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Introduction  

The presence of primary greenhouse gases (GHGs) in Earth's atmosphere (H2O, CO2, 

CH4, N2O, O3) is necessary maintaining a temperature favorable for human and 

animal beings 1. Namely, greenhouse gases absorb and radiate thermal infrared 

energy (i.e., heat), warming Earth’s land and ocean surfaces. Without them, the 

average temperature of Earth's surface would be approximately −18 °C, rather than 

the present average of 15 °C 2.  

Among greenhouse gases, CO2 is the one with the highest concentration. Normally, 

to maintain the carbon balance in the planet, carbon flows between atmosphere, 

land and oceans through physicochemical and biological processes. In this direction, 

plants play an important role in the carbon cycle, through the process of 

photosynthesis  where solar energy is essential for the process 3. Specifically, plants 

are uptaking CO2 from the atmosphere and converting it into carbohydrates (i.e., 

glucose), which are useful for their growth, thus producing oxygen at the same time. 

On the other hand, through the process of cellular respiration, glucose and oxygen 

are used to produce carbon dioxide and water, in this way the carbon cycle is 

completed 4. However, over the last 150 years, due to industrialization, carbon 

equilibrium is destabilized resulting to an excess of greenhouse gases found in the 

atmosphere, as seen in Figure 1.1 5. The main anthropogenic emission source sectors 

include electricity production (fuel combustion and fugitive emissions from fuels), 

transportation, industrial processes, product use and finally agriculture. 

 

Figure 1.1: Yearly Carbon Dioxide emissions (in gigatons), from 1959 to 2019 6  
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Along with the industrialization, deforestation and forest wildfires are deteriorating 

this situation. A tremendous case is the Amazon’s rainforest wildfires in 2019. More 

than 906,000 hectares of forest were burnt and caused important impacts on the 

biodiversity of the Amazon, and threats to indigenous tribes that live within the 

forest. In addition to that, an excess of carbon dioxide and carbon monoxide within 

the wildfires' emissions was detected. Amazon is the world's largest terrestrial 

carbon dioxide sink and plays a significant role in mitigating global warming. 

Therefore, the extent of this natural disaster raised international concerns.  

Yet, the increasing demands of modern lifestyle are also inducing a drastic rise in CO2 

emissions. This assumption has been confirmed due to Coronavirus pandemic in 

2020. Specifically, the spread of this lethal virus led to the lockdown of almost two 

thirds of the global population. As a result, human activities decreased- as 

motorways cleared, and factories closed- and nature bounced back. Figure 1.2 shows 

a sharp reduction of nitrogen dioxide pollution, deriving from fuel combustion 

processes, between March 2019 and March 2020 7. 

 

Figure 1.2: Nitrogen dioxide concentration over France as recorded by European Space Agency 
satellites in March 2019 (left) and March 2020 (right) 

As stated by the Intergovernmental Panel for Climate Change (IPCC), if mitigation 

actions are not taken, it is predicted that the CO2-equivalent concentrations in the 

atmosphere will attain 600-1500 ppm in 2030 8. All these facts raised human’s and 

government’s awareness with focus on taking actions towards climate change. Over 

the last few years, legislation for climate change mitigation has been introduced and 

are summarized in Table 1.1. The world's first greenhouse gas emissions reduction 

treaty is the Kyoto protocol 9. Later, in 2016 the Paris Agreement was signed with the 

objective to maintain the increase in global temperatures well below two degrees 

Celsius above pre-industrial levels, whilst making efforts to limit the increase to 1.5 

degrees. More recently, at the COP26 conference that took place in Glasgow in 2021, 

countries agreed to the goal of climate neutrality. It included an increase of the 
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funding for vulnerable developing countries and reduced the investment for new 

fossil fuel projects. Albeit the different members did not reach a common response 

regarding phasing out the use of coal.  

Table 1. 1: Historical overview of environmental treaties  

Montreal 

Protocol10 
1987 

Aimed at stop producing substances 
that damage the ozone layer (i.e., 
CFCs) 

Succeeded in 
eliminating nearly 
99% of these ozone-
depleting 
substances 

UN Framework 

Convention on 

climate change 

(UNFCC)11 

1992 

Aimed at stabilizing the 

concentration of greenhouse 

gases in the atmosphere 

Established an 
annual forum, 
known as the 
Conference of the 
Parties (COP), for 
international 
discussions 

Kyoto Protocol9 2005 

Required developed countries to 

reduce emissions by an average of 

5% below 1990 levels 

Established a system to monitor 

countries’ progress 

Did not compel 

developing 

countries to take 

action 

Paris Agreement12 2015 

Required all countries to set 

emissions-reduction pledges  

Governments set targets, known as 

nationally determined contributions 

(NDCs) 

Aimed to reach global net-zero 

emissions in the second half of the 

century 

 

 

It is worth mentioning that the transition from fossil fuels to renewable energy is not 

only a solution towards the decrease of greenhouse gas emissions but also towards 

the depletion of fossil fuels 13,14,15. Along with the environmental crisis that hits the 

globe, energy crisis has been intensified in Europe. Since the beginning of 2022, 

there is a severe energy shortage and global inflation not only to oil industry but in 

the total market 16. This fact indicated that there is a need for rapid acceleration of 

other alternative to fossil fuels that are geographically independent, easily found 

using abundant resources. In this direction, the use of renewable energy is highly 

recommended. 

Renewable energy, also referred to as clean energy, comes from natural sources or 

processes that are constantly replenished. More precisely, in its various forms, it 
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derives directly from the sun, or from heat generated deep within the earth, or from 

fluid movements like the winds, waterfall, waves 17. Included in the definition is 

electricity and heat generated from solar, wind, ocean, hydropower, biomass, 

geothermal resources, as well as biofuels and hydrogen derived from renewable 

resources.  

In the context of harnessing solar power, various technologies have been introduced, 

among them, photovoltaic effect  allows the conversion of solar energy into 

electrical energy 18. However, a major inconvenience of these techniques is that the 

sun irradiation is intermittent, and they are directly dependent on the power of solar 

irradiation. Storing solar energy by converting it into chemical energy is a way to 

address these limitations, by utilizing photocatalytic pathways 19. Namely, storing this 

energy in chemical compounds in the form of chemical bonds is more attractive 

thanks to their easy storage and transport.  

Up to now, several different applications of photocatalytic conversion have been 

studied 20,21, but a major interest lies in the artificial photosynthesis 22,23. Even though, 

the reported yields of photocatalytic CO2 conversion are relatively low, research 

studies are carried out in order to improve the efficiency of the process.  

I. Renewable energy resources   

The mitigation strategies that have already been suggested focus, firstly, on the 

diminution of the utilization of fossil fuels and their replacement with 

environmental-friendly fuels and secondly, on the sequestration of the GHGs. The 

suggested key strategies to reach the decrease of CO2 emissions include measures 

such as: 

1. Improving efficiency on both the demand side (efficient energy use) and the 

supply side (efficient electricity generation) 

2. Using low-carbon energy sources (e.g., nuclear and renewable energy) as an 

alternative to fossil fuel sources 

3. Capturing CO2 from fossil fuel combustion 24 

The first step towards the reduction of GHG emissions is the replacement with other 

energy sources that are not harmful for the environment. As International Energy 

Agency (IEA) mentions, it is considered that cumulative contributions of low-carbon 

technologies can result in a 39% reduction in annual CO2 emissions by 2035 25. In that 

regard, hydrogen gas (H2) is considered a promising energy vector, thanks to its high 

energy density and zero GHG emission after combustion 26.  

However, despite the efforts for transition towards environmentally friendly energy 

sources, CO2 emissions are still hitting new records implying that the transition is not 
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sufficient to tackle the excess of GHGs in the atmosphere. For this reason, CCS 

technology has recently been studied as a simple approach to mitigation and 

involves capturing, transporting, and storing CO2 
27. According to IEA, Carbon Capture 

and Storage (CCS) technology should be able to reduce CO2 emissions by 19% by 

2050 28.  

I.1.H2 as energy carrier  

I.1.A. H2 properties and utilization 

Hydrogen (H2) is the most abundant element in the universe, constituting about 75% 

of all baryonic mass, and is found on planet earth mainly in water and organic 

compounds 29.  The Sun and other stars are mainly composed of hydrogen in 

the plasma state 30. Hydrogen is an important raw material for synthesizing chemical 

compounds and in metallurgical reduction reactions 31. In chemical industry, H2 is a 

fundamental building block for the manufacture of ammonia, and hence fertilizers. It 

is also used for the production of methanol, many polymers, and other 

pharmaceutical products, such as vitamins 32. Furthermore, H2 is also required in the 

food and beverages industry to hydrogenate unsaturated fatty acids in animal and 

vegetable oils, producing solid fats for margarine and other food products.  

Another important application of H2 is the hydrogenating method of crude oil 

processing, in the refinery sector and the sulfur removal from fuels during the oil-

refining process. Thus, about 55 % of the H2 produced around the world is used for 

ammonia synthesis, 25 % in refineries and about 10 % for methanol production. The 

other applications worldwide account for only about 10 % of global hydrogen 

production 33. It is evident that H2 is essential for the food and oil industry, which 

both hold the biggest share of profits. This necessity has profoundly influenced the 

development of hydrogen technology. Therefore, the experience gained in 

production and safe usage of large amounts of H2 will be important in the future 

utilization of hydrogen as an energy carrier. 

By investigating the historical overview of H2 as energy carrier, it is reported that in 

1839 a British scientist, Sir William Robert Grove, developed the first hydrogen-

powered fuel cell 34. Later in 1900, Count Ferdinand von Zeppelin of Germany 

invented the first balloon using hydrogen to maintain the buoyancy of an airframe. 

In the U.S., NASA made great historical contributions to hydrogen utilization by 

realizing space explorations, they specifically employed hydrogen as a fuel, becoming 

the world’s largest liquid hydrogen user by 1961 35. Thereafter in 1988, the Soviet 

Union completed a flight with space shuttle, the world’s first jet engine aircraft using 

liquid hydrogen fuel.  
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H2 has played an important role as a rocket fuel because out of all fuels it is the one 

which concentrates the most energy. Specifically,  1 kg of hydrogen contains 3 times 

more energy than 1 kg of gasoline 36. This is a critical criterion considering that a 

launcher must be as light as possible. As seen in Table 1.2, hydrogen energy content 

at the higher heating value is 141.8 MJ/kg at 298 K and the lower heating value of 

hydrogen is 120 MJ/kg at 298 K 37, whereas the gravimetric energy density of 

gasoline is 45 MJ/kg at 298 K 29. 

Table 1.2: Lower Heating Value of different fuels 36 

Fuel Lower Heating value (MJ/kg) 

Hydrogen 119.7 

Natural Gas 45.8 

Petrol 44.8 

Diesel 42.5 

 

Apart from its high energy density, hydrogen has zero greenhouse gas emission after 

combustion, in contrast to the use of traditional fossil fuels that emit significant 

amounts of CO2 and CO. In particular, the only combustion product of H2 (Equation 

1.1) is water vapor without any trace of noxious carbon emissions in the form of CO2, 

CO, or unburned hydrocarbons 38.  

𝐻2 + 1
2⁄ 𝑂2 → 2𝐻2𝑂 Equation 1.1 

 

As a result of a growing interest, hydrogen has been introduced as energy carriers by 

several EU policies and legislations in the past few years. Indeed, with the European 

Commission’s Clean Energy and Mobility Plans, the EU is aiming for decarbonized 

energy and transport systems where hydrogen will have a key role. For example, 

employing  renewably produced hydrogen & hydrogen-based fuels in the mobility 

sector (i.e., for maritime and aviation), will lead to two major impacts: increase the 

share of renewable energy in our current fuel infrastructure while enabling the 

deployment of zero-emission vehicles throughout Europe 39.  

I.2.B.H2 production technologies 

Due to the promising properties of hydrogen and the legislative acts that are 

imposed, hydrogen production technologies have been extensively studied by the 

scientific community. The different approaches of H2 production can be sorted by 

the origin of raw materials and  are depicted in Figure 1.3. 
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Figure 1.3: Hydrogen production approaches 40 

Originated from fossil fuels, H2 can be produced either by hydrocarbons reforming or 

by hydrocarbon pyrolysis 41. The former is carried out by techniques like Steam 

Reforming, Partial oxidation, and Auto-thermal Reaction. 

Steam reforming: Hydrogen and steam are converted to H2 and CO2 with the 

assistance of catalysts, such as Nickel based catalysts. Hydrogen steam reforming is a 

highly endothermic process. As a result, it demands high temperature conditions, 

i.e., 850-900 °C. Steam Methane reforming (SMR) process is the most developed, 

efficient (up to 85%) and widely used for large-scale H2 production 42. 

Partial oxidation (POX): This is the most preferable process to produce H2 from 

heavier feedstock such as heavy oil residues and coal 43. Hydrocarbon feedstock 

reacts with steam and is converted to H2 and CO2 in the presence of O2 gas. The POX 

process requires high temperatures, i.e.,  ~950 °C or  ~1300 °C , in the presence or 

absence of catalyst, respectively 37. Nevertheless, this technique is cost-demanding, 

due to O2 recirculation and desulphurization steps.  

Auto thermal reforming: In this process, partial exothermic oxidation provides the 

heat during endothermic steam reforming, which increases the H2 production. 

Typically, steam and O2 or air are injected in the reforming chamber and the 

oxidation step and reforming step are realized simultaneously 44. 

Hydrocarbon pyrolysis: Thermocatalytic decomposition of light liquid hydrocarbons 

(boiling point: 50-200 °C) produces elemental carbon and H2 
45. The important 

advantage of this method over SMT technique is that the required energy for H2 

production by methane decomposition is significantly lower. In addition, there is no 

waste gas sequestration needed, and pyrolysis does not require CO2 removal steps.  

Despite H2 being a zero-carbon emission fuel, its truly environmental friendly 

character depends on the type of the production pathway 29. As it is stated at IEA 
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report for the G20 in Japan at 2019, an overwhelming majority of produced H2 

comes from the conversion of fossil fuels, while only less than 1% of H2 is produced 

from renewable sources 46. Focusing on H2  production from renewable sources, 

biomass processes and water splitting processes can be used. The former one can be 

classified into thermochemical and biological.  

Thermochemical: Pyrolysis or gasification are the two main thermochemical 

processes for H2 rich gases. In these processes, CH4 and CO, with other gaseous 

products, can be processed for more H2 production through steam reforming and 

water-gas-shift reactions 47. Syngas (a mixture of CO and H2) and biofuels are the 

main products of gasification and pyrolysis, respectively. Consequently, the biofuels 

are then converted into syngas by other techniques such as bio-oil reforming or bio-

oil gasification 48.  

Biological: The major biological processes employed for H2 production are direct and 

indirect bio-photolysis, photo- and dark fermentation. This kind of methods have 

some drawbacks, like the low hydrogen production and slower kinetics compared to 

the thermochemical methods 49.  

Hydrogen Production based on water splitting processes can be classified into three 

categories based on the origin of the energy input. 

Electrolysis: Water dissociation is an endothermic reaction, therefore, an energy 

input is required to produce H2 
50. Different electrolysis techniques have been 

developed over the past few years. These include alkaline water electrolysis (AWE), 

proton exchange membranes (PEM), and solid oxide water electrolysis (SOE) 51. 

Nevertheless, considerable amounts of electric energy input are needed for the 

electrolysis processes, specifically ~40 kWh per kg of H2 
37. Therefore, the scale-up of 

the process is not feasible. 

Thermolysis: Water splitting can be also carried out by thermochemical processes. 

High temperature ~2500 °C are required, due to its high Gibbs Free Energy 37. High 

temperatures can be generated in the following ways: solar- and nuclear-driven 

high-temperature thermochemical water-splitting cycles producing hydrogen using 

water, catalysts and either sunlight or nuclear energy 52. This is a carbon-zero 

process. 

Photo-electrolysis: This process uses light irradiation to produce electrical charges 

from a semiconductor53. The photocatalysts are semiconductor-based materials 

which generate charge carriers (electrons and holes pairs, e-/h+) by absorbing 

photons with sufficient energy (of energies higher than their bandgap energy, Eg). 

The application of external bias allows the charges to be separated. The electrons 

are collected by the cathode, where H+ ions are reduced into H2. The holes are 

collected by the anode, and oxide the water to generate H+ and O2. We note that an 
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electrical circuit is needed for this method to operate. However, this process is 

mainly limited by the charge transport and light absorption efficiency of the 

semiconductor electrode 54. A similar process is photocatalysis which also uses visible 

light in order to dissociate water by using photoactive materials. In this case, no 

electrical circuit is required. Photocatalysis and its principles will be discussed in the 

following chapters. 

Currently, SMR and electrolysis are the major H2 production methods. Regarding to 

electrochemical water splitting, the electricity cost is one of the biggest barrier for 

sustainable energy systems.  The emerging technologies include various biogas 

production options: biomass fermentation with microorganisms, and newly 

developed photo-electrochemical H2O splitting  into H2 and O2 with lower energy 

demands compared to conventional electrolysis. In the long run, production 

pathways with almost zero carbon emissions, such as those based on solar energy 

are expected to become more viable 37. 

I.2. Carbon Capture Utilization and Storage Technology (CCUS) 

Carbon Capture and Storage technology is recognized as a key-proven strategy in 

reducing greenhouse gas emissions. Specifically, it has been applied since 1972 in a 

wide range of industries, when  several natural-gas processing plants in the Val 

Verde area of Texas began using carbon capture to supply CO2 for EOR operations 55. 

However, the high cost of capture and transportation of CO2 discourages its 

application. The captured CO2 has a negative economic value, rendering the overall 

process less profitable. In order to overcome this barrier, an alternative strategy, 

called CCUS is introduced and includes carbon utilization, in the framework of 

circular economy. These technologies recently have started to attract worldwide 

interest thanks to their wide  variety of positive value applications 56.  

I.2.A. CO2 Capture 

Carbon capture is the first step of the CCUS technology. Three main approaches have 

been used, involving the removal of CO2 from flue gases by a capture process prior 

to their release to the atmosphere 57. Namely, the pre-combustion capture, the post-

combustion and the oxy-fuel combustion 58. Amongst them post-combustion is the 

most mature process. 

In order to capture CO2, adsorption processes have been employed using different 

kind of materials, such as solid adsorbents 59, amine-based absorbent solutions 60 or 

membranes 61. In processes that are executed at temperatures below 200 °C, porous 

organic frameworks and carbon-based adsorbents are the most commonly used 

materials. Notably activated carbon, zeolites, metal organic frameworks (MOFs), 

nitrogen enriched microporous polymers are some examples of solid sorbents62. In 
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particular, porous organic frameworks exhibit high CO2 selectivity and uptake and 

have been used for CO2 capture. Then, the adsorbed CO2 can be recovered by 

Pressure Swing Adsorption (PSA) or Temperature Swing Adsorption (TSA) of the CO2-

saturated sorbent. 

In addition, the gas components can be dissolved physically or bound chemically to 

the amine-based solvent. The former case is related to weak Van der Waals forces, 

while the latter entail covalent bonding due to electrostatic attraction 63. However, 

the main drawbacks of chemical absorption are the high equipment corrosion rate, 

amine degradation, low CO2 loading capacity and high energy consumption (during 

regeneration) compared to physical sorbents (i.e., carbonaceous materials, zeolites) 
64.  

Membrane technology is a recent method involving the use of polymer or ceramic-

based materials in order to separate CO2 
62. The main drawback of this method is the 

need for high-cost modules. The approach of cryogenic CO2 separation is applied 

commercially for high concentration and high-pressure gases. But due to its high 

energy consumption, it is not an attractive approach 28. 

As mentioned above, the methods employed for CO2 capture are cost demanding, 

due to the energy requirements (i.e., high temperature and pressure) and the 

equipment installations needed. More precisely, as mentioned by Dubey and Arora, 

the CO2 capture technologies that are available in market are comprising the 70-80% 

of the total cost of capture, transport, and storage 65. Therefore, alternative 

technologies involving advanced processes and materials, such as Metal Organic 

Frameworks (MOFs) are emerging. In this context, the approach of combining 

capture and conversion process by using multifunctional materials appears more 

attractive. 

I.2.B. CO2 storage 

Towards the achievement of CO2 sequestration, carbon storage is a requisite step. 

Notably, this process concerns securely storing the carbon dioxide emissions, 

underground in depleted oil and gas fields or deep saline aquifer formations 66. But 

the cost renders this approach economically non-profitable and obsolete. Another 

issue which raised concerns is that CO2 could leak out of these underground 

reservoirs into the surrounding air or contaminate nearby water supplies. Also,  this 

kind of human intervention can induce a pressure increase underground, resulting to 

seismicity 67. In the contrary, carbon conversion is a more appealing and viable 

approach, minimizing these concerns. 
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Figure 1. 4: CCUS schematic illustration  

I.2.C. CO2 conversion and utilization 

As seen in Figure 1.4. CO2 utilization can be divided into two main categories: a) the 

use of CO2 as feedstock and b) as injection fluid for Enhanced Oil Recovery (EOR). For 

the former case, CO2 can be converted into commercially valued products, like CO, 

CH4, CH3OH, hydrocarbons through several methods. One of them is the 

heterogeneous catalytic conversion which has been widely studied and can be 

achieved via two different routes 68. The first involves a transformation in a multi-

step process, using a classical Fischer-Tropsch synthesis through a Reverse Water-gas 

Shift (RWGS) reaction. The second way involves the CO2 conversion into methanol 

(MeOH), followed by MeOH conversion into hydrocarbons. Several catalysts have 

been synthesized in order to meet the requirements of these processes for 

enhanced efficiency and high yield 68. However, the main drawback of this approach 

is the high energy input that is required to achieve the desired operating conditions 

(i.e., high temperature and pressure).  

Electrocatalysis is also a possible method for CO2 reduction either using molecular 

catalysts 69 or metallic electrodes 70. The electrochemical CO2 reduction reaction 

(CO2RR) can be performed in an electrocatalytic cell, within aqueous solutions and 

the main products of the reactions are CO, formate and higher order products. As 

described by Jones et al.  in their review paper, the appropriate choice of electrode 

can enhance the selectivity of the reaction products 71. But the increased energy 

consumption during operation makes the process less environmentally friendly. 

On the other hand, photocatalytic conversion of CO2 into high-added value chemicals 

and fuels (CH4, CH3OH) is a more viable and economic approach. In photocatalysis 

ideally, the required energy is given by solar irradiation, eliminating further costs and 
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making it a promising approach. Thus, the development of photocatalysts with 

robust properties and the design of the process with the favorable conditions for 

enhanced efficiency and yield, are topics that have gained scientists’ interest. In this 

manuscript, we will focus on this method. We chose to focus on this methodology 

because of this environmentally friendly character. 

II. Photocatalysis 

II.1. Natural Photosynthesis 

The sun exists in our solar system since 4.6 billion years approximately and irradiates 

continuously solar light the Earth's surface across the visible and near-infrared 

ranges with a small part in the ultraviolet. This irradiation not only helps warm the 

Earth, but also the sun holds an essential role in the carbon cycle. Namely, through 

the process of photosynthesis, plants convert CO2 into chemically stored energy by 

using solar light, which produces food, wood, and the biomass from which thereafter 

fossil fuels are derived. Light harvesting is occurring in the green part of the plants by 

chlorophyl, a pigment which has Mg2+ ions in its center, with four pyrrole rings. One 

of it is bonded to a phytol tail, as seen in Figure 1.5a 72. Furthermore, photosynthesis 

also needs a water source, provided to the plants from the soil via their roots. The 

overall process is comprised of two steps as seen in Figure 1.5b. In photosystem II 

(PSII) the photoinduced holes oxidize water to produce oxygen and protons. The 

photoexcited electrons are transferred via the electron transport chain, whereas the 

released protons are accumulated in one side of the membrane to convert ADP 

(adenosine diphosphate) into ATP (adenosine triphosphate). In photosystem I (PS I), 

electrons are excited by photons (λ ≤ 700 nm) and the induced holes are quenched 

by the electrons produced by PSII. This allows the electron lifetime to be 

prolongated, therefore more reduction reactions can occur. The electrons from PSI 

are finally used to reduce NADP (nicotinamide adenine dinucleotide phosphate) to 

NADPH, which, together with ATP, provides the reduction power and energy for the 

conversion of CO2 to sugars 73. Within this frame, photocatalysis has been introduced 

in order to mimic natural photosynthesis to produce energy vectors (H2, 

carbonaceous products) by harnessing solar light as an energy source. Also 

considering the fact that this source is not going to be ceased, photocatalysis is 

considered as a viable and environmentally friendly approach. 
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Figure 1. 5: (a) The molecule of Chlorophyll, where natural photosynthesis is taking place, (b) the 
Schematic Diagram of a Double Excitation Process in Natural Photosynthesis 

II.2. Principles of photocatalysis 

The term photocatalysis is a combination of the two words photo- and -catalysis, and 

it indicates that the rate of a chemical reaction, or its initiation, can change under 

light exposure and in the presence of a material-the photocatalyst 74. Under 

irradiation, photocatalysts are able to generate charge carriers, which are involved in 

the chemical transformation of the reaction substrates. We can divide these 

reactions into two categories: the homogeneous and heterogeneous photocatalysis. 

The former refers to reactions where the reactants and the catalyst are in the same 

phase, and the latter where the photocatalyst is in a different state. It is of particular 

importance that the heterogeneous photocatalytic process offers the advantages of 

an easy separation, recovery and reuse of the catalyst compared to homogeneous 

photocatalysts. Herein, the case of heterogeneous photocatalysis will be discussed. 

The heterogeneous photocatalysis domain has always attracted the scientific 

community’s attention, but this interest grew stronger after 1972. In that time, 

Fujishima and Honda discovered for the first time the photocatalytic splitting of 

water by using TiO2 electrodes, under light irradiation and by applying an external 

electrical bias 75. Photocatalysis is then considered as a promising technology for 

sustainable solar fuels generation (hydrogen, carbon-based compounds) as 

alternative fuels. It is also regarded as an approach for environmental remediation, 

in particular for the air treatment 76 and the degradation of pollutants in water 77. 

II.3. Mechanism of Photocatalysis 

In general, heterogeneous catalysis involves 5 different steps 78,79: 

1. Transfer of the reactants on the surface of the photocatalyst 

2. Adsorption of at least one of the reactants 

3. Activation of the photocatalyst by light irradiation 
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i. Photon absorption of energy higher than the bandgap Energy, Eg 

ii. Generation of excited charge carriers (e-, h+) in the semiconductor particles 

iii. Separation of photogenerated charge carriers and their migration to the 

surface 

iv. The recombination of charge carriers in the bulk  

v. The recombination of charge carriers on the surface 

vi. Reduction and oxidation reactions on the surface by the e-/h+ 

4. Reaction of the adsorbed species 

5. Desorption of the products 

II.4. Photocatalysts 

II.4.A. Properties 

For the purpose of photocatalytic applications, the use of photocatalyst is 

prerequisite. Photocatalysts are semiconductor materials which hold suitable 

properties, possess an appropriate bandgap energy, and can be activated under 

illumination. Specifically, upon irradiation with an energy equal or higher than their 

bandgap, an electron from the valence band of the semiconductor is excited to the 

conduction band (CB), leading to the formation of a hole in the valence band (VB). 

Electrons and holes are named photogenerated charge carriers and can freely move 

within the semiconductor material. However, as it is depicted in Figure 1.6, part of 

the charge carriers can recombine without interacting with the adsorbed reactants. 

Charges that reach the surface of the photocatalyst can initiate chemical reactions 

with the adsorbed species 79.  In order to minimize the charge carriers’ 

recombination, semiconductors (SCs) with high crystallinity are used, because they 

exhibit fewer trapping states and recombination sites and enhance charge carriers’ 

mobility 80. 

 

Figure 1. 6: Schematic illustration of the different pathways of photogenerated charge carriers in 
photocatalyst upon light irradiation 
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The Eg is an important property because it determines the wavelengths at which the 

semiconductor is active. Another crucial parameter that influences the initiation of 

redox reactions is the relative position of the VB and the CB. From a thermodynamic 

point of view, the surface reduction and oxidation reactions can be driven by the 

photogenerated e- and h+, respectively, only when their reduction and oxidation 

potentials lie between the CB and VB energy level of the semiconductor. It is worth 

mentioning that the biggest difference between the CB and the reduction potential 

of the targeted reaction is, the higher is the thermodynamic driving force. Figure 1.7 

shows the band diagrams of the most commonly used SCs, with the redox potential 

of common reactions.  

 

Figure 1. 7: Bands position of different semiconductors, regarding to the redox potential of water 
splitting reaction  

However, it is worth mentioning that the appropriate VB and CB position is not 

enough when choosing photocatalysts. Chemical stability is also a determining 

parameter. For example, some of the reported catalysts (e.g., GaAs, CdS) can be 

easily photo corroded, and are also toxic, when working in aqueous conditions 81. 

The properties of the photocatalysts are crucial in order to ensure high efficiency of 

the overall catalytic process steps (Chapter 1.II.3). 

II.4.B. Strategies to improve the efficiency of photocatalysts 

II.4.B.i. Morphology 

Regarding catalytic processes, the efficiency is closely related to material properties. 

Therefore, materials engineering holds a key role towards improving efficiency. As it 

is mentioned in Chapter 1.II.4.A., adsorption of reactants is a crucial step during 

photocatalysis. This is not only linked with the available surface area, but also with 

the affinity of surface species with the reactants. Materials that present a high ratio 
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of surface-to-volume are considered beneficial for the adsorption and the diffusion 

of chemical species in their pores. In this direction, materials architecture has 

become a topic of increasing interest as it offers the potential to create materials 

with diverse and adaptable properties. 

One-dimensional (1-D) nanomaterials possess a large surface-to-volume ratio, 

enhancing reactants adsorption. Furthermore, the one-dimensional confinement 

facilitates the transmission of quantum particles, such as photons, phonons and 

electrons 82, allegedly resulting to a better charge carriers transport. Specifically, it 

has been reported that nanowires, nanorods and nanotubes are presenting 200-

times fold enhanced charge transfer, comparing to their corresponding nanoparticles 
83. However, the existing methods of 1D nanomaterials fabrication are not favoring 

their utilization in large scale photocatalytic processes. 

Moreover, materials holding sheet-like morphology (two dimensional-2D) are 

considered advantageous compared to their bulk counterparts and have gained 

attention over the last few years. Namely, 2D materials possess a small thickness 

ranging from a single to a few atomic thick layers, whereas the lateral size may 

extend up to micrometers. Their superior surface area is linked to the available 

active sites and can ameliorate the interaction with the reactants and enhance the 

mass transport to the active sites.  

Their size constraints and the electron confinement in two dimensions offer them 

unique physical properties. Specifically, the migration distance is significantly shorter 

for the charge carriers, reducing the recombination rate 84. Thus, the photogenerated 

charge carriers (e-/h+) are abundant and available to reach the surface’s active sites 

to initiate the redox reactions. Due to the electron confinement effect in thin layered 

nanomaterials, light absorption is increased even at low flux densities. This can affect 

the density of charges and consequently the actual electronic band structure 85. In 

addition, it is stated that the density of electronic structure at the Fermi level plays a 

role in the adsorption and the binding of any reactant. More precisely, stronger 

binding is associated with the height of the center of the electronic structure relative 

to the energy of the Fermi level 84.  

2D structures can also be used as supports for the development of multicomponent 

materials, allowing a higher interaction between the different parts 86. This approach 

has been investigated in the framework of these studies and will be discussed in 

Chapter 2. 

