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ABSTRACT 

 

With the announcement of Nobel Prize in chemistry in 2000, organic semiconductors and 

conjugated structures have been used for various applications like organic solar cells (OSCs), 

organic light emitting diodes (OLEDs), organic field effect transistors (OFETs). Due to the 

common belief in their instability in solutions (both in organic and in aqueous) exploration of their 

activity as catalytic materials remains mainly unexplored. This study aims to explore catalytic 

properties of organic semiconductors with a heterogeneous approach. As a first step a well-

known organic semiconductor, polythiophene is used as backbone for the immobilization of 

metal complexes which are capable of reducing CO2 to further products. This combined with 

photoactive property of polythiophene enabled the photoelectrocatalytic reduction of carbon 

dioxide. Apart from fixing the catalyst on the electrode via polymerization, anchoring of the 

catalyst CuTPP-COOH for driving the photoelectrochemical reduction of O2 to H2O2 was also 

carried out. CuTPP-COOH supported on TiO2 NTs showed good stability over time and more 

importantly reduced dissolved oxygen to hydrogen peroxide in neutral pH with a rate of 13.4 µg 

H2O2 / gCuTPP-COOH / h. This value is comparable to the well-known literature examples of ZnO 

and g-C3N4. In another approach H-bonded semiconductors, namely Quinacridone, Indigo and 

naphthalene diimide, were utilized as efficient carbon dioxide (CO2) capturing agents in organic 

solvents as well as in aqueous media. These compounds showed uptake capacities of 4.6 

mmol.g-1 and 2.3 mmol.g-1 which are comparable to state-of-the-art amine based capturing 

agents (uptake capacity of 8 mmol.g-1).  
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KURZFASSUNG 

 

 

Spätestens seit der Bekanntgabe des Nobelpreises für Chemie im Jahr 2000 wurden vermehrt 

organischer Halbleiter und konjugierter Strukturen für verschiedene Anwendungen wie 

organische Solarzellen (OSCs), organische Leuchtdioden (OLEDs), organische 

Feldeffekttransistoren (OFETs) verwendet. Aufgrund des allgemeinen Glaubens an ihre 

Instabilität in Lösungen (sowohl in organischen als auch in wässrigen) bleibt die Erforschung 

ihrer Aktivität als katalytisches Material weitgehend vernachlässigt. Diese Studie zielt darauf ab, 

katalytische Eigenschaften von organischen Halbleitern mit einem heterogenen Ansatz zu 

erforschen. In einem ersten Schritt wurde ein bekannter organischer Halbleiter, Polythiophen, 

als Rückgrat zur Immobilisierung von Metallkomplexen verwendet, die in der Lage sind, CO2 zu 

weiteren Produkten zu reduzieren. In Kombination mit der photoaktiven Eigenschaft von 

Polythiophen ermöglichte dies die photoelektrokatalytische Reduktion von Kohlendioxid. Neben 

der Fixierung des Katalysators auf der Elektrode durch Polymerisation wurde auch der 

Katalysator CuTPP-COOH zur Steuerung der photoelektrochemischen Reduktion von O2 zu 

H2O2 verankert. Das durch TiO2-NTs getragene CuTPP-COOH zeigte im Laufe der Zeit eine 

gute Stabilität und, was noch wichtiger ist, reduzierte gelösten Sauerstoff zu Wasserstoffperoxid 

bei neutralem pH-Wert mit einer Rate von 13.4 µg H2O2 / gCuTPP-COOH / h. Dieser Wert ist 

vergleichbar mit den bekannten Literaturbeispielen von ZnO und g-C3N4. In einem anderen 

Ansatz wurden H-gebundene Halbleiter, nämlich Chinacridon, Indigo und Naphthalin-Diimid, als 

wirksame Kohlendioxid-(CO2)- Speicheragenten sowohl in organischen Lösungsmitteln als auch 

in wässrigen Umgebungen verwendet. Diese Zusammensetzungen zeigten 

Aufnahmekapazitäten von 4.6 mmol.g-1 und 2.3 mmol.g-1, was sie vergleichbar macht mit den 

sich auf dem Stand der Technik befindlichen Amine-basierten Speicheragenten 

(Aufnahmekapazität von 8 mmol.g-1). 
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1.  Introduction 

1.1.  Greenhouse Gases and Climate Change 

According to the Intergovernmental Panel on Climate Change (IPCC) a greenhouse gas can be 

defined as a constituent of the atmosphere which absorbs and emits radiation at a specific 

wavelength within the spectrum of thermal infrared radiation originating from Earth’s surface, 

clouds and atmosphere itself1. Hence the effect caused by such gases is called greenhouse 

effect which has been keeping the scientists, researchers, politicians and public busy since 

decades. According to their potency the greenhouse gases can be listed as follows2:  

 

 Water vapor (H2O) 

 Carbon dioxide (CO2) 

 Methane (CH4) 

 Nitrous oxide (N2O)  

 Ozone (O3) 

 

To talk about climate change one should consider the definitions of “climate” and “weather” first. 

While it is a challenging task to predict the weather for the next couple days, the prediction of 

climate behavior is relatively easier for scientists. Climate can be defined as the long-term 

average weather and making predictions on its behavior is easier by looking at atmospheric 

composition. As a simple analogy; we are not able to predict the age when a certain individual 

will die. However, it is relatively easy to say that a human’s average lifetime is around 75 years 

in developed countries2.  

 

Figure 1. Depiction of factors affecting the climate. 

 



 

 

February 6, 2018 Dogukan H. Apaydin  2/91 

It is important to know that local extreme cold weather or long winters is not an evidence against 

the climate change. Earth has witnessed such extreme cold and hot events. It is not the event 

itself that changes but its frequency that is affected by the changes in climate. There are many 

factors affecting the climate which are beyond the scope of this thesis.    

 

We can ask ourselves why, if carbon dioxide is the second in potency as a greenhouse gas, 

scientists are interested in addressing the issue of anthropogenic (human-originated) carbon 

dioxide in the atmosphere more urgently than the others? When concentration in the 

atmosphere of each gas is considered the amount of water vapor in Earth’s atmosphere is on 

the order of 10000-50000 ppm while carbon dioxide has concentration of ~ 400 ppm. The 

answer lies in a specific important parameter which is called “atmospheric lifetime”. Atmospheric 

lifetime can be defined as the time (in years) a greenhouse gas spends in the atmosphere which 

results in a global concentration all over the world. For water vapor the atmospheric lifetime is in 

the order of days while for carbon dioxide it is somewhere between 30-100 years which makes it 

our prime concern3.  

 

This concern is being tackled by many scientists around the globe to ensure a less carbon-

dependent future. There are two main approaches in tackling this global problem. The first one is 

Carbon Capture and Storage where carbon dioxide is captured either from the atmosphere or at 

the point of released and stored underground facilities (CCS). This approach will be discussed in 

detail in the following chapters. The second approach is called Carbon Capture and Utilization 

(CCU) which allows us to convert carbon dioxide into higher hydrocarbons.  

 

 

Figure 2. Possible products that can be derived from carbon dioxide. 
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1.1.1.  On the Thermodynamics of Carbon Dioxide 

 

To address the anthropogenic CO2 issue we have to look at the molecule itself. Carbon dioxide 

is a thermodynamically stable linear molecule with a Gibbs free energy of formation, ΔGºf of -

394.4 kJ/mol. This makes the conversion of carbon dioxide to higher hydrocarbons highly 

challenging4,5.  

 

Figure 3. Gibbs Free Energy diagram for carbon dioxide and other hydrocarbons (on the left). Correlation between 

standard Gibbs energy of reaction (Δ
R
G) and reaction equilibrium (on the right). 

The other important aspect one needs to take into account is the kinetics of the process where 

CO2 is converted to 1-electron reduced carbon dioxide radical where a change in the 

hybridization from sp to sp2 is occurred followed by a change in the linearity of the molecule 

upon bending6,7. 

 

However, addressing the stability of carbon dioxide and its conversion reactions to higher 

hydrocarbons using Gibbs free energy can be confusing and not straightforward. For that 

purpose the field of catalysis uses redox potentials to define the conversion of carbon dioxide. A 

typical table with redox potentials is given below:  

 

 

Figure 4. Formal thermodynamic potentials for conversion of carbon dioxide (adjusted for pH 7 vs. NHE). 
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This requires the use of special molecules called catalysts. Catalysts are molecules that change 

(increase) the rate of a reaction and they continue to do so as long as a certain substrate is 

there to react with. Conversion of carbon dioxide to higher hydrocarbons requires the use of the 

catalysts. In addition, the need of high energy to convert carbon dioxide calls for non-carbon 

energy sources like wind and solar energy for conversion. Together with non-carbon energy 

sources used in CO2 reduction together with reduction in overall carbon emission can result in a 

carbon-neutral cycle. 

 

Reduction of carbon dioxide can be achieved via several approaches:  

 

 Electrochemical reduction of carbon dioxide 

 Photochemical reduction of carbon dioxide 

 Photoelectrochemical reduction of carbon dioxide 

 

This thesis focuses on both of the approaches for addressing the existing problem of carbon 

dioxide in the atmosphere.  

 

In addition to carbon dioxide, photoelectrochemical synthesis of another chemical energy 

storage medium, i.e. hydrogen peroxide will be discussed.  

 

1.2.  Carbon Capture and Storage 

Carbon capture constitutes the initial step for both storage and utilization of CO2. Although 

atmospheric concentration of CO2 reaches a threatening value of ~400 ppm this concentration is 

still not feasible enough to efficiently capture CO2 from the atmosphere directly. Concentration of 

carbon dioxide for addressing its further reaction is a necessary step. Direct atmospheric capture 

of CO2 is not energy efficient and unlikely to compete with the existing post-combustion capture 

methods8,9. Post-combustion capture methods include the capture of release carbon dioxide at 

the source by treating the flue gas with a capturing agent.  

 

Below figure was designed to promote CO2-capture and underground storage which may not be 

the ideal long term solution. Nevertheless, scientists are working on various approaches to 

address the issue of capturing carbon dioxide which is the key step for further conversion.  

 

  

Figure 5. A campaign poster designed to promote CO2 capture and underground storage. 
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Industrial-scale CO2 capture relies on the purging of flue gas through an alkaline solution where 

it most likely forms a salt10,11. There are several established industrial methods for capturing of 

carbon dioxide at the origin:  

 

 Benfield process in which CO2 is treated with K2CO3 solution for capturing and then 

carbonate is regenerated12. 

 Rectisol process which includes the removal of gases like CO2 and H2S by using 

pressurized methanol10. 

 Use of organic amines in capturing of carbon dioxide via covalent bonding of carbon 

dioxide upon nucleophilic attack which requires high thermal energy inputs for 

regeneration10,13,14. 

 

Besides these well-established industrial approaches, scientists also tried to address the issue 

by introducing various materials like porous graphitic materials15–18, microporous polymeric 

resins19–21 and metal organic frameworks (MOFs)22–25. Almost all of these methods exclusively 

rely on physical adsorption upon thermal activation. The idea of direct electrochemical CO2 

capture exploiting the redox behavior of molecular materials, however, remains largely 

unexplored. 

 

Some examples of redox active organic molecules reacting with CO2 can be found in the 

literature: A 1971 study by Reddy et al. found that electrochemically reduced benzalaniline 

reacts at 140 °C with CO2 to form 1-α-phenyl-phenylglycine26. In 1984, Sasaki et al. reported the 

electrochemical carboxylation of α,β-unsaturated ketones with carbon dioxide27. DuBois and 

coworkers showed the potential of electroactive CO2 carriers for capturing CO2 for space 

applications28,29. Wrighton and Mizen studied similar quinone structures showing that CO2 

undergoes reductive addition with chemically reduced 9,10-phenanthrenequinone, forming a 

biscarbonate dianion30 Later Stern et al. conducted theoretical calculations on 1,4-benzoquinone 

structures to support the mechanism proposed by Wrighton and Mizen31. Buttry and coworkers 

combined the use of small organic molecules with electrochemistry for assessing the 

performance of 4,4’-bipyridine as a CO2 capturing agent32. The same group also introduced 

benzylthiolate as a carbon dioxide capturing agent which is generated by electrochemical 

reduction of benzyldisulfide33. These studies show the power of electrochemical capture and 

release of carbon dioxide as an alternative to energy and cost-intensive established capturing 

agent. Another important point to address is the physical status of the electrochemical capturing 

agent. Up to now all reported literature is about small organic molecules which are in solution. 

