XRD pattern 

from the CCDC is not in accordance with the experimental. This result may be due to many 

factors, such as not enough time in the convection oven to achieve crystallinity or maybe low 

temperature. The MOFs with nickel as the metal and the two linkers, BTC and bpy, present 

the same peaks with the simulated material.  

MOF-808 samples were successfully fabricated according to XRD, even the sonochemical one. 

As far as the Zinc series are concerned, the MOF-74 samples are in accordance with literature, 

presenting the same peaks. The ZIF-8 experiments were successful, too. Finally, the ZnO 

derived from the ZIF-8_RT and the commercial ZnO are in accordance.  
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Regarding the SEM analysis, both the HKUST-1 fabricated MOFs do not present uniformity 

neither in size, nor in shape. In average, the sonochemical sample illustrates smaller crystals 

than the solvothermal. There is no uniformity in size and shape of the solvothermally prepared 

Ni-BTC/bpy, too. On the other hand, though, the sonochemically fabricated Ni-BTC/bpy 

presents clear size homogeneity, with smaller crystals than the solvothermal Ni-BTC/bpy. The 

solvothermal MOF-808 presents uniformity in size and shape with tetrahedral crystals, while 

the sonochemically prepared MOF-808 illustrates inhomogeneity.  

As far as the sonochemical sample of MOF-74 is concerned, there is apparently uniformity in 

shape with rod-like crystals, but there is no uniformity is size. Among the ZIF-8 samples, the 

one fabricated in room temperature there are aggregates, but there is uniformity in size and 

shape with polyhedral crystals. The sonochemical ZIF-8 also presents crystals, with almost half 

the size of the ZIF-8_RT. The solvothermal ZIF-8, creates aggregates and sheet-like crystals 

with no uniformity in size and shape. This could possibly mean that there have been mistakes 

due to human factor during the synthesis, since this MOF has been studied thoroughly. 

The second part involves the CO2 Electroreduction experiments. Chronoamperometry and gas 

chromatography assisted these experiments in order to evaluate the catalytic behavior of the 

as synthesized MOFs in CO2RR via the calculation of faradaic efficiency.  

Starting by the copper series, it was not possible to present the sonochemical HKUST-1 since 

it was tested twice in the lab without product formation. On the other hand, HKUST-1_ST and 

Cu/PANI were compared. The results are not quite as expected, mostly for HKUST-1, since it 

reached maximum 10% FE. Both electrodes collapsed at -1.8V at the end of the measurement. 

Cu/PANI MOF presented higher current than the HKUST-1 and did not lead to the formation 

of a higher quantity of carbon monoxide. 

For the MOF-74 series the results differ, since the solvothermal sample reached up to 40%, 

while the sonochemical almost made it up to 5% at the same potential. This observation needs 

further investigation. Moreover, the sonochemical sample collapsed in lower current values 

than the solvothermal. One possible explanation might be the difference in conductivity, but 

yet again, there is the need of further analysis regarding the electrochemical activity. 

Finally, in the ZIF-8 series, the room temperature synthesized MOF resulted in the highest 

values of faradaic efficiency among all rest of samples, 90%. It also, maintained this efficiency 

up to -2.2V, while the rest of the samples, the solvothermal and the sonochemical, collapsed 

and presented much lower values of faradaic efficiency. It is though quite interesting, that 
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even the sonochemical sample collapsed earlier, it maintained an average value of 30% FE 

from -1.5V to its overloading, while the solvothermal led to much lower of FE values. This is 

explained by the SEM experiment, since the solvothermal ZIF-8 did not appear uniform. The 

zinc oxides experiments lead to the observation, that the derived ZIF-8 presented much better 

efficiency than the commercial one, which remained stable up to -2V, while the commercial 

overloaded at -1.9V. 

A general comment that should be done here is the method of deposition on the substrate. 

The deposition needs to be uniform and more accurate, such as via dipping.  
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6. Suggestions for Further Investigation 
 

First of all, regarding CO2RR, more parameters should be investigated, such as the pH and the 

electrolyte effects. Moreover, the kinetics of the reaction must be thoroughly studied in order 

to have a better understanding of the simultaneous reaction, such as HER.  

Moreover, this thesis approved that these certain MOFs lead to the formation of carbon 

monoxide. Regarding the condition the electrocatalytic experiment is conducted, the 

formation of other products should be investigated. The change of substrate, such as nickel 

or copper, to other than carbon might lead to different products.  

As far as the synthesis is concerned, the major question is efficiency of the sonochemical 

route. For some MOFs, it led indeed to the formation of crystals that were identified as MOFs, 

but further investigation is needed for the optimization of the reaction conditions. It is quite 

an innovative method of material fabrication that could possibly lead to less reaction times.  

Combining these two chapters now, one major conclusion of this thesis is that the material 

synthesis plays a huge role in their catalytic behavior. More comparisons should be done 

among MOFs regarding the synthesis paths. Characterization methods regarding the surface 

area of MOFs are highly recommended for the application of CO2RR.  

Last but not least, it is recommended to expand MOFs potentials on bimetallics and oxides, 

and check their efficiency in CO2RR, since metals and oxides are commonly known as very 

good catalysts for this reaction. 
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