II.4.B.ii. Heterojunctions 

Coupling of SCs with different bandgap structures can also result in efficient charge 

separation. This strategy has been also widely studied as an approach to address 

light adsorption limitations. In this approach, SCs with proper bandgap structures are 
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required in order to direct the photogenerated e- and h+ in the opposite direction, 

thus improving the charge separation. Two types of heterojunctions gained interest: 

the type-II heterojunction and the Z-Scheme heterojunction (Figure 1.8). 

 

Figure 1. 8: Charge transfer in a type‐II (left side) and a Z‐scheme (right side) heterojunction: 

Regarding type-II heterojunctions, the CB and the VB of SC A are higher than the 

corresponding bands of SC B. In this configuration, photogenerated holes will 

migrate to SC A, and the electrons will migrate to SC B, thus inducing a charge 

separation. A drawback of this approach is that the redox ability will be decreased, 

since the photogenerated charge carriers are spontaneously transferred from the 

higher energy band to the one positioned at lower energy levels. Moreover, electron 

migration to the electron rich conduction band of SC B and hole migration to the 

hole-rich VB of SC A is unfavorable due to electrostatic repulsions 87. 

In order to overcome these shortcomings, Yu et al. introduced in 2013 the direct Z-

Scheme heterojunction where electrons and holes are spatially separated on the SC 

with the higher reduction and oxidation potential, respectively 88. This charge-carrier 

migration pathway resembles the letter “Z” and imitates the natural photosynthetic 

reaction center 89. Contrariwise to type-II heterojunctions, the charge transfer is 

physically more favorable on the direct Z-Scheme heterojunction, because of the 

electrostatic attraction between e- and h+ 87.  

Up to now, a plethora of heterostructures of different photocatalytic materials has 

been reported in the literature, with emphasis not only on their electronic properties 

(i.e., band positions) but also on their morphologies. In particular, several studies 

have been reported using graphene-like materials in order to create heterojunctions 

for various photocatalytic applications, like H2 evolution, pollutant degradation, and 

CO2 reduction 90–93. As a matter of fact, graphene possesses a 2D nanostructure 
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morphology that eases charge carriers’ migration. El-Marouazi et al., managed to 

synthesize composite materials of TiO2 (P25) with different loading of Few-layers-

graphene (FLG), aiming for photocatalytic application of H2 production from MeOH 

photoreforming. They found that composite materials with low loadings (0.5-1%) on 

FLG are 2-3 times more active than bare TiO2. This is attributed to a more efficient 

charges separation due to electrons delocalization and trapping onto graphene 

layers well interfaced with TiO2 nanoparticles 94. 

Benefiting from the properties of materials bearing sheet-like morphology, the idea 

of developing heterojunctions between 2D-2D nanomaterials has also been 

investigated by several research groups. As long as we are targeting enhanced 

charge migration on heterojunction photocatalysts, the superiority of 2D-2D 

heterojunction over 0D-2D and 1D-2D heterojunctions is the larger surface contact, 

as it can be seen in Figure 1.9. 

 

 

Figure 1. 9: Schematic illustration of the advantageous contact between both components in 2D–2D 
composite photocatalysts in comparison to 0D–2D and 0D-1D composites layered composite 

photocatalysts 

The advantage of 2D-2D heterostructures over 2D-3D heterojunction has been 

highlighted by Crake and coworkers. In their study, TiO2 with bipyramidal or 

isostructural morphology has been coupled with CN Nanosheets. Both 

heterojunctions exhibited improved photocatalytic activity compared to bare TiO2. 

However, the 2D-2D CN/TiO2 heterojunction exhibited a more favorable charge 

separation increasing the availability of photo‐induced electrons, as shown by 

Transient Adsorption Spectroscopy. This is attributed to the enhanced surface 

contact 95. 

Apart from the cases that have been discussed already, the p-n heterojunction and 

n-n heterojunctions have been also presented in the literature 96,97. However, the 

development of Schottky junctions is the approach that has been investigated the 

most, and it will be discussed further in the following section. 
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II.4.B.iii. Metal deposition 

Another effective strategy to ameliorate the charge separation is to develop 

heterojunctions between metal nanoparticles (MNPs) and SCs. As it is widely known, 

metals (M) are conductive materials, and the energy that is required to extract one 

electron from the Fermi level of the metal to the vacuum is described as work 

function (Wf). Semiconducting materials (i.e., oxides) present a higher Fermi level 

than metals 98 (Fig. 1.10 panel A). Usually n-type SCs are used, because in the p-type 

SCs the majority of charge carriers are holes that attract the electrons of the metal, 

resulting in charge neutralization 99. 

When the junction is formed, an interface, called the Schottky barrier, is created. At 

the interface of SC and MNP, e- flow from one material to the other to align the 

Fermi energy levels to reach the equilibrium, which is called band bending, as it is 

shown in the panel B at Figure 1.10 80. The flow of electrons from the semiconductor 

to the metal results in a depletion of electrons and correspondingly to a hole 

accumulation to the semiconducting material. Meanwhile the electrons are 

accumulated to the side of the metal close to the interface. This forms a depletion 

layer at the junction, which induces a localized potential barrier for the charge 

carrier, named the Schottky-like barrier (Fig. 1.10c). This barrier effectively assists 

the electron trapping, inhibiting the flow of e- back to the semiconductor. Therefore, 

the recombination of photogenerated charge carriers is decreased 100.  

 

Figure 1. 10: Schottky barrier in the interface of SC/Metal nanoparticle: (a) before contact, (b) after 
contact 

It is important to mention that another prominent feature of the M/SC junctions is 

the surface plasmonic resonance. In general, surface plasmon designates a collective 

oscillation of free charges on the surface of a conductive material. Upon light 

irradiation with frequency equal to the plasmonic resonance of the Metal, electrons 

are redistributed, thus generating electric field with frequency that varies depending 

on NPs size, shape and aggregate environment, this phenomenon is called Localized 

Surface Plasmon Resonance (LSRP) 101. The mechanism of charge transport and 
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distribution across the Schottky barrier has been investigated intensively, but the 

influence of surface plasmon resonance to the photocatalytic mechanism is still 

under debate. 

The mostly studied metals used for metal deposition are Au, Ag and Cu, which 

present plasmonic resonance into the visible region. Other noble metals able to 

significantly enhance the catalytic effects upon light irradiation are platinum (Pt) and 

palladium (Pd). Due to their unfilled d-orbitals, an inter-band excitation is induced 

and can facilitate reactions at the NPs surface 102. Also, bimetallic alloy NPs 

deposition on semiconduction materials, is considered interesting due to the 

synergistic effects 103. 

As previously discussed, composition and morphology are very important for 

photocatalytic activity. Thus, the controllable synthesis of metal nanoparticles and 

deposition on semiconductors is crucial. Up till now, various approaches have been 

suggested, but the chemical methods present more advantages regarding 

monodispersity, compared to the physical ones 104. Therefore, the method of 

chemical reduction is the most used. Specifically, it involves the synthesis of 

suspensions, where the metal precursor (metal salt) is dispersed. The addition of a 

strong reducing agent, like sodium borohydride (NaBH4), is mostly used to disperse 

MNPs of small sizes. In addition, in order to eliminate the NPs aggregation, capping 

agents are often employed. In general, reduction methods are frequently combined 

with impregnation methods for the deposition on semiconductors surface.  Another 

method of reduction is photo-deposition where a light irradiation for e- generation is 

used instead of a reducing agent 102. 

II.5. Artificial Photosynthesis 

II.5.A. Photocatalytic Water Splitting 

II.5.A.i. Mechanism of photocatalytic Water splitting 

Water splitting is a multi-electron process and endothermic reaction 105. Specifically, 

the dissociation of water into H2 and O2 is an uphill reaction. The standard Gibbs free 

energy of the reaction is 237 kJ/mol106. In the case of photocatalytic water splitting, 

the energy required is provided by incident photons and the use of a photocatalyst is 

necessary. The overall reaction involves two electrochemical half-reactions: the 

oxidation of water to form O2 (Eq.1.2) and the reduction of protons to form H2 

(Eq.1.3).  
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H2O→ 1 2⁄ O2 + 2H+ 

 

 
 

Equation 1.2 
 

 

Figure 1. 11: Scheme of the overall 
photocatalytic water splitting with its redox 

potentials 

 

2H+ +2e-→H2 + 1 2⁄ O2 

 

 
Equation 1.3 

 

It is also important to highlight that the dissociation of water is not spontaneous. O2 

combines with H2 leading to the reverse reaction which is thermodynamically 

favorable (H2(g) + ½ O2(g)→ H2O(l) ΔH= + 57 Kcal). For this reason, it is 

recommended to remove the O2 formed during the reaction, by continuous bubbling 

with inert gases (N2, Ar). 

III.5.A.ii Parameters that affect the efficiency of Photocatalytic water splitting 

Till now, there have been numerous studies of semiconductor photocatalysts for 

solar energy conversion and environmental purification. However, the relatively low 

value of overall quantum efficiency limits the use of semiconductor photocatalysts. 

This is mostly attributed  to the high recombination rate of photo-induced e-/h+ pairs 

at or near its surface107. 

In order to suppress the charge recombination, sacrificial reagents in low 

concentrations are used for their separation. Hole scavengers (electron donors) or 

electron scavengers (electron acceptors) are recommended in order to promote the 

H2 production reaction and the Oxygen Evolution reaction (OER), respectively. The 

most commonly used sacrificial reagents are methanol (MeOH) 108, triethanolamine 

(TEOA) 106 or sodium sulfide/sodium sulfite 109 for oxide, carbon, and sulfide 

photocatalysts, respectively 110. H2 photoproduction from water splitting in presence 

of other organic compounds in high concentrations, is called photo-reforming 111. In 

this case, H2 production is thermodynamically more favorable, because the organic 

substrates (i.e., MeOH, EtOH) have a lower oxidation potential than H2O. Thus, 

minimizing the formation of O2 and consequently inhibiting the reverse reaction 112.  

 
The effect of different sacrificial agents has been investigated in order to elucidate 

the mechanism of the reaction and how the nature of the sacrificial agent affects 

efficiency. Wang and coworkers studied the influence of several sacrificial reagents 

for various types of photocatalysts. Indicatively, their results suggested that TEOA 
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induced an increased H2 evolution rate in comparison to the other sacrificial 

reagents, like methylamine, ethylamine and ethanediamine. TEOA can be oxidized 

irreversibly, forming a secondary amine and an aldehyde in presence of water 113. 

They attributed this observation to the higher permittivity and the lower oxidation 

potential of TEOA, compared to other organic amine agents. They also mentioned 

that the length of carbon chain for alcohols or amines SRs, is inversely proportional 

to the H2 evolution rate 114. 

II.5.B. Photocatalytic CO2 reduction 

II.5.B.i. Historical review 

Catalytic reduction of CO2 with H2O into hydrocarbon fuels such as CH4 and CH3OH is 

an uphill reaction with a highly positive change in Gibbs free energy, as the following 

equations show  115: 

CO2+2H2O→CH4+2O2 (ΔGo=818.3 KJ/kmol) Equation 1.4 
 

CO2 + 2H2O→CH3OH+ 3/2O2 (ΔGo=702.2 KJ/kmol) Equation 1.5 
 

By definition, a catalytic reaction has a negative difference in the Gibbs free energy, 

ΔGo<0, where  the catalyst lowers the kinetic barrier of the reaction without it being 

damaged, used-up, or inactivated 116,117. In this strict sense, the photocatalytic 

reduction of CO2 is not a catalytic process, because it is an uphill reaction, requiring a 

significant energy input, ΔGo>0, which is provided by the incident photons 118. 

However, the term photocatalytic reduction is often adopted in literature.  

Halmanns was the pioneer of CO2 photocatalytic conversion in 1978. He conducted 

photoelectrochemical CO2 reduction to HCOOH, HCHO and CH3OH, using a p-type 

GaP electrode 119. One year later, Inoue and Fujishima examined the CO2 reduction in 

presence of water under a Xenon and a Mercury lamp. Since then, studies focused 

on understanding the reaction mechanism, the parameters influencing the overall 

efficiency of the process and the product selectivity. 

II.5.B.ii. Mechanism of photocatalytic reduction of CO2 

In order to perceive the mechanism of the process, we need initially to take into 

consideration the nature and the properties of CO2. Its linear structure and closed-

shell electronic configuration renders CO2 thermodynamically highly  stable 120, and it 

is difficult to reduce or oxidize it especially in mild temperatures. Photocatalytic CO2 

reduction by one electron approach is not thermodynamically favorable because it 

needs a very negative redox potential (Eo=-1.90 V, vs NHE), as shown in Figure 1.12 
115,121. Therefore, CO2 reduction is more likely to occur via a multi electron transfer 

and a corresponding proton number. In this approach, the reduction reaction is 

taking place on the surface. Therefore, the loading of active cocatalysts and the 
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engineering of surficial defects is crucial in order to enhance the adsorption and 

promote interactions between active species 122. 

 

Figure 1. 12: Schema of the photocatalytic CO2 reduction with its redox potentials 

II.5.B.ii.a. CO2 adsorption  

The photocatalytic CO2 reduction is a multistep process involving CO2 adsorption, 

activation, and the dissociation of the C-O bond 123. The initial step is the least 

studied, even though it is considered very critical for the reaction rate. Specifically, 

CO2 is an acidic molecule which can be strongly adsorbed on the photocatalyst 

surface in presence of basic sites 124.  For instance, basic sites such as -OH and -NH2 

groups apt to donate their protons to CO2 in order to form a negatively charged 

HCO2
δ– species, which is an important intermediate for carbon-containing chemicals 

125. Dias and coworkers proved that by tuning thermally carbon nitride samples, -NH2 

groups are formed, which are beneficial for CO2 adsorption. CO2 sorption isotherms 

showed that CO2 uptake at 1 bar and 298 K increases with the thermal treatment, up 

to about 4 times 126. 

In addition, loading or incorporating alkaline or alkaline-earth metals on the 

photocatalyst facilitates the CO2 adsorption, because photocatalysts have an higher 

affinity toward acidic molecules 125. For example, Das et al. investigated the case of 

incorporation of magnesium in the core of organic ligand of the porphyrinic MOF 

PCN-224, which is considered to improve CO2 adsorption. CO2 sorption isotherms 

were recorded for the pristine MOF PCN-224 and the modified PCN-224(Mg), in 

order to compare their CO2 adsorption capacity. The results showed that PCN-
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224(Mg) exhibited an exceptionally high CO2 uptake of 379.86 cc/g at 195 K, almost 

1.6 times higher than that of PCN-224 127. 

Also, the presence of oxygen vacancies (VO) on the surface of the photocatalyst plays 

a key role in the CO2 adsorption. Specifically, the oxygen atom of CO2 can fill the 

vacancy site 118.  When the CO2 is adsorbed, the molecule bends and therefore has a 

lower barrier for accepting an electron and its LUMO level decreases 128. It is already 

shown by Indrakanti and coworkers that oxygen deficient TiO2 is more beneficial for 

CO2 reduction than stoichiometric TiO2. In particular, electrons from the conduction 

band may not be transferred to CO2, in irradiated, stoichiometric TiO2 surfaces 129
. 

II.5.B.ii.b. CO2 activation and reduction 

It is also important to understand the mode of CO2 adsorption on the photocatalyst’s 

surface. In order to do so, characterization techniques like in situ DRIFTS 130, EPR 

spectroscopy 131 and Scanning Tunnel Microscopy (STM) 132 are employed. Each of the 

oxygen atoms of CO2 has a lone pair of electrons and can donate these electrons to 

surface Lewis acid centers, whereas the carbon atom could also gain electrons from 

Lewis base centers such as oxide ions, forming a carbonate-like species. In figure 

1.13, the three modes of CO2 adsorption on the photocatalyst’s surface are shown. 

 

Figure 1. 13: CO2 adsorption mode on photocatalysts surface by : (a) oxygen coordination, (b) Carbon 
coordination, (c) mixed coordination. 
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Specifically, CO2 can be adsorbed by oxygen coordination mode (Fig. 1.13a), the 

following reaction step favors the formation of HCOOH, because the carbon atom of 

CO2 can bind with hydrogen atom to form HCOO-, and consequently with a proton. 

This pathway is favored in reactions taking place in water because it presents high 

dielectric constant 133. In the case of carbon and mixed coordination mode (Fig. 1.13b 

and 1.13c), the cleavage of C–O bond occurs first, thereinto, carbon monoxide is 

formed as product. If the catalyst shows moderate adsorption strength, then the CO 

will remain adsorbed and can act as the intermediate species for other products. 

However, when CO binds strongly to the metal, it can poison the active site. When 

CO binds weakly, it desorbs as a final product before any further reduction reaction 

occurs 134.  In the former case, the adsorbed CO can accept additional electrons and 

combine with up to four H● to form methyl radical and eventually methane. The 

methane production needs the least negative reduction potential, but it requires 

more electrons among C1 products 122. Methyl radical can further combine with a 

hydroxyl radical to result in methanol formation. 

In order to reduce CO2, the presence of a reducing agent is mandatory. H2O is widely 

studied as an electron donor for this process because it is nontoxic and abundant. 

However, in this case, H2O reduction is a competitive reaction to CO2 reduction. 

Therefore, H2O adsorption on the catalyst’s surface is also of high importance, 

ensuring that it will be oxidized providing in that way the number of protons 

necessary for the CO2 reduction. In 1989, Kurtz et al, used synchrotron radiation 

photoemission measurements to study the H2O adsorption on defective and non-

defective TiO2 catalyst. They showed that the oxygen vacancies found on the surface 

of TiO2 annealed under ultra-high vacuum, are beneficial for H2O adsorption and 

dissociation 135. Years later, after the development of computational method in 

materials science, Lindin et al. carried out DFT calculations for the adsorption of 

water on the (110) plane of rutile and confirmed that the defect sites benefited the 

absorption and dissociation of water. In another study, Bikondoa et al. suggested a 

mechanism of dissociation on the surface oxygen vacancy after STM visualization, 

where the H atom is removed and the O atom of the -OH group fills the vacant site 
136. Notably, H2O and CO2 molecules may compete for the same VO site and the 

adsorption of CO2 can be blocked by H2O, since the binding energies of H2O 

molecules are 0.64 eV higher than that of CO2 on the vacancy site 137.  

Upon activation, the adsorbed CO2 molecules are subsequently reduced by surface 

charge carriers. The reduction of CO2 is a multi-electron process, which is more 

favorable than the one electron process. The different pathways for the reactions 

are given in the following equations:  
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CO2+2e-→·CO2
- Equation 1.6 Eo(V vs. NHE) =-1.90 

CO2+2e-+2H+→HCOOH Equation 1.7 Eo(V vs. NHE) =-0.61 

CO2+2e-+2H+→CO+ H2O Equation 1.8 Eo(V vs. NHE) =-0.53 

CO2+4e-+4H+→HCHO+ H2O Equation 1.9 Eo(V vs. NHE) =-0.48 

CO2+6e-+6H+→CH3OH+ H2O Equation 1.10 Eo(V vs. NHE) =-0.38 

CO2+8e-+8H+→CH4+ 2H2O Equation 1.11 Eo(V vs. NHE) =-0.24 

2H2O+4h+→O2+4H+ Equation 1.12 Eo(V vs. NHE) =+0.81 

2H++2e-→H2 Equation 1.13 Eo(V vs. NHE) =+0.42 

 

As it can be observed by the Eq. 1.12, the water oxidation half-reaction needs 4 

holes, rendering the reaction kinetics sluggish 138. Also, there is a possibility that the 

oxidation of the reaction intermediates before the carbon products are generated, 

thus the use of H2 as electron donor agent minimizes these bottlenecks. Specifically, 

using H2 instead of water as the reducing agent could turn CO2 reduction into 

exothermic reactions, improving the photocatalytic activity 139. 

II.5.B.iii Parameters that affect the efficiency of CO2 reduction 

It is also important to highlight that the type of photocatalyst, the thermodynamic 

reduction and oxidation potentials, the pH of the solution when working in liquid 

phase, the flow rate and the contact time between the reactant gases and the 

catalyst, are factors that can influence the final product selectivity 140. Also, an 

optimum feed ratio between CO2 and H2O, needs to be used in order to avoid 

hindering the CO2 adsorption on the photocatalysts active sites 125. Furthermore, the 

type of reactor can affect the efficiency of CO2 reduction. In their work, Thomson et 

al. collected data for the kinetics of CO2 reduction for continuous flow and batch 

conditions. This study shows that photoreactors are likely to minimize mass-transfer 

restrictions when working in continuous flow 141. On the contrary, it has been shown 

that batch reactors obtain higher photocatalytic performances but lower selectivity 

because of the accumulation of products inside the reactor 142.  

In addition, the phase of the reaction plays a key role too. Indicatively, carrying out 

CO2 reduction experiments in liquid phase, in a slurry reactor enhances the heat and 

the mass transfer due to the continuous agitation. However, it can reduce the 

efficiency due to absorption and scattering phenomena by the reaction media 143. It 

is also important to highlight the fact that when working with liquid media, the pores 

of the photocatalyst can be blocked, inhibiting the adsorption and the diffusion of 

CO2. Moreover, when the reaction takes place at gas phase, we can neglect the pH 

parameter. 
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Temperature and pressure also play a critical role in the efficiency of photocatalytic 

CO2 reduction. For example, both can regulate the CO2 adsorption on the 

photocatalysts surface. Specifically, the adsorption potential of CO2 improves 

significantly when the temperature decreases and the pressure increases  144. Also, a 

temperature augmentation enhances the desorption of the reaction products, and 

consequently improves the efficiency of the process, as shown by Tahir and Amin 145. 

As can be observed in Eq.1.6-1.11, there is more than one possible product. Thus, 

the selectivity for the photocatalytic reduction of CO2 must also be taken into 

consideration. High selectivity towards specific products formation is highly desirable 

since it will control the necessity of costly separation processes. Li et al. tried to 

summarize the influence of different cocatalysts on the selectivity of CO2 reduction 

by comparing recent works. Pd, Pt, or Au are mentioned  more favorable for CH4 

production; Ag for CO, CH4, or CH3OH, Cu for hydrocarbons and Cu2O, RuO2, or NiOx 

for CH3OH production 146.  

III. Carbon nitride  

III.1. Generalities 

Carbon nitride is a metal-free polymeric semiconductor which has gained a lot of 

interest over the last few years thanks to its intrinsic properties 147. It possesses 

various allotropes, such as graphitic-C3N4, cubic-C3N4, β- C3N4, and α- C3N4 
148

. Among 

them, the most stable allotrope is g-C3N4 
149

. The discovery of g-C3N4 as photocatalyst 

for H2 evolution was first reported by Wang et al in 2009 150. However, g-C3N4 first 

appeared longer time ago, when Liebig first synthesized a yellow amorphous 

insoluble compound, named as melon, via the direct thermal polymerization of 

ammonium chloride and potassium thiocyanate 151. Since then, different precursors 

and various routes of synthesis have been studied and are presented in Chapter 

1.III.3. 

III.2. Properties 

C3N4 (CN) possesses high thermal stability up to 600 °C, thanks to the aromatic ring 

C-N bonds. Furthermore, the stacking with optimized van der Waals interactions 

between single layers of CN makes it insoluble in most solvents, inducing high 

chemical resistance 152,153. As semiconductor material, it possesses a moderate 

bandgap of 2.7−2.8 eV, implying that it exploits visible range of solar light of around 

450−460 nm 154. This is in consistency with its yellow color. The CB and VB are 

suitably placed around the water oxidation and reduction potentials, favoring water 

splitting reaction, as it can be seen in Figure 1.7. CN has a unique two-dimensional 

layered structure, which is favorable for hybridizing with other components. 
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III.3. Methods of Synthesis  

CN is easily synthesized through the thermal polycondensation of nitrogen-rich 

precursors, like melamine 126,155, urea, thiourea, dicyanamide 156 and cyanamide. 

Thomas et al. mentioned that the first step of the reaction starts with condensation 

of the precursors towards melamine, which is observed at around 350 °C. At 

approximately 390 °C, a condensation reaction occurs, which eliminates ammonia 

and forms melem monomers, later condensed into melon, a linear polymer of tri-s-

triazine units. The presence of melem as an intermediate product was investigated 

by Jürgens, et al. More precisely, they studied the condensation of melamine rings to 

Graphitic Carbon Nitride by using characterization techniques like X-ray Powder 

Diffractometry and Solid-State NMR 157. Lastly, the formation of the final product is 

taking place at around 520 °C, after condensation of the units, forming the polymeric 

CN till it becomes stable up to 600 °C. However, due to incomplete condensation of 

the amines, the intermediate products cannot be removed and stay as residuals. 

Therefore, the ratio C/N in the final product is far from the ideal (=0.75). In the final 

product, carbon and nitrogen atoms present sp2 hybridization, thus creating a 

delocalized π-conjugated system in the aromatic ring of the tris-s-triazine ring 

structure forming 2-D planes. The different planes are connected by the weak van 

der Waals force with an interlayer space of approximately 0.326 nm 151. 

As it is observed in Figure 1.14, the conditions of the thermal polycondensation 

process and the properties of the final product differ slightly, depending on which 

precursor is used. Among them, urea, thiourea and melamine are the most studied 

precursors. Specifically, Zheng et al. synthesized CN samples from urea or melamine 

by varying the pyrolysis temperature, and compared their photocatalytic activity 

towards  Rhodamine B degradation 158. They showed that the samples which are 

synthesized from urea present better adsorption and photocatalytic properties, at 

high temperatures. This was attributed to their enhanced surface areas and was 

coherent with other studies in the literature. In particular, during the pyrolysis of 

urea, a large sum generated gases, such as NH3, H2O and CO2, can function as soft 

templates to produce porous structure 159,160 . Additionally, Martin et al. successfully 

synthesized Carbon Nitride samples with different precursors (urea, dicyandiamide, 

thiourea). In their study, they showed that the urea-derived g-C3N4 evolved 

hydrogen at approximately 20000 mmolh-1 g-1, 15 times faster than Dicyandiamide-

derived and 8 times higher than thiourea-derived g-C3N4, as reflected in the turnover 

number. According to XPS characterization, FTIR spectroscopy, ζ-potential 

measurements and XRD, they showed that both the protonation status and the 

degree of polymerization can influence the g-C3N4 hydrogen-evolution rate 161. 
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Figure 1. 14:  Schematic illustration of the synthesis process of g-C3N4 by thermal polycondensation 
from different precursors.162 

Although CN is a promising photocatalyst with an easy synthesis process using low-

cost feedstock, it shows some drawbacks which inhibit practical applications. 

Specifically, when it is prepared by direct polycondensation of C-, N- and H- 

containing precursors, it possesses poor crystallinity and low surface area (ca. 10 m2 

g-1) 150. To tackle these disadvantages and improve their photocatalytic properties, a 

lot of strategies can be employed. It is already reported in the literature that the CN 

presenting 2D morphology have been shown more active in both H2 production as 

well as CO2 reduction 86,95. As it is mentioned in Chapter 1.III.2., CN has strong in-

plane chemical bonds, but weak out-of-plane interactions. Therefore, it could be 

relatively easily exfoliated into atomically thin nanosheets by breaking the van der 

Waals bonds 163. This breaking can be achieved with an energy input higher than the 

bond energy, through thermal exfoliation 126, mechanical exfoliation 164, liquid 

exfoliation 165 or ion intercalation 166. The exfoliation not only results in increased BET 

surface area but also could facilitate the electron transfer to the surface-active sites 
167.  

In their study, de Medeiros et al. performed an exfoliation of melamine derived 

carbon nitride by thermal and chemical route. They showed that both treatments 

delaminated the material, but the chemical exfoliation via acidic treatment (i.e., 

H2SO4) increased the CN material thickness and induced defects and oxygenated 

functional groups on the surface, as shown by TEM, XRD and XPS characterization 

respectively. Whereas the thermal treatment resulted to a blue shift of the light 
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absorbance, i.e., increase of the Eg 
168. Compared to the numerous approaches for 

exfoliation, the thermal treatment is the most appealing thanks to its low-cost, non-

toxicity and easy scale-up. Towards this end, Qiu et al. successfully prepared CN 

nanosheets of ca. 2 nm by calcining bulk CN under H2. The synthesized CN 

nanosheets exhibited improved catalytic activity and stability towards MB 

degradation, under visible light irradiation, compared to bulk CN. Time-resolved 

fluorescence spectra showed that the charge carriers generated by CN nanosheets 

had an average carrier lifetime of 9.799 ns. Which has been improved compared 

with the one of bulk CN (with 5.156 ns). This implies that the recombination of 

photogenerated holes and electrons was inhibited in CN nanosheets 169. 

Bottom-up approaches like “hard” and “soft” templating are also widely reported in 

the literature as versatile techniques to form nanostructured or porous materials. 

The challenge here lies in the choice of appropriate template structures, which will 

define the pore shape and size 170. The first approach uses solution-phase molecules 

or surfactants in order to direct assembly a material, whereas “hard” templating 

uses solid materials, like silica, anodized alumina oxide or carbon to cast a second 

material 107. Li et al, synthesized mesoporous CN using spherical mesoporous cellular 

silica foams (MCFs) as a hard template, and ethylenediamine and carbon 

tetrachloride as precursors. The resulting CN materials possess a relatively high BET 

surface area of ~550 m2 g-1, and a pore volume of 0.90 cm3 g-1, with abundant basic 

sites enhancing the CO2 uptake 57. 

In order to enhance light absorption, semiconductor’s bandgap engineering is 

necessary in order to introduce midgap states. In that regard, defect engineering 

technique is extensively employed to alter the material’s band structure 171. In the 

case of CN, defects can be classified in 4 categories, including Carbon vacancies 

(CVs), Nitrogen Vacancies (NVs) and derivative functional groups (amino and cyano 

groups) 172. Namely, the introduction of vacancies significantly affects the 

photocatalyst’s band configuration, whereas the amino groups are regarded as 

charge traps sites reinforcing the charge transport and photocatalytic redox 

reactions 173,174. 

Another strategy for improving physicochemical properties and photocatalytic 

activity of CN samples is the modification of its chemical composition. To attain this, 

doping with metal or with non-metal elements is applied. Namely, non-metal 

element (such as B, P, O, S) doping has been suggested as effective strategy to tune 

the electronic structure of CN 162. It was suggested that the doped P formed new 

surface states near to the CB bottom of CN. On the other hand, B-related surface 

states could trap the photogenerated holes so that the charges were separated more 

efficiently 175. 
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Finally, the coupling of SCs is widely studied as an efficient way to overcome fast 

charge recombination and/or extend light adsorption. These two types of 

heterojunctions have been discussed in Chapter 1.III.4.B.ii. 

Particularly, carbon nitride-based heterojunctions are claimed to facilitate spatial 

separation and charge mitigation. It can also improve the overall visible-light 

absorption. Furthermore, the literature mentions that heterojunction composites 

based on metallic oxide are identified as an efficient pathway to promote the 

photocatalytic performance of semiconductor materials 176. An example is the case of 

TiO2/CN heterojunctions between the two most used semiconductors, which has 

been studied by our lab. Specifically, Marchal et al. synthesized Au-TiO2/CN 

heterojunctions, which showed enhanced visible-light harvesting, efficient charge 

separation, and enhanced H2 production, compared to the Au/TiO2 and Au/CN 

composite materials 177. 