This adds another toll to the energy and cost since the regeneration of the capturing agent 

requires shifting of whole solvent-capturing agent mixture. Heterogeneous electrodes which CO2 

can be loaded onto are still missing in the field. Such electrodes might eliminate the necessity of 

shifting whole electrolyte mixture for further releasing of CO2. Instead just the electrodes can be 

mobilized to the desired area where CO2 can be released. 
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1.3.  Hydrogen Peroxide as Alternative Chemical Energy Storage 
Medium 

 

Reduction of dissolved oxygen in water, also known as oxygen reduction reaction (ORR), leads 

to formation of H2O2 which is a high-energy and versatile product34. H2O2 is capable of 

participating in several different redox reactions and is an active species in plethora of biological 

processes10. In addition H2O2 has been used as a propellant throughout history starting with the 

Second World War. The fuel grade H2O2 is called High-Test Peroxide (HTP) which is a hydrogen 

peroxide solution consists of typically 85-98% hydrogen peroxide. When in contact with a 

catalyst (e.g. metallic silver, permanganates of alkali metals, and manganese oxides like 

manganese dioxide (MnO2) and dimanganese trioxide (Mn2O3)) HTP decomposes into high 

temperature mixture of O2 and steam without remaining liquid water. This reaction has been 

exploited as rocket propellant, torpedo propellant and in some cases as fuel for Vernier engines 

which are small booster rockets that are used for adjusting the altitude and velocity of 

spacecrafts35–37. Since the industrial process for the formation of H2O2 which uses anthraquinone 

process, is known to be energy intensive due to involvement of high temperatures, high-

pressure hydrogenation and noble metal catalysts38. Researchers have been extensively 

studying since the reaction also takes place, although not so favorable, in fuel cells. Efforts to 

make production of H2O2 production less energy-intensive are underway39.  

 

Oxygen reduction reaction can take place in several ways which are listed in the table below40:  

 

Table 1. Thermodynamic potentials of electrochemical O2 reduction reactions 

 

Electrolyte medium ORR reactions  Thermodynamic electrode 

potential in Volt (at 

standard conditions) 

Acidic O2 + 4H+ + 4e-  H2O 

O2 + 2H+ + 2e-  H2O2 

H2O2 2H+ + 2e-  2H2O 

1.23 

0.70 

1.76 

Alkaline O2 + H2O + 4e-  4OH- 

O2 + H2O + 2e-  HO2
- + OH- 

HO2
- + H2O + 2e-  3OH-

 

0.40 

-0.06 

0.867 

Non-aqueous aprotic solvents O2  + e-  O2
- 

O2
-- + e-  O2

2- 

-* 

-* 

 

*: Thermodynamic potentials for 1-electron reduction and superoxide formation are not given in this table since they 

are strongly dependent on the solvent used. 

 

Hydrogen peroxide is an alternative green oxidant in industry since its only by products are H2O 

and O2
 and production of it via solar conversion might be an alternative way energy storage34,41–

43.  

Dedicated to this quest, researchers have tried to address this issue and tackle the problem by 

introducing metal catalysts44–49, core-shell structures, metal oxides, metal chalcogenides etc.50–52 

Additionally, photocatalytic reduction of O2 to H2O2 by inorganic semiconductors (e.g.  ZnO, CdS 

and TiO2) and organometallic complexes has been reported43,51,53,54. Recently, metal-free 
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carbon-based catalysts are in the focus for (photo)electrochemical reduction of dissolved O2. 

This class mainly includes graphitic carbon nitrides (g-C3N4) and organic pigments55–57. 

However, almost all of these reactions require either acidic or basic conditions which make daily 

applications challenging. Although there are a few examples58, the search for a catalyst which 

works under mild pH conditions is still in progress. 

 

1.4.  Homogeneous vs. Heterogeneous Catalysis 

According to the Gold Book of International Union of Pure and Applied Chemistry (IUPAC) 

homogeneous catalysis can be defined as the catalytic reaction which takes place where the 

catalyst and the reactants are in the same phase. In the case of heterogeneous catalysis 

catalyst and the reactants are in different phases which might be gas-solid, liquid-solid or liquid-

liquid. Heterogeneous catalysis takes place in an interface. Almost 90 % of the catalysis taking 

place in chemical industry is heterogeneous based. Certain examples can be found in the table 

below59:  

 

Table 2. Examples of industrial processes where heterogeneous catalysis is used. 

 

Process Catalyst used in the process 

Sulfuric acid synthesis Vanadium oxides 

Haber-Bosch process (ammonia synthesis) Iron oxides on Al2O3 

Ostwald process (Nitric acid synthesis Unsupported Pt-Rh gauze 

Hydrogen production via steam reforming Nickel or K2O 

Andrussov oxidation (Hydrogen cyanide 

synthesis) 

Pt-Rh 

Ziegler-Natta polymerization of olefins TiCl3 on MgCl2 

Ethylene oxide synthesis Ag on Al2O3 

Hydrodesulfurization Mo-Co on Al2O3 

 

Homogeneous and heterogeneous approaches have both advantages and disadvantages which 

are listed below60–63: 

 

Table 3. Comparison of Homogeneous and Heterogeneous Catalysis 

 

Features of Homogeneous Catalysis Features of Heterogeneous Catalysis 

Industrially less relevant High industrial relevance 

Mild reaction conditions (-78°C to 250°C) Wide range of operating conditions 

Ease of investigation of mechanism and 

reaction conditions directly in solution (NMR, 

IR, UV-Vis etc.) 

Requires specialized analytic methods 

(operando methods, ATR-FTIR) 

Fine-tuning of the catalyst properties is easy Fine-tuning is not always easy 

High selectivity and high diffusivity High selectivity is not always possible 

Well defined-active site Poorly defined active site 

Catalyst separation and recycling is expensive 

and energy intensive 

Catalyst separation and recycling is simple 

and easy.  
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1.4.1.  Organic Semiconductors 

 

With aforementioned features and many others in mind this thesis aims to use the properties of 

both catalysis and make a synthesis of both. Organic semiconductors are solids which bare π-

bonded molecules or polymers in their structure which made up by carbon and hydrogen mainly. 

These structures can also contain heteroatoms like nitrogen, oxygen and sulfur. In their neutral 

states they are generally electrical insulators. Upon injection of charges, doping or 

photoexcitation they become semiconducting.  

 

First known example of organic semiconductors was synthesized by Henry Letheby who was an 

English analytical chemist and a public health officer in 186264. Later on in 1960, Kallmann and 

Pope reported that a hole current can flow through an anthracene crystal contacted with a 

positively biased iodine-containing electrolyte which acted as hole injector65,66. This was the first 

proof-of-concept that the organic compounds can be semiconductors. Since then organic 

semiconductors and conjugated polymers were studied extensively67–74. These studies include, 

but not limited to, Organic Solar Cells (OSCs), Organic Field Effect Transistors (OFETs), 

Organic Light Emitting Diodes and many others. Interested readers may also refer to many 

books published on the topic of organic semiconductors and their applications75–80. 

 

In comparison to their inorganic counterparts, organic semiconductors can be modified 

chemically and their properties like absorption, emission, crystallinity, conductivity, solubility etc. 

can be tailored. These properties made them suitable for various applications as mentioned 

above. In addition to well-known device applications, organic semiconductors were also used in 

photoelectrochemical cells, which constitute an important part of this thesis. Photoelectrocemical 

cells convert light energy, together with the help of electrical input, into chemical energy81,82.  

Their interfaces between electrodes and electrolytes have been investigated for different 

applications but catalytic applications of organic semiconductors remain mostly unexplored.  

 

A semiconductor-electrolyte interface is shown below for a p-type semiconductor. 

Figure 6. Energy level diagram of a p-type semiconductor-electrolyte interface, before contact and at equilibrium. 
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EF in this diagram is the Fermi level, which is defined as the energy level at which the probability 

of being occupied by an electron is ½. This level lies in the middle of conduction and valence 

bands in an undoped semiconductor. Upon doping the Fermi level changes due to the change of 

the distribution of electrons in the semiconductor. For a p-type semiconductor Fermi level lies 

just above the valence band whereas it is located right below the conduction band in case of an 

n-type semiconductor. When a semiconductor electrode dipped into an electrolyte solution the 

abovementioned picture is altered. If the redox potential of the electrolyte solution and the Fermi 

level do not lie at the same energy, charges move between the semiconductor and electrolyte 

solution in order to equilibrate the two phases. The excess charge now extends into the 

semiconductor forming space charge region. This creates an electric field and one has two 

double layers to take into account which are interfacial double layer and space charge double 

layer. In case of a p-type semiconductor, electrons will be transferred from the electrolyte to the 

electrode since the Fermi level usually lies below redox potential. This creates a negatively-

charged space charge region causing the band edges to bend downwards. With this, the holes 

in the space charge region are removed which results in a depletion region. The process is 

reversed for n-type semiconductors83,84. 

 

 

Figure 7. Schematic representation of band bending at electrode-electrolyte interface in semiconductors. (a) n-type 

and (b) p-type. 

 

As the semiconductor is usually situated on a metal electrode the change in the potential of the 

electrode will have an effect. The behavior of the bulk of the semiconductor (i.e., away from the 

depletion region) varies with the applied potential and this is translated from the bulk of the 

semiconductor to the interface which opens up three possibilities:  

 

 At potentials where the Fermi energy level lies at the same energy level as the redox 

potential of the solution there is no net charge transfer. This results in no bending of the 

bands which is called flatband potential, Efb. 

 Depletion regions arise at potentials more negative of the flatband potentials for p-type 

semiconductors and at more positive potentials for n-type semiconductors. 

 At potential positive of the flatband potential an excess of majority carriers (holes) is 

observed in this space charge region which is now referred to as accumulation region. 

This true for more negative potentials of the flatband potential in n-type semiconductors. 
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Figure 8. Effect of applied potential on the band edges of the bulk of the semiconductor. 

 

This thesis aims to implement the abovementioned logic for well-known organic semiconductors 

like polythiophenes and porphyrins via modifying them chemically to be immobilized on the 

surface of an electrode in order to drive catalytic reactions like carbon dioxide reduction and 

oxygen reduction.  

 

1.4.2.  Electrochemical and Photoelectrochemical Reduction of Carbon Dioxide 

 Homogeneous Approaches 1.4.2.1. 

 

There are many types of catalysts that have been investigated for the reduction of carbon 

dioxide to further products and among them organometallic complexes, especially polypyridine, 

are of main interest85. Rhenium containing pyridine complexes are probably the most studied 

class of materials in the field of CO2 reduction. 

 

The first of the Re-containing complexes was reported by Hawecker, Lehn and Ziessel in 198460. 

In their paper, the authors describe their findings on [Re(bpy)(CO)3Cl] (bpy=2,2’-bipyridine), 

which had been introduced as a  homogeneous photocatalyst by the same group previously for 

the electrochemical reduction of carbon dioxide to carbon monoxide86. Hawecker et al. showed 

that [Re(bpy)(CO)3Cl] (also known as Lehn’s catalyst) can produce 32 mL of CO if held at a 

potential of -1250 mV (vs. NHE) for 14 h without degradation, giving a remarkable faradaic 

efficiency of 98% and a TON of 300. The authors note that the complex gives the highest 

efficiency if a mixture of DMF/H2O (9:1) is used together with 0.1m Et4NCl as the supporting 

electrolyte. If no water was added, CO production was observed to be much slower, leveling off 

after a few hours. This study was a milestone which inspired many subsequent ones in the field.  
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Figure 9. Chemical structure of Re(bpy)(CO)3Cl where bpy is 2,2’-bipyridine. 

 

Although the study of Hawecker and co-workers set a milestone in the field, in the initial paper, 

the mechanism behind the process was not elaborated in detail. However, the study did have an 

important comparative experimental aspect in which electrolyte solutions with and without water 

were used. This was an important hint for the subsequent studies. Sullivan et al.87 performed a 

detailed study on the [Re(bpy)(CO)3Cl] complex to clarify the mechanism. Their report describes 

the electrochemical behavior of the complex as well as the related derivatives, which led the 

authors toward two independent pathways for the electrochemical reduction of carbon dioxide. 

The derivatives used in the study were represented with the general formula [Re(bpy)(CO)3L]n+, 

where L=4-ethylpyridine (n=1), Cl- (n=0) or hydride (n=0). The authors showed that the variation 

of the ligand did not affect the redox potential of the first reversible reduction peak, which was 

observed at approximately -1120 mV (vs. NHE), and concluded that this peak originates from 

the reduction of bipyridine (bpy). The second (irreversible) reduction peak potential varied with 

the changing ligands L suggesting that this process is metal based. Coulometry and bulk 

electrolysis at -1100 to -1200 mV (vs. NHE) demonstrated that the first reduction is a one-

electron process. However, this process is coupled to the formation of the sparingly soluble 

green dimer [Re(bpy)(CO)3]2. The authors characterized this dimer by UV/Vis, IR and 1H NMR 

spectroscopy as well as elemental analysis. They also produced this dimer by chemical 

synthesis to further support their spectroscopic conclusions. The mechanism for the formation of 

the Re–Re dimer proposed by Sullivan et al. can be summarized as follows: 

 

 

Figure 10. Set of equations leading to the formation of sparingly-soluble dimer.  