IV. Titanium dioxide 

IV.1. Generalities 

TiO2 is a photocatalyst which gained a lot of interest since the 19th century thanks to 

its high chemical and thermal stability, low cost and non-toxicity. It occurs in nature 

in three polymorphs: anatase, brookite and rutile. The first two are metastable 

allotropes which results to thermodynamically stable rutile, when calcined at 

temperature above T=600 °C 178. The transformation of phases is achieved with an 

increase of  temperature or pressure and is influenced by several factors, such as the 

particle size, the concentration of lattice and the presence of surface defects 179. In 

particular, Zhang and coworkers studied the transformation of phases in Titania 

during calcination and found that anatase and brookite structures transformed to 

the rutile phase after reaching a certain particle size 180. It is worth mentioning that 

for particles above 35 nm, rutile is the most stable phase, whereas for nanoparticles 

below 14 nm anatase is the most stable. In addition, it is already shown that the 

presence of defect sites, and more precisely the oxygen deficiency, accelerates the 

transformation 179. 

IV.2. Properties 

All three TiO2 forms share an octahedral morphology (Fig. 1.15). However, they 

present different exposed planes. Precisely, anatase is made up of eight facets, in the 

middle and in the corners of which Ti4+ and O2- atoms are located, resulting in 

tetragonal structure 181. The most prevalent facet for anatase nanocrystals is the low 

energy (101) surface, that coexists with (001) plane. In the case of rutile, the most 

dominant surfaces are (100) and (110) 182. The latter is the most thermally stable, 



 CHAPTER 1  

34 
 

therefore it is the most widely studied in literature. Unlike anatase and rutile which 

present tetragonal crystal structures, brookite presents an orthorhombic structure, 

and currently is the less investigated phase of TiO2 as photocatalyst. 

 

Figure 1. 15: Crystalline structures of: (a) anatase, (b) rutile, (c) brookite  

Due to its oxygen deficiency, TiO2 is typically an n-type semiconductor. The VB of 

TiO2 is composed of the 2p orbitals of oxygen, while the CB is formed by the 3d 

orbitals of titanium 183. Anatase is an indirect semiconductor and presents an Eg of 

3.2 eV, whereas rutile holds a smaller bandgap between the CB and the VB equal to 

3.0 eV. In other words, anatase exhibits poorer absorbance towards solar light, 

however it presents higher photocatalytic activity than rutile. The anatase structure 

is preferred over other polymorphs for solar cell applications because of its higher 

electron mobility, low dielectric constant and lower density 81. It is due to the fact 

that anatase exhibits longer lifetime of charge carriers. Specifically, Zhang et al. used 

DFT calculations to examine the excitation of the photogenerated electrons in three 

polymorphs of TiO2. They showed that there is a direct excitation from the Valence 

Band to the Conduction band in rutile and brookite, whereas anatase only presents 

indirect excitations 184.  

Upon light irradiation, TiO2 generates charge carriers which can be trapped as Ti3+ 

and O- defect site 185. Spectroscopic techniques are employed to study the lifetime of 

electrons and holes. Transient absorbance spectroscopy (TAS) can be used to follow 

the kinetic decay of the photogenerated species. Serpone et al. studied the 

subnanosecond relaxation dynamics in TiO2, and found that 30 ps upon excitation, 

electrons are trapped as Ti3+ species and almost 90% of the photogenerated 
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electrons are combined in 10 ns 186. In the case of hole trapping, the reported time is 

250 ns 187. Time-resolved microwave conductivity (TRMC) can also investigate the 

dynamics of photogenerated charge carriers. This technique measures the relative 

change of the microwave power reflected from an analyzed sample 188. Colbeau-

Justin et al. employed TRMC method to study the charge carrier’s behavior on 

different polymorphs of TiO2 (anatase, rutile, mixed anatase/rutile). They found that 

in anatase, electrons have a longer lifetime 189. 

Another technique which has been used to study the recombination of charge 

carriers is Photoluminescence. Specifically, charge recombination in TiO2 can be 

accompanied by light emission via radiative routes. Both anatase and rutile present 

an emission peak in the visible and the near-IR wavelength range. The 

Photoluminescence (PL) for anatase has been related to self-trapped excitons, and, 

for rutile, to intrinsic sites or to surface bound species 190,191. 

IV.3. Methods of synthesis 

Until now, different synthetic pathways have been reported for the preparation of 

TiO2. The synthesis method allows the control of stoichiometry, morphology, and 

particle size. Precisely, the solvothermal method gives control over the grain size, the 

particle morphology, and the crystalline phase. On the other hand, sol-gel method 

results in TiO2 with high purity and enhanced homogeneity 179. In addition, TiO2 is 

already commercially available, for example, P25 TiO2 crystallites are sold by Evonik 

(Degussa) and contain a mixture of anatase (~80%) and rutile (~20%). Another 

commercial TiO2 is Hombikat UV100 consisting only of anatase. This kind of TiO2 can 

be directly used as photocatalysts, or after treatment, usually a thermal treatment to 

remove the surface -OH groups and the amorphous part. 

Up till now, TiO2 has been considered as a promising photocatalyst, but presents a 

few limitations. The most significant drawback is the limited light adsorption of the 

solar spectrum. In this context, doping with ions (anionic or cationic) allows a 

bathochromic shift in the absorbance spectrum. Specifically, it involves the decrease 

of the bandgap by introducing intra-band gap states 81.  Furthermore, the 

combination of rutile and anatase improves charge separation.  The CB of rutile is 

more positive than that of anatase. This allows rutile phase to act as an electron sink 

for photogenerated electrons in anatase/rutile junctions, i.e., electrons flow from 

anatase CB to rutile CB 192. Another strategy intending to tackle simultaneously fast 

charge recombination and enhanced absorbance in visible region, is the deposition 

of MNPs (Au, Ag). The metal nanoparticles have a bifunctional role, they present 

high light-adsorption efficacy in the visible domain, and can serve as electron sinks to 

suppress the electron-hole recombination rate 193. Lately, development of 
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heterojunctions between TiO2 and Metal Organic Framework structures 194 has also 

been introduced as a strategy to improve the photocatalytic performance of TiO2. 

V. Metal Organic Frameworks 

V.1. Generalities 

Metal Organic Frameworks (MOFs) are a new class of hybrid highly crystalline 

materials. They are assembled from metal ions or metal clusters linked between 

them with organic ligands 195. The choice of metal clusters, organic ligands and their 

combination is infinite. This renders MOFs as highly versatile materials with tunable 

properties. The building units of MOFs are carefully chosen according to the needed 

application. This interesting class of materials have several applications in diverse 

areas, such as for gas storage 196, drug delivery 197, sensors 198, and catalysis as it can 

be seen in Figure 1.16 199.  

 

Figure 1. 16: Various applications of MOF materials 

Since their first discovery, a lot of different families of MOFs have been developed 

and reported in the literature. The classification is based on their structure and 

composition. Some of the biggest families of MOFs include: 

1. Zeolitic Imidazolate Frameworks (ZIFs): This subcategory of MOFs presents a 

structure similar to Zeolites. ZIFs contain imidazolate linkers and exhibit 

exceptional chemical and thermal stability, high surface area, and tunable 

pore size. A big advantage of this family of materials is that it can be 

synthesized under mild conditions (i.e., room temperature) 200. 
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2. Porphyrin-Based MOFs: Porphyrin-based MOFs are a family of MOFs 

containing porphyrin linkers, which are planar molecules allowing 

coordination to metal ions or clusters 201.  

3. UiO-Type MOFs: UiO-type are named after the University of Oslo, where they 

were first synthesized. They are composed of Zr oxo-clusters (Zr6) and 

dicarboxylate ligands resulting in highly porous networks 197. The Zr MOFs are 

characterized by their large pore sizes and high stability due to their 6-

connectivity 202. 

4. MIL-Type MOFs: MIL-type MOFs are a family of MOFs, where MIL stands for 

Materials of Institute Lavoisier, where they were first synthesized. MILs are 

typically composed of carboxylate and trivalent cations such as iron(Fe), 

aluminum(Al), gallium(Ga), indium (In), vanadium(V), and chromium (Cr) 203. 

Except for these categories, many other families of MOFs exist, and new families and 

structures continue to be discovered and synthesized. In the following section, the 

different methods of MOFs synthesis will be discussed. 

V.2. Methods of synthesis 

Different methods of synthetic approaches for MOFs have already been described in 

the literature. In most cases, MOFs are synthesized under high temperature and 

pressure via a solvothermal method. Polar solvents are chosen, and the temperature 

of the reaction is above the boiling point of the solvent. It is shown that high 

temperature facilitates the bond formation by affecting the crystallization kinetics, 

and ensures the proper crystallization 204. Moreover, the solvent can participate in 

the formation of MOF by weak intermolecular interactions contributing to the crystal 

stability of the network.  

Except for the choice of the proper solvent, the utilization of a modulator is also 

crucial when synthesizing MOFs, as a mean to control the particle size 205. 

Specifically, a large excess of acids is often employed to regulate the nucleation and 

growth of MOFs during the synthesis, thus avoiding the rapid precipitation of the 

amorphous product. The most commonly used modulators are hydrochloric (HCl), 

benzoic (C₆H₅COOH) and acetic acid (CH₃COOH). Another significant role of 

modulators is the regulation of the crystal phase purity. In detail, Kelty and 

coworkers showed that MOF-525, MOF-545 and PCN-223 are sharing the same 

precursors, and the use of a modulator is mandatory in order to favor the synthesis 

of the desired product 206.  

Another alternative method for MOF synthesis is the sonochemical approach. 

Precisely, the reaction between the metal centers and the organic ligands takes 

place under high-energy ultrasonic irradiation. When the solution is irradiated, 

bubbles are formed and collapse within a short time. This creates local hotspots with 
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high temperatures and high pressure. The accomplishment of these conditions 

promotes the initiation of chemical reactions and the immediate formation of 

crystallization nuclei 207. Likewise, in the case of solvothermal method, the choice of 

temperature, the reaction time, and the initial concentration are of high importance 

for the final morphology and crystal size. In general, sonochemical approaches can 

generate homogeneous nucleation centers within shorter crystallization time 

compared to hydrothermal methods 208. 

Like sonochemical method, microwave-assisted method is also employed, resulting 

in smaller sized materials within short crystallization times 209. The advantage of this 

method relies in the ability of polar molecules found on the reaction mixture to 

orientate with the oscillating electric field upon microwave application. As the 

molecules are reorientating in respect to the electric field, heating is induced 

facilitating the nucleation and growth of crystals 210.  

The final step for the synthesis of MOFs is activation, referring to the removal of the 

guest molecules, i.e., solvents in the pores of the structure acquired during the 

synthesis process. Specifically, MOFs are synthesized in one, or a combination of 

high boiling point solvents, such as DMF, DMSO, DEF in the presence of modulators 

which can be trapped in the porosity of the framework 211. Numerous strategies for 

activation have been developed in order to access the highest possible surface area 

and porosity.  

The most common technique is thermal activation, which is also used for other 

porous materials, like zeolites and is combined with vacuum drying. However, this 

technique may induce a loss of crystallinity and a collapse of the framework. This can 

be ascribed to the high surface tension and capillary forces, created while we pass 

through the liquid-to-gas phase transformation of the guest solvent, during heating 
212. Therefore, a pre-treatment by solvent exchange is carried out. In particular, 

exchanging the high boiling point solvents with low boiling point is realized by a heat 

treatment under vacuum. The lower boiling point solvents (acetone, methanol, 

ethanol) present weaker intermolecular interaction as seen in Figure 1.17, 

minimizing in this way the aforementioned drawbacks. 

 

Figure 1. 17: Surface tension of some common organic solvents compared to liquid CO2 . DCM: 
dichloromethane; DMF: N,N-dimethylformamide; DMSO: dimethyl sulfoxide 213 
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The activation by supercritical CO2 (sc-CO2) is an alternative that has been introduced 

in 2009 and exhibits various advantages, especially for MOFs with low stability 

and/or high porosity 214. The minimization of the drawbacks here lies in the direct 

gas-to-supercritical phase transformation of CO2. The process involves three steps: 

pre-exchanging the trapped solvent molecules with liquid CO2 compatible organic 

solvents, exchanging the organic solvent with liquid CO2 and evaporating the CO2 on 

the supercritical phase 213. Some other reported activation methods are the freeze-

drying method utilizing benzene 215, and activation by chemical treatment, such as 

employing highly acidic solutions 216.  

V.3. MOFs applications  

MOFs are considered ideal platforms for gas storage, thanks to their high surface 

area and the tunable pore metrics. In addition, MOFs possessing organic moieties 

with polar functional groups have a higher CO2 adsorption capacity, due to the 

quadrupole moments of CO2 molecules 196. A typical example is the MOF NH2-UiO-66, 

with aminoterephtalic acid (C8H7NO4) as organic ligand, and its parent MOF UiO-66. 

Sun et al., in their study showed that the amino-functionalized MOF presents higher 

CO2 uptake capacity despite the smaller BET surface area comparing to UiO-66 217. 

This observation implies that aromatic molecules functionalized with polar 

substituents such as OH, NH2, and COOH show enhanced interactions with CO2 
218,219. 

Therefore, by designing the MOF structure it is possible to significantly improve CO2 

adsorption capacity and selectivity of these outstanding adsorbents.  

Thanks to their crystalline nature, MOFs are also viewed as promising 

photocatalysts. High crystallinity ensures the charge transfer from the organic ligand 

to the metal cluster 220. The tailorable porosity also is facilitating the diffusion of the 

reactants to the catalytically active sites 221. In their review article, Ye’s group affirm 

that MOFs or MOF-based composites display promising photocatalytic 

performance in comparison with traditional semiconductors, specially towards 

CO2 reduction 222. In particular, concerning the process of photocatalytic CO2 

reduction, the benchmark system involves a MOF with apparent quantum efficiency 

(AQE) of 15.76% at 420 nm with a significantly high selectivity towards formic acid 
223. 

It is also shown that metal centers possessing coordinatively unsaturated nodes are 

isolated and can be considered as single atom active sites. And since we are referring 

to photocatalysts, the appropriate bandgap and the enhanced optical response is 

another crucial characteristic that MOFs should have. To this end, the large variety of 

organic ligands and the rich coordination chemistry of transition metal cations allow 

huge flexibility for the successful tuning of light absorption 220. Fu et al. showed that 

by modifying the organic ligand of the MIL-125(Ti), the optical response extended 
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from UV to the visible range. Specifically, when the organic linker of MOF is 

functionalized with amino groups the absorbance edge is extended to the visible 

region of the solar spectrum, ca. 550 nm 224. In another study, Mucho et al. showed 

that by incorporating -NH2 groups in the organic ligand, the Eg of MIL-125(Ti)-NH2 is 

decreased. This has been ascribed to the upward shift of VB position due to the lone 

electron pair of nitrogen atom 225. 

Lately, MOFs are also studied as precursors for metal oxide materials development, 

in order to profit from their tunable properties and overcome the disadvantages of 

current methods of synthesis. Moreover, due to the excellent properties that are 

mentioned above, MOFs are viewed as bifunctional materials for the adsorption and 

photocatalytic conversion of reactants. In Figure 1.18, the current trends in literature 

are summarized for the key parameters of MOF-derived or MOF-based materials for 

solar fuels production. As can be seen, the development of MOF-hybrid materials is 

realized by coupling with traditional semiconductors, in order to profit from the 

advantages of both parts. This strategy aims for better charge separation, an 

enhancement in available surface area and the control over the band structure. In 

the following section, these approaches will be presented thoroughly.  
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Figure 1. 18: Key parameters of MOF-based or MOF-derived materials 226 

V.3.A. MOFs as templates for oxides 

As previously mentioned, MOFs represent ideal platforms with tunable properties. 

Recently, the scientific community is working on different strategies and 

methodologies in order to tune MOFs properties and consequently enhance their 

photocatalytic efficiency. Except for the composition and structure, morphology at 

nanoscale holds a key role in the final properties. Transition Metal Oxides (TMOs) are 

widely used as photocatalysts, but they lack an appropriate porous structure for 
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mass transfer and, in most cases, efficient light absorption in the bulk. Moreover, 

they may present particle aggregation, a factor which reduces the exposure of active 

sites to the substrate. In order to tackle these drawbacks, semiconductor material 

derived from MOF structures can be obtained by thermal treatment of MOFs at 

appropriate temperature and atmosphere. This allows us to combine the advantages 

of the activity of semiconductor and porous structure of MOFs 227.  

It is already shown that nanomaterials derived from MOFs inherit the morphology of 

their precursors 228,229. Namely, they can maintain the characteristics of the large 

specific surface area and well-developed porosity, which are advantageous for 

photocatalysis 230. In addition, the metal ions/clusters are homogeneously distributed 

in MOFs, thus, the size or even the morphology of TMOs can be controlled in order 

to enhance their photocatalytic performance 231. Yin et al. synthesized disc-like MIL-

125 structures with embedded Pt inside its cavities. Later, the MOF was used as a 

precursor and resulted in Pt embedded semiconductor supporter (Pt@TiO2) for 

photocatalytic hydrogen production. Specifically, it showed an activity of 4.389 

mmol/h/g with the apparent quantum efficiency of 39% at 380 nm, which was 6.4 

times higher than for Pt/TiO2 prepared by traditional synthesis processes. 

Except for TiO2, Co3O4 is another semiconductor which has been applied in several 

photocatalytic applications, including photocatalytic CO2 reduction and H2 

production 232,233. However, pristine Co3O4 presents a fast charge recombination rate. 

Tuning the morphology may overcome this disadvantage. As it is mentioned in 

Section II.4.B.i., 2-D structures are beneficial not only for the migration of charge 

carriers to the surface, but also for the substrate transport 86,234. This consideration is 

investigated by Chen et al. who synthesized ultrathin Co3O4 nanosheets through a 

two-step synthesis, using ZIF-67 as a starting MOF. Then, the morphology of ZIF-67 

was modified to a 2-D structure via an ion assisted solvothermal method. The MOF 

obtained was calcined and resulted in Co3O4 nanosheets with porous structure (NS). 

ZIF-67 was also calcined under the same conditions and resulted in Co3O4 with bulk 

morphology (Co3O4-BK), later both were used as photocatalysts towards CO2 

reduction. Particularly, concerning the 2-D material, the CO generation rate was 

found to be approximately 4.52 μmol h-1 with selectivity of 70.1%, which was 

superior to the Co3O4 bulk catalysts (Co3O4-BK).  

V.3.B. MOFs as catalytically active centers by controlling their properties in molecular 

level 

Porphyrins are already studied as molecular catalysts for homogeneous catalysis and 

electrocatalytic applications, due to their electronic structure, redox properties and 

robust structure. Except the possibility to change their structure by adding different 

groups at the periphery of the porphyrin ring and their ability to act as antennas 

harvesting visible light, they also possess a metalation site core 235. Metalated 
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porphyrins are found in several biological applications. For instance, Fe-porphyrin is 

found in hemoglobin and contributes to the oxygen binding and transport from 

blood to organs and tissues 236. Metalated porphyrins also present a site for the axial 

coordination of electron-donating or electron accepting ligands (i.e., axial ligands). In 

general, strong axial ligands such as chloride can cause a downfield shift of the metal 

in metalated porphyrins, possibly due to the effect of deshielding, as shown by 

Arnold et al 237. This structural rearrangement may affect the electronic properties of 

the complex. 

However, homogeneous catalysts are posing problems in recovering them from the 

reaction medium and it is difficult recycling them. In order to tackle these 

drawbacks, porphyrins were used as photosensitizers for photocatalysts, thanks to 

their great ability of converting photons to high-energy redox separated states 199. 

Lately, they have been incorporated in MOF structures as the organic linker. They 

are considered an attractive building unit for MOFs because of their rigid structure 

and tunable peripheral substituents. In addition, the coordinatively unsaturated 

metal sites which are incorporated into the metalated porphyrin units can act as 

active sites 238, and can enhance the gas adsorption ability. There is a plethora of 

porphyrins which are regarded as MOF organic moieties, but among them TCPP is 

the most widely studied, thanks its highly symmetric planar aromatic configuration 
216,239. Moreover, it can supply a nitrogen-rich skeleton, making it possible for a 

greater adsorption of CO2 during photocatalysis 240. 

Zhang et al worked towards the modular optimization of porphyrin-based MOF PCN-

222. This was realized by incorporation of coordinatively unsaturated single Co 

atoms in a MOF matrix. It resulted in an efficient electron-hole separation in 

porphyritic units, as monitored by incident-photon-to-current conversion efficiency 

(IPCE) characterization and PL measurements. These observations imply directional 

migration of photogenerated excitons from porphyrin to catalytic Co centers. 

Furthermore, they observed that Co atoms boosted the CO2 absorption on the active 

sites, as proved by in situ FTIR. The incorporation of Co atoms in PCN-222 in a 3.13-

fold improvement of CO evolution rate and 5.93-fold enhancement in CH4 

generation rate compared to the parent MOF 241. 

 
In addition, porphyrinic MOF structures with several metal oxo clusters, have been 

studied, but among them, the ones with Al and Zr are the most developed lately. 

They present a high oxidative state and can form numerous bonds rendering the 

frameworks highly stable. In addition, ZrIV presents an important advantage over 

other first row transition metal ions. Indeed, during the solvothermal synthesis 

process of the MOF structure, ZrIV
 is not inserted in the porphyrin ring. This offers the 

possibility of obtaining MOFs with free-base porphyrin linkers 242. Some common 

examples of Zr-based MOFs are MOF-525 and MOF-545, which present excellent 



 CHAPTER 1  

44 
 

adsorption capacity and high stability, thanks to Zr-O clusters. Compared with other 

Zr-based MOFs, i.e., UiO, they absorb a wider range of visible light, thus it is 

accredited to their organic ligands. In detail, in the UV-Vis Spectroscopy Spectra, the 

MOF-525 and MOF-545 present characteristic peaks of an organic linker, a Soret 

band at 416 nm and four Q bands in the visible region corresponding to π-π* 

transitions. 

Furthermore, ZrIV-oxo based frameworks hold Zr carboxylate bonds, which are 

exerting excellent in hydrolytic and mechanical stability even in acidic conditions 242. 

More precisely Feng and coworkers, employed Fe-PCN-222 as biomimetic catalyst, a 

3D heme-like MOF synthesized by Fe-TCPP as ligand and highly stable Zr6 clusters as 

nodes 216. The Zr6 cluster, which was found to be one of the most stable building 

units for MOF structures, is presumably responsible for the exceptional stability of 

PCN-222. Prior to catalytic experiments, they proceeded to a treatment of PCN-

222(Fe) with concentrated HCl, and it demonstrated exceptionally high chemical 

stability. This is attributed not only to the strongly polarized Zr-O bond but also to 

the chelating effect which stabilizes the four bonds between FeIII and porphyrin.  

V.3.C. MOFs as multifunctional materials for enhanced CO2 adsorption 

In the previous section, we described the approach of modifying the organic ligand 

by adding a metal. Other methodologies allowing the improvement of MOFs 

photocatalytic properties are the presence of two different metal clusters 243, or the 

presence of mixed organic ligands in the framework 244, or mixed organic ligands and 

metal sites simultaneously 245. In order to control the morphology, the shape and the 

growth of MOF structures, combining multicomponent MOF particles one on top of 

another is an interesting strategy. This approach is known as MOF-on-MOF systems 

and allows the controlled synthesis of core-shell MOF configurations which are 

considered as a resultful and convenient in order to achieve the synergistic 

performance of the different components 246.  

Moreover, by building core-shell structures, the electron transport can be enhanced 

by the transfer through the interface formed between the two layers. In that regard, 

Zeolitic-imidazole Framework (ZIFs), and more precisely ZIF-8 and ZIF-67, are 

commonly used for this approach. Their synthesis protocol is relatively easy and they 

possess  matched structures 247,248. Zhang et al, demonstrated the synthesis of 

uniform multilayered core−shell MOF crystals including ZIF-67@ZIF-8@ZIF-67 and 

ZIF-8@ZIF-67@ZIF-8. In addition, they showed that the size of the core and the 

thickness of the shell could be easily controlled by varying the molar feeding ratio of 

Zn2+/Co2+,  during the preparation process 249. Nevertheless, as Tang et al. mentioned 

in their study, predicting the final ratio of Zn2+/Co2+ is challenging because the actual 

molar ratio of Zn2+/Co2+ is slightly less than the feeding molar ratio used for the 

synthesis. This can be attributed to fact that the coordination interaction between Zn 
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and the organic linker(methyl imidazole (MeIm) in this specific case) is stronger than 

that between Co and MeIm 250. 

In an attempt to overcome this challenge and control the morphology of each layer, 

Avci et al. proceeded to a chemical etching process in different pH values and for 

different time of the ZIF-67, as it can be observed in Figure 1.19 251. Chemical etching 

was realized by a weak acid (i.e., Xylenol orange) which deprotonates the organic 

ligand. The generated protons are breaking the coordination bonds between the 

metal nodes/ions and the organic ligand. Simultaneously, xylenol orange acts as a 

chelating agent which coordinates the liberated Co(II) ions to form stable and water-

soluble Co-XO complexes, minimizing the undesired side reactions 252. Later, 

sequential growth of ZIF-8 on top of the etched ZIF-67 was carried out, forming a 

core-shell configuration. This approach also permits the deposition of inorganic 

nanoparticles (INPs) between the layers and before the formation of ZIF-8 as a shell 

layer. It is also important to mention that localized etching in the MOF framework 

can modify the morphology and can downsize the MOF into smaller particles, 

decreasing the diffusion pathway of charge carriers 253. 

 

Figure 1. 19: Schematic illustration of the synthetic conditions used to construct the different ZIF-8-on-
ZIF-67 particles according to the sequential deconstruction-reconstruction strategy 251 
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VI. Conclusions 

The repercussions of excessive emissions of greenhouse gases are obvious. They put 

in danger not only our planet but also humans and animal populations. Therefore, 

the approaches towards climate change mitigation need to be put into action 

urgently. In this chapter we discussed photocatalysis as an environmentally friendly 

approach. Specifically, it is a pathway allowing the conversion of sunlight energy into 

chemical energy, by using appropriate materials, called photocatalysts.  

Water dissociation and CO2 conversion are the two main applications of 

photocatalysis in order to produce solar fuels: hydrogen and C1/C1+ products, 

respectively. Photocatalytic conversion of CO2 using H2O as electron donor is called 

artificial photosynthesis. This process may address simultaneously two challenges: 

the energy shortage and the CO2 accumulation in the atmosphere, killing two birds 

with one stone.  

The efficiency of photocatalytic reactions is primarily dependent on the properties of 

the photocatalysts, followed by the reaction conditions. Therefore, it is essential to 

optimize the materials' properties, which are crucial for their photocatalytic activity, 

and select favorable operating conditions to achieve higher efficiencies. This study 

has focused on improving the materials through various strategies. 

Carbon nitride and TiO2 are commonly used semiconductors in photocatalytic 

applications. Nonetheless, they possess certain limitations, such as the low surface 

area of carbon nitride, a fast charge recombination and the limited absorption 

spectrum of TiO2. To overcome these shortcomings, various approaches have been 

proposed, such as exfoliation for carbon nitride and control of morphology and 

facets for TiO2.  

Another strategy is the development of heterostructures with materials holding 

versatile properties. The heterostructure can be between two semiconductor 

materials or a semiconductor material and a metal organic framework. The latter 

offers the possibility to enhance the available surface area, allowing a better 

interaction between the reactants and the photogenerated charges of the 

photocatalyst, permitting the redox reaction to occur. Coupling a MOF with a SC is 

the main focus of this experimental research. And the major objective is to improve 

the: 

• Charge carriers’ separation 

• Overall response to visible light 

• CO2 uptake capacity 

As it is mentioned in this chapter, the charge carrier’s recombination is one of the 

main limitations affecting the efficiency of photocatalytic reactions. In that regard, 
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the development of heterojunctions allows a better separation of the charges in the 

two parts of the heterostructure, thus greatly reducing the recombination rate, and 

extending their lifetimes, as seen in Section II.4.B.ii..  

Furthermore, the photocatalyst’s morphology also plays a significant role in better 

charge separation. Namely, sheet-like materials offer a shorter migration path for 

electrons, enhancing the utilization of the photoinduced electrons in the catalysts. In 

case of composite materials were both counterparts hold a 2D morphology, present 

increased face-to-face contact area which can improve significantly charge carrier’s 

lifetime and concomitantly, enhanced photocatalytic activity. 

Another crucial parameter impacting the efficiency of a photocatalytic reaction is the 

surficial properties of the photocatalysts. Defect engineering and functionalization of 

the materials surface are widely studied in order to enhance the photocatalytic 

activity by enforcing the adsorption of the reactants on the catalyst’s surface. 

Specifically, as mentioned in section II.6.B., CO2 adsorption is considered the rate 

determining step of the overall process of photocatalytic conversion. Towards this 

end, the basic sites and the oxygen vacancies present on the surface of the 

photocatalytic materials can enhance the overall CO2 uptake capacity. Also, MOFs 

with appropriate functional groups and metal nodes can also promote not only the 

selective adsorption of CO2, but also enhance the overall response to visible light of 

the composite material, as shown in section V.3.b.. In the following chapters, the 

MOF-based composite materials synthesized in the present PhD studies will be 

presented, their properties will be discussed, and their photocatalytic activity will be 

evaluated. 
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Introduction  

In this chapter, three main parts of the present PhD studies are discussed. The 

protocols of synthesis for the materials development are presented. This includes 

the development of three different series of materials used for photocatalytic 

applications. The applied conditions during the material’s synthesis and the influence 

of the parameters used are also explained. Furthermore, the characterization 

techniques employed for the structural, electronic, compositional, and 

morphological characterization are also discussed. Finally, the set-ups used for the 

photocatalytic evaluation of the prepared photocatalysts are presented. Specifically: 

1. The first part is dedicated to carbon nitride synthesis and its modification 

using a facile thermal treatment. The influence of the thermal treatment 

temperature on the properties of the final material is given. In addition, the 

synthesis protocols of the different categories of MOFs (i.e., ZIFs, PCN) used 

are shown. Following the methods applied for the development of the 

individual materials, the approaches for the development of multi-

component structures are discussed, and the parameter for developing 

different MOF content is scrutinized. Finally, the method of metal 

nanoparticles deposition via chemical reduction, is presented. 

2. This second part focuses on the experimental techniques employed for the 

characterization of the synthesized photocatalysts. Their fundamental 

principles are presented, and the equipment used is shown. 

3. In the last part, the experimental configurations used for the photocatalytic 

evaluation of the synthesized materials towards CO2 reduction and H2O 

splitting, are explained, and described in detail. 

The results of the materials characterization and their photocatalytic performance 

will be discussed in Chapters 3-5. 
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I. Synthesis protocols 

I.1. Carbon nitride 

For the synthesis of CN, melamine is used as nitrogen-rich precursor. The choice of 

this precursor is based on the relatively high yield of synthesis compared to other 

precursors (i.e., urea). Furthermore, the method of thermal polycondensation is one 

of the simplest that is reported. Specifically, in a typical synthesis of carbon nitride, 

30.1 g of melamine (C3H6N6, 99%, Sigma-Aldrich) are added inside an alumina 

crucible with a cover and then placed in a muffled furnace under static air. Then, a 

ramping rate of 5°C min-1 is used to reach the operating temperature. This is 

followed by an isotherm at 550 °C for 4 hours 1. Finally, the materials are let to cool 

down naturally. During the thermal polycondensation reaction, a cover must be used 

in order to maintain the melamine vapors that, thereafter, will be condensed to form 

the heptazine units. The ramping rate and the condensation temperature are chosen 

carefully based on studies already reported, in order to ensure the decomposition of 

the precursors and the condensation of the building units is to the highest possible 

extent, respectively.  After the end of the thermal treatment (yield=50%), the 

material resulted are collected and grounded to fine powder using an agate mortar. 