The lack of redox activity, indicating the formation of dimer species in the cyclic voltammogram 

of the complex, was explained by the slow rate of the process. The authors suggest that loss of 

Cl- might be preceded by intramolecular electron transfer to a metal-based dσ* orbital, which, as 

a result, might facilitate metal–metal bond formation. The authors conducted a constant-potential 

experiment at -1500 mV (vs. NHE), which consumed two electrons per Re atom to give a red-

purple solution. This is believed to be the anionic form ([Re(bpy)(CO)3]
-) of the complex. If CO2 
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was introduced into the electrolyte the first reversible peak at -1120 mV did not show a catalytic 

enhancement, suggesting that bpy does not take part in the catalytic reduction of carbon dioxide 

if a current enhancement in the second reduction peak of the complex is observed. Finally the 

authors’ findings were summarized in a two-way reaction scheme and it is stated that the 

process starts with a radical form of [Re(bpy)(CO)3] or its solvated form [Re(bpy)(CO)3]·MeCN. It 

is concluded that the dimer formation occurs when CO2 is not present in the vicinity of the 

electrode. The second path (two-electron pathway) involves the anion [Re(bpy)(CO)3]
- and 

results in the formation of CO88.  

 

 

Figure 11. Reaction pathways suggested by Sullivan et al.
87

 

Detailed information on the further studies of Re containing complexes and their catalytic 

performances can be found in this review89.  

 

 Heterogeneous Approaches 1.4.2.2. 

 

Scientists tried to address the issue of side reactions and dimer formation with various 

approaches where they tried to immobilize the catalyst on the electrode surface.  Another 

important issue regarding the Re-complex-driven CO2 electrocatalysis is the high potential 

values required90–94 for the reduction which makes the process energy inefficient. One way to 

address this issue is the use of light energy as an addition to the electrochemical reduction. This 

should not be confused by the photocatalytic reduction of CO2 which can be found in detail in 

these reviews95–98.  

 

Photoelectrocatalytic reduction of CO2 offers lower energy requirements since the energy 

needed to reduce carbon dioxide is partially supplied by the light source. In the literature there 

are several examples for photoelectrochemical reduction of carbon dioxide where 

semiconductors and/or semiconductors modified with catalysts were utilized88.  
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One of the earliest examples of photoelectrochemical reduction of CO2 was introduced by 

Hallmann in 1978 where he used a p-type gallium phosphide (GaP) as the working electrode for 

CO2 reduction99. He obtained formic acid, formaldehyde and methanol as products. Another 

study where GaP was used followed this one and reported formic acid with a 15.2 % faradaic 

efficiency100. Canfield and Frese reported the use of p-type GaAs and InP for catalytic reduction 

of carbon dioxide to methanol with faradaic efficiencies ranging between 52 – 80%101. Bocarsly 

and co-workers used GaP as the photoelectrode where they addressed pyridinium ion in 

solution to produce methanol from carbon dioxide102. Other examples where semiconductors 

were used to drive the catalytic reduction of carbon dioxide can be found in literature88,103–106. 

 

Another approach is the covalent attachment of a catalytically active material on the electrode 

surface. Possibly the earliest example in the literature is the study reported by Spiro and Ghosh 

in 1980 where authors covalently immobilized [Ru(bpy)3]
2+ on n-type SnO2

107. The study did not 

investigate the catalytic properties of the electrode but this was an important demonstration of 

covalent attachment of such molecules. Reisner and co-workers attached [Re{2,2’-bipyridine-

4,4’-bis(phosphonic acid)}(CO)3(L)] (L=3-picoline or bromide) onto TiO2 nanoparticles and 

investigated the catalytic properties and reached a TON of 48 for the formation of CO108. This 

study followed by a similar approach by the same group where they immobilized MnP on TiO2 

and drove the photelectrochemical reduction of carbon dioxide with a faradaic efficiency of 

62%109.  

 

Studies in which well-known Re bipyridine complex is immobilized are not too many in the 

literature. The earliest example was introduced by Meyer et al. in which the authors used Re 

containing 4-vinyl-4’-methyl-2,2’-bipyridine in polymer backbone. The polymer was grown 

electrochemically from Re complex and yielded CO as the main product with a faradaic 

efficiency of ~90% in CO2-saturated solutions110.  Cosnier and co-workers attached Lehn’s 

catalyst as a pendant group onto a pyrrole molecule and electropolymerized it to yield a polymer 

with polypyrrole backbone where Lehn’s catalyst as the pendant group111.  The polymer gave 

oxalate and CO as products and reached a faradaic efficiency of 78% but the catalytic activity 

decreased rapidly with time. Portenkirchner and coworkers introduced an n-type polymer where 

they incorporated Lehn’s catalyst into the backbone and investigated its catalytic properties. The 

polymer reached faradaic efficiencies around ~30% with CO being the main product112. 
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Figure 12. Potentiodynamic formation of Lehn catalyst bearing polymer. 

Later on Nervi and coworkers also introduced polymer structures with thiophene having Lehn’s 

catalyst as the pendant group which yielded a faradaic yield of 84% at -2100 mV113.  

 

All these molecules bearing Lehn’s catalyst in their structure have a trait in common that is being 

operated in electrocatalytic mode where high potentials are required. A different route where the 

combination of electrocatalysis and photocatalysis is combined is still missing which is one of the 

motivations for photoelectrocatalytic reduction of carbon dioxide using third generation 

conjugated polymers. 
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2.  Experimental Methods and Materials 

2.1.  Materials 

Materials used throughout this thesis are listed in the table below along with their suppliers. 

 

 

 

Material Formula Supplier Purity Abbreviation 

Acetone C3H6O VWR Chemicals technical - 

Acetonitrile C2H3N Roth > 99.9% MeCN 

Carbon dioxide CO2 Linde 99.995% - 

Chlorobenzene C6H5Cl VWR Chemicals 100% - 

Chromium on tungsten rod Cr Kurt J. Lesker 99.9% - 

Copper sulphate 

pentahydrate 

CuSO4 * 5 H2O Sigma Aldrich p.a. >99.0% - 

N,N-diemthylformamide C3H7NO VWR Cemicals 100% DMF 

Glass  Thermo Scientific Pre-cleaned - 

Glassy Carbon, 2 mm  Alfa Aesar type 1 GC 

Gold Au Ögussa 99.99% - 

Hydrochloric acid HCl Sigma-Aldrich 37.5% HCl 

Isopropanol C3H8O VWR Chemicals AnalaR 

Normapur 

IPA 

Nitrogen N2 JKU  - 

Pyridine C5H5N Sigma Aldrich 99.8% Pyr 

Quinacridone C20H12N2O2 TCI > 93.0% QNC 

Silver wire Ag Alfa Aesar 99.99% Ag 

Sodium chloride NaCl ACM 99.98% - 

Sodium sulphate anhydrous Na2SO4 Sigma Aldrich > 99.0% - 

Sulfuric acid H2SO4 J. T Baker 95 - 97% - 

Tetrabutylammonium 

hexafluorophophate 

C16H36NPF6 Sigma Aldrich >99.0% TBAPF6 
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2.2.  Methods 

2.2.1.  Electrochemistry 

 

Cyclic voltammetry was used extensively for characterization and catalysis throughout this thesis 

and the basics will be explained briefly in this part.  

 

Cyclic voltammetry is a useful method which involves the imposing of a triangular waveform 

which is created by a potentiostat, as the potential of the working electrode in an electrochemical 

cell. The electrochemical cell usually includes a three-electrode configuration with a working 

electode (WE), a counter electrode (CE) and a reference electrode (RE). 

 

 

Figure 13. Potential waveform in cyclic voltammetry.  

 

A potential is applied by the function generator to the WE against the RE which maintains a 

constant potential. This potential is maintained at the desired value by a potential difference 

applied between WE and CE. The current also flows between WE and CE while RE carries no 

current in order to protect its integrity and to keep its potential constant40.   

 

Various different electrochemical cells were utilized during this study. Initial characterization of 

the compounds of interest was done in a one-compartment cell where all the electrodes were in 

the same compartment for the sake of simplicity. For constant potential electrolysis experiments 

a two-compartment cell was used in order to prevent the re-oxidation of the newly-formed 

products on the anode and cross contamination which might arise from the reactions at the CE.  
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Figure 14. Photos of a one-compartment cell (a) and a two-compartment cell (b). 

 

When organic solvents were used as the solvent, the supporting electrolyte of choice was 0.1 M 

tetrabutylammonium hexafluorophosphate  (TBAPF6) in the the corresponding organic solvent. A 

silver wire coated with silver chloride114 was used as the quasi-reference in all cases where the 

electrolyte solution was of organic origin. This electrode is then calibrated externally against 

ferrocene / ferrocenium (Fc / Fc+) couple. Ferrocene was chosen because of its stability and 

distinct one-electron redox property.   

 

 

 
Figure 15. Typical cyclic voltammogram of Ferrocene / Ferrocenium couple.  



 

 

February 6, 2018 Dogukan H. Apaydin  18/91 

Figure above shows a typical voltammogram of Fc / Fc+ couple in 0.1 M TBAPF6 in acetonitrile. 

The half-wave potential is deduced from the cyclic voltammogram and then converted to normal 

hydrogen electrode (NHE) values by taking the E1/2, ferrocene as 640 mV.  

 

In the case of aqueous solvents 0.1 M sodium sulfate (Na2SO4) in water was used as the 

electrolyte. 

 

A conversion of the electrode potentials that are used throughout this thesis to each other is 

given below.  

 

 

For photoelectrochemical experiments a halogen lamp was used at a certain distance to 

maintain the same intensity for each experiment which is 60 mW cm-2. This value was obtained 

by measuring the intensity of the incoming light intensity in the vicinity of the electrochemical cell 

using a calibrated Si diode.  

 

 

Figure 16. Photo of a photoelectrochemical experiment in progress.  

 

The electrochemical cell was cooled with a pair of small fans or a big home-type fan during the 

experiments to avoid the heating effect which might originate from the halogen lamp.  
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Except in the case of O2 reduction experiments, all other experiments started with purging the 

electrochemical cell extensively with N2 or Ar to remove the atmospheric oxygen. Since all 

experiments in this thesis deals with the reductive part of the voltammogram, atmospheric 

oxygen is an important contaminant. It may cause oxidation of the reduced species or itself can 

be reduced causing interference in the electrochemical behavior of the compound of interest. 

The time of purging varied depending on the nature of the electrolyte. Aqueous based 

electrolytes require more than 60 min of purging in order to sufficiently get rid of atmospheric 

oxygen since the solubility of oxygen in water is 8 mg/L. In organic solvents this time can be 

reduced to 15 – 30 minutes for N2 or Ar. In the case of CO2 purging aqueous solvents need 

again more than 60 min while for organic solvents like acetonitrile 10 minutes is enough since 

the solubility of CO2 is 34 times higher in acetonitrile than that is in water. That is also true for O2 

in aqueous electrolytes as it was mentioned earlier. 

 

Upon completion of the initial characterization of the interested compounds a constant potential 

electrolysis (CPE) was conducted to assess the performance of the material as a catalyst. For 

this the electrochemical cell was sealed with air-tight caps having a septum in the middle. Then 

the cell was purged either with CO2 or with O2 around 15 minutes to achieve saturation. In all 

constant potential electrolysis cases the electrolyte solution was stirred during electrolysis. The 

potential that was kept constant was decided upon the behavior of the compound in cyclic 

voltammetry under CO2.  

 

When CPE was concluded a gas-tight glass syringe was used to penetrate the septum of the 

cathode compartment to sample the headspace. A sample of 2 mL gas was taken and then 

injected to gas chromatograph (GC) or in the gas sampling chamber of Fourier transform 

infrared spectrophotometer (FTIR). In the case of ORR experiments an aliquout of 100 µL were 

taken from the electrochemical cell and were mixed with the detection medium containing the 

precursor.  

 

During CPE the current-time curve was observed and recorded in order to extract the amount of 

charges that were used in the process. A current-time curve is plotted with the units Ampere and 

seconds and then the area under the curve is integrated to obtain the charge passed in 

Coulomb.  

 

Figure 17. A typical current-time curve used for extracting the charges consumed during electrolysis. 
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Extracting the number of charges used during CPE is important for the calculation of faradaic 

efficiency which defines the selectivity of a catalyst toward a certain product. The faradaic 

efficiency can be calculated by the dividing the number of moles of product obtained by the 

number of moles of electrons consumed. This is then multiplied by the number of electrons 

needed to convert the substrate (CO2 or O2).  

 

𝜂 =
# 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

# 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
 𝑥 # 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 𝑓𝑜𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

 

Other important parameters for assessing the performance of a catalyst are overpotential which 

can be described as the difference between the applied potential and the thermodynamic 

potential that is needed to drive the mentioned process, and turnover number (TON). Turnover 

number tells us the stability of a catalyst over time and can be calculated as:  

 

𝑇𝑂𝑁 =
# 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

# 𝑐𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 (𝑜𝑟 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡)
 

 

Calculating the number of catalitically active sites is not always trivial. For that reason scientists 

use the number of molecules of catalyst in the solution or on the electrode and assume that all of 

the catalyst in there is active. However, when a catalyst is formed by electropolymerization i.e. 

third-generation conjugated polymers it is not easy to understand how many moles of catalyst is 

deposited on the electrode. To overcome this issue one can use electrochemistry and calculate 

the amount of electrochemically active sites on the electrode from the cyclic 

voltammogram115,116. 

 

This can be done by extracting the charges during one CV cycle and calculating the mole of 

electrons using Faraday constant.  

 

 

Figure 18. Current-time curve used for calculating the number of active molecules on an electrode. 
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2.2.2.  Fourier Transform Infrared Spectroscopy 

 

FTIR measurements constitute an important portion of characterization and product identification 

in this thesis. Each gaseous product which was detected using gas chromatography was double 

checked using FTIR spectroscopy for their chemical structure.  

 

FTIR measurements were performed on Bruker IFS 66/S and Bruker Vertex 80 

spectrophotometers with 4 cm-1 resolution in each case. The general schematics of an FTIR 

spectrophotometer are depicted below.  

 

Figure 19. Schematics of an IR spectrophotometer. 

 

The setup consists of Globar (IR source), a Michelson Interferometer with a KBr beam splitter, 

the sample compartment and a Mercury Cadmium Telluride (MCT) detector. 

 

For the FTIR measurement of gaseous samples a self-made transmission mode gas cell 

equipped with IR-transparent ZnSe windows and two air tight septa for purging the cell and 

injecting the sample. 

 

 

Figure 20. Schematic of the IR transmission cell. 
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For FTIR measurements a 2 mL-sample was taken from the headspace of the electrochemical 

cell and was injected to the sample compartment. A measurement where there is no sample was 

also conducted as the baseline measurement to remove any effects which might originate from 

the chamber itself. 

 

For quantification of the interested gas sample, a calibration curve was established by injecting a 

known amount of gas. Later on the area under the related peak in the IR spectrum was plotted 

against the concentration to obtain a straight line.  

Figure below shows a typical difference spectrum for CO2 and carbon monoxide (CO). 

Difference spectrum was used throughout this thesis and it is very helpful in order to see small 

changes. The idea behind the different spectrum is the relative change where the transmission 

change (ΔT) is divided by the initial transmission which results in peaks pointing downward. To 

make the spectrum more trivial we add a minus sign in front of it to make the absorbing peaks 

upwards yielding a (-ΔT / T) vs. wavenumber plot. In this plot the peaks pointing upwards are 

newly developing peaks while the peaks pointing downward are diminishing ones.  

 

 

 

Figure 21. FTIR spectrum of CO2 and CO. 

 

As it can be seen from the figure there are two double peaks; one centering at 2143 cm-1 which 

corresponds to the infrared active rotational-vibrations of the P and R branches of gas-phase 

CO. The second one centering at 2348 cm-1 corresponds to the infrared active vibration of CO2. 

Interested readers are suggested to refer to the work of Harris and Bertolucci for further IR 

active compounds117.  
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For FTIR characterization of thin films a Bruker Vertex 80 equipped with a Platinum ATR module 

was used. In this configuration an electrode with a thin film on it is placed facing downwards on 

the module where it becomes in contact with the diamond reflection element of the module. The 

lever is lowered onto the sample to apply pressure in order to remove any trapped air to avoid 

optical as well as atmospheric interference. This is a reflective mode measurement rather than a 

transmission mode which allows the characterization of thin films in short time with precision. 

 

 

 

 

 

Figure 22. Photo of the ATR-FTIR thin film measurement setup. Magnified photo of the actual measurement area 

(inset). 

 

 In-situ ATR-FTIR Spectroelectrochemistry 2.2.2.1. 

 

In-situ techniques allow us to observe changes inflicted on the electrode during the 

electrochemical process upon an external stimulus. In this study in-situ ATR-FTIR 

spectroelectrochemistry was used in order to determine the structural changes during 

electrochemical CO2 capture process. The experiments were conducted on Bruker IFS 66/s 

FTIR spectrophotometer equipped with an MCT detector. Prior to the experiments the detector 

was cooled down to liquid nitrogen temperatures to ensure high sensitivity. The detector, in this 

state, can be used up to 8-10 hours.  
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To construct a mini-electrochemical cell a polytetrafuoroethylene (PTFE) housing is used with a 

Pt-plate in it serving as the counter electrode. A silver wire coated with silver chloride is inserted 

from the top via a hole to serve as the reference electrode while a Ge crystal coated with 

material of interest serves as the working electrode. Finally the assembly is completed with an 

O-ring between the WE and the electrochemical cell. This setup is put into the sample chamber 

of the FTIR and the PTFE tubes are inserted from above to maintain the electrolyte flow during 

the experiment. When all is assembled and the electrodes are contacted a paraffin wax sealing 

is applied around the electrode and tube entry points to ensure atmospheric as well as liquid 

thightness.  

 

 Figure 23. A photo of the Ge reflection element (on the left) and disassembled electrochemical cell (on the right).  

A schematic of the top view of the assembled cell is given below.  

 

 

Figure 24. A schematic representation of ATR-FTIR spectroelectrochemistry cell.  

After setting up the electrochemical cell inside the sample compartment of the FTIR 

spectrophotometer the sample compartment is sealed with a plastic foil allowing only the cables 

for electrodes and tubes for the electrolyte. A step potential program is created in the 

potentiostat with the desired potential steps. When the electrolyte (organic or aqueous) flow is 

maintained in a steady flow rate the potential-step measurement is started simultaneously with 

the collection of spectra in FTIR. Typical example for such an experimental setup is 50 mV 

potential intervals (applied for 20 seconds) with a measurement of a spectrum every 20 
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seconds. It is important to note that in case of using Ge electrodes the nature of the applied 

potential is of essence since oxidative processes tend to degrade the Ge itself. In cases where 

the reflection element is ZnSe this is not an issue. However, ZnSe is not conductive itself which 

requires a thin coating (5-7 nm) of Pt layer prior to deposition of material of interest. 

 

Resulting spectra are calculated in the –ΔT/T configuration and plotted against wavenumber.  

 

 

2.2.3.  UV-Vis Spectroscopy 

 

Uv-Vis absorption measurement of the films and monomers as well as the small molecules was 

performed in a 1 cm quartz cuvettes at ambient temperatures using a PerkinElmer Lambda 1050 

UV-Vis-NIR spectrophotometer. Baseline correction was carried out prior to each set of 

measurements.  

 

In cases where a fast detection of species is needed, a Thermo Fischer Scienfitic MultiSkan Go 

microplate-reading UV-Vis spectrophotometer was used. This allows the detection of multiple 

species in triplicates or quadruplicates in less than a minute.  

 

2.2.4.  Gas Chromatography 

 

For the judgment of a material’s ability as a CO2 catalyst direct product detection is of essence. 

To this end, a Thermo Fischer Trace GC Ultra gas chromatograph was used. The 

chromatograph has 2 channels with carrier gases N2 and He in order to broaden the variety of 

detectable products. Each channel is also equipped with respective thermal conductivity detector 

(TCD) which allows the product detection.  

 

 

Figure 25. Photo of the Thermo Scientific Trace GC Ultra (on the left) and two typical chromatograms (overlayed) 

showing the detectable products.  
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2.2.5.  Scanning Electron Microscopy 

For the characterization of the electrodes and thin films in nanoscale scanning electron 

microscopy (SEM) is essential. In the case of O2 reduction reaction (ORR) electrodes 

constructed on TiO2 nanotubes (TiO2 NTs) a JEOL JSM-6360LV scanning electron microscope 

was used. Images were taken with a working distance (WD) of 9 mm and an acceleration 

voltage between 3-15 kV.  

 

2.2.6.  Electrode Preparation and Cleaning 

Different electrodes were used throughout this study and proper cleaning of electrodes 

constitutes an important step to reach pristine semiconductor modified electrodes.  

 

Indium Tin Oxide (ITO) coated glass slides were first cut into the desired sizes and then cleaned 

in different solvent baths ultrasonically. The sequence of cleaning was base-piranha (to 

smoothen the glass surface), acetone, 2% Hellmanex solution, DI water (×2) and isopropanol.  

 

Glassy carbon electrodes were polished both mechanically and electrochemically prior to 

experiments. For mechanical polishing three different sizes of 1.0 µm, 0.3 µm and 0.05 µM Al2O3 

powder was used as slurry with the abovementioned order. Each side of the glassy carbon plate 

was polished 30 s followed by a rinsing with 18 MΩ water. Final polishing was done using a 

simple white toothpaste since Al2O3 particles tend to remain on the surface. Afterwards the 

electrodes were polished electrochemically by cycling the potential between +1.5 V and -1.5 V 

with a scan rate of 50 mV s-1 for 30 cycles in 0.5 M H2SO4. 

 

TiO2 NTs electrodes were used as they were delivered from University of Innsbruck. Further 

cleaning was done by using a Soxhlet setup with toluene as the solvent.  

 

Pt counter electrodes were flame cleaned prior to use. In the case of there were residues on the 

electrodes they were dipped into concentrated nitric acid, rinsed and flame cleaned. 

 

2.2.7.  Electrochemical Impedance Spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) is one of the most powerful techniques to 

understand underlying mechanisms of an electrode’s behavior. Resistance in the case of an 

ideal resistor can be defined as the ability of a certain circuit element to resist the flowing of 

electrical current. However, most of the systems mentioned here are far from ideal resistor which 

requires the need of a specialized analysis technique. Impedance can have the same definition 

as a resistor but in a more general way. Impedance can be referred as the frequency-dependent 

resistance of a circuit element to current flow. A simple comparison between resistance and 

impedance can be given as follows: 

 

𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒: 𝑍 =
𝐸

𝐼
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where E is defined as the frequency-dependent potential while I is the frequency-dependent 

current. Ideal resistor follows Ohm’s Law which is defined as:  

 

𝑅 =
𝐸

𝐼
 

 

EIS is measured by application of a sinusoidal alternating current or voltage to the sample over a 

range of frequencies118.  

 

Figure 26. A sinusoidal potential pulse and its current response in an alternating current system.  

 

This excitation signal (voltage) is expressed as a function of time and has the form:  

 

Et = E0 sin(jώt) 

 

where Et is the potential at time t, E0 is the amplitude of the signal, and ώ is the radial frequency 

which is dependent on the frequency expressed in Hertz (ώ=2πf).   

 

In a linear system, the response signal It is shifted in phase and has a different amplitude than I0. 

 

It = I0 sin(ώt + ø) 

 

Finally, an expression analogous to Ohm’s Law can be given to calculate the impedance of a 

system. 

 

𝑍ώ =  
𝐸𝑠𝑖𝑛(𝑡)

𝐼𝑠𝑖𝑛(𝑡 +  ø)
=  𝑍

𝑠𝑖𝑛 (𝑡)

𝑠𝑖𝑛(𝑡 +  ø)
 

 



 

 

February 6, 2018 Dogukan H. Apaydin  28/91 

When Et is plotted against It the resulting shape of the cross-section of these functions is an 

oval. This oval is known as the Lissajous Figure which was analyzed on oscilloscope screen 

prior to the modern EIS equipment.  

 

Following the Euler’s relationship; 

 

Exp(jø) = cosø + jsinø 

 

it is possible to express the impedance as a complex function which describes the potential as, 

 

Et =E0 exp(jώt) with the current response as It = I0 exp(jώt – ø) 

 

Finally, the impedance is represented as a complex number:  

 

𝑍ώ =  
𝐸

𝐼
= 𝑍0 𝑒𝑥𝑝(𝑗ø) = 𝑍0 (𝑐𝑜𝑠ø + 𝑗𝑠𝑖𝑛ø) 

 

Using EIS may help to: 

 

 Distinguish between two or more electrochemical reaction kinetics,  

 Identify diffusion-limited reactions, 

 Provide information about the capacitive behavior of an electrode, 

 Determine the electron transfer rate of a reaction 

 

EIS results can be reported in two main plots which are Nyquist and Bode plots and they are 

useful in the making of internal resistance estimates. The Bode plot displays frequency-

dependent impedance and phase shift which is useful for estimating the parameters of 

equivalent circuit model. Very low phase shifts can be associated with resistance e.g. charge 

transfer resistance, ohmic resistance. The Nyquist plot on the other hand, gives information 

about ohmic/solution resistance and total resistance in a cell. The type of transport of species 

like kinetically-controlled or mass transfer controlled transport can also be deduced from Nyquist 

plot119,120. 

 

 

 

Figure 27. Schematic representation of a typical Nyquist plot. 
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Figure 28. A representative Bode plot (Image taken from Gamry Instruments website). 

 

Upon investigating the EIS properties displayed by the material/electrode an equivalent circuit 

model is proposed that explains the behavior of the electrode and interfaces thereof in terms of 

circuit elements.  