The yellow powder collected was denoted as CNas (15.0 g). The collected material is 

followingly subjected to a second thermal treatment, where the influence of the 

temperature is examined. Specifically, 2 g of CNas are placed in an open alumina 

crucible in a muffle oven under static air. It is then treated thermally with a heating 

rate of 5°C min-1 for 2 hours at different temperatures. Specifically, 530, 550 and 570 

°C. The thermally modified materials are denoted as CN530, CN550, CN570, indicating 

the temperature of the thermally treated process applied. The mass of samples 

collected after the second thermal treatment is given in Table 2.1. It is highlighted 

that treating the as synthesized CN at temperatures equal to or higher than 600 °C 

leads to the total removal of CN since no material is recovered. The schematic 

illustration of Carbon Nitride synthesis is depicted in Figure 2.1. 
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Figure 2.1: Schematic illustration of CN synthesis 

Table 2.1: Mass loss (%) of CN materials after second thermal treatment 

samples Initial mass (g) Final mass (g) Mass loss (%) * 

CN530 2.0000 1.627 18.35 

CN550 2.0000 1.444 27.4 

CN570 2.0000 1.445 27.5 

*Mass loss (%) = (initial mass-final mass)/initial mass 

I.2. Titanium dioxide 

In the present dissertation, different TiO2 structures are considered for the needs of 

the experiments. Commercially available TiO2 (Hombikat UV100) is used. It is 100% 

anatase with crystallite size 8 nm and of total surface area equal to 300 m2 g-1. The 

above characteristics, in combination with the benefits of anatase phase over rutile 

(mentioned in Chapter 1) rendered TiO2 UV100 a desirable semiconductor for the 

development of composite materials.   
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I.3.MOFs 

I.3.a. ZIF-67 and Co-MOF synthesis  

The synthesis of MOF structures is more complex than the synthesis of carbon 

nitride and in most cases requires more than one step. Among MOFs, synthesis 

protocols for the development of ZIF structures are easier and faster.  In the 

framework of the present dissertation one of the MOF structures that is investigated 

is ZIF-67. This specific crystalized structure is comprised of Co2+ metal nodes and 

imidazolate chemical moieties as the organic linker. Its structure is shown in Figure 

2.2. ZIF-67 is chosen because the synthesis protocol is relatively easy and 

straightforward. It can be synthesized quickly in ambient conditions via a 

sonochemical method, without using toxic solvents (i.e., N,N-dimethylformamide). 

The protocol for the development of ZIF-67 is adopted by the literature 2. It involves 

the preparation of two different solutions. The first contains the metal node 

precursor and the second the organic linker. Specifically, Solution A is prepared by 

dissolving 1.113 g of cobalt (II) nitrate hexahydrate (Co(NO3)2, 98%, Sigma-Aldrich) in 

30 ml of methanol (>99.99%, Carbo Erba) and solution B by dissolving 1.236 g of 

methylimidazole (CH₃C₃H₃N₂, 98%, Sigma-Aldrich) in 30 ml of methanol. The two 

solutions are mixed. Specifically, solution A is added drop by drop to solution B 

under continuous sonication at room temperature. The color of the solution changes 

rapidly upon mixing the two solutions. The resulting mixture is further sonicated for 

20 min at room temperature. The purple ZIF-67 material is collected via filtration and 

washed thoroughly with methanol via filtration to remove any unreacted reagents. 

Finally, it is vacuum dried at 65 °C overnight. 

 

Figure 2.2: Schematic illustration of ZIF-67 

The parent ZIF-67 structure is post modified in order to alter the morphology. The 

modification process involves a facile solvothermal treatment in the presence of Co2+ 
3. In detail, 1.85 g of ZIF-67 are dispersed in methanol and then mixed with a solution 

of methanol containing 1.63 g of Co(NO3)2.6H2O with the aid of sonication. The 
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resulting mixture is then transferred into a Teflon-lined stainless-steel autoclave and 

heated at 120 °C for 1 h. The material (labeled m-ZIF-67) is collected, washed with 

methanol several times and vacuum dried at 65 °C overnight.  

I.3.a.i. Synthesis of Oxides derived from MOFs 

The prepared ZIF-67 and m-ZIF-67 structures are used as precursors to develop 

cobalt oxides (Co3O4) of different morphology. For the development of bulk Co3O4 

(labeled Co3O4-Bk) and Co3O4 nanosheets (labeled Co3O4-NS), the prepared ZIF-67 

and m-ZIF-67 are calcined in an open alumina crucible at 350 °C for 2 h using a 5 °C 

min-1 heating ramp in a muffled furnace 2. A schematic representation of the 

synthesis protocol is given in Figure 2.3 

 

Figure 2. 3: Schematic illustration of the synthesis Co3O4-bk and Co3O4-NS 

A simple process is applied for the development of Co3O4/CN nanocomposites 

(Figure 2.4). 200 mg of pre-synthesized CN570 material are placed in 40 ml of 

methanol and are sonicated for 1 hour. A specific amount of ZIF-67 or m-ZIF-67 is 

dispersed in methanol, sonicated for 5 mins and then added in the CN dispersion. 

The resulting mixture is further sonicated for 10 min at room temperature, stirred 

for 2 h under ambient conditions and finally dried using a rotor evaporator. The 

material is collected and calcined at 350 °C for 2 h using a 5 °C min-1 ramping rate at 

static air. The same conditions as applied for the development of the pure Co3O4. 

The amount of Co3O4 in the final nanocomposite is controlled by varying the amount 

of ZIF-67 and m-ZIF-67 in the synthesis process. In the end, Nanocomposites with 3, 

5, 7 and 10 % m-ZIF-67 nominal weight are developed. Materials developed using 

different amounts of m-ZIF-67 as the Co3O4 precursor are labeled Cox-NS-CN570, 

where x stands for the m-ZIF-67 nominal weight (i.e., for the material Co3-NS-CN570, 

3wt.% m-ZIF-67 is deposited on the CN570 material).  
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Figure 2. 4: Schematic illustration of the synthesis Co3O4-bk and Co3O4-NS and the composite 
development 

The same process is applied for the development of a nanocomposite where the ZIF-

67 instead of m-ZIF-67 is used as the Co-precursor. This is labeled Co3-Bk-CN570. Also, 

a physical mixture is used to couple Co3O4-Ns and CN, in order to compare it with the 

composites that are formed via in situ growth. This process involved the sonication 

of a specific quantity of Co3O4-NS and CN in different methanolic solutions. The 

prepared dispersions are mixed under sonication and incubated under stirring for 2 

h. The solvent is removed using a rotor evaporator and the final sample is calcined at 

350 °C for 2 h using a 5 °C min-1 ramping rate. 

I.3.b. PCN-224 and Me-PCN-224 

Porous coordination network (PCN) is another subclass of MOFs with well-defined 

topology. We are particularly interested in Zr-based MOFs due to stability related 

issues arising from the strong interaction between Zr(IV) and carboxylate 4. Zr-based 

porphyrinic MOFs in different topologies can be synthesized using the same Zr metal 

precursor and TCPP as the organic linker, varying only the temperature and the 

modulator under a similar set of solvothermal synthesis conditions. In this work we 

focus on PCN-224, that is composed of porphyrin ligands and Zr6 cluster nodes 5. 

The synthesis of PCN-224 was carried out via a solvothermal route in an autoclave 

reactor based on a protocol already published in the literature 6. For this synthesis, 

the purity of the organic ligand is very important. Therefore, commercially available 

porphyrin is used. Specifically, a mixture of 0.173 g H2TCPP (C48H30N4O8, Dye content 

75 %, Sigma-Aldrich), 0.288 g of Zirconium (IV) Chloride (ZrCl4, ≥99.5%, Sigma-

Aldrich) and 9.73 g benzoic acid (C6H5COOH, Sigma-Aldrich) are added in 29 ml N,N-

dimethylformamide ((CH3)2NOCH, ≥99.9%, CARLO ERBA). The mixture is sonicated 

untill all the precursors are dissolved. Then, the greenish solution is transferred to a 

90 ml capacity Teflon-lined autoclave reactor and heated at 120 °C for 48 hours 

(Figure 2.5a). After cooling down the resultant powder is collected after filtration 
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and washed several times with DMF to remove the unreacted starting ligands, the 

inorganic species and the trapped benzoic acid. The powder received is denoted 

PCN-224. A solvent-exchange method was used to activate the MOF. Specifically, the 

MOF is washed with acetone in order to remove the non-volatile solvent followed by 

vacuum treatment at 120 °C overnight. 

Besides the as synthesized parent PCN-224, the role of metalation of the organic 

ligand is also investigated. For the case of the MOF with the metalated organic ligand 

(M-PCN-224), the same protocol is followed, but prior to the synthesis, the 

metalation of the organic ligand takes place. Namely, copper was chosen for the 

integration of the metal in the core of the porphyrin. A protocol that has already 

been reported in the literature is adapted with some slight modifications 7 (Figure 

2.5.b). The metalation involves a direct substitution under reflux conditions. More 

precisely, 0.3047 g Cu(NO3)2●3H2O (≥99.9%, Sigma-Aldrich)  and 0.1970 g H2TCPP 

(i.e., 5/1 molar ratio) are dissolved in 15 ml of DMF, and kept in  a round bottom 

flask. The solution is heated at 150 °C using an oil bath for 5 hours. In this synthesis, 

DMF has a dual role in this reaction: It acts as a solvent, but also at the temperatures 

used, DMF decomposes to form dimethylamine, which is basic enough to 

deprotonate both the pyrroles and the carboxylic acid moieties, enabling the 

metalation and polymerization reactions, respectively 8. Then, the solution is let to 

cool down naturally. The precipitate is collected by filtration and is rinsed with DMF 

and EtOH to remove the unreacted precursors. A change of color is evidenced. The 

resultant brown powder is denoted Cu-TCPP and vacuum dried at 120 °C overnight.  

 

Figure 2. 5: Synthesis routes of (a) PCN-224 and (b) Cu-PCN-224 
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The development of the composites is realized by in situ formation of MOF on TiO2 

(Hombikat, UV100), by adding 1.663 g TiO2 powder directly in the autoclave reactor 

during the synthesis of the MOF structure. Different composites are developed using 

MOFs that hold Cu-TCPP as the organic linker. The composites are denoted as 

PCN/TiO2 and Cu-PCN/TiO2 using H2TCPP and CuTCPP as precursors, respectively. 

I.3.c. Multi-layered ZIFs (ZIF-8-on-ZIF-67) 

Multiphase MOF structures through the coupling of ZIF-8 and ZIF-67 are also 

developed. The synthesis route is depicted in Figure 2.6. The sonochemical synthesis 

that has been described in Section 2.I.3.a. has been followed in order to synthesize 

ZIF-67 nanoparticles. The prepared ZIF-67 is treated with a chemical etching process 

protocol 9. In this process, 0.051 g of pre-synthesized ZIF-67 is dispersed in 5 ml 

deionized water and sonicated for 15 minutes. Then, 80 mg of Xylenol orange 

tetrasodium salt (C31H28N2Na4O13S, Sigma-Aldrich) are dissolved in 5 ml of deionized 

(DI) water. The pH of the solution is adjusted at 2.5 using HCl aqueous solutions. The 

two solutions are mixed and kept under stirring at ambient conditions. After 6 hours 

of agitation the purple powder (80 mg) is collected by filtration, rinsed with DI water 

several times to remove the residuals of XO and finally vacuum dried at 60 °C 

overnight. It is important to highlight that the pH value affects the structure of the 

etched MOFs 10. In addition, during the etching process, the XO has a dual role. It 

protonates the organic ligand and is chelated to the liberated metal ions preventing 

the undesired collapse of the structure 11.  

The growth of ZIF-8 is realized in-situ on etched ZIF-67 nanoparticles, according to a 

facile protocol 12. In detail, two different solutions of the precursors of ZIF-8 are 

prepared by dissolving 0.249 g Zn(NO3)●6H2O (98%, Sigma-Aldrich) in 40 ml MeOH 

(solution A) and 0.072 g 2-methylimidazole are dissolved in 40 ml MeOH, 

accordingly. In the meantime, 79 mg of etched ZIF-67 are dispersed in 80 ml MeOH 

and sonicated for 15 minutes. Then, the three solutions were mixed and kept under 

agitation (500 rpm) in ambient conditions for 4 days. The powder is collected by 

filtration, rinsed, and dried under vacuum overnight to remove the residuals of the 

volatile solvents. The prepared multi-layered ZIF material is denoted as ZIF-8-on-ZIF-

67. 

For the development of nanocomposite materials, a simple wet-impregnation 

method under stirring is carried out. Specifically, a certain mass of multi-layered ZIF 

was added in 20 ml DI water with a proper quantity of commercial TiO2 powder 

(Hombikat, UV100). The solvent is removed naturally under stirring and the collected 

powder is dried at 65 °C overnight under vacuum. Different nanocomposite materials 

are developed by varying the amount of the added TiO2 powder resulting in 

nanocomposite materials bearing 1%, 5% and 10 wt.% nominal content of ZIF 
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structures. Following the same procedure, composite materials of ZIF-67/TiO2 and 

ZIF-8/TiO2 holding 5% MOF content were synthesized acting as reference materials. 

 

Figure 2. 6: Schematic illustration of the synthesis of multilayered ZIF-TiO2 composites 

I.4. Platinum Deposition 

As mentioned in the first chapter, platinum NPs are commonly used as co-catalysts 

for photocatalytic reactions, especially in the water splitting process. This is based on 

several reasons such as the stability of the Pt nanoparticles under working conditions 

and the tendency not to form agglomerates, contrary to Au NPs. The deposition of 

platinum NPs is based on a method that is already reported in the literature and the 

steps followed are shown in Figure 2.7. It provides Pt NPs with homogeneous 

physico-chemical characteristics in terms of structure, morphology and size. In detail, 

the deposition of Pt is realized by a chemical reduction method, using H2PtCl6 (8 wt. 

% in H2O, Sigma-Aldrich) as the metal precursor and NaBH4 (≥98.0%, Sigma-Aldrich) 

as the reducing agent. Firstly, the sample (0.200 g) is dispersed in 40 ml deionized 

water and kept stirring for 30 min while purging with N2 to remove dissolved oxygen. 

Afterwards, a proper quantity of H2PtCl6 (ca. 50 µl), equivalent to 1 wt.% of Pt with 

respect to the catalyst, is added followed by 15 min stirring. Then, a 0.1 M NaBH4 

aqueous solution is added quickly followed by 1 hour stirring. The whole process was 

performed under N2 flow. After that, the final solid product was collected by 

filtration and was dried at 100 °C overnight. 
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Figure 2. 7: Scheme of the Pt NPs deposition by chemical reduction 

II. Characterization techniques  

II.1. Thermogravimetric Analysis (TGA) 

Thermogravimetric (TGA) or Thermogravimental analysis is a method that monitors 

the weight of a sample while the temperature is increasing in a controlled gas 

atmosphere in the chamber. This analytical technique determines the thermal 

stability, the composition and the estimation of the volatile components or water 

content. 

The apparatus that is used for this study is a Q 5000IR from TA Instruments equipped 

with an auto sampler and a balance with sensitivity equal to 0.1µg. The atmosphere 

can be controlled using either an inert gas like nitrogen or an oxidant like air. The 

temperature can range up to 900°C and the heating rate can be between 0.1 to 

500°C min-1. For all analysis performed herein a high-resolution dynamic (Hi-Res 

Dynamic) analysis method is used. The heating rate (from 4 to 50°C min-1) is 

automatically adjusted according to the loss of mass (optimization of curves and 

time of test). 

II.2. X-Ray Diffraction (XRD)  

The method of X-ray diffraction is a non-destructive method to characterize the 

structure of crystalline materials. It gives information for the crystal orientation and 

other structural parameters, such as the interplanar distance and the size of 

crystallite. The interplanar spacing of the crystal (d) is found by Bragg's Law 

(Equation 2.1):      

n λ = 2d sinθ Equation 2.1 
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Another parameter that can be calculated by XRD patterns is the mean crystallite 

size (D) by using the Debye-Scherrer equation that is shown below: 

D= 
𝐾∗𝜆

β∗cos ( 𝜗)
 Equation 2.2 

  

Where, n stands for the "order" of reflection, 

K is the Scherer's constant equal to 0.94, 

λ is the X-ray wavelength (1.54178 Å), 

β is full width of the diffraction peak at half maximum of its height (FWHM), 

ϑ is the angle of the diffraction peak in radians. 

X-ray diffraction (XRD) measurements are carried out using a Bruker D8-Advance 

diffractometer equipped with a Lynx Eye detector operating at 40 kV and 40 mA, 

using Kα radiation of Cu. 

II.3. BET 

The analysis of the total specific surface area, the evaluation of the pore volume and 

the distribution of the pore size are crucial factors that can be determined by the 

BET method (Brunnauer-Emmett-Teller) 13. This method involves nitrogen 

physisorption on the sample’s surface because it’s a gas that does not chemically 

react with the material. For the purposes of the present thesis, nitrogen adsorption–

desorption isotherms were obtained using a Micromeritics ASAP 2420 porosimeter 

at 77. The specific surface area (SBET) is calculated in the range of pressure P/P0=0.05-

0.3. The analysis method applied varied depending on the structure of the material 

analyzed, i.e., materials with microporosity. 

II.4. X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray photoelectron Spectroscopy is a technique for measuring the electrons 

emitted from the surface of the analyzed samples and derived from the atoms of the 

materials. During the XPS analysis, the sample is irradiated with a beam of X-rays 

with penetration depth of 1 µm, electrons can be excited in this entire volume. 

However, electrons are extracted only from the narrow solid part of the investigated 

material. XPS spectra are obtained by measuring the kinetic energy of electrons that 

are emitted from the top 1–10 nm, as shown in Figure 2.8. Kinetic energy of 

electrons is related to the binding energy as expressed by the Equation 2.3: 

Eb=hv-Ekin-Wf Equation 2.3 
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Where Eb: binding energy  

             Ekin: kinetic energy 

             Wf: Work function 

XPS also determines the binding states of the elements. Binding energy depends 

upon several factors, including the element from which the electron is emitted, the 

orbital from which the electron is ejected and the chemical environment of the atom 

from which the electron is emitted. Therefore, XPS is used to estimate the elements 

on the surface of the photocatalyst.  The data processing is realized by using the 

software CasaXPS. The surface atomic ratios can be calculated by found based on the 

area of the peak (Gaussian-Lorentzian(30) shaped) using a Shirley-type background, 

corrected by experimental sensitivity factor of the normalized photo ionization 

cross-section of the atomic subshells as determined by Scofield14. The elemental 

composition of the surface is calculated by the following equation: 

𝑋𝑖 (%) =

𝐴𝑖
𝐴𝑆𝐹𝑖

∑
𝐴𝑖

𝐴𝑆𝐹𝑖

𝑛
𝑖

     Equation 2.4  

 

Where 𝐴𝑖 ∶ is the area of the peak that corresponds to the core level of the i element 

         𝐴𝑆𝐹𝑖  :is the atomic sensitivity factor of the i element for the specific core level 

                n: is the number of peaks (≡ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠)  
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Figure 2. 8: XPS characterization principle 

X-ray photoelectron spectroscopy (XPS) measurements were performed on an 

ultrahigh vacuum (UHV) Thermo-VG scientific Spectrometer equipped with an 

electron hemispheric analyzer CLAM4 (MCD). The irradiation source is generated by 

a double anode of Al Kα X-ray (1486.6 eV). The shift due to charging effects of the 

surface is corrected by calibrating with the adventitious carbon peak at 284.6 eV. 

II.5. Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a technique widely used to examine the 

structure and the morphology of samples by using a high-energy electron beam that 

scans the sample’s surface. The electrons interact with the different atoms of the 

surface and produce various signals giving high-resolution images. When the 

electrons strike the specimen, inelastic, elastic, and incoherent elastic backscattering 

can occur. Backscattered electrons (BSE) are beam electrons that are reflected from 

the sample and can provide information about the distribution of different elements 

in the sample according to their atomic number. While secondary electrons (SE), 

resulting from the inelastic scattering that occurs some nanometers deeper than the 

surface are giving information about the topology. 

The characterization by SEM is realized by Zeiss Gemini SEM 500 using a Schottky 

Field Emission Gun (FEG) and took place in ICPEES facilities. This Scanning Electron 

Microscope is equipped with five detectors and one detector for X-rays for 

microanalysis. This permits the elemental analysis of the sample similarly to XPS 
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principle. However, in this case the photoemitted electrons are stroked out of a 

bigger volume.  

II.6. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy is also a characterization technique similar to 

SEM, however as its name indicates, in this case the images are produced by the 

electrons that are transmitted through the sample. In order to enhance the 

transmission, ultra-thin specimens are required. Therefore, prior to analysis they 

have been grinded and dispersed via sonication in ethanol and then dropped on a 

copper grid holder. It is also worth mentioning that TEM provides a much higher 

spatial resolution than SEM and facilitates analysis of the features on an atomic scale 

(in the range of a few nanometers). Likewise, SEM, X-ray Energy Dispersive 

Spectroscopy can be carried out too.  

The IPCMS institute, where the TEM characterization took place, disposes a Jeol 

2100F microscope with working Voltage 200 kV, equipped with Energy Dispersive 

Spectroscopy (EDS) and Charge Coupled device (CCD) cameras. 

II.7. UV-Visible Spectroscopy (UV/Vis) 

Spectroscopy is a characterization technique that is based on the interactions 

between light and matter. Phenomena like absorption, transmission and reflection 

are occurring. Specifically, Ultraviolet–visible spectroscopy (UV–Vis or UV/Vis) 

corresponds to the part of the ultraviolet and visible regions of the electromagnetic 

spectrum. Absorption spectra of chemical species (atoms, molecules, or ions) are 

generated when a beam of electromagnetic energy (i.e., light) is passed through a 

sample, and the chemical species absorb a part of the photons of the 

electromagnetic energy passing through the sample. The absorption band is 

characteristic for every compound because it is equal to the energy difference of 

each ground/excited state pair, as described by Planck’s equation. The dependence 

between transmittance and absorbance is expressed by the following equation: 

A=-logT=-log (𝐼 𝐼𝑜
⁄ ) Equation 2.5 

  

Where Io: initial beam intensity and  

               I: intensity of the beam transmitted 

Noteworthy, in the field of semiconductors the use of Ultraviolet–visible 

spectroscopy allows us to estimate their energy bandgap (Eg).  In the case of solid 

samples, UV-Vis Diffuse Reflectance Spectroscopy analyses the electromagnetic 

radiation versus the wavelength that is being reflected from the sample’s surface 



 CHAPTER 2  

85 
 

and is collected with the help of an integrating sphere. The mathematical approach 

that describes the diffuse reflectance is formulated by Paul Kubelka and Frank Munk 

(K-M) and is given in the equation 2.6: 

F(𝑅∞) = 
(1−𝑅∞)2

2𝑅∞
 Equation 2.6 

 

where 𝑅∞: ratio of the reflectance of the analyzed surface to the reflectance of the 

standard sample  

As it was mentioned above, the DR-spectra can be used for the estimation of 

semiconductors Eg, by exploiting Tauc’s Equation:     

(F(𝑅∞) ∗ hv)
1

𝑛⁄ =B(hv-Eg) Equation 2.7 

 

Where   F (𝑅∞): Kubelka-Munk term 

                hv: photon’s energy (eV) 

                Eg: Energy bandgap (eV) 

                 n: equals to ½ for direct and to 2 for indirect semiconductors 

By the plot of the term (F(𝑅∞) ∗ hv)
1

𝑛⁄  versus the hv and extrapolating the linear 

part of the spectrum, we can determine the Eg by finding the intersection with the X-

axis for zero reflectance. DR-UV-vis absorption spectra were recorded in the range of 

200-800 nm using a PerkinElmer Lambda 950 Scan spectrophotometer equipped 

with integrating sphere using BaSO4 as reference. 

II.8. Infrared Spectroscopy (IR) 

Infrared Spectroscopy is the measurement of the interaction between the infrared 

radiation and the matter, the infrared region (400 nm-1 mm wavelength) of the 

electromagnetic spectrum causes asymmetric bonds to stretch, bend, and/or vibrate. 

This characterization technique is used for the identification of chemical bonds and 

functional groups and consequently for the determination of the molecular 

structure. It can be applied especially for organic samples in gas, liquid, and solid 

phases. In addition, it is a quick and non-destructive method that needs no sample 

preparation. In the framework of this study, the Attenuated Total Reflectance is 

recorded by Nicolet iS10 FT-IR spectrometer in the range of 400-4000 cm-1.  
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II.9. Photoelectrochemical analysis 

Photocurrent measurements are of particular importance to investigate the ability of 

a photocatalyst to generate charges, a parameter that is critical in photocatalytic 

applications 15. It is considered to be a good technique that records the current signal 

under illumination when a potential is applied at the photoelectrochemical cell. In 

presence of the voltage bias, the photoinduced e- are attracted by the external field 

and the charge carriers’ separation is enhanced15. The cyclic voltammetry curves are 

recorded under light irradiation and under dark conditions. The difference between 

the collected photocurrent in both cases can reflect the rate of photoinduced 

carriers in the photoelectro-chemical (PEC) process. 

Herein, photoelectrochemical experiments were performed in a 3 electrode PEC cell 

(Figure 2.9), using a platinum mesh as counter electrode and a mercurous sulfate 

reference electrode (MSE; V0 MSE = 0.64 V vs RHE) in an alkaline electrolyte (0.01 M 

NaOH, 0.1 M Na2SO4). For the fabrication of the working electrode an Indium Tin 

Oxide coated (ITO)glass coated with a thin carbon film by PVD, was used to drop cast 

the catalyst as a thin homogeneous film (catalyst loading ca. 0.1 mg cm-2). Prior to 

cyclic voltammetry, measurements in open circuit voltage have been carried out and 

the cell was purged with nitrogen for 30 min. Cyclic voltammetry (CV) was 

performed with a Biologic SP-300 potentiostat, with an applied potential ranging 

from − 1.0 V to 0.4 V vs MSE (0. 5 to 1.75 vs RHE), at a 10 mV s− 1 scan rate. This 

protocol was applied under dark and illuminated conditions using a Xe arc lamp 

(Newport; 300W; equipped with AM1.5G filter; incident power density on the cell 

100 mW cm-2). In order to calculate the photocurrent density, the current at 

potential 1.23 eV vs. RHE under dark conditions was subtracted by the current 

recorded at potential 1.23 eV vs. RHE under illumination conditions. The obtained 

current is attributed to the photoexcited electrons.  

 

Figure 2. 9: Schematic illustration of the set-up used to perform the photocurrent measurements (left), 
working electrode: catalyst deposited on ITO (right) 
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II.10. Transient absorption spectroscopy (TAS) 

Transient absorption spectroscopy is a technique that is employed to study the 

charge dynamics of an irradiated photocatalyst, including monitoring the lifetime, 

the time scale of the trapping, the transfer and recombination of photogenerated 

charge carriers in semiconductors 16. This technique is based on pump-probe 

measurements, where the pump initiates the photoexcitation of the sample, and the 

probe measures the optical absorption of the sample in various times 17.  

As seen in Figure 2.10, in stationary UV/Vis spectroscopy the measurements involve 

the ground state sample (panel A). On the contrary, in TAS both ground state and 

excited state are measured (panel B). Specifically, in a typical TAS experiment, a 

pump pulse excites the sample that is in the ground state and the absorbance (Ag) of 

the pulse is measured. Subsequently, a weak probe pulse is sent through the excited 

sample and again the absorbance (Ae) of the probe pulse is measured18. The 

absorbance difference (ΔA) is then calculated by the following equation (Eq. 2.8): 

ΔΑ(λ,τ)= Α*(λ,τ)-Αο(λ) Equation 2.8 

 

Figure 2. 10: Schematic Illustration of the basic principle of (a): UV/Vis in stationery-state and 
(b)Transient Absorption Spectroscopy 

Where Α*(λ,τ) and Αο(λ), represent the absorbance of the excited and ground state 

samples, respectively. λ stands for the wavelength and τ for the time delay. 

Therefore, spectra at different times are collected. The ΔA spectrum contains three 

electronic contributions: the ground state bleach, the stimulated emission, and the 

excited state absorption19. The kinetic curve of TAS sheds light to the decay of the 

charge carriers and their recombination. In this context, the photocatalyst with the 

slower TA decay kinetics (i.e., increase of the charge lifetime) will present higher 

photocatalytic activity 20.   

Herein, TAS is applied from the microsecond to second timescale in diffuse reflection 

mode. A Nd:YAG laser (OPOTEK Opolette 355 II, ~6 ns pulse width) is used as the 

excitation source, generating 355 nm UV light from the third harmonic (~0.63 mJ cm-

2 per pulse, repetition rate of 0.8 Hz). A 100 W Bentham IL1 quartz halogen lamp is 

used as the probe light source. Long pass filters (Comar Instruments) were placed 
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between the lamp and sample to minimize short wavelength irradiation of the 

sample. Transient changes in diffuse reflectance from the sample is collected by a 2” 

diameter, 2” focal length lens and relayed to a monochromator (Oriel Cornerstone 

1 0) and measured at select wavelengths between 550 and 1000 nm from 10 μs to 1 

s. Time-resolved changes in diffuse reflectance are collected using a Si photodiode 

(Hamamatsu S3071). Data at times faster than 3.6 ms was recorded using an 

oscilloscope (Tektronics DPO3012) after passing through an amplifier box 

(Costronics), whereas data slower than 3.6 ms is recorded on a National Instrument 

DAQ card (NI USB-6251). Each kinetic trace is obtained from an average of at least 

100 laser pulses. Acquisitions are triggered by a photodiode (Thorlabs DET10A) from 

laser scatter. Data is acquired and processed using home-built software written in 

Labview. Measurements are carried out in air at 19 ± 2 ⁰C, with powder samples 

pressed between 2 microscope slides (VWR).  

The TAS experiments are carried out at the Molecular science research hub of 

Imperial College of London, in the framework of a fruitful collaboration with Dr. 

Andreas Kafizas. 

II.11. Electron paramagnetic resonance (EPR) 

Electron Paramagnetic Resonance (EPR) or Electron Spin Resonance (ESR) is a 

method to study materials with unpaired electrons. The principle is based on the 

resonance of electrons of atoms as a result of high frequency electromagnetic 

radiation absorption in presence of external magnetic field 21. Species that can be 

monitored by EPR are paramagnetic species with odd integer spins including organic 

and inorganic radicals, crystal defects (i.e., vacancies, interstitials), dopant atoms and 

both free and trapped charge carriers 22. It is a versatile tool used extensively to 

study photocatalysts. 

Generally, the principal energy level of unpaired electron can be split into two 

separate energy levels with opposite spin orbital momentum under the application 

of an external magnetic field 23. The electron Zeeman interaction occurs between the 

unpaired electrons and external magnetic field and eliminates the degeneracy of 

electron spin states. When it is then exposed to the appropriate microwave radiation 

or magnetic field, the magnetic dipole transitions could occur and produce 

paramagnetic resonance absorption. The g-factor originates from the spin-orbit 

coupling interaction, is not affected by the external magnetic field and reflects the 

intrinsic property of each paramagnetic center. With reference to this value we can 

identify the specific paramagnetic species 24. 

The EPR measurements presented in this work are realized in the Lab of Physical 

Chemistry of Materials & Environment at University of Ioannina, by the PhD student 

Areti Zindrou. A Bruker ER200D spectrometer equipped with an Agilent 5310A 
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frequency counter, operating at X-Band was used to record the EPR spectra. The 

spectrometer was running under a home-made software based on LabView 25. 

Spectra were recorded at liquid nitrogen temperature (77 K) using the following 

instrumental conditions: 9.55 GHz microwave frequency, 50.00 kHz modulation 

frequency, 4 Gauss peak-to-peak modulation amplitude. The samples (10 mg) were 

irradiated in-situ using an arc Xenon lamp (model: Oriel 6293) operating with 450 W 

input power equipped with a water-filter. Before irradiation, samples were analyzed 

under dark conditions. These spectra were subtracted from the data recorded under 

illumination. After recording the spectra under irradiation, the sample was warmed 

at room temperature for 15 min in the dark, and frozen instantly at 77 K. This 

reestablished the EPR intensity at the level of dark conditions. 

In situ EPR studies are also a powerful tool to unravel catalytic mechanisms. 

However, as in all in situ spectroscopic techniques, the analyte lifetime limits the 

species concentration and may prevent it reaching detectable levels, favoring the 

spectroscopic observation of the longest-lived species 26. Therefore, in order to 

overcome this barrier, short-lived radicals can be trapped for analysis using spin 

traps to form more stable radicals. More precisely, this method involves the addition 

of a compound, typically organic nitrone or nitroso, called spin-traps. The most 

typical spin-trap structures are given in Figure 2.11. Spin-traps react with reactive 

radicals (for example •OH or •OOH), and result to the formation of a radical adduct 

than can be subsequently identified 27. In photocatalytic systems, this allows the 

detection and quantification of reactive oxygen species formed from the 

photoexcited charge carriers. In this regard, we can unravel the relationship between 

band structure and photocatalytic activity since formation of specific reactive oxygen 

species depends solely on the level of the CB and VB of the catalyst. 

Herein, the EPR technique was used for in situ spin-trap experiments using a 

protocol already published in the literature 28. The 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO) was used as spit trap for the detection of superoxide anion radicals (Ο2•–) 

at room temperature. A suspension of 1 mg·mL−1 of the catalyst in methanol was 

sonicated for 10 min. Then, 100 μL of the above suspension was mixed with 100 μL 

of 0.005 M DMPO directly in the EPR flat cell. A quartz EPR flat cell was used, that 

was irradiated by an arc Xenon lamp operating with 450 W input power equipped 

with a water-filter. EPR spectra were obtained at room temperature after 15 min 

irradiation of the methanolic suspension of the photocatalyst.  
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Figure 2. 11: Structures of commonly used compounds as spin traps 

II.12. Photoluminescence Measurements (PL) 

Photoluminescence is defined as the radiation emitted from the electronic excited 

state of a molecule to its ground state after absorption of light energy from an 

external energy source (Figure 2.12) 29. In the case of semiconductor materials, 

photoluminescence spectroscopy (PL) is widely studied to investigate the 

recombination phenomena of e-/h+ pairs and, hence, provide information for the 

separation of the photogenerated charge carriers 30. Therefore, the lower the PL 

intensity the more efficient the separation of charge carriers is. 

 

Figure 2. 12: Energy diagram showing absorption of light, and emission through fluorescence and 
phosphorescence 
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The PL measurements were recorded by the spectrofluometer S2 Jobin Yvon at 

ICPEES in collaboration with Dr. Julien Massue. The excitation wavelength of 

irradiation is at 370 nm with a slit of 3 nm. Additionally, a filter at 395 nm was used 

to cut off the double harmonic peak and the samples were used without any further 

preparation. 

II.13. Temperature-programmed Desorption (TPD) 

Chemisorption is a phenomenon that occurs under the influence of chemical bond as 

forces of attraction between the adsorbed molecules and the adsorbent. The 

chemisorption energy between the gas molecules and adsorbents can vary 

significantly depending on the bond strength 31. The temperature programmed 

desorption (TPD) technique is used to evaluate the active sites on the surface area of 

the photocatalyst. This is possible by the use of appropriate probe gases. Basic gases 

(i.e., NH3) are used for the estimation of acidic active sites, and vice versa. The 

classification of the active sites by strength (i.e., weak or strong), is based on the 

temperature of desorption. The stronger the active sites are, the higher the energy 

needed to desorb the probe gas. While using CO2 as probe gas, TPD is an indirect 

method to measure the CO2 uptake capacity of the catalysts that are aimed for 

artificial photosynthesis and estimating the basic sites on the surface of the catalyst.  

The TPD experiments are comprised of 4 steps: 

• The first step concerns the sample pretreatment. It involves the heating of 

the photocatalyst under inert atmosphere (He, Air Liquide, ALPHAGAZ2, 

99,9999%), in order to evacuate any residual species (solvents) or impurities 

from the atmosphere adsorbed (H2O, CO2) on the surface.  

• Later after cooling down to the ambient temperature, the second step 

involves the adsorption of the probe gas (CO2, Air Liquide, 99.9995%). The 

sample is in contact with the flow of the probe gas flow that is adsorbed on 

the catalyst surface.  

• The following step is the purging of the surface with a carrier gas flow at the 

same temperature. This step permits the desorption of the loosely adsorbed 

(physiosorbed) species or any residual probe gas in the flow. 

• The last step involves the species’ desorption of the catalyst upon heating 

with a linear rate under a carrier gas flow. The change of the reaction gas that 

is desorbed from the surface upon heating is monitored with a downstream 

detector as a function of temperature.  

A temperature-programmed desorption (TPD) study is carried out by 

MICROMERITICS AutoChem II 2920-Chemisorption analyzer, equipped with a 

thermal conductivity detector (TCD) to estimate the volume of desorbed gases, and 

a GC-Mass spectrometer (Pfeiffer vacuum) to identify the gases evolved. Initially, 50 
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mg of sample is pretreated at 190°C for 1 h to remove any trapped solvents and 

water, and then is cooled down to 40°C. Later, the sample is let in contact with He 

for 1 hour to remove the physisorbed species. The profile of gases desorbed is 

recorded at the rate of 15 C min−1 ranging from 40 to 250°C under He flow, in order 

to avoid any thermal decomposition of the catalyst. The CO2 desorption is detected 

by monitoring the mass spectroscopy signal for m/z=44. The results were analyzed 

by using the proper software (AutoChem II 2920 V3.05). 

III. Photocatalytic set-ups 

III.1. Set up for photocatalytic H2O splitting 

The photocatalytic evaluation of the prepared photocatalysts towards hydrogen 

production from the water splitting reaction is performed in liquid phase. The set up 

that is used is shown in Figure 2.13.  

 

Figure 2. 13: Picture of the photocatalytic set-up used for the photocatalytic water splitting 

The photocatalyst (150mg) is added in the medium of the reaction (water and 

sacrificial agent, 99/1 v/v %) inside a quartz reactor (V=1 L). The suspension is kept 

under stirring for better homogeneity. For all the tests of photocatalytic water 

splitting, triethanolamine (TEOA) is used as sacrificial agent. The reactor is 

illuminated by a lamp that simulates solar light, (ceramic-metal-halide Hg lamp-150 

W, C-Topspot, StrassElec SARL). The lamp is placed inside a quartz tube, and the 
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latter was immersed inside the photoreactor. The temperature during the test was 

kept at 20±1 °C, by employing a water-cooling system.  

Prior to irradiation the photocatalytic mixture is purged with N2 gas (Alphagas 2, 

Smartop, 6.0) with a specific flowrate (100 ml min-1) in order to remove air. The 

flowrate was settled and maintained by using a flow controller. Then the lamp is 

turned-on, and the evolved gases are analyzed by means of a micro-chromatography 

in gas phase (micro-GC, R-3000, SRA instrument). The micro-GC is equipped with 

three different modules and one thermal conductivity detector (TCD) at each. The 

first comprises a Molsieve column with Argon (Ar, Alphagaz 2, SMARTOP) as carrier 

gas for the identification and quantification of H2. The second module also possesses 

a Molsieve column that uses He as carrier gas to follow the O2 evolution. The last 

compartment employs a PlotQ column as well alimented with He as carrier and is 

used to detect CO2 and other light carbonaceous products. Photocatalytic reactions 

were monitored for 3 h. 

The samples are tested towards water splitting reaction for 3 hours and the mean 

rate of hydrogen production (𝑟𝐻2
) is determined once the reaction reaches the 

steady state. It is calculated according to the following equation: 

𝑟𝐻2
(𝜇𝑚𝑜𝑙. ℎ−1. 𝑔−1) =

𝐶𝐻2
∗ �̇�𝑁2

𝑉𝑚 ∗ 𝑚𝑐𝑎𝑡
 Equation 2.9 

 

Where 𝐶𝐻2
: concentration of evolved H2 in ppm 

             �̇�𝑁2
: Volumetric flow rate of N2 (100 ml.min-1) 

             𝑉𝑚: Molar volume equal to 24 L.mol-1, that corresponds to the occupied 

volume      of 1      mole of gas at T=20 °C and P=1 atm 

             𝑚𝑐𝑎𝑡: mass of photocatalyst that is used for the test. 

III.2. Set up for Photocatalytic CO2 reduction 

The photocatalytic conversion of CO2 is realized in gas phase, in two different set ups 

with different working conditions. The first one uses H2 as reducing agent and the 

experiments are performed in batch conditions. The other works under continuous 

flow of CO2, with water as electron donor. Both pilots used are described in detail in 

the following section. 

III.2.a. Photocatalytic reduction of CO2 in batch conditions 

For the photocatalytic reduction of CO2, a gas/solid photoreactor was used. 

Irradiation is performed from the top of the reactor through a quartz window using 
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as light source a Xe arc 300 W lamp (Newport). The lamp is equipped with a water 

filter. The schematic illustration of the set-up is given in Figure 2.14. 

 

Figure 2. 14: Schematic illustration of the CO2 reduction set-up 

The photocatalyst (20 mg) is deposited as a thin film on a 9.5 cm2 glass disk followed 

by vacuum treatment at 90 °C overnight. The photoreactor was vacuumed and 

refilled five times with the reactant gases (research grade (99.999%) CO2 and H2). 

Prior to testing, the reactor is purged for 20 min with a CO2/H2 ratio of 1.5 (vol/vol) 

using 30 ml min-1 flow rate and sealed at 1.10 bar. Mass flow controllers are used to 

regulate the CO2/H2 ratio. The reaction has been monitored for 6 h and the evolved 

gases are analyzed periodically using a GS equipped with TCD and FID detector. 

During all the reactions, the temperature is maintained at 20 °C by means of a 

cryostat. In this set-up the influence of electron donor is also examined. using H2O as 

reducing agent. 

III.2.b. Photocatalytic reduction of CO2 under continuous flow 

The photocatalytic set up (Figure 2.15) that works under continuous flow conditions, 

is comprised of three main parts. The first part involves the generation of the 

reactant gases. Specifically, a defined flow (0.3 ml min-1) of research grade CO2 (Air 

product, ≥99.5%) is passing through a water saturator which is kept at ambient 

temperature and feeds the reactor. The flow is regulated by a mass flow controller 

(Bronkhorst). 
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Figure 2. 15:Picture of the photocatalytic set-up used for the CO2 reduction tests in continuous flow 
conditions 

The second part involves the photocatalytic reactor. More precisely, the reactor is 

made from Stainless steel and has a volume capacity of 6 ml. The upper part of the 

reaction is a quartz glass, from where the reactor is irradiated. The irradiation system 

consists of a Hg lamp (150W, Ceramic-Metal-Halide, C-Topspot, StrassElec SARL) that 

is placed 6 cm higher than the quartz window of the reactor. There is also the 

possibility of using a UV light cut off filter (>420 nm). The irradiation of the lamp is 

recorded with the use of a radiometer (ILT900-R, International Light Technologies), 

and the emission spectrum of the lamp is depicted in Figure 2.16a.  

  

Figure 2. 16: (a) Irradiation spectra of Hg lamp (150W, Ceramic-Metal-Halide, C-Topspot, StrassElec 
SARL) and (b) picture of the gas/solid photoreactor 
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The third part is related to the equipment that is used to analyze the evolved gases, 

namely, a micro-GC (Agilent 3000A SRA Instrument). For the identification of the 

several possible evolved gases, the micro-GCM disposes 4 different independent 

channels. The first module can detect H2, CH4, O2, N2, CO, by using a MSSA column 

and Ar as gas carrier. CO2 has been analyzed in the second channel by a PlotU 

column alimented by Helium, as Gas carrier. The third independent channel disposes 

a STABILWAX column. The fourth module possesses an OV1 column (He: carrier gas) 

and detects H2O. The evolution of the gas products is followed every 15 minutes, in 

order to have insights to the reaction kinetics. In this regard, the formulas that are 

used to calculate the rate of production of the evolved gases, are shown in Eq (2.10). 

𝑟𝑋(μmol g-1 h-1) =
[𝑋]∗�̇�

𝑉𝑚∗𝑚𝑐𝑎𝑡
 Equation 2.10 

 

Where [X]: the concentration of the evolved gas (CH4, CO, H2) in ppm 

              �̇� : volumetric flow rate of gas (L min-1) 

             𝑉𝑚: Molar volume equal to 24 L mol-1, that corresponds to the occupied 

volume of 1 mole of gas in STP conditions. 

             𝑚𝑐𝑎𝑡: mass of photocatalyst that is used for the test 

The product selectivity of the reaction is given in the following equations (2.11)-

(2.13): 

𝑆𝐶𝐻4
(%) =

𝑟𝐶𝐻4

𝑟𝐶𝐻4
+ 𝑟𝐻2

+ 𝑟𝐶𝑂
 Equation 2.11 

𝑆𝐶𝑂(%) =
𝑟𝐶𝑂

𝑟𝐶𝐻4
+ 𝑟𝐻2

+ 𝑟𝐶𝑂
 Equation 2.12 

𝑆𝐻2
(%) =

𝑟𝐻2

𝑟𝐶𝐻4
+ 𝑟𝐻2

+ 𝑟𝐶𝑂
 Equation 2.13 

 

However, as demonstrated in Chapter 1, the CO2 reduction may result in various 

carbonaceous products (i.e., CO, CH4, CH3OH), which require different number of 

electrons upon their formation. Therefore, the electronic activity and electronic 

selectivity of the reaction may be calculated by the given equations (2.14)-(2.17): 

𝑟𝑒−(μmol g-1 h-1)= 
�̇�

𝑉𝑚∗𝑚𝑐𝑎𝑡
∗(8∗[CH4]+2∗[CO]+2∗[H2]) Equation 2.14 

𝑆𝐶𝐻4
(%) =

8 ∗ 𝑟𝐶𝐻4

8 ∗ 𝑟𝐶𝐻4
+ 2 ∗ 𝑟𝐻2

+ 2 ∗ 𝑟𝐶𝑂
 Equation 2.15 

 

𝑆𝐶𝑂(%) =
2 ∗ 𝑟𝐶𝑂

8 ∗ 𝑟𝐶𝐻4
+ 2 ∗ 𝑟𝐻2

+ 2 ∗ 𝑟𝐶𝑂
 Equation 2.16 
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𝑆𝐻2
(%) =

2 ∗ 𝑟𝐻2

8 ∗ 𝑟𝐶𝐻4
+ 2 ∗ 𝑟𝐻2

+ 2 ∗ 𝑟𝐶𝑂
 Equation 2.17 

 

 

where 𝑟𝐶𝐻4
, 𝑟𝐶𝑂, 𝑟𝐻2

 methane, carbon monoxide and hydrogen production mean 

rate, respectively. 
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Introduction 

This chapter focuses on the Co3O4-CN composite materials, their characterization, 

and their application as photocatalysts for CO2 reduction. The synthesis process used 

has been described in detail in Chapter 2.I. The aims of this work are to identify the 

properties of the prepared materials that are linked with catalytic activity. This study 

focuses on different aspects including the effect of morphology at the nanoscale on 

the structure and the activity. It is divided in two main parts:  

(1) The first part interpretates the results acquired from the characterization 

techniques that are employed for the characterization of the nanocomposite 

materials and their individual counterparts. More precisely, a multi-

characterization methodology is applied to investigate in detail:  

a. The structural properties,  

b. the electronic properties linked with the optical and charge formation 

properties,  

c. the morphological properties and  

d. to study thoroughly the behavior of charge carriers generated upon 

irradiation.  

(2) The second part presents the results of the photocatalytic activity of the 

prepared materials. Namely, the photocatalysts were evaluated towards:  

a. CO2 reduction reaction and  

b. H2O splitting.  

The photocatalytic results in combination with the catalysts’ properties are used to 

shed light to the mechanism of the reaction. The above results are also published in 

ACS Applied Materials and Interfaces with title: MOF-derived defective Co3O4 in 

Carbon nitride composites for CO2 photoreduction and H2 production. 
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I. Characterization of Co3O4-CN nanocomposites 

I.1. Structural and compositional characterization  

TGA 

As mentioned in section 2.I.1., CNas samples are submitted to a second thermal 

treatment aiming on the chemical and morphological modification, as expected by 

the literature. Also, the Co3O4/CN nanocomposite materials are developed by in situ 

mixing the MOF templates and CN and then calcining them to form the oxides on the 

CN surface. In order to estimate the final content of Co3O4 on the CN materials, we 

are based on the fact that the two counterparts present different thermal stabilities. 

In this direction, the quantification of the deposited oxide is performed by means of 

TGA and the results of pure CN samples (CNas, CN570) and the prepared composite 

materials are shown in Figure 3.1.  

The thermally treated CN570 presents thermal stability up to approximately 570 °C. 

Complete oxidation is performed between 580 and 615 °C. It is already reported that 

hydrogen terminated C–N sheet is energetically more stable, and thus has a high 

thermal stability 1. On the contrary, pure oxides (both Co3O4-NS and Co3O4-Bk) 

present low weight loss (5-8% up to 650 °C). These results provide critical 

information. The stability of CN570 up to 580 °C indicates that the thermal treatment 

applied for the development of the Co3O4/CN nanocomposite materials does not 

affect the CN content. 
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Figure 3.1 : TGA profiles of the pure CN570, pure oxides and composite materials. 

The TGA profiles can be divided into 3 steps. In the first part, at temperatures up to 

400 °C, the desorption of water and adsorbates is observed. In the range of 400-600 

°C we observe the decomposition of carbon nitride structures. Specifically, the 

decomposition of the pure CN570 sample begins at temperatures above 585 °C and 

the decomposition of all composites begins at lower temperatures (ca. 450 °C). This 

is most likely due to the presence of the oxide that promotes oxidation at lower 

temperatures 2. This observation further verifies that the temperature chosen for 

the calcination step (i.e., 350 °C) for the formation of the oxides does not affect the 

CN part. The third and last part of the TGA profiles, is observed for temperatures 

above 600 °C where only Co3O4 remains in the nanocomposites. The mass at 650 °C 

is used to calculate the content of Co3O4 on the composite materials. In all 

composites, the Co3O4 amount is less than the nominal m-ZIF-67 amount used in the 

synthesis process. This might originate from the decomposition of the organic part of 

the MOF structure. The content of Co3O4 is given in Table 3.1. It is clearly seen that 

increasing the ZIF-67 and m-ZIF-67 amount in the synthesis process progressively 

increases the content of the Co3O4 in the final composite. 
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Table 3.1: Co3O4 loading on the nanocomposites materials as estimated by TGA 

Sample Co3O4 content (%) 

CN570 - 

Co3O4-Bk 100 

Co3O4-NS 100 

Co3-Bk-CN570 2.4 

Co3-NS-CN570 1.6 

Co5-NS-CN570 3.6 

Co7-NS -CN570 5.2 

Co10-NS -CN570 6.8 

 

XRD 

XRD analysis is performed in order to get information on the structure of the 

prepared materials. Information related to the effect of the post-thermal treatment 

on the as-synthesized CN and the presence of both phases in the composite are 

obtained. Figure 3.2 shows the XRD patterns of the CNas and the thermally treated 

CN materials. They all present two diffraction peaks centered at ca. 13° and 27.7°. 

This is in line with the results in the literature for CN materials and clearly indicates 

the formation of the carbon nitride structure. The two diffraction peaks are 

attributed to the (100) and (002) crystal planes of CN, respectively, e.g., the 

interplanar spacing in the tri-s-triazine units and the stacking of conjugated layers 

within the CN structure 3. By observing closer the (002) diffraction peak which is 

displayed in the inset graph, we can witness a shift to higher angles by increasing the 

temperature of the thermal treatment. This is assigned to the improved stacking of 

the CN sheets. The decrease of the layers distance is probably linked with the 

planarization of the single layers allowing better packing 4,5. 
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Figure 3. 2 : (a) XRD Patterns of the pure CN materials treated at different temperatures, (b) Schematic 

illustration of inter- and intra-layer distance in CN structure 

The interplanar distance (d) was calculated by using the Bragg’s law (Chapter 2.II.2) 

for all CN materials. A small decrease is evidenced in the CN570 sample compared 

with the CNas as shown in Table 3.2. Regarding the crystallite size (D) that is 

calculated by Scherrer’s equation, it is noticed that the second thermal treatment 

induced an increase (8.01 nm) compared to the crystallite size of CNas (7.37 nm). 

Based on the aforementioned calculations, we can also estimate the number of 

layers for the prepared CN materials, by using Equation 3.1. We can consider that 

the thickness of the layer is negligible compared to the interplanar distance between 

two layers. Thus, we can see that the increasing temperature leads to progressive 

planarization and higher order of nanosheets. 

Number of layers= 
𝐷

𝑑
 

 

Equation 3.1 
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Table 3.2: Interplanar distance, crystallite size and number of layers for the prepared CN materials 

calculated by XRD 

sample D 1 (nm) d 2 (nm) Number of layers 

CNas 7.37 0.333 22 

CN530 7.99 0.322 24 

CN550 8.01 0.320 25 

CN570 9.02 0.322 28 

                                                     1CALCULATED BY SCHERRER’S EQUATION      2 CALCULATED BY BRAGG’S LAW 

 

Figure 3.3a presents the XRD patterns of the ZIF-67, the solvothermally post-treated 

m-ZIF-67 and the obtained oxides after calcination of the two MOF structures. The 

ZIF-67 showed the typical diffraction pattern of that particular MOF (Figure 3.3a) 6. 

The sharp diffraction peaks indicate the high crystallinity of ZIF-67. Solvothermal 

treatment of ZIF-67 in the presence of Co2+ results in a different XRD pattern 

suggesting a phase transformation 6–8. These two structures were then calcined to 

obtain pure Co3O4. The Co3O4-NS sample obtained after calcining the solvothermally 

treated m-ZIF-67 displays diffraction peaks centered at 19°, 31.4°, 36.7°, 38.5°, 45°, 

56°, 59.5°, 65.3° and 77.1°. These are attributed to (111), (220), (311), (222), (400), 

(422), (511), (440) and (622), planes of Face-centered cubic phase of spinel Co3O4, 

respectively (JCPDS card, No 74-2120) 6. A similar XRD pattern is detected for the 

Co3O4-Bk sample obtained after calcining the as-synthesized ZIF-67. As evidenced in 

Figure 3.3b, the XRD patterns of the nanocomposites contain diffraction peaks of 

their individual counter parts. The XRD pattern of the composites is dominated by 

the diffraction peaks of CN. This is expected given the high content of CN in the 

composites as evidenced by TGA. The intensity of the Co3O4 diffraction peaks is 

proportional to the amount used in the synthesis. No obvious differences are 

detected when comparing the XRD patterns of the pure materials with that of the 

composites. These data confirm the presence of both CN and Co3O4 in the 

nanocomposites suggesting the formation of a heterojunction without changing the 

phase of the individual parts in the composites. 
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Figure 3. 3: XRD Patterns of the a) ZIF-67, m-ZIF-67 and Co3O4 and b) composites 

ATR 

Additional structural information is obtained with ATR spectroscopy. In Figure 3.4a 

we can observe that all the CN-based materials presented the characteristic spectral 

features of carbon nitride building units. In detail, the sharp band centered at 810 

cm−1 is attributed to the tri-s-triazine vibrations within the CN structure 4,9. In 

addition, bands of the C―N stretching and bending vibrations of N heterocycles are 

detected in the 1200-1800 cm-1 region. The bands observed at high wavenumbers 

(ca. 3200 cm-1) are ascribed to the N―H groups 4,10. This is normal because carbon 

nitride samples synthesized by thermal polymerization contain a certain number of 

NH/NH2 groups due to incomplete condensation of the amine groups in the 

precursor. These groups form hydrogen bonds that help maintaining the intralayer 

order 11. Careful inspection of this region reveals that the band intensity increases 

with increasing the temperature of the post-thermal treatment. This can be ascribed 

to the formation of structural defects resulting in the formation of more amino 

groups at the edges of the tri-s-triazine units when a second thermal treatment is 

applied 4.  
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Figure 3. 4 : ATR spectra of (a) the pure CN samples as synthesized and thermally treated and (b) 

Co3O4 (bulk and Nanosheets) and composite materials. 

ATR spectroscopy is also applied to study the structure of the prepared composite 

materials (Figure 3.4b). As evidenced, no obvious differences are detected in the 

characteristic CN vibrational modes of the composites compared with the bare CN 

materials. This further indicates that the CN structure remained unaltered during the 

coupling with Co3O4, in agreement with the XRD results. In addition, new bands 

ascribed to Co3O4 are detected. Specifically, the bands centered at 660 and 555 cm-1 

are attributed to the Co-O vibration modes, verifying the presence of Co3O4 on the 

nanocomposites 12. These bands are also detected in both pure oxides. It is also 

worth mentioning that the intensity of these bands is proportional to the loading of 

the Co3O4 precursors. Finally, the observed increase of the band at high wavelengths 

(ca. 3600-3200 cm-1) is attributed to O—H bonds, from the water adsorbed. 

BET 

Specific surface area also holds a significant role in the reactant’s adsorption and 

thus in photocatalytic applications. The textural properties of the catalysts were 

investigated by N2 adsorption/desorption isotherms acquired at 77 K. The 

physisorption isotherms are given in Figure 3.5 and the BET specific surface area 

(SSA) of the prepared materials is given in Table 3.3. As can be observed they 

present a Type IV isotherms with hysteresis loop. This may indicate mesoporosity. 

The post thermal treatment induces an increase in the BET SSA approximately 3 

times compared with the CNas. This has been previously assigned to the thermal 

exfoliation of the CN structure and to the formation of structural defects on the 

polymeric structure, that are also suggested by ATR 4, as well as to the partial 

amorphization of the structure 13. Co3O4-NS presented an enhanced surface area (ca. 
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57 m2 g-1) compared to Co3O4-Bk, while an increase in SSA is observed in all 

nanocomposites, which can be attributed to the presence of the oxide.  

 

Figure 3. 5 : Nitrogen physisorption isotherms of the pure CN (left panel) and the composites materials 

(right panel) 

Table 3.3: Specific surface area, micropore volume, energy bandgap and Co3O4 loading for the 

nanocomposites and their counterparts. 

Sample SSA (m2g-1) Eg (eV) 

CNas 11.62 2.86 

CN530 30.42 2.86 

CN550 33.65 2.75 

CN570 29.41 2.72 

Co3O4-Bk 38.18 2.35 

Co3O4-NS 57.49 2.35 

Co3-Bk-CN570 43.87 - 

Co3-NS-CN570 41.60 - 

Co5-NS-CN570 84.85 - 

Co7-NS -CN570 84.27 - 

Co10-NS -CN570 67.36 - 
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XPS 

The chemical composition of the catalysts was further investigated using XPS 

analysis. Survey spectra of the pure materials and composites are given in Figure 3.6. 

C and N are detected for bare CN materials and while Co and O for the composites 

and pure oxides. On the contrary, peaks attributed to C, N, Co and O are detected in 

the composite materials. All pure CN samples present the typical chemical states of C 

and N, specifically as it shown in Figure 3.7a.,  The high-resolution C 1s spectra have 

two contributions centered at 284.6 and 287.7 eV, corresponding to C—C and N—

C═N2 of the tri-s-triazine, respectively 14. Regarding the N 1s XPS spectra of the pure 

CN samples, they can be deconvoluted into three peaks centered at 398.4 eV, 400.2 

eV and 401.0 eV as it is shown in Figure 3.7b. These are attributed to the C═N—C, 

N—C3 and —NH2 chemical species, respectively 4,15,16. Comparing the individual N 1s 

spectra of the pure CNas and CN570 samples, the intensity of the terminal amino 

groups is higher in the case of the thermally treated CN570 sample, as shown in Table 

2. This suggests the formation of structural defect sites that give rise to increased —

NH2 groups during the second thermal treatment. This finding is in accordance with 

the ATR results, supporting the observed increased BET SSA. This is also confirmed 

by the change in the C/N ratio (Equation 2.4), namely 0.82 for CN570 sample and 0.85 

for pristine CN. It can be also seen that for both samples, the ratio is far from the 

stoichiometric (C/N=0.75) 

 In addition, a small shift of the main nitrogen peak by 0.2 eV to lower binding 

energies is observed in the composite materials compared with the pure CN570. This 

probably originates from an interaction with the Co3O4 phase in the composite. 

 

Figure 3. 6: XPS Survey spectra 

1000 800 600 400 200

Co 2p

N 1s

 

 

CN570

CO3O4-NS

In
te

n
s
it
y
 (

a
r.

u
n

.)

BE (eV)

Co3-NS-CN570

C 1s



 CHAPTER 3  

115 
 

The survey spectra of the Co3O4-Bk and Co3O4-NS materials display peaks related 

with C, Co and O. The presence of C is assigned to adventitious carbon species. In 

both samples, the two peaks expanding in the region 800-776 eV are ascribed to the 

Co 2p3/2 and Co 2p1/2 17. Focusing on the Co 2p3/2 peak (Figure 3.7c), a clear 

difference on the relative peak area of the individual components was observed for 

the Co3O4-Bk and Co3O4-NS sample. This indicates a difference in the Co2+/Co3+ ratio. 

In the case of Co3O4-Bk, the Co2+/Co3+ ratio is close to the theoretical value (ca. 0.46) 

while in the Co3O4-NS sample is increased to 0.73.  

It is reported that O 1s peak can be fitted by three curves, in low, medium, and high 

energies. In Figure 3.7d, we show that the O 1s peak can be deconvoluted into three 

peaks. centered at 529.2, 531.1 and 531.7 eV.  The first peak can be associated with 

the O atoms from the lattice bonded to metal cations, which are the stoichiometric 

oxidation state. The peak at 531.1 eV is attributed to oxygen vacant sites that are O 

ions bonded to non-stoichiometric oxidized cations 18,19. The peak centered at 531.7 

is attributed to the presence of loosely band oxygen on the surface of the catalyst, 

i.e., -OH groups from H2O absorbed. The relative intensity of the defective O-species 

has been increased in the Co3O4-NS compared with the Co3O4-Bk sample (Figure 

3.7d). This observation supports the difference in the Co2+/Co3+ ratio. These results 

suggest the presence of more Co2+ in the Co3O4-NS sample and the formation of 

oxygen vacancies as charge neutrality species 18,19.  