 

 

Figure 29. An equivalent circuit model where Rs is the solution resistance, Cdl is a double layer capacitor and RCt is 

charge-transfer resistance (image taken from Gamry Instruments website). 

 

All electrochemical impedance measurements mentioned in this thesis were conducted at 

University of Innsbruck in collaboration with Dr. Engelbert Portenkirchner and Prof. Julia Kunze-

Liebhäuser. Electrochemical cells were assembled in atmospheric conditions and then purged 

with respective gases (Ar, CO2 or O2) for at least 60 min prior to any measurement. Experiments 

were conducted using a BioLogic VMP3 potentiostat. In order to shield any interference from 

outside, all experiments were carried out in a self-made Faraday cage. 
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Figure 30. A typical EIS cell during assembly (on the left) and before measurement in a Faraday cage (on the right). 
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3.  Results and Discussion 

3.1.  Carbon Capture and Storage (CCS) Using H-Bonded Pigments 

Carbon dioxide capture is the key process to electrochemically or photochemically address it to 

form products. Once it’s captured the molecular symmetry can be broken and the energy barrier 

which needs to be overcome for reducing carbon dioxide can be lowered.  Among many others, 

electrochemical capture and release of carbon dioxide is an alternative way to existing 

technologies where the capture and release can be realized in ambient temperature and 

pressure. Existing technologies use temperature or pressure swinging to release captured 

carbon dioxide which can be energy intensive.  

 

3.1.1.  Carbon Capture and Storage in Organic Solvents 

 

Quinacridone (QNC) was discovered in recent years to be an organic semiconductor121,122. Its 

two-electron redox property makes it a suitable candidate for redox applications. Its long term 

stability and ease of processing together with its competitive cost makes is attractive as a 

semiconducting electrode121. 

 

 

Figure 31. Chemical structure of Quinacridone 

 

With these motivations in mind, quinacridone thin film electrodes were prepared by subliming 

quinacridone at 355°C in a home-made hot wall epitaxy system onto ITO slides. 

 

 

Quinacridone 



 

 

February 6, 2018 Dogukan H. Apaydin  32/91 

 

Figure 32. Photo of a ~100 nm Quinacridone thin film on an ITO coated glass slide. 

 

The electrochemical characteristics of QNC were investigated in an electrochemical cell 

consisting of three-electrode setup. Glass/ITO/QNC was used as the working electrode; a silver 

wire coated with silver chloride was used as the reference electrode, and a Pt-plate electrode 

was utilized as the counter electrode. Figure 33 shows the electrochemical behavior of the 

electrode under N2 and under CO2 saturated conditions. 

Figure 33. Electrochemical behavior of QNC under N2 (blue curve), under CO2 (red curve) and after CO2 release 

(green curve). 



 

 

February 6, 2018 Dogukan H. Apaydin  33/91 

 

Under N2 atmosphere QNC shows a reversible reduction peak around -1950 mV and its re-

oxidation at around -1820 mV vs. Fc/Fc+ originating from the carbonyl moiety on Quinacridone. 

Upon saturation of the electrolyte solution with CO2 the characteristic peak diminishes yielding a 

featureless voltammogram. Upon release of CO2 the peaks can be recovered (green curve). The 

release of carbon dioxide was done in two ways. One of which is thermal release where the CO2 

loaded electrode is placed in an air-tight container equipped with a septum on top which then 

was placed on a heater. The heating and the release of carbon dioxide was monitored with a 

Lab-view program and an IFS66/S FTIR spectrophotometer with an air-tight gas transmission 

cell. 

 

 

 Figure 34. Setup used for the time-dependent release of CO2 from the QNC electrode upon heating.  

 

Release of CO2 started around 40°C and reached a saturation value at around 120°C (Figure 

35). The amount of CO2 was determined using a calibration curve made by increasing the 

amount of CO2 in the transmission cell and calculating the area under the CO2 peak at around 

2348 cm-1. 

 

For electrochemical release of CO2 the electrolyte solution was purged with N2 vigorously after 

electrochemical capture. CO2 loaded electrode remained in solution while purging. After purging 

the electrolyte and the electrochemical cell to remove any residual uncaptured CO2 potential was 

cycled between 1000 mV and -1900 mV to release captured CO2. Figure 36 shows the 

electrochemical behavior of the electrode under N2 (blue curve), under CO2 (red curve) and 

under N2 again after release (green curve). Scanning towards positive potentials yielded a peak 

around 10 mV which was attributed the release of CO2. Further scanning showed the recovery of 

oxidation peaks of QNC which were first observed in blue curve under N2. A sample of 2 mL was 

taken from the headspace of the air-tight cell and was injected to gas transmission cell in 
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sampling room of FTIR spectrophotometer to estimate the amount of released CO2. In both 

cases (thermal and electrochemical release) it is assumed that the released amount of CO2 is 

equal to the amount of CO2 captured. 

 

 

Figure 35. Release of CO2 over time upon heating the electrode. 

The figure of merit for assessing the performance of a CO2 capturing agent is the “Uptake 

Capacity” which is demonstrated by the milimoles of CO2 captured by a gram of capturing agent. 

The amount of captured CO2 was calculated from the headspace using FTIR spectroscopy. For 

calculating the amount of QNC on the surface, two methods were utilized. In the first method the 

thickness of the QNC film was used together with the geometric dimensions of the electrode. 

The density of QNC was taken as 1.47 g/cm3 123. From this calculation the amount of QNC on 

the surface was found as 1.35 × 10-7 mol. The second method is the calculation of the charge 

passed through the electrode in one cycle of the cyclic voltammetry under N2 which can then be 

correlated to the amount of electrochemically active species. This method gave similar results to 

the first method.  

 

The uptake capacities for thermal and electrochemical were calculated as 2.28 mmol CO2 / g 

QNC and 4.61 mmol CO2 / g QNC, respectively124,125. 
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Figure 36. Cyclic voltammetry of QNC thin film depicting the electrochemical capture and release of CO2. 

 

Based on the determination of amount of captured CO2 the molar ratios of CO2 to QNC was 

calculated as 0.70:1 and 1.43:1 for thermal and electrochemical release cases. In this respect, it 

can be concluded that the electrochemical release is more efficient than the thermal release. 
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Next, building on these results a definitive reaction stoichiometry cannot be determined, i.e., 

whether one or two carbonates attach to each QNC molecule, as the reaction is likely more 

complete at the surface of the film than in bulk. Nevertheless, it is plausible to assume that there 

are two carbonate groups per QNC molecule based on the 1.43:1 ratio found in the 

electrochemical release case, and also based on the assumed formation of a dienolate 

structure123. Like the better-known indigoid and anthraquinone vat dyes; due to the electron-

accepting properties of conjugated segments with carbonyl groups it is known that the carbonyl 

family of dyes and pigments undergo electrochemical reduction31. QNC forms a dienolate 

structure upon two-electron reduction123. Building forward from the previous information, a 

mechanistic proposal where each enolate attacks a CO2 molecule, forming a dicarbonate 

structure can be made. This structure is then stabilized by the extensive hydrogen bonding in the 

QNC. Newly formed dicarbonate-QNC carries a net charge of “-2”, with two tetrabu- 

tylammonium counterions maintaining the charge neutrality124,125. 

 

Based on these assumptions, previous work30  and the amount of released CO2 a mechanistic 

picture is depicted in Figure 37. 

 

 

Figure 37. Overall equation for capture of CO2 by  a QNC molecule (a). Proposed mechanism for capture and release 

of CO2 (b). 
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Owing to their characteristics, H-bonded carbonyl pigments tend to dissolve upon reduction or 

oxidation. This was also the case for QNC. Although CO2-loaded structure is more stable upon 

potential cycling the overall reproducibility over repetitive cycling is limited. Maximum 15 

consecutive capture-release cycles can be obtained for QNC.  Further electrochemical treatment 

causes QNC thin film to dissolve. To overcome this issue our group has introduced an H-bonded 

conjugated polymer based on Indigo126 which is another well-known H-bonded pigment for vat 

dyeing of jeans. The details for the synthesis can be found in the abovementioned reference. 

 

 

Figure 38. Electrosynthesis of poly(dithienyl indigo) (PDTI). 

 

The solubilizing tBOC moieties on nitrogen atoms allow the otherwise-insoluble indigo to be 

chemically altered. Upon introduction of tBOC the indigo structure becomes soluble so that the 

thiophene substitutions can be added on 6,6’ positions. After that the monomer DTI was placed 

in a solution containing 0.1 M TBAPF6 in acetonitrile with a concentration of 5 mM. A three-

electrode electrochemical setup was used where an ITO coated glass slide served as the 

working electrode with a Ag/AgCl quasi-reference electrode and a Pt-plate counter electrode. 

Potentiodynamic polymerization of the monomer yielded the polymer PDTI. Afterwards the 

electrode was heated up to 150 °C for 10 min to remove the solubilizing tBOC moieties. Later on 

PDTI was placed in a monomer free 0.1 M TBAPF6 solution in acetonitrile and its 

electrochemical behavior was observed under N2 and under CO2 (Figure 39). 
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Figure 39. Electrochemical behavior of PDTI under N2 (blue curve) and under CO2 (red curve). 

 

As can be seen from the voltammogram the blue curve yielded two characteristic peaks 

originating from the 2-electron reduction of carbonyl moiety of the polymer. Upon introduction of 

CO2 these peaks disappeared and a new peak around -1.25 V appeared. This peak might be 

authored by the electrochemical behavior of the polymer backbone. Upon releasing of CO2 

electrochemically the characteristic peaks were recovered but not the full extent. PDTI is stable 

in abovementioned electrochemical conditions up to 500 cycles which addresses the problem of 

encountered in QNC case.  

 

Up to now, the electrochemical capture and release of carbon dioxide was carried out in organic 

solvents which might limit everyday applications. Organic solvents can be expensive and 

disposal is energy intensive. CO2 capturing agents that are active in water is a necessity. 

 

3.1.2.  Carbon Capture and Storage (CCS) in Aqueous Medium 

 

For addressing the issue of CO2 capture in water a carbonyl pigment which can undergo 

reduction within the electrochemical window of water splitting is necessary. This molecule should 

be n-type in character and must be electrochemically addressable with a high overpotential for 

hydrogen evolution. With these in mind a new molecule designed and synthesized by Monika 

Gora of Warsaw University was introduced (Figure 40). 
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Figure 40. Chemical structure of 2,7-bis(4-(2-(2-ethylhexyl)thiazol-4-yl)phenyl)benzo[lmn][3,8]phenanthroline- 

1,3,6,8(2H,7H)-tetraone (NBIT) (a). DFT calculations showing the HOMO and LUMO levels of NBIT. 

 

As DFT calculations shows the LUMO level lies on the naphthalene bisimide core of the 

structure. The naphthalene bisimide core was chosen as the electron-deficient carbonyl pigment 

unit. To further lower its reduction potential to ensure reduction of the carbonyl moieties in 

aqueous electrolytes at potentials more positive than the onset of proton reduction, para-

phenylene thiazole substituents were added. This, however, might be a trade-off due to the 

lowering of reduction potential which might eventually affect the nucleophilic character of the 

enolate that is formed as a result of reduction127. Finally, 2-ethylhexyl termination was chosen to 

provide resistance to dissolution in aqueous electrolyte upon repeated cycling.  

 

NBIT was deposited on glassy carbon electrodes from its solution in chlorobenzene via spin 

coating. Glassy carbon was chosen due to its high overpotential against hydrogen evolution in 

water. The thickness of NBIT was measured with a Dektak Profilometer and found to be on the 

order of 100 nm. Backside of the glassy carbon electrode was coated with a PMMA solution (Mw 

= ~ 1000000, 50mg in 5 mL chlorobenzene) and dried off to prevent any electrochemical activity 

originating from the glassy carbon itself. 

 

NBIT coated glassy carbon was then placed into a two-compartment homemade electrochemical 

cell (Figure 41). 
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Figure 41. Two-compartment electrochemical cell. 

 

An Ag/AgCl (3.5 M KCl) served as the reference electrode in the same chamber as the working 

electrode where as a Pt plate was used in the anode chamber as the counter electrode. Since 

the solubility of atmospheric oxygen in water is quite high (8 mg/L) aqueous solutions need more 

time for N2 purging. Prior to each experiment the electrochemical cell was purged for 90 min with 

respective gases which are N2 and CO2 in this case. 0.1 M Na2SO4 in water was used as the 

electrolyte solution. 

 

Electrochemical behavior of NBIT under N2 and CO2 can be seen in Figure 42. 

 

Upon cycling between 0 and -1 V NBIT shows a quasi-reversible one-electron reduction at -0.7 

V and a second one-electron reversible reduction at -0.85 V. These peaks are fingerprints for 

many other carbonyl pigments and have been reported previously126,128–132. NBIT can withstand 

20 cycles under N2 saturated conditions without showing any change in its electrochemical 

behavior and up to 30 cycles with a 30% decrease in current density (Figure 43). When the 

electrolyte solution is saturated with CO2 and the potential is cycled, a complete loss of the 

peaks is observed (Figure 42 blue curve). The stability under CO2 atmosphere is different than 

that of N2. The word stability should not be confused with the chemical stability but rather its 

stability as a compact film on the surface. In the case of N2 saturated conditions NBIT becomes 

soluble upon repetitive cycling under reductive conditions. The reduced NBIT in solution can be 

observed upon UV−vis measurement133. 
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Figure 42. Electrochemical behavior of NBIT under N2 (red curve) and under CO2 (blue curve). Inset: Proposed 

mechanism for CO2 capture. 

 

 

Figure 43. Cyclic stability of NBIT upon repetitive potential cycling. 
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The loss of peaks, as in the case of QNC, is signaling the binding of CO2 to the now-reduced 

carbonyl groups. To support this, Gaussian 09 was employed for basic quantum-chemical 

calculations using a density functional theory (DFT) / HF-based method with the B3LYP hybrid 

functional and the 3-21g basis set. For the sake of simplicity and reducing the calculation time 

only the naphthalene bisimide core with phenyl rings was chosen for frequency calculation and 

geometry optimization (Figure 44). 

 

In order to gauge electrochemical origin of the disappearance of the redox peaks, 

electrochemical impedance spectroscopy (EIS) was conducted. EIS was performed after 3 cyclic 

voltammograms to maintain quasi-reversible conditions. Spectra were collected in the potential 

range between 0 and -1.2 V with a step size of 0.2 V. Each applied potential was kept for 5 min 

to keep steady state before the impedance measurement. Frequency was ranged from 500 kHz 

to 100 mHz with a peak amplitude of ±10 mV. These set of measurements were performed both 

under Ar and under CO2.  

 

 

 

Figure 44. (a) CV of NBIT film on a glassy carbon electrode (WE) with colored points indicating the potentials of EIS 

data acquisition shown in b and c. Nyquist plots of NBIT film on a glassy carbon electrode (b) under Ar and (c) under 
CO2 respectively. 
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It can be concluded from the EIS data that the ohmic resistance of the electrolyte solution (Rs) 

and the double layer capacitance (Cdl) were almost equal in all measurements. However, the 

charge transfer resistance (Rct) changed substantially. Ohmic resistances from 15.5 Ω to 17.0 Ω 

were measured under Ar and under CO2 respectively. Cdl varied from 26 to 71 µF cm-2. It was 

found that the Rct of the NBIT film was strongly dependent on the atmosphere. Rct decreased 

significantly with the applied decreasing potential. Although under Ar atmosphere, at high 

potentials between 0.0 V and −0.6 V, the Rct was expected to be very large and could not be 

measured within the given frequency range, it was found to be 2864 Ω at −1.0 V and 537 Ω at 

−1.2 V, respectively. Under CO2 atmosphere the Rct changed from 3213 Ω at −0.6 V to 746 Ω at 

−1.0 V and finally to 96 Ω at −1.2 V. Even though the measurements under Ar saturation can be 

well-explained by a single R/C element in series with the Rs (Figure 45a), two R/C elements 

have to be used, in series with the Rs, to fit the spectra under CO2 saturation at −0.8 V and 

below, indicating the presence of two time constants (Figure 45b). The first one may be 

attributed to the interface between the glassy carbon support and the NBIT film, while the 

second one is indicative for the interface between the NBIT film and the electrolyte. Because of 

the high resistance of the NBIT film under Ar atmosphere, the second interface to the electrolyte 

is not resolved with the performed EIS measurement. In general, the overall Rct decreases with 

applied negative potential under both, Ar and CO2 atmosphere, possibly through improved 

electronic conductivity of NBIT and most likely due to cathodic charge transfer at ≤ −1.0 V 

(Figure 45b). 

 

 

Figure 45. Corresponding equivalent electrical circuits for EIS data fitting of NBIT under (a) Ar atmosphere and (b) 

CO2 atmosphere at -1.0V and below, consisting of the ohmic resistance of the electrolyte solution (Rs), the double 

layer capacitance (Cdl) and the charge transfers resistance (Rct). While under Ar saturation the EIS data can be well 

explained by a single R/C element in series with the Rs two R/C elements have to be used, in series with the Rs, to fit 

the spectra under CO2 saturation at -1.0V and below. 

For the confirmation of the aforementioned carbonate-like structure, in-situ attenuated total 

reflection Fourier transform infrared spectroelectrochemistry (ATR-FTIR-SPEC) technique was 

employed. NBIT film was coated on a Ge crystal which served as both the reflection element 

and the working electrode. A Pt plate together with a silver chloride coated silver electrode 

served as counter and quasi-reference electrodes, respectively. 
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Figure 46 shows the FTIR characteristics of NBIT film under a constant flow of CO2-saturated 

electrolyte (flow rate = 3 mL min−1) at different potentials. Prior to electrochemistry a FTIR 

spectrum was recorded as the baseline. As the potential of −0.8 V was applied to the working 

electrode, changes in the FTIR spectrum became visible. A peak arising at ~ 3700 cm-1 signaling 

the formation secondary alcohol, started to decrease upon applying more negative potentials to 

yield a peak around ∼3300 cm−1 corresponding to carboxylic acid-like − OH functionality. This 

behavior was associated with the formation of carbonate-like structure upon addition of CO2 to 

the now-activated carbonyl group. In addition, the peak around ∼1670−1680 cm−1, which 

corresponds to the imide carbonyl, decreased as a new peak at 1277 cm−1 rose, exhibiting 

formation of carbonate-like structure133,134. 

 

 

Figure 46. In-situ ATR-FTIR-SPEC spectrum of NBIT under CO2. 

 

Finally, the uptake efficiency of NBIT, which is the figure of merit for CO2 capture agents, was 

determined to be ∼2.3 mmol CO2 g−1 135. The amount of CO2 was determined by gas 

chromatography (GC). After the CO2 was electrochemically captured by the NBIT film from CO2-

saturated solution, the electrolyte solution was purged with N2 for 120 min to assure that no 

residual CO2 was present in the solution. Upon electrochemical oxidation captured CO2 was 

released. The release of CO2 can be observed electrochemically with a new redox peak around 

0.24 V and it was seen that the NBIT regained its characteristic peaks (Figure 47). A 2 mL 

headspace sample was taken with a gas-tight glass syringe and injected into GC. The number of 

NBIT molecules in the film was determined spectrophotometrically as well as electrochemically. 

The part of the film that was exposed to electrochemical treatment was dried and then dissolved 

into quartz UV−vis cuvette using chlorobenzene as the solvent. Absorbance measurement was 

performed, and the amount of NBIT on the surface was found as 22.8 nmol using molar 

extinction coefficient, which was determined using a calibration curve. Integration of total charge 

during one CV measurement can be used to estimate the number of electrochemically active 
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molecules on the surface115,136. In the case of NBIT, this value was found to be 19.1 nmol, which 

is in good agreement with the obtained value via spectroscopy. The faradaic efficiency of the 

process can be calculated via dividing the amount of captured CO2 (3.49 × 10−8 mol) with the 

number of electrons used for the capture (3.82 × 10−8 mol). CO2 capture process for NBIT 

yielded a faradaic efficiency of 91 %. 

 

Figure 47. Cyclic voltammogram of NBIT under N2 (red curve), after CO2 capture (blue curve) and after CO2 release 

(green curve). 

 

This pair of study shows that carbonyl bearing pigments are efficient CO2 capturing agents and 

they can be operated under ambient temperature and pressure conditions. They do not require 

temperature or pressure swinging for the release of captured CO2. Capture and release process 

can completely be controlled electrochemically. This is an important step in order to break the 

molecular symmetry of CO2 which is a linear molecule in its natural state.  

 

Further addressing of this captured CO2 is needed in order to reduce it to useful chemicals. One 

way to achieve this might be the introduction of metal islands on and beneath the surface of the 

pigments. Interested readers are encouraged to refer to Dominik Wielend’s master thesis (can 

be found in LIOS webpage) where several different carbonyl bearing pigments were screened 

for their ability to capture CO2 as well as deposition of metal islands on and beneath the film to 

address captured CO2 was investigated.   
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3.2.  Heterogeneous Photoelectrocatalysis Using Organic 
Semiconductor Modified Electrodes  

3.2.1.  Third Generation of Conjugated Polymers for CO2 Reduction 

The term “Third-Generation of Conjugated Polymers” (Figure 48) was coined in late 80s 

collectively by several studies137–143. Several studies reported on the synthesis modified 

polypyrroles and polythiophenes with the aim of introducing a new type of conjugated polymeric 

structure which is not only processable and highly conducting but also possessing new physical 

and/or chemical properties for advanced applications.  

 

 

 

 

Figure 48. Three generations of conjugated polymers; a) Polymers with good conductivity but low processibility, b) 

Polymers with alkyl chains allowing solubility hence processibility, c) Polymers with good conductivity, processibility 
and/or new chemical/physical functions/properties. 

As mentioned in previous chapters, Re(I) (bpy)(CO)3Cl (Lehn catalyst) is one of the most 

effective catalysts for photochemical and electrochemical reduction of carbon dioxide. It can be 

utilized in homogeneous conditions in organic solvents with concentrations changing between 1-

3 mM60,86. Homogeneous catalytic systems are widely studied and their mechanistic behavior is 

(most of the time) easier to characterize compared to their heterogeneous counterparts. 

However, their application can have several disadvantages. Large amounts of expensive 

catalyst are necessary for efficient CO2 reduction (~10mg Lehn catalyst is required for 1mL CO 

produced)60 and only the catalyst molecules which are in the proximity of the electrode surface 

will be active while the rest is idle. Furthermore, homogeneous catalysts may sometimes face 

solution deactivation pathways, such as the formation of dimers observed in certain rhenium 
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bipyridine complexes in non-aqueous solution87,144. Dimer formation results in a sparingly soluble 

[Re(bpy)(CO)3]2 compound (Scheme 1) which is hindering further participation of the catalyst in 

catalytic cycle reducing the efficiency87.  

 

 

Scheme 1. Chemical reactions leading to the formation of [Re(bpy)(CO)3] dimer. 

One way to overcome these problems is to immobilize the catalyst on an electrode hence 

switching from homogeneous to heterogeneous catalysis. The most commonly reported ways to 

immobilize Rhenium complexes onto solid electrodes were either the insertion of the molecule 

into a polymer matrix111,145,146 or chemical modification of the ligand with a functional group that 

enables polymerization to form a redox-active polymer110,113,147.  

 

Following these ideas a polythiophene derivative having Lehn catalyst as the pendant group was 

introduced (Figure 49). The polymer was obtained by the electropolymerization of the monomer 

[3HRe(bpy)(CO)3Cl-Th] on a Pt electrode. The synthetic details of the monomer leading to the 

electropolymerized catalyst can be found in Gottfried Aufischer’s master thesis and I am grateful 

to Dr. Elisa Tordin and Gottfried Aufischer for providing me the monomer. 
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Figure 49. Chemical structure of P[3HRe(bpy)(CO)3Cl-Th]. 

 

Monomer [3HRe(bpy)(CO)3Cl-Th] was polymerized in a one-compartment cell containing Boron 

trifluoride diethyl etherate (BFEE) as the supporting electrolyte as well as the solvent with a 

three-electrode configuration. A Pt plate was used as the working electrode hence as substrate 

for the redox-active polymer. A silver wire coated with silver chloride was used as the quasi-

reference electrode which then calibrated against Fc/Fc+ externally. Finally, a Pt-plate placed in 

the electrochemical cell served as the counter electrode. Polymerization was carried out under 

oxygen-excluded conditions by cycling the potential between 300mV and 1700mV vs. NHE. As 

the polymerization progressed, the peak around 1200mV which belongs to monomer decreased 

as a new broad peak between 600mV and 900mV evolved flagging the growth of the polymer 

growth. When the polymerization was finalized the surface of the Pt was fully covered with a thin 

layer of pale yellow polymer film. Figure 50 contains a photo of a shiny gold color film 

deliberately grown very thick for visualization purposes. However, such thick films did not show 

any catalytic activity. For this reason thinner films represented with their CV scans in Figure 3 

were used throughout all experiments. 

 

In his original paper148 Bocarsly suggested that a tiny organic molecule pyridine can reduce 

carbon dioxide all the way to methanol149.  Since then, pyridinium-catalyzed CO2 reduction has 

generated immense discussion in the catalysis community150–156. The arguments were varying 

from reproducibility of the experiments to undetectable products. Arguments were also focused 

on the origin of the electrochemical behavior of pyridinium and its assignment on cyclic 

voltammograms. Bocarsly suggested that the pyridinium ion has to be mobile in order to act as 

an electron shuttle to drive the electrocatalytic reduction of carbon dioxide. To address this point, 

a polythiophene with pyridine molecule as pendant group at this time (P[3HPyr-Th]) was 

electrosynthesized and investigated for its catalytic activity.  
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Figure 50. Electropolymerization of [3HRe(bpy)(CO)3Cl-Th]. Inset: Photo of a very-thick polymer film for visualization.  