Concerning the composite samples, the C 1s and N 1s spectra are in consistency with 

the pure CN570 sample (Figure 3.7a and 3.7b). As in the case of pure oxides, the 

relative abundance of Co2+ and Co3+ differs in the composites bearing Co3O4-Bk and 

Co3O4-NS (Figure 3.7c). In the Co3-Bk-CN570 sample the Co2+/Co3+ ratio is 0.5 while in 

the Co3-NS-CN570 is increased to 0.68. More importantly, the defect sites of the pure 

Co3O4-NS are maintained in the final composite materials. Therefore, the XPS 

analysis verifies that the coupling process adopted for the development of the 

composites maintains the chemical states of both phases, especially the defect sites 

of the pure Co3O4-NS which are important for the catalytic mechanism. 
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Figure 3. 7: (a) C 1s, (b) N 1s, (c) Co 2p3/2 and (d) O 1s high-resolution XPS spectra of the pure CN and 

Co3O4 and composite materials 

CO2 Uptake capacity 

It has been recently documented that the affinity of the substrate with the surface of 

CN plays vital role in activity 13. The prepared photocatalysts are destined for CO2 

reduction, and as is mentioned in section 1.II.5.B.ii.a. CO2 adsorption is the rate 

determining step of the process. Herein, the CO2 uptake ability of the prepared 
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materials and the quantification of the basic sites on the catalyst surface are 

estimated by means of temperature programmed desorption of CO2 (CO2-TPD).  In 

Figure 3.8 the CO2-TPD profiles of the pure CNas, CN570 and Co3O4-NS materials as 

well as the Co3-NS-CN570 composite are presented. The two peaks detected at 120 

and 370 °C correspond to medium and strong surface basic sites. Specifically, in the 

former case CO2 is more loosely attached. The latter, in the composite material is 

attributed solely to the presence of the oxide as evidenced by the CO2-TPD profile of 

the Co3O4-NS material. Concerning the bare Carbon Nitride materials it is already 

demonstrated in the literature,  that as the C/N ratio is decreasing in the six-

membered C-N-C rings, more basic sites are generated in the surface of CN 20.By 

integrating the areas beneath the curves shown in Figure 3.8, we can witness that 

CN570 presents almost 2 times higher CO2 uptake ability than the CNas material. This 

is likely linked with the increase of the amino groups formed during the second 

thermal treatment. It is worth mentioning that the Co3O4-NS and Co3-NS-CN570 

materials show larger amount of adsorbed CO2 compared with the pure CN 

materials. Specifically, the Co3-NS-CN570 presented a ca. 3-fold increase in the 

relative CO2 adsorption amount compared with the pure CN570. This can be explained 

by the presence of oxygen vacant sites in the oxide, as it is already mentioned in 

Chapter 1 and explained in the following, that contribute significantly in the 

adsorption of CO2 due to the higher binding energy in such sites than regular sites 21–

24. 

 

Figure 3. 8: CO2-TPD profiles of the bare CN, CN570, Co3O4-NS and the Co3-NS-CN570 composite. 
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I.2. Characterization of optical properties  

UV/Vis Spectroscopy 

The light absorption properties of the prepared photocatalysts were studied by DR-

UV-Vis Spectroscopy. The converted UV-Vis absorption spectra of the pure CN 

materials and the Cox-NS-CN570 are given in Figure 3.9a and 3.9b, respectively. 

According to the UV-Vis DRS characterization results, the light absorption edge of the 

pure CN materials is observed at approximately 490 nm. This corresponds to the 

intrinsic electronic π→π* transition 10. The second thermal treatment induced a 

small shift of the absorption edge to higher wavelengths and an increase of the light 

absorption in the region 450-550 nm (inset in Figure 3.7a). This is observed more 

clearly in the CN570 sample. In figure 3.10a the Tauc plots of the CN samples are 

presented in order to estimate the Eg values. The detected shift of the absorbance 

edge is also expressed in the band gap energy that is shifted from 2.86 to 2.81 eV as 

the temperature of the thermal treatment increases. On the other hand, the pure 

Co3O4-NS and Co3O4-Bk samples hold an estimated Eg value of 2.33 eV (Figure 3.10b). 

Concerning the optical properties of the composites, their light absorption is 

extended to the whole visible region. This is solely ascribed to Co3O4 (Figure 3.9b). As 

is also evidenced in Figure 3.9b, the sample with the higher Co3O4 content presented 

the highest light absorption.  

 

 

Figure 3. 9: DR UV-vis spectra of (a) the CN samples and (b) the nanocomposites  
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Figure 3. 10 : Plots used to estimate band gap energies of the (a) pure CN materials and (b) the pure 

Co3O4-Bk and Co3O4-NS materials 

I.3. Morphological Characterization 

SEM 

In section 3.I.1., it is shown by XRD characterization that the second thermal 

treatment of CN materials and the solvothermal treatment of ZIF-67 in the presence 

of Co2+ resulted in phase transformation. In order to study the effect on morphology 

and to further characterize the different phases on the composites, the samples 

were examined by Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). As we can detect in Figure 3.11a the CNas sample possess a bulky 

morphology and consists of sintered grains. Whereas the thermally treated CN570 

presents smoother and flatter surface. This is in accordance with the suggested from 

XRD increase in planarization of the structure. Closer inspection reveals cracks, 

structural defects and micropores with smaller aggregates in the thermally treated 

materials (Figure 3.11b). Concerning MOF samples, in Figure 3.11c it can be seen 

that ZIF-67 presents a uniform rhombic dodecahedron structure of approximately 

300 nm. These are in accordance with the literature6. Modification of the parental 

ZIF-67 via a solvothermal treatment resulted in a leaf-like 2D structure (Figure 

3.11d). The oxides derived from the calcination of the two MOF structures maintain 

the morphology of their precursors (Figure 3.11e and 3.11f). Calcination of the m-

ZIF-67 2D structure results in the formation of the oxide with ultrathin morphology 

(Figure 3.11f). On the other hand, the Co3O4-Bk material inherited the ZIF-67 

morphology. These results clearly show the shape control of the oxide induced 

through the modification of the parent MOF structure used as template. This might 
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have an effect on the interaction of the oxide with the planar surface of the CN 

structure 25–27. 

 

Figure 3. 11: SEM images of (a) CNas , (b) CN570,  (c) ZIF-67 , (d) m- ZIF-67, (e) Co3O4-bk and (f) Co3O4-NS  

TEM 

TEM images of the prepared pure oxides and the composites are given in Figure 

3.12. The 2D ultrathin structure of the Co3O4-NS sample is clearly observed together 

with many mesopores (Figure 3.12b). These defects in the structure are not seen in 

the Co3O4-Bk sample (Figure 3.12a). Concerning the nanocomposite materials, the 

morphology of both oxides is maintained in the composite as indicated in Figure 

3.12c and 3.12d. Another observation that can be made is that Co3O4-NS are well 

dispersed on CN with their lateral side interacting with the planar surface of CN570 

(Figure 3.12d). This suggests the formation of an interphase between the 2D 
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structure of Co3O4-NS and the surface of CN. On the contrary, larger aggregates are 

observed when using the Co3O4-Bk, as in the case of the Co3-Bk-CN570 composite 

(Figure 3.12c). The high-resolution TEM images indicate the well crystalized 

structures of the oxide. In the Co3O4-Bk sample (Figure 3.12e), primary nanoparticles 

of different crystallographic orientation are observed and lattice fringes with an 

interspacing of 0.46 and 0.24 nm are detected. These are indexed to the (111) and 

(311) planes, respectively 28,29. The lattice spacing of 0.280 and 0.235 nm resolved in 

the Co3O4-NS sample correspond to the (220) and (222) crystal planes, respectively 

(Figure 3.12f) 7,18,28,30. This suggests that the dominant exposed planes are {112} in 

the Co3O4-NS sample, since they are the only planes normal to both (220) and (222) 

planes. {112} are the usual main exposed planes in 2D Co3O4 structures 28,31,32. The 

presence of Co3O4 on CN was also evidenced by TEM-EDX analysis (Figure 3.13). The 

pure Co3O4-NS EDX spectrum is dominated by Co and O atoms while in the Co7-NS-

CN570 material C and N are also detected. Overall, the TEM analysis verified the 

formation of Co3O4 crystals of nanosheet morphology when the solvothermally 

treated m-ZIF-67 is used as precursor and suggested the formation of a tight 

interphase between the 2D structure of the Co3O4-NS and the planar surface of CN. 
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Figure 3. 12: TEM images of (a) Co3O4-Bk, (b) Co3O4-NS, (c) Co7-bk-CN570 , (d) Co7-NS-CN570 and HRTEM 

images of (e) Co3O4-Bk  and (f) Co3O4-NS . 
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Figure 3. 13: EDX spectra of the pure Co3O4-NS material (black line) and the Co7-NS-CN570 composite 

(purple line). The peaks in the 8-9 keV region correspond to Cu-grid used. 

I.4. Characterization of electronic properties-        of Ch  g  c       ’ 

behavior 

Transient absorption Spectroscopy (TAS) 

TAS has previously been used to monitor charge carrier behavior in a range 

photocatalytic materials, including carbon nitrides 3,4,25,33. Herein, we employ TAS to 

investigate the charge carrier behavior in carbon nitride (CN570), cobalt oxide (Co3O4-

NS and Co3O4-BK) and their composites (Co3-NS-CN570, Co3-BK-CN570). Samples are 

investigated in air, excited using a 355 nm laser. The transient absorption decay 

kinetics at different wavelengths and spectra at select times of each individual 

sample are provided in Figure 3.14 and Figure 3.15, respectively. In order to compare 

the transient absorption behavior of all samples, the normalized transient 

absorption decay kinetics at a probe wavelength of 800 nm are gathered in Figure 

3.16a, and transient absorption spectra at 10 μs (Figure  .16b), 1 ms (Figure  .16c) 

and 100 ms (Figure 3.16d) after excitation.  

At most probe wavelengths, the modified carbon nitride - CN570 - showed 

exponential decay dynamics on a log timescale, similar to previous works 4. This type 

of decay follows dispersive power law dynamics, which have been assigned to 

trap/detrap limited bimolecular recombination 34,35. From 10 μs, the time taken for 

half of the charge carriers to recombine (t50%) was ~1 ms (Figure 3.14a). Transient 

absorption spectra show a broadband absorption across the visible, with stronger 

0 1 2 3 4 5 6 7 8 9 10

Co

Co

 

 

In
te

n
s
it
y
  
(a

r.
 u

n
.)

Energy  (keV)

C

N

O

Co



 CHAPTER 3  

124 
 

absorption in the blue than in the red (Figure 3.15a). Both forms of cobalt oxide - 

Co3O4-NS and Co3O4-BK - show similar transient absorption behavior. In this case, 

electron-hole recombination was significantly faster, with transient decays showing a 

t50% of ~50 μs (approximately 20 times faster than CN570), which decay to zero by ~ 1 

ms (Figures 3.14d and e). Transient absorption spectra exhibit a distinct peak 

absorption at ~800 nm, and near zero absorption in the blue and NIR (Figures 3.15d 

and e). For the cases of the carbon nitride and cobalt oxide composites - Co3-NS-

CN570, Co3-BK-CN570 - similar behavior is observed in both materials. The transient 

absorption decays in these composites are similar to that of the pure carbon nitride, 

showing a t50% of ~0.5 ms (Figures 3.14b and c). However, the transient absorption 

spectra hold features of both the CN (broadband absorption) and Co3O4 (peak at 800 

nm) (Figures 3.14b and c). Importantly, the Co3O4 spectral feature is significantly 

longer lived in these composites than in the parent materials. We can see this by 

comparing transient absorption spectra at 10 μs (Figure  .16b), 1 ms (Figure  .16c) 

and 100 ms (Figure 3.16d) after excitation. In the cobalt oxides and the composites, a 

peak at ~800 nm, which is attributed to charge carriers on Co3O4, is clearly observed 

at 10 μs after excitation. However, at 1 and 100 ms after excitation, this peak is lost 

in the cobalt oxides but remains in the composites. This shows that charge carriers 

on cobalt oxide sites in the composites have an extended lifetime of more than a 

factor of 100 as compared with cobalt oxide alone. Across all timescales, the Co3-NS-

CN570 composite show higher absorption in the red than the Co3-BK-CN570 

composite, which is indicative of a higher degree of charge carriers present on cobalt 

oxide sites in Co3-NS-CN570 as compared with the Co3-BK-CN570. On the other hand, 

charge carrier lifetime on carbon nitride sites in the composites do not differ 

significantly from the parent material. 
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Figure 3. 14 : Transient absorption decay kinetics of (a) CN570, (b) Co3-NS-CN570, (c) Co3-BK-CN570, (d) 

Co3O4-NS and (e) Co3O4-BK. Samples were measured in air, excited with a 355 nm laser pulse (~6 ns 

pulse width, ~0.0.63 mJ cm-2, 0.8 Hz) and transient changes in absorption were probed at 550 to 1000 

nm from 10 μs to 1 s. 
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Figure 3. 15: Transient absorption spectra at the select times of 10 μs, 100 μs, 1 ms, 10 ms, 100 ms 

and 0.9 s after excitation of (a) CN570, (b) Co3-NS-CN570, (c) Co3-BK-CN570, (d) Co3O4-NS and (e) Co3O4-

BK. Samples were measured in air, excited with a 355 nm laser pulse (~6 ns pulse width, ~0.0.63 

mJ cm-2, 0.8 Hz) and transient changes in absorption were probed at 550 to 1000 nm from 10 μs to 1 s. 

Qualitatively speaking, the spectra observed in the composites are not the sum of 

the spectra of the two parent materials from which they are composed. This is 

because the composite contains only a small amount of cobalt oxide (3 wt.%), yet 

the spectra obtained contain similar contributions from cobalt oxide as compared 

with the parent materials (100 wt.%). For this to occur, there must be charge 

transfer between the two phases in the composite.  
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Overall, transient absorption spectroscopy results suggest the presence of a charge 

transfer between CN and Co3O4 in the composites resulting in significantly longer-

lived charges on cobalt oxide sites compared with the cobalt oxide parent material 

(extended lifetime from ~1 ms to > 100 ms). Comparing the two composites, there is 

a higher degree of absorption in the red region of the electromagnetic spectrum in 

Co3-NS-CN570 than Co3-BK-CN570, which is indicative of a higher degree of charge 

transfer where cobalt oxide nanosheets are used as compared with the bulk 

material. In other words, the TAS data suggest that the morphology of the cobalt 

oxide affects the charge transfer process. 

 

 

 

Figure 3. 16: (a) Normalized transient absorption decay kinetics at the probe wavelength of 800 nm for 

CN570, Co3-NS-CN570, Co3-BK-CN570, Co3O4-NS and Co3O4-BK. Transient absorption spectra at the select 

times of (b) 10 μs, (c) 1 ms and (d) 100 ms after excitation for CN570, Co3-NS-CN570, Co3-BK-CN570, 

Co3O4-NS and Co3O4-BK.  

Electron paramagnetic resonance (EPR) spectroscopy 

Since photogenerated charges play crucial role in photocatalysis, in-situ EPR 

spectroscopy is used to study their formation. EPR it is a versatile tool to detect e-/h+ 

pairs in semiconductors 36,37. All samples present a single Lorentzian peak centered 
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at g=2.0034 under light irradiation, typical for unpaired electrons on the aromatic 

carbons of the main building unit of CN 3,37. Representative spectra are given in 

Figure 3.17. The same signal is observed under dark conditions. This signal has been 

subtracted from all data obtained under light irradiation. Therefore, the reported 

EPR signal intensity originates from light excitation and indicates the formation of 

photogenerated species. It must be highlighted that warming the sample at room 

temperature for 15 min after irradiation reestablishes the EPR intensity at the level 

of the dark conditions as a result of e-/h+ recombination. This further verifies that the 

observed EPR signal under light irradiation is associated with photogenerated 

charges.  

EPR spectroscopy is also applied to provide quantitative estimates on the charges 

formed upon irradiation. Figure 3.18a displays the relative EPR signal intensity of the 

photogenerated electrons for the pure CN570 and the composites Co3-Bk-CN570, Co3-

NS-CN570 and Co7-NS-CN570. The introduction of the oxide in both phases (bulk or 

nanosheets) increased the abundance of the photogenerated electrons. A significant 

difference in the signal intensity is observed comparing the composites bearing 

Co3O4-Bk and Co3O4-NS. Deposition of Co3O4-Bk on CN570 results in a ca. 27% 

increase of the EPR signal intensity compared with the pure CN570 catalyst. However, 

an impressive 2.5-fold increase is evidenced in the Co7-NS-CN570. In addition, the 

content of the Co3O4-NS also affects the charges formed under irradiation. The Co7-

NS-CN570 composite increases the EPR signal intensity by ca. 16 % compared with the 

Co3-NS-CN570. These results clearly highlight the effect of the Co3O4-NS content but 

most importantly, the effect of Co3O4 morphology (bulk vs. nanosheets) on the 

photogenerated charges.  
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Figure 3. 17: EPR spectra of the pure CN570 and the Co7-NS-CN570 composite under irradiation. 10 mg 

of the material were irradiated in-situ in the EPR quartz tube using an arc Xenon lamp operating with 

450 W input power equipped with a water-filter. 

 

Figure 3. 18: Relative EPR signal intensity (a) and photocurrents at 1.23 V vs RHE (b) of the bare CN570 

and composites catalyst. 

Photoelectrochemical measurements 

To further study the photogenerated charges, photoelectrochemical analysis is 

performed in order to reveal differences in the behavior of charges formed among 

the different samples upon light irradiation for water splitting. Cyclic voltammetry 
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curves are given in Figure 3.19 and are performed in alkaline electrolyte as indicated 

in Chapter 2.II.9., to avoid cobalt oxide dissolution. Figure 3.18b compares the 

photocurrent of the most active Co7-NS-CN570 composite with the reference CN570 

and Co3O4-NS materials at a potential of 1.23V vs RHE. The individual components 

show no noticeable or low photocurrent while the Co7-NS-CN570 composite exhibit a 

significant anodic photocurrent of 2.3 µA.cm-2 associated to water oxidation with an 

onset potential at 0.9 V vs RHE. The low photocurrent for CN570 can be explained by 

the high position of the valence band (relatively to the OER) and their low catalytic 

activity for OER. In the case of Co3O4 nanosheets no photocurrent is measured. The 

20 times enhanced photocurrent for the composite suggests an improved charge 

separation at the interface between CN and cobalt-based material. These data infer 

that oxidative reaction rates are improved in the Co7-NS-CN570 catalyst most likely 

due to the formation of a heterojunction that results in efficient charge separation 4.  

 

Figure 3. 19: Cyclic Voltammetry curves performed in alkaline electrolyte (0.01 M NaOH, 0.1 M 

Na2SO4) at a 10 mV s−1 of the CN570, Co3O4-NS and the Co7-NS-CN570 nanocomposite under dark and 

illumination conditions. (Xe arc lamp Newport; 300W; equipped with AM1.5G filter; incident power 

density on the cell 100 mW cm-2). 
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II. Photocatalytic activity of Co3O4-CN nanocomposites 

II.1. CO2 photoreduction results 

All prepared materials were applied as catalysts for the photocatalytic reduction of 

CO2 in the gas phase at ambient temperature, using H2 as the electron donor. Under 

these conditions, only CO is detected in the gas phase. The results are shown in 

Figure 3.20-3.21. The activity of the pure CN materials was first evaluated. As seen in 

Figure 3.20, among the different pure CN materials prepared, the one treated at the 

highest temperature (CN570) presents the highest CO production rate. Specifically, an 

approximately 55 % increase of the CO production rate is observed compared with 

the as-synthesized CN. This has been previously seen in similar materials and has 

been attributed to structural and electronic modifications induced through the 

second thermal treatment 4. Based on these findings, the CN570 material was chosen 

for the development of composites through the coupling with cobalt oxides. 

 

Figure 3. 20: Photocatalytic CO production rates by pure CN catalysts 

Then, the pure oxides and the composite materials were tested. No CO evolution is 

observed when using the Co3O4-Bk material. On the contrary, the Co3O4-NS presents 

some activity, however, low (Figure 3.21). Nevertheless, this observation highlights 

the importance of morphology in the catalytic activity that induces further electronic 

modifications expressed on the Co2+/Co3+ relative surface abundance. Recently, the 

increased Co2+/Co3+ ratio in Co3O4 nanosheets has been shown beneficial in CO2 
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photocatalytic reduction through electron donation to adsorbed CO2 molecules 19. 

The Co3-Bk-CN570 composite presents a moderate activity matching the activity of 

the bare CN570 catalyst. For comparison, the activity of the pure CN570 is also given in 

Figure 3.22. More importantly, CO evolution is increased by ca. 35% when using the 

Co3-NS-CN570 composite compared with the CN570 catalyst. Focusing on materials 

properties, this observation offers two important information. First, the detected 

catalytic activity increase in the Co3-NS-CN570 catalyst is solely attributed to the 

Co3O4 morphology and not to any changes induced to CN originating from other 

parts of the MOF structure. Second, it highlights the critical role of Co3O4 

morphology on the activity of the composite. Based on these results, the effect of 

the Co3O4-NS content in the composites was studied in detail.  

The rate of CO production is progressively increased using the Co5-NS-CN570 and 

Co7-NS-CN570 composites, with the latest presenting an impressive 2-fold increased 

CO evolution rate compared with the pure CN570. Further increase of the Co3O4-NS 

content results in a decrease of the photoactivity, however, still 70% higher than the 

bare CN570 catalyst (Figure 3.21). The observed decrease may originate from the 

overloading with Co3O4 as it has been seen in many other composite materials 2. The 

results of the photocatalytic CO2 reduction using the prepared composites are in line 

with recent contributions in the literature where Co3O4 composites including oxygen 

deficient Co3O4 were coupled with light sensitizers 6,38,39. Light sensitizers such as 

metal complexes are not stable under working conditions with obvious 

disadvantages for practical application. It must be highlighted that, herein, no light 

sensitizers are used and oxygen vacancies in Co3O4 are formed as a result of the 

morphology control.  
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Figure 3. 21: Photocatalytic CO production rates by the pure cobalt oxide catalysts and 

nanocomposites bearing Co3O4-Bk and Co3O4-NS 

So far, the catalytic data clearly suggest that the morphology at the nanoscale of the 

Co3O4 affects the CO2 reduction ability of the pure oxide but, most importantly, has a 

large impact on the activity of the prepared composites. It is well known that 

photocatalytic activity is governed by many parameters. Among these parameters, 

the charge handling ability and the interaction with the substrate are considered 

essential 40–42. The photocatalytic results are in accordance with the observations of 

TAS, EPR spectroscopy and photoelectrochemical analysis. Specifically, the enhanced 

lifetime of charge carriers by efficient charge separation in the composite materials 

played a key role in the improvement of their photocatalytic activity. Also, the 

superior CO2 adsorption properties of the composite materials, as shown by TPD 

technique, enhanced the overall CO2 reduction process. 

Furthermore, the influence of the electron donor for the CO2 conversion reaction is 

also studied. Herein, a reaction with H2O vapor as reducing agent is performed for 

the most active photocatalyst (Co7-NS-CN570). As can be observed in Figure 3.22, CO 

and H2 are detected at rates 0.58 μmol g-1 h-1 and 0.35 μmol g-1 h-1. The detected CO 

rate observed under these conditions corresponds to the ca. 60% of the CO 

produced when using H2 as the electron donor.  In this case, the photogenerated 

electrons are consumed by two competitive reactions, the CO2 reduction and the 

H2O splitting reaction. As it is already mentioned in Chapter 1.II.5.B.ii.b, the latter 

one is more favorable due to the lower number of electrons that are required.  
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However, it is important to highlight that under these conditions the catalyst 

remains selective to CO (ca. 62%). 

 

Figure 3. 22: Photocatalytic results of CO2 reduction with water as electron donor for CO7-NS-CN570 

In order to elucidate the factors that control CO2 reduction, a series of reference 

reactions were performed (Figure 3.23). No improvement in photoactivity is 

observed using composite materials prepared through the coupling of CN570 with ZIF-

67 or m-ZIF-67 (i.e., the precursors of Co3O4-Bk and Co3O4-NS) compared with the 

bare CN570. This verifies that formation of the Co3O4 phase in the composites plays a 

critical role in activity. In all reference reactions, e.g., in the absence of catalyst, light 

or CO2, no CO is detected. Special attention must be given to the reference reaction 

performed using the most active catalyst (Co7-NS-CN570) under identical conditions 

but in the absence of CO2 (i.e., Ar/H2 atmosphere) that resulted in no CO evolution. 

This clearly shows that the observed CO in the catalytic reactions originates from the 

reduction of CO2 and not from any side reactions on the surface of the catalyst. 
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Figure 3. 23: Photocatalytic CO production rates by the reference reactions. 

II.2. Photocatalytic H2O splitting results 

The developed materials were also tested in the photocatalytic hydrogen evolution 

reaction using Pt as co-catalyst (protocol described in Chapter 2) and TEOA as the 

electron donor. These reactions were performed in the liquid phase (i.e., in 

water/TEOA 100/1 v/v) in the setup previously presented. The results are given in 

Figure 3.24. In agreement with the literature 4,43,44, thermal modification of the as-

synthesized CN results in a ca. 18 % enhanced H2 production rate while the Co7-NS-

CN570 catalyst further increased activity by ca. 35 % with respect to the pure CN570.  
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Figure 3. 24: H2 production rates by the CNas, CN570 and Co7-NS-CN570 catalysts using Pt as co-catalyst 

and TEOA as sacrificial agent. 

II.3. Proposed mechanism  

According to the above results, charge availability is increased and a charge transfer 

between the two phases is suggested upon formation of the composite. To further 

study the charge transfer mechanism, in-situ spin trap EPR spectroscopy 

experiments were realized using DMPO as spin trap. The EPR signals are depicted in 

Figure 3.25, and the conditions of the experiment were mentioned in Section 2.II.11. 

Both CN570 and Co7-NS-CN570 methanolic suspensions presented a six-line spectrum 

characteristic of the DMPO-O2
•− spin-adduct under light irradiation 45. These data 

clearly indicate that both materials were able to produce O2
•− under irradiation. 

Specifically, the intensity of the DMPO-O2
•− spin-adduct EPR signal of the Co7-NS-

CN570 composite was enhanced by ca. 1.4 times compared with the reference CN570. 

This suggests an improvement in the photogenerated e- in the composite. The 

standard redox potential O2/O2
•− couple is -0.33eV 46. Therefore, the detection of O2

•− 

verifies the ability of both pure CN570 and composite materials to reduce H+ and CO2 
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Figure 3. 25: DMPO spin-trapping EPR spectra of the CN570 and the Co7-NS-CN570 materials in 

methanol dispersion for the detection of the DMPO-O𝟐
•− spin-adduct. 

As explained in Section 1.II.4.B.ii., when heterojunction formation is achieved the 

two types of heterojunctions can occur. In order to determine if it is a type-II 

heterojunction or a Z-Scheme heterojunction, it is prerequisite to know the bandgap 

structure of the counterparts. Due to the presence of NH/NH2 groups as electron 

donors, CN is a typical n-type semiconductor and similar MOF-derived Co3O4 NS have 

been developed and ascribed as n-type semiconductive nanomaterials in recent 

studies 48–50. Based on previous reports in the literature, for the pristine CN the CB 

and the VB are estimated ~ -1.1 and 1.6 V (vs.NHE) at pH = 0, respectively. For the 

case of 2D Co3O4 nanomaterials, the band structure is -0.7 V for CB minimum and 

1.65 V (vs. NHE) for VB maximum 31,51, implying that a Type-II heterojunction may be 

formed. In such heterojunctions, photogenerated charges are spontaneously 

transferred at different parts of the composite via the interface formed. Recent 

studies in similar Co3O4/CN composites have also demonstrated a Z-scheme charge 

transfer mechanism 46,52,53. Both charge transfer mechanisms could lead to improved 

charge separation efficiency, reducing charge recombination phenomena. This 

charge transfer mechanism improves charge separation, as demonstrated by TAS, 

EPR and electrochemical analysis and, therefore, enhances the lifetime of charges 

that drive photocatalytic reactions. The increased lifetime and the decreased charge 

recombination rate in the composites has crucial effect in both CO2 reduction and H2 

production. In the specific case of CO2 reduction, the improved activity is also linked 

with the enhanced CO2 adsorption at the Co3O4-NS site where also accumulation of 
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photogenerated charges takes place due to the charge transfer mechanism in the 

heterojunction 21,41. Based on the above analysis, the enhanced CO2 reduction in 

composites bearing Co3O4-NS is attributed to the combined material features related 

to the increased lifetime of charges and CO2 adsorption. These properties are 

controlled by the thermal modification of CN, the content of the oxide and the 

morphology of the Co3O4 at the nanoscale. 

II.4. Photocatalyst stability test 

It is of high importance that the catalyst can be recycled and retain its activity after 

several cycles of reactions. Therefore, the most active photocatalyst was used 5 

times, and the result of the activity are shown in figure 3.26a. It can be seen that the 

prepared catalyst (Co7-NS-CN570) presents no significant deactivation in the 

photocatalytic performance after 5 consecutive photocatalytic runs. Namely, an 

activity loss of approximately 10% is observed. The stability is also evidenced by the 

kinetic data in Figure 3.26b that shows a linear progression for both the fresh 

catalyst and the fifth run.  
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Figure 3. 26 : Photocatalytic CO production rates by: a) recycling reactions performed using the most 

active Co7-NS-CN570 catalyst and b) CO evolution over a 6 h reaction time under UV–vis illumination 

for the fresh and the used for 5 times Co7-NS-CN570 catalyst. 

Furthermore, by definition catalyst is a substance or a material that increases the 

rate of a chemical reaction without itself undergoing any permanent chemical 

change. Therefore, it is crucial to ensure that after the catalytic reaction the 

photocatalyst is not degraded and not altered chemically. To confirm its 

photocatalytic stability, in addition to the recycling photocatalytic tests one needs to 

perform post-reaction characterization. Specifically, in order to investigate this, post 
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structural and chemical characterization after the 5th consequent test was realized 

by means of TGA, XPS and ATR. Namely, as it is depicted in Figure 3.27a, the 

Co2+/Co3+ ratio as well as the Co3O4 content on the material was eventually 

unaltered (Figure 3.27b). In addition, as seen in the ATR spectra displayed in Figure 

3.27c, all characteristic peaks of the composites were maintained, indicating that the 

catalytic test didn’t induce any modification on the photocatalyst properties. 

 

Figure 3. 27: Characterization of the Co7-NS-CN570 catalyst used after five consecutive times: (a) XPS, 

(b) TGA, (c) ATR. 
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ΙΙΙ. Co c    o   

Novel Co3O4/CN composite materials have been successfully synthesized and 

optimized towards improved photoactivity for both CO2 reduction and H2 

production, i.e., artificial photosynthesis. The optimization of the composite included 

modification of both parts. Initially, CN materials were successfully synthesized by 

thermal polycondensation of melamine. Following a second thermal treatment, a 

better planarization of the layers was achieved. This has been shown by information 

provided by XRD patterns and SEM images. Especially, it is more pronounced for the 

sample that has been thermally treated at 570 °C. Besides morphology, a 

modification of the carbon nitride related with the abundance of terminal -NH2 

groups was evidenced based on ATR and XPS N 1s spectra. Specifically, the intensity 

of the bands corresponding to N−H bonds is increased gradually as the temperature 

of the treatment is increased. Theoretical deconvolution revealed that the peak 

attributed to N-H2 species presents a double area for the XPS spectra of CN570, 

compared to pristine CN. The adapted modification process induced also a 3-fold 

increase of the total available specific surface area, which, in combination with the 

more abundant basic sites, also resulted to the enhancement of the CO2 uptake 

capacity by 2 times, as shown by Temperature programmed desorption. The superior 

properties of CN570 sample over the CNas allowed the increase of CO production rate 

by ca. 55%.  