 
 

 

 

 

Figure 51. Electropolymerization of [3HPyr-Th]. 
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Photoactivity of P[3HRe(bpy)(CO)3Cl-Th] was evaluated by cyclic voltammetry measured in dark 

and under illumination. In order to assess the spectroscopic behavior of the electrode, a 

reflectance measurement of the electrode was done using PerkinElmer Lambda 1050 UV-Vis-

NIR spectrophotometer equipped with an integrated sphere (Figure 52).  

 

 

 

Figure 52. Reflectance spectrum of P[3HRe(bpy)(CO)3Cl-Th] 

 

 

Figure 53 shows the electrochemical behavior of the electrode in dark and under illumination. 

Illumination was achieved with a halogen lamp (Philipps GU 5.3 50W, 12V 36D). An IR glass 

filter was used in order to avoid the electrochemical cell medium to heat up. Intensity of the light 

in the vicinity of the photocathode was determined to be 60 mW cm-2 using a calibrated Si diode. 
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Figure 53. Electrochemical behavior of P[3HRe(bpy)(CO)3Cl-Th] in dark and under illumination (60 mW/cm
2
). 

 

The shift in the potential towards more positive values is a characteristic sign of photogenerated 

charge carriers. Under dark conditions a junction is formed by bringing the electrode into the 

electrolyte solution. This causes accumulation of charge carriers around the interface which can 

be expressed by the following formula:  

 

 

 

 

where Ef is the Fermi energy level of the semiconductor, Eredox is the electrolyte potential forming 

the junction, and (Ef - Eredox) is the magnitude of the contact potential. When electrode surface is 

illuminated the carrier concentration at the interface is altered by the generation of minority 

carriers (electrons in this case). As a result of this a new Fermi energy level (Ef*) is formed. 

Ideally Eredox is not changed since the illumination has no impact on the electrolyte solution. Then 

we can redefine the equation as:  
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where nlight and ndark is the total carrier concentration under illumination and in dark, respectively. 

This difference is equal to the energy gained by the carriers and it can be rewritten as (Ef* - 

Eredox) – (Ef – Eredox) = (Ef* - Ef). With this rearrangement we obtain a much simpler form of both 

formulas:  

 

where δn is the number of photogenerated carriers produced at the interface and Nc is the 

difference in the total concentration of all carriers generated within in the system. The magnitude 

(Ef* - Ef) is the magnitude of the photopotential originating from the illumination of the interface. 

In other words, this magnitude is equal to the change in the contact potential of the junction84.  

 

This phenomenon allows one to use a p-type semiconductor in an n-type process like CO2 

reduction. Vice versa is also true for n-type semiconductors and p-type electrochemical 

processes.  

 

The working principle can be explained as follows: The illumination leads to the formation of an 

electron-hole pair, also known as exciton. The exciton then travels to the electrode-electrolyte 

interface in ideal case (or can recombine non-radiatively). When the driving force is strong 

enough, the exciton dissociates allowing electrons to be transferred to the catalyst to initiate / 

facilitate reduction of carbon dioxide. The remaining hole is then recombined with the electrons 

from the negatively biased electrons (Figure 54). 

 

 

To assess the electrochemical activity of P[3HRe(bpy)(CO)3Cl-Th] towards CO2 the electrode 

covered with polymer film was immersed in 0.1M TBAPF6 solution in acetonitrile.  The 

electrochemical cell used in catalytic experiments was in H-Cell configuration to prevent the re-

oxidation of products evolved in cathode chamber. An Ag/AgCl quasi-reference electrode was 

immersed alongside the polymer electrode (working electrode) in the cathode chamber. Pt plate 

was used as counter electrode in the anode chamber. Both chambers were sealed with air-tight 

caps having a septum in the middle allowing gas purging. The chambers of the H-Cell were 

purged with N2 with a flow rate of 0.2 L/min for 45minutes to make sure that there is no residual 

oxygen. 
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Figure 54. Working principle of the polymeric catalyst upon irradiation with light. H2 can also be observed as a product 

when the electrolyte medium is protic. 

 

 

When the electrolyte solution was purged with CO2 for 45min with the same flow rate and cyclic 

voltammetry was recorded, an increase in current followed by a crossing in the curve was 

observed (Figure 55). These are the characteristics signs of electrochemical reduction of carbon 

dioxide157,158.  
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Figure 55. Current increase upon the saturation of electrolyte solution with CO2 

 

Finally, a constant potential electrolysis was conducted to assess the performance of the 

polymer electrode as catalyst. Electrolysis was conducted at -1500 mV vs. NHE for 2 hours and 

the products were analyzed using the gas chromatography. Lehn’s catalyst is known to produce 

CO as the main product with a faradaic efficiency reaching unity60. In this case, the faradaic 

efficiency was calculated as 2.5 %159. This is indeed far from ideal, however this process shows 

that a functional side chain, when electronically decoupled from the π-system, can act as a 

catalayst and this method can be adapted to other catalytically active functional groups to 

transform them into heterogeneous catalysts.  

 

P[3HPyr-Th] was also investigated for its catalytic activity. To this end, the electrode was dipped 

into 0.5 M KCl solution in water where the pH is adjusted to 5.5 in order to obtain pyridinium ion 

(protonated form of pyridine) functionalized polymer148,149.  No catalytic activity was observed in 

dark or under illumination in N2 and CO2-saturated conditions which indicates that the pyridine 

functional group is either not addressable or not active in the given potential window. The CV 

curves show similar behavior under N2 and CO2-saturated conditions with a current difference < 

1 µA cm-2 (Figure 56). This might originate from the change in the ionic strength of the solution 

upon purging with carbon dioxide. This supports the idea of pyridinium ion being an electron 

shuttle for driving the electrochemical reduction of CO2 to methanol and heterogeneous 

approaches to this end is not profitable. 

 

Our group also conducted research on the reproducibility of said pyridinium-catalyzed CO2 

reduction to methanol and investigated the effect of nitrogen atoms in the aromatic cycle160. 
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Figure 56. Electrohcemical behavior of P[3HPyr-Th] under N2 and CO2-saturated conditions upon illumination. 

 

3.2.2.  Photoelectrochemical Reduction of O2 

 

Here a photocathode comprised of a porphyrin derivative, 5-(4-carboxyphenyl)-10,15,20-

triphenylporphyrinatocopper(II) (CuTPP-COOH), (Figure 57) coated on titanium dioxide 

nanotube arrays (TiO2 NTs) is presented to drive the reduction of O2 to H2O2.  

 

 

 

 

Figure 57. Chemical structure of CuTPP-COOH. 
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The carboxylic acid moiety enables the anchoring of photoactive porphyrin structure onto TiO2 

NTs161. CuTPP-COOH was chosen due to its suitable energy levels aligning with energy needed 

to reduce O2 to H2O2 as well as its ease of synthesis. The molecule was kindly provided by my 

colleague, Assoc. Prof. Patchanita Thamyongkit at Chulalongkorn University in Thailand. The 

synthetic procedure can be seen Scheme 2.  

 

The high surface area of TiO2 NTs162 is beneficial for addressing many catalytically active sites. 

Also amorphous structure helps the attachment of CuTPP-COOH.  

 

TiO2 NTs bearing electrodes were prepared and provided by my colleague Dr. Engelbert 

Portenkircher at University of Innsbruck. The procedure for preparation of the electrodes can be 

found in literature162.  

 

1 mg of CuTPP-COOH was dissolved in 500 µL of THF and then drop-casted on the TiO2 NTs 

bearing electrodes. After drying the electrode looked pale brown (Figure 58).  

 

 
Figure 58. TiO2 NTs bearing electrode before (on the left) and after coating with CuTPP-COOH (on the right). 
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Scheme 2. Synthetic pathway for CuTPP-COOH 

 

 

SEM images of the electrodes were also taken prior to coating and afterwards. It can be seen 

from the images that the nanotubes have an average diameter of ~100 nm. Upon coating the 

surface with CuTPP-COOH a thin layer was formed indicating the coverage of the surface 

(Figure 59).  

 



 

 

February 6, 2018 Dogukan H. Apaydin  58/91 

 

Figure 59. SEM images of TiO2 NTs (on the left) and CuTPP-COOH coated TiO2 NTs (on the right). 

 

To make sure that the CuTPP-COOH is covalently bound on the surface an ATR-FTIR 

measurement was conducted where the disk electrodes were pressed on diamond reflection 

element and the measurement was conducted in ATR mode.  

 

-ΔT/T corresponds to the absorption calculated from the ATR mode of FTIR. Spectrum below is 

calculated by taking the TiO2 NTs as the baseline hence eliminating all the features which may 

arise from the bare electrode. In this case the peaks pointing upwards corresponds the evolving 

features and the peaks pointing downwards correspond to the peaks disappearing. The peak 

around 1685 cm-1 corresponds to the ketone formed by anchoring of –COOH to the surface 

oxide. The peak at 1342 cm-1 is indicating the aromatic C-N stretching. 
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Figure 60. ATR-FTIR spectrum of the electrode TiO2 NTs / CuTPP-COOH. 

 

These peak assignments are in accordance with the structures reported in the literature161.  

 

 

Figure 61. Possible binding modes of –COOH group on TiO2. (Reproduced with permission) 

However, certain configuration of the bonding is hard to pin down at this stage. The covalent 

nature of the bonding can also be deduced from the observation that upon vigorous washing 

with organic solvents like Toluene and THF it is not possible to remove the film from the surface.  

 

After characterization of the electrode a series of chronoamperometric experiments were 

conducted to assess the activity of the electrode towards oxygen reduction in dark and under 

illumination. Electrode was immersed into an electrochemical cell equipped with a three-

electrode setup. TiO2 NTs / CuTPP-COOH served as the working electrode while an Ag/AgCl 

(3.5 M KCl) used as reference and a Pt plate was utilized as the counter electrode in 0.1 M 

Na2SO4 solution in water at pH 7.  
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Figure 62. Chronoamperometry experiments conducted on TiO2 NTs / CuTPP-COOH under Argon (a) and under O2-

saturated conditions.  

 

 

Above figure shows the current behavior of the electrode under certain potentials (from 0.2 V to -

0.3 V vs. NHE). Under Ar-saturated conditions the illumination does not induce a recognizable 
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current increase. When the solution was saturated with O2 by purging it for 10 min the 

illumination induced a 4-fold current increase. The current density under illuminated conditions 

reached a maximum of 13 µA cm-2 at -0.3 V implying the reduction of dissolved O2. Each 

potential step was applied for 20 min in order to maintain the steady state. This also shows the 

stability of the electrode itself in photoelectrochemical operation conditions.  

 

After chronoamperometry experiments, a series of constant potential electrolysis experiments 

was carried out in order to enhance the formation of H2O2 and its quantification. One of the 

efficient and rapid ways for detection of hydrogen peroxide is the indirect spectrophotometric 

quantification method. This method relies on stoichiometric reaction of arylboronic acids with 

H2O2 under mildly basic conditions to yield the respective photoactive phenolates163,164. To this 

end, p-nitrophenylboronic acid (p-NPBA) was utilized in a solution with pH 9, where with the help 

of H2O2, it is converted to p-nitrophenol (p-NP). The absorption of p-NP can be observed with 

UV-Vis spectrophotometry at 405 nm. The amount of H2O2 in the reaction vessel can then be 

determined using a calibration curve.  

 

In this study, a calibration curve for quantitative determination of H2O2 evolved during the 

photoelectrochemical reduction of O2 was used. The calibration curve ranged from 0.5 μM to 20 

μM.  

 

 

 

 

Figure 63. Calibration curve used for quantifying the produced H2O2. Reaction leading to p-NP formation (upper left 

inset). Increase in absorbance with increasing concentration of H2O2 (lower right inset). Points with turquoise color are 
the concentrations of H2O2 obtained from electrolysis at constant potentials of -0.05 V and -0.3 V vs. NHE. 
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At the end of each constant potential electrolysis experiment, an aliquot of 100 μL was taken 

from the electrochemical cell and then added into a vial containing the p-NPBA and carbonate 

buffer (to maintain a pH value of 9). Concentrations ranging from 1.9 µM to 3.9 µM were 

obtained for potentials -0.05 V and -0.3 V respectively. The figure of merit for the comparison of 

hydrogen peroxide formation catalysts is the formation rate which is given in μg H2O2 / mg 

catalyst / h. CuTPP-COOH supported on TiO2 NTs achieved formation rates of 2.2 μg H2O2 / mg 

catalyst / h and 13.4 μg H2O2 / mg catalyst / h for the applied potentials of -0.05 V and -0.3 V, 

respectively. This system is comparable to well-known semiconductors like ZnO (21 μg / mg 

ZnO / h) and g-C3N4 (4.25 µg / mg g-C3N4 / h)54,55. 

 

To gain more insights in the electrochemical characteristics of the electrode, potential-dependent 

electrochemical impedance spectroscopy (PEIS) was conducted. The spectra were recorded in 

the same potential range as the chronoamperometry measurements with a step size of 0.1 V. 

Each potential was kept constant to maintain steady-state conditions prior to the impedance 

measurements. The frequency range varied from 100 kHz to 20 mHz with a peak amplitude of 

±10 mV. Two sets of measurements were carried out under Ar and O2-saturated solutions in 

dark and under illumination. 

 

Detailed analysis of Nyquist plots under O2-rich conditions shows the presence of three, not fully 

developed semi-circles. The first semi-circle (I) at high frequencies between 4.5 kHz and 200 Hz 

was observable in all spectra and may describe the interfacial TiO2/CuTPP-COOH charge 

transfer. A second semi-circle (II) at medium frequencies between 65 Hz and 1.4 Hz is also 

observable in all spectra and may represent the resistance for electron transport along the TiO2 

NTs and the corresponding surface capacitance165. The development of an additional semi-circle 

(III) at potentials below 0.0 V and lower frequencies between 0.94 Hz and 20 mHz is observable 

only when the electrolyte is saturated with O2. This may correspond to the charge transfer 

resistance of the O2 reduction reaction. A two-step reaction process is expected to be the reason 

for the occurrence of semi-circle (III), for example an intermediate state that is involved166. 

 

 

 

 

Figure 64. Nyquist plots for illuminated, porphyrin covered TiO2 NTs at – 0.2 V vs. NHE under Ar (squares) and O2 

(circles) saturation in 0.1 M Na2SO4. Symbols represent the experimental data and the dashed lines are only a guide 
for the eye with no physical meaning. (a) Illustration of the semi-circle (III) at low frequencies between 0.94 Hz and 20 
mHz, which is only observable when the electrolyte is saturated with O2, (b) magnification of the high frequency 
domain in (a), highlighted with the blue dashed square, to illustrate the second semi-circle (II) at medium frequencies 
between 65 Hz and 1.4 Hz; The finite length Warburg impedance (ZW) under O2 (circles) saturation is indicated by a 
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green dashed line with a slope of 45°. (c) Magnification of the high frequency domain in (b), highlighted with the blue 
dashed square therein, to illustrate the onset of semi-circle (I) at high frequencies between 4.5 kHz and 200 Hz. 

 

 

 

Figure 65. Nyquist plots at different potentials for TiO2 NTs / CuTPP-COOH electrode (illuminated) under (a) Ar and 

(b) O2-saturated conditions. Symbols represent the experimental data and the lines the best fit. (c)  Enlarged view of 
the high frequency domain of (b) indicated therein with a grey, dashed square. (d) Equivalent electric circuit used for 
fitting the EIS data. Rs: solution resistance, Rf and Cf: interfacial TiO2 NTs / CuTPP-COOH electron charge transfer 
resistance and the corresponding capacitance, Rtr and CPEnt: resistance for electron transport along the TiO2 NTs 
and the corresponding capacitance (modelled with a CPE), ZW: Warburg element for semi-infinite diffusion, Rr and 
CPEr: charge transfer resistance for the O2 reduction and corresponding capacitance (modelled with a CPE). 

 

For further understanding of the EIS data, corresponding electronic elements were determined 

by fitting the experimental spectra to the proposed equivalent circuit depicted in the above figure 

part d. The equivalent circuit proposed here is a modified version of the equivalent circuit 

reported by Köleli et.al. for CO2 reduction on polyaniline-coated electrodes166. At high 

frequencies an additional R/C element was added to account for nanotube-porphyrin interface. 

This was partly adopted from the transmission line model which was originally introduced for 

nanostructured TiO2 hybrid solar cells165. The real capacitors Cnt and Cr were used with CPEs in 

modeling to account for the non-ideal behavior, that is depressed semi-circle,  of the capacitive 

part at medium and low frequencies167. The finite length Warburg impedance ZW was used to 

describe the transport of O2 into the CuTPP-COOH film and the transport of reduction products 

(i.e. H2O2) out of the film. The parallel configuration of the Rtr / CPEnt and Rr / CPEr elements 

might be rationalized due to the porosity of the porphyrin covered TiO2 NTs. It can be concluded 

from EIS that the Rs is almost constant at all potentials, fluctuating slightly between 17 and 20 Ω. 

The Rf was relatively high at positive potentials with 111.6 kΩ at 0.2 V and decreased 

significantly to 3.1 kΩ at -0.3 V. This signals the enhanced charge transfer over the TiO2 NTs / 

CuTPP-COOH interface with increasing negative potentials. The resistance for electron 

transport along the TiO2 NTs, Rtr, decreased slightly upon applied potential from 2.4 kΩ at 0.2 V 

to 158 Ω at -0.3 V. It was not possible to determine the charge transfer resistance related to the 

ORR (Rr) at positive potentials of 0.2 V and 0.1 V, respectively. This is due to the corresponding 
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non-developed semi-circle within the measured frequency limit (20 mHz). Accordingly, it was 

reasonable to fit the EIS data at 0.2 V and 0.1 V without using the electronic elements (ZW, Rr 

and CPEr) for describing the O2 and ORR. At 0.0 V the semicircle (III) became detectable and Rr 

was determined as 214 kΩ. Rr then decreased significantly to about 2.3 kΩ at - 0.3 V, 

suggesting enhanced ORR at lower potentials. This is in agreement with the observed 

characteristics from chronoamperometry experiments. In long term explanation the proposed 

equivalent circuit might not be ideal and may not adhere well with the complexity of the system 

investigated here. It was introduced only to give an initial explanation to describe the EIS data. It 

is also important to point out that the EIS measurements were not performed under diffusion 

controlled conditions (i.e. by a rotating disk electrode). This further makes the interpretation 

challenging. Nevertheless, the proposed equivalent circuit yielded a good fitting in the Nyquist 

and Bode plots (Figure 65 and Figure 66).  

 

Figure 66. Bode plot at -0.3 V vs. NHE for illuminated, porphyrin covered TiO2 NTs under O2-saturated conditions.  

Symbols represent the experimental data and the dashed lines the corresponding best fit in the frequency range from 
10 kHz to 20 mHz. 
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4.  Conclusions and Outlook 

4.1.  Conclusions 

 

This thesis aimed to utilize organic semiconductors as a new class of materials for catalytic 

applications with the aim of “saving” them from their long time belief of being unstable and 

inefficient.  

 

All of the catalytically chemical compounds used in this thesis namely, polythiophene, Lehn’s 

catalyst, copper porphyrin, indigo, quinacridone and naphthalenebisimide are like “usual 

suspects” in a well-known movie. They are well-known in their own fields like organic chemistry, 

conducting polymers, vat-dyeing but there was a little crossing of borders. This thesis aimed to 

bring different fields together to introduce a synergistic approach to an existing, well-known 

problem of depletion of carbon-based fuels.  

 

Heterogeneous approaches were the driving force of this thesis since homogeneous approaches 

lack advantages require the relocation of electrochemically/photochemically or 

photoelectrochemically-activated catalyst to the molecule of interest. Heterogeneous catalysis 

eliminates this step, which is prolific to side reactions and inhibition mechanisms, by activating 

the catalyst directly on the surface. In such case only the molecule of interest (CO2 or O2 in the 

case of this study) needs to travel to the electrode surface.  

 

Figure 67. Homogeneous vs. Heterogeneous catalysis. 

Another which drove this thesis is the need for realizing such reactions in energy-efficient and 

eco-friendly conditions. Many reactions mentioned in this thesis, especially industrial techniques 

for CO2 capturing, require high temperatures and pressures to be efficient or even to be 

activated for that matter. As the climate change is affecting our daily lives solutions where less 

carbon-based energy sources are used are of essence. Maybe total reduction in the use of fossil 

fuels is a far away dream but achieving a carbon-neutral cycle is not improbable (keeping the 
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thermodynamic constraints in mind). Such cycle can only be achieved if the driving force behind 

the catalytic reactions is renewable energy forces like wind and solar energy. 

 

With these motivations in mind the first chapter of investigates the catalytic abilities of a modified 

polythiophene derivative namely, P[3HRe(bpy)(CO)3Cl-Th] for photoelectrochemical reduction of 

carbon dioxide. The molecule without having a direct conjugation to the catalytically active part 

seems to be improbable to work at a first glance but experiments showed that the addressing of 

the Lehn’s catalyst attached to polythiophene backbone is possible. The catalytic reaction takes 

place in much lower potential of -1.5 V vs. NHE159 compared to its homogeneous counterpart 

which takes place at a potential of -1.8 V vs. NHE90. However, the method suffers from low 

faradaic yields which might be improved by direct conjugation of the catalytically active part to 

the p-type backbone as reported previously113,168.  

 

The second part of the first chapter continues with another known molecule, copper porphyrin. In 

this study, a carboxylic acid-modified copper porphyrin was fixed on nanostructured TiO2 as a 

catalytically active species for O2 reduction. The electrode is resistant to solvents and 

electrochemical treatment once it is attached covalently into the TiO2 NTs and onto the surface 

which makes enables its repetitive use. This study tackles another problem of ORR which is the 

harsh reaction conditions. ORR works best in acidic or basic conditions. 2-electron reduction of 

oxygen in acidic conditions leads to the formation of H2O2 which is an important molecule for 

plethora of reactions. CuTPP-COOH catalyst supported on TiO2 NTs achieved a ORR reaction 

rate of 13.4 µgH2O2 / gCuTPP-COOH / h which is comparable to well established ZnO (~21 µgH2O2 / 

gZnO / h)169 and is better than another well-established catalyst g-C3N4 (~4 µgH2O2 / ggC3N4 / h)54,55.  

 

The second chapter of the thesis focuses on a more fundamental problem of fixation of carbon 

dioxide on the surface. This goes one step further than heterogeneous catalysis and aims to 

bring the target molecule CO2 closer to the electrode surface by anchoring it. This opens another 

avenue by breaking the linear symmetry of carbon dioxide and changing its hybridization from sp 

to sp2 and activating it chemically. For this purpose H-bonded carbonyl pigment family member 

Quinacridone was coated on a glass ITO electrodes to capture and release carbon dioxide 

electrochemically. Electrochemical capture and release of carbon dioxide is significant because 

existing techniques require either temperature or pressure swinging to release the captured CO2 

as well as capture it. Quinacridone achieves this task at moderately negative potentials between 

-1.7 to -1.8 V vs. Fc/Fc+ with an uptake capacity of 4.6 mmol CO2 / g QNC which is very close to 

its industrial counterpart monoethanolamine (8 mmol CO2 / g )124. QNC is able to hold on to the 

captured carbon dioxide for hours and releasing can be achieved by simply oxidizing the 

molecule. However, this process was achieved in an organic solvent, acetonitrile, which might 

not be suitable for daily industrial applications. For that reason a naphthalene bisimide derivative 

was designed to operate in aqueous environments. The molecule NBIT was equipped with 

electron-deficient units in order to lower the reduction potential while alkyl side chains introduced 

resistance to solubility in water. NBIT showed an uptake capacity of 2.3 mmol CO2 / g NBIT in 

water at pH 7 under ambient temperature and pressure which makes it one and only of its kind. 

Furthermore, the mechanism behind the process was proved by employing the powerful 

technique of in-situ ATR-FTIR spectroelectrochemistry. Further studies focused on the reduction 

of captured carbon dioxide to higher hydrocarbons but it seems that addressing of captured 

carbon dioxide on the surface is not is not possible at this moment.  
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4.2.  Outlook 

 

Over the course of this thesis many different techniques, experiences and experiments showed 

that yet another synergetic approach is necessary for furthering the electrochemical catalytic 

applications of organic semiconductors and that is the synergy of organic semiconductors and 

biological molecules. Except the few examples set by the very few researchers in the community 

where the enzymes are immobilized on electrodes to address the bioelectrochemical reduction 

of carbon dioxide170–173, the field of bioelectrochemical catalysis requires a mediator to address 

the biocatalyst88. Nature always uses electron shuttles while addressing its bioactive catalysts. 

Conjugated organic semiconductors can play the role of being the electroactive (as it is evident 

by this thesis and many other studies) molecule and the host for biocatalysts like enzymes, 

proteins, bacteria etc. the biomolecules can drive the selective catalytic reactions. Organic 

nature of the conjugated semiconductors will allow the biomolecules to be hosted on the surface 

via covalent bonding or intermolecular interactions like H-bonding or Van der Waals interactions 

and will facilitate the transfer of electrons through their backbone to the biological catalysts. This 

can be both electrochemical, photochemical or photoelectrochemical. This is an apparent need 

of the field of catalysis. 
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