Second, CN570 was further optimized by coupling with Co3O4 derived using MOF 

structures as template. The functionalization is realized in a facile single step 

synthesis, through the application of a MOF-based synthesis process for the 

development of ultrathin Co3O4 nanosheets. As shown by electron microscopy 

images, this pathway not only allows the morphology control but also the 

concomitant control of Co2+/Co3+ ratio, and the formation of oxygen vacancy sites. 

The latter is proved by XPS analysis. The matched morphology (i.e., 2D morphology 

of Co3O4-NS and planar surface of CN570) allows an increase in the contact between 

the two parts in the composite enhancing their interaction.  

The enhanced interaction between the two counterparts is also beneficial for the 

charge carrier’s lifetime. As evidenced by TAS, there is a decrease on the charge 

recombination rates for the composite materials. The formation of the 

heterostructure also enhanced the availability of photogenerated electrons as 

verified by EPR and electrochemical analyses. Second, the presence of oxide (Co3O4) 

in the composite material, and namely the oxygen vacancies that it presents also 

significantly improved CO2 adsorption (3-fold increase). It worths to mention that 

better charge separation and consequently longer lifetimes, also increases the 

possibility for the redox reaction to occur by the photogenerated charge carriers. 

Moreover, the enhanced CO2 uptake capacity can ensure the higher interaction 
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between the reactant gases, that are adsorbed on the surface with the electrons, 

rendering the CO2 conversion more favorable. The superior properties of the 

composite material compared to the individual counterparts, contributed to a higher 

activity towards CO formation. The influence of the content of the oxide was studied 

in detail, indicating that the activity can be increased by 3-times with higher loadings 

(e.g., Co7-NS-CN570). The most active sample was also tested for the reaction of 

artificial photosynthesis and showed selectivity towards C1+ products rather than the 

competitive H2 formation reaction.  

Herein, we already showed that the adapted strategy that includes the combined 

modification of both parts in the final composite, can result on the improvements of 

the electronic properties and CO2 adsorption, allowing the enhancement of their 

properties and thereafter the photocatalytic activity. This was further highlighted by 

comparing the photocatalytic performance of composite that bares Co3O4 in bulk 

morphology, which is less active than the 2-D counterpart composite. 
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Introduction 

This chapter focuses on MOFs PCN-224 and Cu-PCN-224 with free and metalated 

core in their organic ligand, respectively, and their coupling with TiO2 UV100. 

Initially, the effect of the presence of MOF on TiO2 for the development of 

composites is examined and evaluated in the photocatalytic reduction of CO2 and H2 

production. Later, MOFs comprised of organic ligands with metalated core are used 

for the formation of the composites and the influence of the metal is investigated. 

The protocol of synthesis of MOFs and the development of the heterostructures 

have been described in detail in Section 2.I.. This chapter is divided in two parts: 

1. In the first part, the information that is obtained based on the 

characterization techniques is used to shed light to the properties of the 

prepared materials. The methods used to study the photocatalyst focus on 

structural, optical, chemical, and morphological characterization.  

2. The second part presents the results of the photocatalytic activity of the 

prepared materials. Namely, the photocatalysts are evaluated towards:  

a. CO2 reduction reaction and  

b. H2O splitting.  

Finally, the photocatalytic activity of the prepared materials is discussed taking on 

the basis the information gained from their physicochemical characterization. 

 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/maria/Desktop/PhD/Manuscript/Chapter%202-december%202022%20V1.docx


 CHAPTER 4 
  

150 
 

I. Characterization of (Me-PCN-224)/TiO2 composites 

I.1. Characterization of structural properties 

TGA  

As seen in Chapter 2, the development of heterostructures is carried out by direct 

growth of PCN-224 on TiO2. Thus, the percentage of MOF on the composite may 

differ from the nominal content. Therefore, quantitative analysis of the MOF content 

is performed by means of thermogravimetric analysis (TGA). The TGA profiles of the 

composite materials and their individual counterparts are given in Figure 4.1. It can 

be clearly observed that the two counterparts present different thermal stability. 

The profiles can be divided into 3 parts (indicated by different colors in Figure 4.1). 

Firstly, the mass loss at temperatures up to 120 °C is ascribed to the removal of the 

residual solvents (i.e., ethanol) used for the synthesis and the activation of MOFs. 

The second weight loss is observed in the temperature range from 120 °C to 400 °C. 

This is ascribed to the dehydration of the Zr6O4(OH)4 nodes to Zr6O6 in PCN-224 and 

Cu-PCN-224 1. In the third part, a significant weight loss from 400°C to 520°C is 

displayed and corresponds to the decomposition of the organic ligand in the 

framework. The MOF with copper functionalized ligands (Cu-PCN-224) presents 

higher thermal stability than the pristine MOF (PCN-224). The temperature onset of 

the Cu-PCN-224 is approximately at 510 °C while that of the pristine PCN-224 at ca. 

425 °C. It may imply that copper contributes to the higher thermal stability of the 

structure. As expected, TiO2 is thermally more stable than the MOF containing 

structures. The TiO2 TGA profile contains two distinct regions In the first region (25-

300°C) there is a constant mass loss attributed to the removal of adsorbates 2,3. In 

the region 350-600 °C the loss of –OH groups is observed 4. Concerning the 

composite materials, it is observed that the temperature onset is lower compared 

with the pure MOF-structures. More precisely, the temperature onset of Cu-PCN-

224/TiO2 is at 410 °C. This observation infers that the presence of TiO2 accelerates 

the decomposition of MOFs in high temperatures. This effect is more intense in the 

case of copper functionalized composites.  
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Figure 4. 1 : TGA profiles of composite materials and individual counterparts 

The TGA profiles were used to obtain information regarding the content of the 

different parts in the composites. The mass remaining at 600 °C is used to estimate 

the MOF content in the composite materials. To this end, the following equations 

(Eq. 4.1-4.3) are used and the content of MOFs on the final nanocomposite is shown 

in Table 4.1. As can be seen, the composites containing Cu in the organic moieties of 

the MOF present higher content. This is probably linked with the presence of Cu. 

This is already reported in previous studies, where MOFs were synthesized in 

presence of other metal oxides. In particular, it is shown that the basic surface of a 

metal oxide can promote the nucleation of Cu containing MOFs containing acidic 

ligands 5. 

(Δmass loss)i = (Final mass)i – (Final mass)MOF Equation 4.1 

xTiO2 = 
(𝛥𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠)

𝑇𝑖𝑂2 𝐹𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 – 𝑃𝐶𝑁−224 𝐹𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠
 Equation 4.2 
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xPCN-224 = 1 - xTiO2 Equation 4.3  

Where xTiO2
 theo is the expected TiO2 content base on the unmodified PCN-224 

synthesis yield 

Table 4. 1 : Thermal gravimetric analysis of TiO2, Cu-PCN-224 and Cu-PCN-224/TiO2 composites (Cu-
PCN-Ti). 

 
Final mass 

(% mass) 

Δ          

(% mass) 
xTiO2(% mass) 

XPCN-224 

(% mass) 

TiO2 89 - 100.0 0.0 

PCN-Ti 81.1 52.8 87 13.0 

Cu-PCN-Ti 82.3 51.8 85 15 

PCN-224 28.3 - 0.0 100.0 

Cu-PCN-224 30.5 - 0.0 100.0 

 

XRD 

XRD analysis is performed in order to get information regarding the crystal structure 

of MOFs and detect the difference phases in the nanocomposites. The XRD patterns 

of the prepared materials (MOFs and composites) are shown in Figure 4.2. All XRD 

patterns are in accordance with the literature 6. The patterns of both pristine PCN-

224 and Cu functionalized PCN-224 exhibit diffraction peaks at 6.5°,8.0°, 9.2°, 11.2° 

and 13.8°. These correspond to the (002), (022), (222), (004), (224) and (006) crystal 

facets, respectively 7. In the case of Cu-PCN-224 we can see that the peak centered 

at 6.5°, presents lower relative intensity compared to PCN-224 pattern. This 

indicates that the facet (002) is more pronounced. As we can observe by comparing 

the diffractograms of pristine and Cu coordinated-PCN-224, the coordination of the 

porphyrin doesn’t alter the crystal structure of the MOF. Concerning TiO2, UV-100 is 

of pure anatase phase as it can be seen by its XRD pattern 8. Its crystallite size can be 

found by using Scherrer equation and it equals to 89.7 Å. The XRD patterns of the 

composite materials present diffraction peaks that correspond to both counterparts. 

This finding clearly suggests that the MOF structure is successfully formed in the 

presence of TiO2. Additionally, another important information that can be concluded 

is that the TiO2 phase is not modified during the solvothermal reaction applied for 

the synthesis of the MOF. 
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Figure 4. 2 : XRD patterns of MOFs, TiO2 and the composite materials 

ATR 

Structural information on the prepared materials was also obtained using ATR 

spectroscopy. Firstly, the ATR spectra of the H2TCPP and Me-TCPP are presented in 

Figure 4.3). It can be seen that they both hold the characteristic bands of benzene 

and C−O bond at 1400 and 1638 cm -1, respectively. The peaks observed at the 

spectra of the free-base porphyrin at 965 and 3300 cm-1 are attributed to the 

vibration and stretching modes of the N-H bond at the core of the porphyrin ring 9. 

These bands are not observed in the ATR spectra of metalated porphyrin. 

Furthermore, the Cu functionalized porphyrin presents a new peak at 1000 cm-1 that 

is attributed to the Cu-N bond 10,11. These are the first important observations and 

indicate the successful coordination of the metal in the core of the porphyrin ring. It 

is important to mention that the excess of the metal M with respect to the porphyrin 

in the reaction mixture (molar ratio TCPP/MCl2 = 1:5) during the porphyrin 

metalation step did not interfere with the structural ion/ion clusters. 
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Figure 4. 3 :IR spectra of metalated and non-metalated porphyrin 

In Figure 4.4, the ATR spectra of PCN-224 and Cu-PCN-224 as well as of the pure TiO2 

and the composite materials are shown. The two peaks centered at 1650 and 1264 

cm−1 can be ascribable to C−O and C−OH asymmetric vibrations. Close inspection of 

the spectra reveal that the intensity of these peaks is decreased in the case of PCN-

224 and Cu-PCN-224 12. This may suggest that the −COOH groups of the H2TCPP 

ligand participate in the coordination with Zr4+, i.e. the metal of the MOF 13. 

Furthermore, the peak located at 650 cm-1 is attributed to Zr-OH bond formation, 

confirming the presence of the MOF structure 14. Simultaneously, we observe an 

increase of the peaks at 1413 and 1585 cm-1 , which are attributed to the vibration of 

the (-O-C-O-) groups, confirming the presence of dicarboxylate 15. Similarly, to the 

ATR spectra of the CuTCPP, the spectra of the Cu functionalized MOF (i.e., Cu-PCN-

224), don’t present any peak corresponding to the N-H bond of the porphyrin core 

(3300 cm-1). 

On the other hand, TiO2 is relatively inactive in the IR region. It shows two broad 

peaks at 3280 cm-1 and at 500-800 cm-1 that correspond to the stretching of the O-H 

groups and to the Ti-O-Ti vibrations, respectively 7. Also, the peak observed at 

1622 cm−1 that is ascribed to the bending vibration of O-H bond from hydroxyl 

groups or water adsorbed on the surface 16. The characteristics peaks of the PCN-224 

and TiO2 are also detected in the ATR spectrum of all composite materials, 
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confirming the successful growth of the MOF on TiO2. The peak at 2350 cm-1 

corresponds to the CO2 of the atmosphere and it is attributed to the calibration of 

the spectrometer. Overall, ATR spectroscopy provides direct evidence for the 

metalation of the porphyrin ring and the presence of both TiO2 and MOF phases in 

the composite materials. 
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Figure 4. 4 : IR spectra for metalated and non-metalated MOFs and their composites. The green lines 
are a guide to the eye.  

BET 

Surface area is a key parameter in photocatalytic reduction of CO2, and MOFs are 

considered to contribute significantly to the porosity of the catalyst, enhancing the 

interaction of the substrate and the active sites of the catalyst. Therefore, N2 

sorption/desorption isotherms at 77 K were analyzed to get further insights into the 

properties of the prepared materials, as seen in Figure 4.5. The BET specific surface 

area (SSA) of the individual counterparts and composite materials are presented in 

Table 4.2. The MOF structures exhibit a type I isotherm, in consistency with their 

crystal structure indicating microporosity 1,17. As expected, the surface area of MOF 

materials is significantly high (ca. 1700 m2 g-1). This can be attributed to the 3-D large 

open channels in the framework, which makes most of the pore surface accessible 
17. It can also be observed that the presence of Cu in the core of the organic ligand 

doesn’t affect the specific surface area of the MOF structure. The slight increase 
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observed can be considered negligible and attributed to the lack of precision at low 

pressures. TiO2 shows a typical type-IV isotherm with hysteresis loops of type H3 at 

relative pressure range of 0.45–1.0, indicating the presence of mesoporous structure 
18.  
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Figure 4. 5: BET analysis results of TiO2, MOFs, and composites 
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Table 4. 2: Specific Surface area of individual counterparts and composite materials 

Sample Specific surface area (m2 g-1) 

TiO2 300 

PCN-224 1617 

Cu-PCN-224 1739 

PCN-224/ TiO2 370 

Cu-PCN-224/ TiO2 303 

 

CO2 uptake capacity  

CO2 uptake capacity is of high importance for photocatalysts used in artificial 

photosynthesis. An estimation of CO2 absorption ability is realized by means of 

temperature programmed desorption. This approach, besides the quantification of 

the CO2 absorbed by the material, permits the estimation of the type of active sites 

(i.e., weak, mild, strong). Herein, experiments were carried out for temperatures 

between 50 and 250°C, in order to avoid the thermal decomposition of PCN 

materials. Namely, the MS signal of CO2 (m/z=44) in function of temperature, for 

composite materials and the individual counterparts can be seen in Figure 4.6. TiO2 

presents a peak at 120 °C. This is already reported in the literature,  ascribed to the 

surface of {001} facet with high surface energy in anatase 19. TiO2 is a metal oxide, on 

the surface of whom CO2 can be adsorbed on both basic and acidic sites, depending 

on the mode of adsorption 20. CO2 can act as an acidic molecule if the carbon 

interacts with the oxygen of the catalyst’s surface. It may also act as basic species if 

its oxygen atoms interact with the Ti ions 21. The TPD profile of the porphyrinic MOF 

shows a weak peak at 120 °C and a more intense temperature higher than 240 °C. 

This might be attributed to NH groups of the porphyrinic ligand or to Zr clusters. The 

composite materials hold both types of basic sites for CO2 adsorption, which align 

with their individual counterparts. All profiles show a peak at 100-120°C, that is 

attributed to TiO2 nanoparticles. The PCN-224/TiO2 exhibits a weaker peak at higher 

temperatures, which is attributed to the presence of MOF. On the other hand, 

composites bearing Cu-PCN-224 present a pronounced peak at 240 °C, which is 

attributed to strong basic sites. With a closer inspection, we can observe that this 

peak is increasing with the increase of CuTCPP as organic ligand in the MOF 

structure. It is already reported that the unsaturated metal sites in the porphyrin 

linker could accept e- and improve the CO2 uptake ability of the photocatalyst 22. 

Therefore, the enhanced CO2 adsorption observed is due to the interaction with the 

Cu2+ sites. This observation is more obvious in the case of the composite material 

bearing MOF with CuTCPP as organic ligand. 
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Figure 4. 6: CO2 profile during temperature -programmed desorption for composite and individual 
materials 

I.2. Characterization of electronic and morphological properties  

UV/Vis Spectroscopy 

Prior to the synthesis of the MOF, UV/vis spectroscopy was employed to confirm the 

efficiency of the metalation procedure of the organic ligand. The results are 

presented in Figure 4.7. H2TCPP presents a D2h symmetry and as it is expected from 

the literature exhibits one Soret band at 414 nm and 4 Q bands at 517, 554, 581, and 

638 nm 23. After Cu2+ ions are coordinated in the core of H2TCPP, the number of Q 

bands decreases to two (i.e., 569 and 616 nm) as the molecular symmetry increases 

from D2h to D4h symmetry 24. With a closer inspection of the CuTCPP spectra, it can 

be observed that there is a shift of the main peak that is attributed to the π → π* 

transitions. The observed shift to higher wavelengths indicates that the 

incorporation of Cu in the core of the TCPP induced a change in the chemical 

environment as already reported in the literature 25. 
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Figure 4. 7: UV/visible spectra of free-base porphyrin and metalated porphyrin 

In Figure 4.8, it is shown that TiO2 exhibits absorbance peak in the UV region of light 

as expected from the literature for anatase polymorphs 16. On the other hand, pure 

PCN-224 presents two major absorption edges locating at approximately 440 and 

720 nm. These correspond to the absorption of the Zr-O oxo-clusters and the 

porphyrin ligand, respectively 26,27. With a careful look we can observe that the peaks 

at 500, 540, 575, 630 nm are attributed to the Q bands of TCPP, that have been 

mentioned already in Figure 4.7 28. Likewise, Cu-PCN-224 presents an absorption 

edge attributed to Zr-O clusters but shows two Q bands at 539 and 594 nm, similarly 

to CuTCPP complex. The composite material presents peaks that are attributed to 

both TiO2 and the MOF. In comparison to bare TiO2, there is a bathochromic shift of 

the absorption edge after the formation of the composites, suggesting that PCN-224 

is able to extend the light absorption of TiO2. The presence of Cu in PCN-224 

framework induces a redshift of the absorbance edge of PCN-224 7. As it has been 

already reported for porphyrinic MOFs, porphyrin absorb visible-light and generate 

electrons that are then transferred to the Zr oxo clusters 22. This phenomenon is so 

called Ligand-to-Metal-Charge-Transfer (LMCT) and it also occurs in other MOF 

structures 29. 
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Figure 4. 8: DR-UV-vis spectra of MOFs, TiO2 and composites materials 

Based on the UV-Vis spectra, the energy bandgap of the prepared materials is 

estimated (Table 4.3). In this direction, Kubelka-Munk function (equations shown in 

Chapter 2) for indirect semiconductors is used and the corresponding Tauc plots are 

illustrated in Figure 4.9. It is worth mentioning that there is a debate around the 

energy bandgap of MOF materials. As long as MOFs are comprised of organic linkers 

and metal nodes, the excitation of electron upon light irradiation is more 

complicated to predict. Contrarily to typical semiconductors, the bandgap in MOFs 

corresponds to the energy difference between HOMO (highest occupied molecular 

orbital) and LUMO (lowest unoccupied molecular orbital) 30. The HOMO level energy 

of MOFs normally represents the organic ligands, while the relationship between the 

reduction potential of the metal clusters and LUMO level energy of the MOFs has 

been demonstrated 31.  
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Figure 4. 9 : Tauc plots of TiO2 and composite materials 

Table 4. 3: Energy bandgap and elemental quantification for TiO2, PCN-224 and composite materials 

Photocatalyst Eg (eV) Ti (%) O (%) Zr (%) N (%) C (%) Cu(%) 

TiO2 3.4 24.2 65.4 - - 10.4 - 

PCN-224 1.71 - 23.6 3.6 3.8 69.0 - 

PCN-224/TiO2 3.3 19 51.1 0.8 1.4 27.7 - 

Cu-PCN-224 1.69 0 23.26 3.60 3.80 68.86 0.47 

Cu-PCN-224/TiO2 3.09 15.25 46.11 0.41 0.83 37.34 0.06 

XPS 

The different states of the core levels of the elements found in the composite are 

studied by X-ray photoelectron spectroscopy. The results show that Ti, O, C, N, Zr are 

observed in the overall survey spectra as seen in Fig. 4.10. The surface composition 

of the analyzed samples is calculated based on the Equation 2.6 given in Chapter 

2.II.4 and they are shown in Table 4.3. 
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Figure 4. 10: XPS survey spectra 

The C 1s signal of the composites and their individual counterparts is shown in Figure 

4.11a. The carbon peak of the TiO2 sample is attributed to the adventitious carbon 

and impurities. For the MOFs and the composite materials, carbon signal originates 

from the organic ligand. In all samples containing MOF, the carbon signal can be 

deconvoluted in three peaks centered at 284.6, 286.2 and 288.4 eV. They are 

ascribed to C-C, C=O and C-N, respectively. Regarding the N 1s XPS spectra of the 

MOF and composite materials, it can be deconvoluted in two peaks as seen in Figure 

4.11b. The peaks are located at 399.8 and 397.7 eV and they are ascribed to C-N and 

C-N-H groups, respectively. Both species are found in porphyrin moieties.  

In figure 4.11c, O 1s XPs spectra are depicted. The oxygen signal for TiO2 is 

comprised of two peaks (529.6 and 531.3 eV) that are ascribed to oxygen of the 

lattice and to O-H species, respectively. Regarding PCN-224, the oxygen spectrum 

can be deconvoluted into three peaks centered at 528.3, 531.5 and 533 eV that are 

attributed to Zr-O, C=O, and O-H. In this case, C=O are the most abundant species, 

that are expected to be found in the organic ligand moieties. In the case of TiO2, the 

most dominant species are Ti-O species, which is also in accordance with Ti 2p XPS 
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spectra (Figure 4.11f). The same observation can be made for the composite 

materials (PCN-224/TiO2 and Cu-PCN-224/TiO2), which is expected because TiO2 

holds the higher percentage.   

The metal center of zirconium can be confirmed by the signal in the 179-189 eV 

region. High resolution Zr 3d XPS spectra are shown in Figure 4.11d. Specifically, the 

peak at 184.7 eV is ascribed to Zr 3d3/2 and the peak at 182.3 eV to Zr 3d5/2. As it is 

observed, Zr peaks are shifted to lower binding energies in the case of the composite 

materials. This observation indicates a strong interaction between the MOF and TiO2. 

Similarly, we can notice that the Ti 2p peak in the composite materials is decreased 

by 0.2 eV compared with the Ti 2p signal of the bare TiO2 (Figure 4.11f). This can 

imply that a new bond is formed in the composite material. Specifically, the 

formation of Ti-O-Zr leads to an electron-deficiency tendency of Ti 32. 
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Figure 4. 11 : XPS of core levels of (a) carbon, (b) nitrogen, (c) oxygen, (d) zirconium and (e) titanium  

SEM 

The successful development of PCN-224 and Cu-PCN-224 on TiO2 was demonstrated 

by several spectroscopies discussed above. In order to study the surface topology of 

the samples Scanning Electron Microscopy (SEM) is employed. SEM images are given 

in Figure 4.12. As we can see in Figure 4.12a, MOF PCN-224 holds a cubic 

morphology with truncated edges with smooth surface. The particle size varies from 

5 to 8 μm. The cubic appearance and the particle size are in accordance with 

previous reports 6,33. Furthermore, previous studies showed that PCN-224 possesses 

three-dimensional (3-D) channels 17. In Figure 4.12b, the developed PCN-224-TiO2 

composite is depicted. As expected, TiO2 particle size is significantly smaller than the 

MOF. This results in good dispersion of TiO2 nanoparticles on the surface of PCN-224. 

A fine contact between the two counterparts is observed. This implies that the 

protocol employed for in-situ growth of PCN-224 on TiO2 is efficient for the 

development of a composite. In Figure 4.12c and Figure 4.12d, SEM images of Cu-

PCN-224/TiO2 are shown. It can be seen that, Cu-PCN-224 shows two different 

morphologies: 1) a cubic morphology with sharp edges and 2) nanorods structures. 

As mentioned already, nanocubes are ascribed to PCN-224, and the hexagonal 

nanorods are a characteristic shape of PCN-22234. It has been already reported in the 

literature, that PCN synthesis may produce MOFs of mixed topologies. In this case 

PCN-224 and PCN-222 share the same precursors (i.e., ZrCl4, H2TCPP, benzoic acid)35, 

and the final material may be a mix of both MOF structures. The presence of both 

after the synthesis of Cu-PCN-224 may be attributed to the inappropriate ratio of 

precursors 23. 

As seen in Figure 4.12d, TiO2 nanoparticles are also well dispersed around MOF 

particles for the case of Cu-PCN-224 composite. This minimizes the self-aggregation 
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of TiO2 particles, permitting a more effective interaction of Cu-PCN-224 and TiO2 

nanoparticles. This has been proven previously beneficial in catalytic applications 9. 

The presence of Cu in the structure of PCN-224 was also investigated by SEM-EDX 

analysis and the results are shown in Figure 4.13. We can observe that C and O from 

the organic ligand are the most dominant elements. This is in accordance with XPS 

results. It is also necessary to mention that SEM-EDX collects electrons that are 

emitted by a bigger volume compared to XPS which has lower operating voltage and 

is regarded as surface analysis technique. Therefore, the small Ti percentage 

observed is attributed to TiO2 nanoparticles that are in contact with Cu-PCN-224.  

 

Figure 4. 12: SEM images of (a) PCN-224, (b) PCN-224/TiO2, (c) Cu-PCN-224 and (d) Cu-PCN-224/TiO2 
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Figure 4. 13:  SEM-EDX results for Cu-PCN-224 

II. Photocatalytic activity of (Me)-PCN-224/TiO2(UV-100) 
nanocomposites 

II.1. Photocatalytic CO2 reduction results 

The prepared materials were evaluated as photocatalysts towards CO2 reduction 

under visible light, using H2O as electron donor, under the conditions that are 

described in Chapter 2. The products detected in the gas phase are CH4, CO and H2. 

The latest originates from the water splitting reaction. The results using different 

catalysts after 10 hours reaction-time are shown in Figure 4.14. As can be observed, 

all the composite materials present higher photocatalytic activity than their 

individual counterparts. More precisely, PCN-224 showed no photocatalytic activity 

under the reported experimental conditions (i.e., feed flow rate, residence time). Zr-

based MOFs are reported to show moderate activity towards CO2 photoreduction in 

liquid phase 7,30. Up till now, there are not many studies using PCN materials as 

photocatalysts for CO2 reduction in gas phase.  

The coupling of MOF and TiO2 resulted in interesting observations. No obvious 

differences are detected in the catalytic activity of TiO2 compared with the PCN-

224/TiO2 composite. This is observed both in activity and selectivity. However, 

significant differences are detected in the composite material where Cu-porphyrin 

was used as the organic linker. The Cu-PCN-224/TiO2 composite presents an 

impressive enhancement in H2 production (ca. 3 times compared with PCN-224/TiO2 

composite). Regarding the C-products, an approximately 2-fold increase is observed 

compared with the reference TiO2 and PCN-224/TiO2 materials.  

It is worth reminding that carbonaceous products don’t require the same number of 

electrons. Therefore, in order to compare the overall activity of the prepared 
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photocatalysts, their electronic productivity is presented in Figure 4.15. As it can be 

seen, the insertion of Copper inside the MOF structure of the composite material, 

induces a 2.5-times fold increase of electronic activity. 

As observed by SEM images, Cu-PCN-224/TiO2 contains also PCN-222. This might 

influence the overall photocatalytic activity. PCN-222 and PCN-224 possess the same 

linkers and Zr oxo clusters and different topology. The latter is considered 

catalytically more active. This is attributed to the number of linkers connected to the 

metal oxo clusters (i.e., PCN-222 has 8-linkers connected and PCN-224 6-linkers). It is 

reported that low-node connected Zr-porphyrin MOFs hold higher surface area 

facilitating the faster transfer of absorbed CO2 molecules in Zr(IV) centers 37. On the 

other hand, PCN-222 holds more porphyrin linkers, so the unsaturated active sites 

(Cu2+) are more abundant, compared to PCN-224. Which can explain the 3-time fold 

increase of overall activity. Furthermore, a reference material is prepared in order to 

elucidate the influence of the porphyrin as photosensitizer. Specifically, the sample 

of TiO2 bearing 9% H2TCPP (9%) is not active towards CO2 reduction. This indicates 

that the observed enhancement in activity of the composite materials originates 

from the synergistic effects of the MOF structure with the TiO2. Reference reactions 

under argon are carried using the most active photocatalyst sample (i.e., Cu-PCN-

224/TiO2) resulting in no activity. This result implies that the C1 products and H2 

evolution observed derive from the reduction of CO2 and H2O splitting, respectively. 
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Figure 4. 14: Photocatalytic results of pristine PCN-224, Cu incorporated PCN-224, TiO2 and their 
composite materials 
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Figure 4. 15: Electronic productivity for TiO2 and porphyrinic MOF composite materials 
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II.2. Photocatalytic H2O Splitting results 

As seen in Section II.1, the prepared composite materials are much more selective to 

H2 production during artificial photosynthesis process. Therefore, the samples are 

evaluated towards water splitting in the liquid phase without the use of sacrificial 

agent. The tests are carried out in the set-up described in detail in Chapter 2.III.1. 

Prior to the photocatalytic test, 1% Pt is deposited on the surface of the materials as 

cocatalysts. The results presented in Figure 4.16 show a rapid deactivation of the 

photocatalyst, after a 60-minute test. This might be attributed to the blocking of 

micropores of MOF structure. It is obvious that the presence of Pt nanoparticles 

resulted in the enhancement of the activity of the composite. But the sample 1% Pt-

TiO2 is more active towards water splitting reaction, compared to composite 

materials. This observation is in contrast to the behavior of these materials observed 

towards CO2 reduction, indicating that MOFs are acting as better catalysts in gas 

phase. 

0 20 40 60 80 100 120 140 160 180

0

50

100

150

200

250

H
2
 p

ro
d

u
c
ti
o

n
 (

μ
m

o
l.
g

-1
h

-1
)

Time (min)

 1% Pt/TiO2

 PCN-224/TiO2

 1% Pt-PCN-224/TiO2

 

Figure 4.16 : H2O splitting results for 1%Pt-TiO2, 1%Pt-PCN-224/TiO2 and PCN-224/TiO2 
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III. Conclusions 

Herein, we showed the successful in situ growth of the MOF PCN-224 on the TiO2 

nanoparticles. These MOF structures are bearing porphyrin H2TCPP as organic ligand 

which can act as antenna to harvest visible light, as seen by UV/Vis spectroscopy. 

They also possess a metalation core, that can coordinate metals as unsaturated 

metal sites that can enhance the properties of H2TCPP in molecular level. To this 

end, PCN-224 structures with incorporated Cu ions in the core of the porphyrin 

ligand were synthetized and coupled with TiO2 via a solvothermal one-pot synthesis 

process.  

The successful in situ growth of the MOF PCN-224 on the TiO2 nanoparticles is 

evidenced by a plethora of spectroscopic techniques including XRD, ATR, UV/Visible 

Spectroscopy. Furthermore, the effective coupling between the MOF structure and 

TiO2 nanoparticles is proved by SEM images. Also, the close interaction between the 

two counterparts is shown by XPS measurements, where a shift in the BE of Zr and Ti 

is observed. The presence of MOF in the final materials enhances not only the total 

available surface area of the composite material as seen by N2 sorption isotherms, 

but also extends the response to a wider range of light as evidenced by DR-UV/Vis 

spectra.  

Another important observation concerns the composite material that holds 

metalated TCPP as organic ligand. Regarding Cu-PCN-224/TiO2 composite material, 

the incorporation of Cu ions in the framework induced a significant enhancement to 

the CO2 uptake capacity. This is attribute to new active sites which are ascribed to 

the desorption peaks appearing at ca. 240°C at the TPD profiles. This might be 

attributed to the unsaturated metal sites introduced in the structures (i.e., Cu2+), 

which are considered to promote CO2 adsorption ability.  

The work performed herein demonstrates that MOF structures can be used to 

improve the overall photocatalytic efficiency of “traditional” photocatalysts (i.e., 

TiO2). Specifically, photocatalytic reactions performed in the gas phase in the 

presence of H2O as electron donor revealed that TiO2-based composite materials 

bearing MOF structures are more active photocatalyst than the corresponding pure 

anatase TiO2. Furthermore, the functionalization of the organic ligand of the MOF 

with Cu controlled the overall activity. Most importantly, the presence of Cu sites in 

the composite material enhanced the evolution towards carbonaceous products 

which is the most desirable, as long as they are products that require higher number 

of electrons for their formation. Reference experiments using TiO2 and H2TCPP as 

photosensitizer show that observed enhanced photocatalytic activity is attributed to 

a synergistic effect of MOF, rather than to the presence of porphyrin as light 

sensitizer. Another important observation is that MOF-based photocatalysts are 
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more suitable for gas phase reactions. In the case of liquid phase, their pores might 

be blocked, leading to a loss of activity. 
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Introduction 

In this chapter, the case of multi-layer ZIFs is discussed. ZIF-8 and ZIF-67 are MOF 

materials that possess the same isostructural morphology. The combination of these 

MOFs has been already reported in the literature. This concerns the development of 

MOFs materials with bimetallic metal nodes, and the same organic ligand. However, 

the main disadvantage of the simultaneous growth of bimetallic ZIFs is the 

unpredicted final Zn2+/Co2+ ratio. Furthermore, there is an additional disadvantage 

related to the lack of morphology control. Sequential growth of ZIF-on-ZIF structures 

might address these shortcomings. Herein, these two specific MOFs are combined in 

a core-shell configuration followed by coupling with anatase TiO2 UV100. Details on 

the synthesis process are given in Chapter 2. Initially, the effect of both layers of 

MOFs in TiO2-based composites is investigated and composites with different MOF 

contents are examined as photocatalysts towards artificial photosynthesis. The 

present chapter is divided in two parts: 

1. In the first part, the prepared materials are fully characterized, and the 

information obtained is used to elucidate the properties of the prepared 

materials. The characterization techniques used to study the photocatalyst 

are focusing on structural, optical, chemical, and morphological properties. 

Also, spectroscopic methods (PL) are employed in order to study the 

recombination of charge carriers for the composite materials, bearing multi- 

and single-MOF structures. 

2. The second part presents the results of the photocatalytic activity of the 

prepared materials. Namely, the photocatalysts are evaluated towards CO2 

reduction reaction in the gas phase using H2O as the electron donor. At the 

end, the photocatalytic efficiency is correlated with the properties of the 

prepared materials. 

The prepared materials presented in this Chapter are synthesized in collaboration 

with Dr. Clément Marchal at ICPEES. 
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I. Characterization of multi-layer ZIFs/TiO2 (UV-100) composites  

I.1. Characterization of structural properties 

XRD 

For the efficient development of core-shell structures, an etching process was 

applied on preformed ZIF-67. This etched structure was then used as seed for the 

development of the ZIF-8 shell. The maintenance of the crystalline structure of both 

ZIFs after the sequential growth is observed by XRD characterization. The results for 

bare ZIFs and composite materials are shown in Figure 5.1. The diffraction peaks 

seen for ZIF-67 are in accordance with the literature. Namely, the peaks at 7.3°, 

10.4°, 12.9°, 14.8°, 18.3°, 23.6°, 26°, 24.6° are attributed to (011), (002), (112), 

(022),(222), (114), (233) and (131) planes 1. Concerning the etched ZIF-67, we can 

observe differences in the relative intensities of the diffraction peaks, compared to 

the parent ZIF-67. This may imply that the chemical etching is performed 

ununiformly in the different facets of ZIF-67. It is shown by previous reports that 

during the etching process the external crystal surfaces that have the highest density 

of Co-2-MIM bonds are affected in a bigger extent 2. Another important information 

that we can get from the XRD pattern in the etched materials is that the etching 

process doesn’t affect the crystallinity of ZIF-67 etched particles. The XRD pattern of 

ZIF-8 is also in accordance with the one mentioned in the literature 3. It can be 

observed that ZIF-8 diffracts in the same angles as expected, resulting by the 

matching morphology with ZIF-67. However, with a closer inspection we can observe 

that there is a slight shift to lower angles for ZIF-8 (reflection of (011)). This is 

explained by the different effective ionic (Zn2+ vs. Co2+) radii of the divalent metals 4. 

In addition, we can see that the final multilayered ZIF presents strong and sharp 

peaks, indicating the formation of well crystallized particles 5. Overall, XRD analysis 

verified a) the successful formation of ZIF-67, b) that the etching process did not 

alter significantly the crystal structure of ZIF-67 and c) the successful formation of 

ZIF-8. 
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Figure 5. 1: XRD patterns of pristine and etched ZIF-67, ZIF-8, and ZIF-8-on-67 

The successful formation of the MOF structures was followed by their coupling with 

TiO2 for the development of composites by using a simple wet impregnation process. 

After the development of composite materials, XRD analysis has been again 

employed (Figure 5.2). For MOF content below 10% it is difficult to be able to 

distinguish any peaks deriving from MOF structure. Therefore, more sensitive 

techniques focusing on the surface of the materials may give more information, such 

as ATR and XPS. 
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Figure 5. 2: XRD patterns of composite materials and TiO2 

ATR spectroscopy 

The surface structure of the prepared materials is also investigated by means of ATR. 

The IR spectra of the organic ligand and the different ZIF materials are presented in 

Figure 5.3. All materials present vibrational modes that are mainly attributed to the 

organic linker. Namely, we can observe that there is a close match in the IR spectra 

of the organic ligand (i.e., 2-methyl-Imidazole and the different ZIF materials. The 

bands in the region 600-1500 cm-1 are attributed to the stretching and bending 

modes of the imidazole ring. Moreover, the peaks at 1580, 2925 and 3130 cm-1 are 

assigned to the stretching mode of C=H bond, the C-H of the aromatic ring and the C-

H of the aliphatic chain in the ligand, respectively 6. The peaks centered at 2500 cm-1 

are attributed to the C=O bonds of the CO2 of the atmosphere. In accordance with 

the observations by XRD characterization, the IR spectra of the etched ZIF-67 

indicate that the etching process doesn’t affect the integrity of the organic ligand. 
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Figure 5. 3: IR spectra of ZIF-8, pristine and etched ZIF-67 

N2 adsorption/desorption isotherms 

The textural properties of the prepared materials are investigated by N2 

adsorption/desorption isotherms at 77 K. The isotherms of the individual 

counterparts and composite materials are depicted in Figure 5.4. The BET surface 

area of all materials is shown in Table 5.1. The N2 adsorption isotherms are of type-I 

in accordance with the reported microporous nature of all ZIF samples 7. In the case 

of ZIF-8, the hysteresis loop observed at high relative pressure originates from the 

interparticle voids suggesting a mesoporosity, along with the existing microporosity 
5,8,9. A smaller hysteresis loop in lower relative pressures is observed in the case of 

ZIF-8-on-67 and ZIF-67. As it is observed in Table 5.1, the BET surface area of 

multilayer ZIF, ZIF-8-on-67 holds a specific surface area higher than ZIF-8 and less 

than ZIF-67. In addition, the composite materials present a surface area inferior to 

TiO2 (ca. 300 m2 g-1). This may infer to the partial blocking of porosity of TiO2 induced 

by the presence of MOF. 
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Figure 5. 4: N2 isotherms for individual counterparts and composite materials 

Table 5. 1: BET surface area for individual counterparts and composite materials 

Sample SSA (m2 g-1) 

TiO2 300 

ZIF-8 1125 

ZIF-67 1520 

ZIF-8-on-67 1373 

5% ZIF-8/TiO2 248 

5% ZIF-67/TiO2 253 

1% ZIF-8-on-67/TiO2 265 

10% ZIF-8-on-67/TiO2 161 
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I.2. Characterization of chemical and morphological properties 

XPS 

The chemical species found on the surface of prepared materials is investigated by 

XPS analysis. The survey spectra of ZIF-8-on-67, TiO2 and their composite material is 

shown in Figure 5.5. As we can observe C, N, O and Zn are observed for the ZIF-on-

ZIF structure, and for the case of composite material Ti is also found. The XPS core 

level of those elements are presented in Figure 5.6. It is also worth mentioning that 

XPS is a technique elucidating properties of the surface, because the penetration 

depth is very small. Therefore, cobalt core level could not be detected, as long as it is 

in the inner layer of the core-shell configuration. This observation may suggest the 

successful formation of a core/shell structure in the specific case of ZIF-8-on-67 

material, where ZIF-67 structure containing the Co-nodes is covered with ZIF-8. 
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Figure 5. 5: XPS survey spectra 

The C 1s core level spectra can be deconvoluted in 3 peaks centered at 284.6, 286.4 

and 288.5 eV, which are attributed to C=C, C=N and C-N, respectively 10. They 

originate from the organic ligand of the MOF for the ZIF-on-ZIF and composite 

spectra. Concerning the sample of bare TiO2, the peaks are attributed to the 

adventitious carbon and possibly to the residual species of the titanium precursors. 

The deconvoluted peaks of N 1s signal of ZIF-8-on-67 and composite material are 
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attributed to the C=N (398.9 eV) and N-(C)3 (400.4 eV) species, found in methyl-

imidazole moieties.  

The signal of O 1s core level spectra of ZIF-8-on-67/TiO2 composite material can be 

deconvoluted in 3 different peaks centered at 529.5, 531.1, 533 eV. By comparing 

them with the O 1s spectra of TiO2, we can observe that they mainly derive from the 

TiO2 part of the composite. Specifically, they are ascribed to Ti-O, -OH groups and 

H2O molecules physisorbed on the surface, respectively 11,12. For the case of ZIF-8-

on-67, we observe also three peaks for O 1s, corresponding to C-O, -OH and H2O 

molecules adsorbed. Ti 2p spectra can be  deconvoluted in two peaks 458.3 and 484 

eV, attributed to Ti4+ ions from the metal oxide lattice in accordance to previous 

studies 13. On the other hand,  Zn 2p 3/2  XPS spectra is deconvoluted in a single peak 

located at 1021.4 eV corresponding to Zn2+ ions from MOF’s metal nodes 14,15. 
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Figure 5.6 : XPS core level spectra of (a) C 1 s, (b) O 1s, (c) Ti 2p and (d) Zn 2p 3/2 for 

composite materials and bare individuals 
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SEM 

 

Figure 5. 7: SEM images of (a) ZIF-67, (b) ZIF-67 etched, (c) ZIF-8-on-67 and (d) composite 

material ZIF-8-on-67/TiO2 

The morphology and the effect of chemical etching by Xylenol orange is monitored 

by means of scanning electron microscopy (SEM). The SEM images of ZIF-67, etched 

ZIF-67, ZIF-8-on-67 and the composite material of the latter is shown in Figure 5.7. It 

can be seen that the ZIF-67 particles hold a uniform rhombic dodecahedron 

morphology, with an average size of ca. 458 nm.  The relatively large-particle size of 

ZIF-67 observed compared with that reported in the literature is attributed to the 

slow nucleation rate that gave rise to a smaller amount of ZIF-67 nuclei, and 

elongated the crystal growth stage 16. Methods of synthesis with rapid mixing of the 

solutions, containing the MOF precursors, lead to smaller particle sizes. But herein, 

the ZIF-67 nanoparticles are submitted to a top-down approach, so the bigger 

particle size is of negligible importance. Concerning the ZIF-67 etched nanoparticles 

we can see that the Xylenol orange solution results in changing the crystal 

morphology and decreasing the crystal size 17. The morphology observed is spherical 

rather than rhombic dodecahedron like the one held be ZIF-67. The size diminution 

is also confirmed by the average crystallite size of the etched nanoparticles which is 

calculated approximately at 365 nm. It is already reported in the literature, that 

chemical etching by weak acids (i.e., xylenol orange) occurs by generating protons 

that break the coordination interactions taking place in the framework18. The 

increased nanoparticle size, and the formation of polyhedron morphology observed 
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in Figure 5.7c, indicate the formation of ZIF-8 on the seeds of etched ZIF-67. The 

average particle size of the multilayer ZIF is approximately 425 nm. It can also be 

seen that morphology is far from the rhombic dodecahedron morphology. The close 

contact and the formation of a good interface between ZIF-8-ON-67 structures and 

TiO2 nanoparticles is evidenced in Figure 5.7d.  

I. 3. Characterization of optical and electronic properties 

UV/Vis 
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Figure 5. 8: UV/Vis of ZIF-8, pristine and etched ZIF-67 

The electronic properties related to light absorption were investigated by means of 

DR-UV-Vis spectroscopy. The light response of the materials in the visible region is 

demonstrated in Figure 5.8. As we can see, ZIF-8 shows negligible visible light 

absorption 19, specifically, it presents an absorbance edge at 220 nm which is 

attributed to the Zn2+ nodes. On the other hand, ZIF-67 presents an absorption peak 

at 580 nm that could be assigned to the Co2+ transitions in the tetrahedral 

environment 17. It is worth observing that the multilayer ZIF (ZIF-8-on-67) shows 

characteristic peaks of both ZIF materials. This last observation further confirms the 

successful formation of multi-MOF structures.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electromagnetic-absorption
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electromagnetic-absorption
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Figure 5. 9: UV/Vis of TiO2 and composite materials 

On the other hand, as seen in Figure 5.9 TiO2 absorbs light only in the UV region of 

light, as expected for the anatase polymorph. The presence of MOF in the composite 

materials extended light absorption to the visible region. The composite materials 

exhibit the characteristic peaks of both counterparts. With a closer look, light 

absorption of the composite materials is increasing with the increase of the MOF 

content. The DR-UV/Vis spectra of the reference composite materials 5% ZIF-8/TiO2 

and 5% ZIF-67/TiO2 are also displayed in Figure 5.9. As expected according to the 

UV/Vis spectra of individual MOFs presented in Figure 5.8, the composite bearing 

ZIF-67 responses in a wider range of solar light compared to 5% ZIF-8/TiO2.  

However, a more detailed inspection shows that the composite bearing 5% ZIF-8-on-

67 is absorbing less than the 5% ZIF-67/TiO2 in the region 500-700 nm. This can be 

explained by the fact that in this region the absorbance peak is attributed to ZIF-67, 

and it is found in lower concentration when is involved in equal contents of 

multilayered ZIFs. 
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Photoluminescence Measurements 
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Figure 5. 10: PL emissions at λex=350 nm for composite materials 

Photoluminescence spectroscopy is a technique widely applied to study 

recombination phenomena in photocatalysts. The charge carrier’s recombination 

rate, resulting in radiative emissions are followed by photoluminescence 

spectroscopy 20. The results of the PL intensity for the composite materials bearing 

different ZIFs are shown in Figure 5.10. At an excitation of 350 nm, the synthesized 

photocatalysts present emission signals at about 435 nm. Higher PL intensity is 

observed for TiO2 caused by the rapid recombination rate of charge carriers, as a 

result of trap state existence. PL quenching is observed upon the coupling of TiO2 

with ZIF structures. This indicates a decrease of the radiative recombination rate in 

the case of composite materials when compared with the pure TiO2 phase.  

Out of all the composite materials, the composite baring ZIF-67 exhibits PL signal 

comparable to TiO2. On the other hand, ZIF-8/TiO2 exhibits more significant PL 

quenching, giving a hint that the presence of ZIF-8 can block efficiently the 

recombination of photogenerated electron hole pairs. This has been already seen in 

previous studies, indicating a special path for carrier transport between TiO2 and ZIF-

821. It is already mentioned in the literature that ZIF-8 itself exhibits luminescence in 

higher wavelength of excitations (i.e., λex=396 nm), which originates from the organic 

2-methylimidazolate linkers coordinated with transition metal ions 22. Therefore, we 

can conclude that the signal observed upon excitation at 350 nm is attributed to 

TiO2. The PL signal of ZIF-8-on-67/TiO2 is weaker compared to the ZIF-67/TiO2 
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composite. This may indicate that the presence of the second layer (i.e., ZIF-8) 

improves the electron transfer inhibiting the charge carrier’s recombination. 

II. Photocatalytic activity of bimetallic ZIFs/TiO2(UV100) 

composites  

TiO
2

1%
 Z

IF
-8

-o
n-6

7-
TiO

2

5%
 Z

IF
-8

-o
n-6

7-
TiO

2

10
%

 Z
IF

-8
-o

n-6
7-

TiO
2

ZIF
-8

-o
n-6

7

ZIF
-8

ZIF
-6

7

5%
ZIF

8-
TiO

2

5%
ZIF

67
-T

iO
2

0

1

2

3

4

5

6

7

 

P
ro

d
u

c
ti

o
n

 M
e

a
n

 r
a

te
 (

µ
m

o
l.

h
-1

.g
-1

)

 H2

 CH4

 CO

 

Figure 5. 11: Results of artificial photosynthesis for TiO2 and composite materials 

The prepared materials are evaluated for their activity towards the process of 

photocatalytic CO2 conversion in the gas phase, in presence of water vapor as 

electron donor. Their photocatalytic behavior under pure visible light irradiation is 

shown in Figure 5.11. It can be observed that TiO2 is more active towards the 

reduction of H2O to H2, with no production of CH4.  

Although activity is an important parameter when it comes to photocatalysts, 

selectivity is also an important factor. In other words, it is more interesting and 

desirable to produce C1+ products during artificial photosynthesis tests. It is shown 

that the presence of multi-layer ZIF on TiO2 surface is beneficial towards this 

direction. Specifically, composites baring multilayer MOF structures exhibited higher 

activity towards C1 products than the composites with individual MOFs. This can be 

attributed to the increased light absorption properties of composites provided by 

the multilayered ZIFs. Different percentages of multi-layered ZIF on TiO2 composites 

are also tested. The results obtained suggest a significant contribution of the MOF 

content on photoactivity. Composites with higher loading of ZIFs are less active than 
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the one bearing 1% ZIF-8-on-67. However, by increasing the ZIF content, higher 

selectivity in C products is gained. One may imply that the excess of MOFs can cause 

the blocking of the photocatalytically active sites of TiO2, which can be suggested also 

by N2 isotherms. 

Composites with ZIF-67 and ZIF-8, respectively, are prepared in order to elucidate 

the importance of multi-layers. In addition, reference tests were also carried out for 

bare MOFs. It is shown that the ZIF-67/TiO2 composite is active only towards H2 

production. Whereas ZIF-8/TiO2 composite shows a moderate activity towards both 

H2 and C1+ products and it remains less efficient than the multilayer ZIF-8-on-67/TiO2 

composite. This is a very important observation and clearly suggests that the 

presence of both ZIF structures is beneficial for CO2 reduction. This can be ascribed 

to the synergistic effect of multiple layers and the presence of double metal nodes 

(Zn2+ and Co2+). Namely, earlier studies have mentioned that metal species in ZIFs 

can act as Lewis’s acid sites, and in combination with the basic moieties deriving 

from nitrogen imidazole ligands, they play a crucial role in the catalytic performance 

of ZIFs8. The superior performance of ZIF-8-on-67 composite, can be also attributed 

to the minimization of charge carriers’ recombination, that was observed by 

Photoluminescence measurements. 

It is also worth mentioning that ZIF-8, ZIF-67 and ZIF-8-on-67 show no activity under 

identical conditions. This infers that when they are combined with TiO2 they are 

favoring CO2 adsorption and conversion. 
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III. Conclusions 

Herein, we show that the isostructural ZIF-67 and ZIF-8 can be combined in a 

multilayer configuration, via sequential deconstruction/construction of MOF 

framework. This allows a controllable core/ shell morphology. Another advantage 

while employing this approach is the defined ratio between Zn2+/Co2+ in the 

structure, over other protocols that have been already presented in the literature.  

The successful synthesis and etching of the first layer (i.e., ZIF-67) has been verified 

by means of scanning electron microscopy and XRD. The latter showed any evident 

difference in the XRD patterns of the parent and etched MOF. The same 

characterization techniques have been repeated after the development of the 

second MOF is carried out, indicating that ZIF-8 has been successfully grown on top 

of the etched ZIF-67 nanoparticles. The existence of both ZIF-67 and ZIF-8 in the 

multilayer ZIF, has been also observed by UV/Vis spectra. Specifically, ZIF-8-on-67 

absorbance spectra displays characteristic peaks of both metal nodes (i.e., 230 nm 

attributed to Zn2+ and 580 nm to Co2+ respectively).  

Once the MOF is fully characterized, we couple it with TiO2 in different percentages 

(1%, 5% and 10%), via a wet impregnation method. The final product exhibits all 

characteristic IR peaks, and the SEM images show close contact between the two 

structures. This indicates a well development of ZIF-8-ON-67/TiO2 composites. The 

presence of MOFs on TiO2 extends the response to visible part of light. Interestingly, 

the light absorbance increases with the increase of MOF content, as shown by DR-

UV/Vis spectroscopy.  

ZIF structures not only result in harvesting visible light irradiation, but also improved 

the charge carrier’s recombination phenomena as shown by PL measurements. More 

precisely, fast recombination of electron/hole pairs is inhibited for composite 

materials. Amongst them, the composite baring ZIF-67 shows the slightest PL 

quenching, while the composite baring multi-layered ZIF shows a superior inhibition 

of recombination rate. This may be attributed to the second metal nodes (i.e., Zn2+) 

of ZIF-8. This observation is in line with the results of the photocatalytic experiments 

towards artificial photosynthesis.  

All composite materials show superior photocatalytic activity towards carbonaceous 

products compared to bare TiO2 and composites with single ZIF structures. This may 

derive from a synergistic effect of ZIF-on-ZIF structure. Although the activity is not so 

high, it can be explained by the fact that we didn’t use any noble metal as cocatalyst. 

However, there is a threshold of ZIF-on-ZIF content in order to achieve advantageous 

effect. Supplementary tests show that the increase of the MOF content in the 

composite does not an effect significantly the production of C1 products, however, 

restricts H2 evolution. In other words, the presence of the multi-layer ZIF structures 
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increases the selectivity towards CO2 reduction. We show that among the prepared 

composite materials, the one with 1% of ZIF-8-on-67 presents the highest overall 

activity.  
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Over the past few years, climate crisis became more evident. Global warming and 

droughts are some of the examples that are attributed to the increased greenhouse 

gas emissions. One of them is CO2, which derives from the destabilization of carbon 

cycle and the anthropogenic emissions that are related to the modern lifestyle (i.e., 

industry, transport). Thus, legislative frameworks are suggested and implemented in 

order to mitigate both problems. The first aims to the energetic transition towards 

renewable and environmental-friendly resources, in order to decrease the CO2 

emissions from fossil fuels combustion. The second targets the CO2 conversion to 

other high-added value chemicals, in the framework of circular economy and carbon 

sequestration.  

In this context, photocatalysis is introduced as a promising and environmentally 

friendly pathway, reducing CO2 into other chemicals, notably solar fuels. This 

approach allows also to tackle the energy shortage. In order to reduce CO2, the 

presence of photocatalysts is prerequisite and the use of electron donor is 

mandatory. When water is used as electron donor, the process is called artificial 

photosynthesis, which mimics the natural photosynthesis realized by the plants. 

However, the yields of the photocatalytic processes are still low, in comparison with 

other catalytic pathways, that have been mostly developed earlier (i.e., 

electrocatalysis, heterogeneous thermal catalysis). A crucial step towards improving 

the yield of this photocatalytic process is the development of cost-effective, efficient, 

and robust photocatalysts.  

Firstly, the bibliographic review presented in Chapter 1, permits us to introduce the 

context of this study. The principle of photocatalysis and the most commonly used 

materials, such as TiO2 and g-C3N4 are presented. Their interesting properties, but 

also their main drawbacks are discussed.  Specifically, the former holds low surface 

area and exhibits fast charge recombination. The latter is active under ultraviolet 

irradiation, which represents only 4% of solar light spectra. Therefore, in the present 

PhD studies the development of heterostructures with MOFs is used in order to 

address the shortcomings previously mentioned. In this experimental work, MOFs 

are used either as templates for the oxide materials, or as bifunctional materials that 

can exhibit both enhanced CO2 adsorption and photocatalytic properties.  

In Chapter 3, the importance of the morphology of both parts in composite materials 

is examined. Namely, CN holding planar morphology obtained by thermal treatment, 

has been functionalized with MOF-derived Co3O4 in different morphologies. Herein, 

the advantages of using MOF as templates have been highlighted. We showed that 

employing the appropriate synthetical pathways the preferable morphology can be 

obtained. This approach permits control not only the morphological characteristics, 

but also the chemical species. More precisely, it is shown that this protocol not only 

allowed the formation of Co3O4 bulk (Bk) or Co3O4 nanosheets (NS), but it also 

introduced structural defects on Co3O4-NS. The defects are mostly referring to 
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oxygen vacant sites which are considered advantageous for gas adsorption, as 

confirmed by CO2 uptake capacity measurements. Simultaneously, the Co2+ were 

formed as a result of charge neutrality species that are also considered beneficial for 

the catalytic mechanism of CO2 reduction.  

The deposition of Co3O4 on the surface of CN was carried out via an easy, fast and 

simple procedure. The detailed study performed on the morphology of the two parts 

showed that the matching structure of 2D Co3O4-Ns with the planar surface of CN is 

beneficial for the photocatalytic activity. This was linked with the larger interface, as 

observed by electronic microscopies. Resulting in the formation of heterostructures 

with enhanced electrons and holes spatial separation, and concomitantly in higher 

lifetime of energy charge carriers. This was more efficient than the one observed for 

Co3O4-bk/CN heterojunctions as evidenced by Transient adsorption spectroscopy, 

EPR and photocurrent measurements. The presence of Co3O4 increased the light 

absorption of the composite materials in the whole visible region of light. In addition, 

the presence of Co3O4 enhanced the available total surface area as seen by N2 

sorption/desorption isotherms. This experimental methodology led to materials 

more active than their individual counterparts. With the highlight that the 

nanocomposites bearing Co3O4-Ns showed higher activity compared to the 

corresponding bulk Co3O4/CN composites. Then, the effect of Co3O4 content was 

investigated and it is shown that the Co3O4-NS/CN composite bearing 7 wt.% Co3O4 

presented the highest CO yield. Another significant observation is that the prepared 

catalysts are more selective to CO2 reduction than to the competitive H2 production 

when H2O is used as electron donor. Furthermore, the composite materials are more 

active towards H2O splitting reaction in liquid phase in presence of low concentration 

of sacrificial agent, than the individual counterparts. 

In Chapter 4 another category of MOF (PCN-224) materials was presented and 

focused on the functionalization of MOFs with metal centers, in order to modify their 

properties at molecular level. The protocol used to develop PCN-224 is simple and 

easy to scale up. More precisely, commercial porphyrin (H2TCPP) was used as organic 

ligand for the development of PCN-224. It has been shown that this porphyrin can be 

easily functionalized by metals. Specifically, in the present thesis copper has been 

coordinated in the core of the porphyrin (CuTCPP) via a direct substitution method, 

which then used as organic ligand for MOF synthesis (Cu-PCN-224). The presence of 

copper didn’t affect the morphology of the final MOF as shown by XRD 

characterization. The composite materials are obtained by in situ growth of MOFs, in 

the presence of commercial TiO2 (Hombikat UV100), and the strong interface 

between the two phases in the final composite have been verified by XPS 

characterization and SEM images. All heterojunctions showed better activity towards 

the reaction of CO2 reduction in presence of water in the gas phase, compared to 

bare materials. 

In detail, the photocatalytic results showed that porphyrins act more beneficial as 

organic ligands of MOFs, rather than photosensitizers. The advantage of using 
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materials MOF on TiO2 composites has been confirmed by characterization 

techniques (i.e., DRS-UV/Vis). The incorporation of copper sites in the MOF structure 

is of high interest because it resulted in the 3-fold increase of both H2 and CO 

production. In other published studies, copper ions have been considered as active 

sites promoting CO2 adsorption ability, together with Zr oxo sites. This suggestion has 

been confirmed here by CO2-TPD. Specifically, it is shown that under the same 

analysis conditions Cu-PCN-224/TiO2 showed a supplementary desorption peak at 

high temperatures. This infers the presence of strong active compared to TPD profile 

of the composite bearing PCN-224.  

The aforementioned observations render MOF composites a promising candidate for 

CO2 capture and reduction in gas phase, permitting also their functionalization and 

tuning. However, we showed that the same MOF composite (PCN-224), when used 

for H2O splitting in liquid phase doesn’t present an enhanced activity. On the 

contrary, bare MOF and MOF composite is significantly less active than bare TiO2, 

notably they presented fast deactivation. The loss of activity can be attributed to 

blocking of the micropores of MOF structures, that may inhibit the diffusion of the 

reactants to the active sites.  

The last case of MOFs studied in this experimental work is presented in Chapter 5. 

Specifically, we have shown the case of composite materials of TiO2 and multi-layer 

ZIFs.  In the first place, a core-shell configuration of ZIF-67 and ZIF-8 has been 

developed. These hold the same morphology and the same organic linker 

(dimethylimidazole) and Co2+ and Zn2+ nodes for ZIF-67 and ZIF-8, respectively. The 

protocol of MOF synthesis comprised of 3 steps and the order of ZIF layers has been 

chosen since ZIF-8 is reported to be more active as photocatalyst towards CO2 

reduction than ZIF-67. Firstly, the construction and chemical etching of the first layer 

(ZIF-67) took place and later followed the growth of ZIF-8 on ZIF-67 etched seeds. 

This approach is of high interest because it attempts to tackle the problems that have 

been reported in the literature deriving from the simultaneous one pot growth of 

bimetallic MOFs. These are the uncontrollable morphology and final ratio of Co2+ and 

Zn2+ species. Later, the multi-layered MOFs were coupled in different percentages 

with commercial TiO2 (Hombikat UV100) via a wet impregnation method.  

The characterization techniques (i.e., XRD) showed that the final materials were 

highly crystalline with matching diffraction peaks as the individual MOFs. The results 

of UV/Vis characterization show that the light absorbance of the final MOF material 

is a contribution of both ZIF structures. Specifically, Co2+ and Zn2+ nodes present an 

absorbance edge at 580 and 220 nm, respectively. It is also shown that the presence 

of MOF in the composite materials extended the response of TiO2 from UV to visible 

light. Furthermore, the intensity of light absorption in the composites was found to 

be proportional to the content of the MOF. 

The prepared multilayered composite materials showed good activity towards 

artificial photosynthesis process. It is important to highlight that they exhibited 

higher activity towards C1 products than the composites with individual MOFs. This 
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can be attributed to the increased light absorption properties of composite materials 

bearing multilayered ZIFs. This observation implies that there is a synergy between 

the two ZIFs. For further investigation, charge carriers’ recombination for the 

composite materials and TiO2 were studied by Photoluminescence measurements 

(PL). It was shown that charge carrier’s separation is more efficient for the composite 

materials with ZIF-8-on-67 compared to ZIF-67, suggesting a formation of 

heterojunction between the two layers. This can be attributed to the presence of 

double unsaturated metal sites. 

However, the study of the effect of MOF content on composite materials shows that 

higher loading is not necessarily beneficial for the overall activity. It may lead to the 

blocking of the TiO2 active sites preventing the adsorption of reactants. It is worth 

mentioning that even though TiO2 remains more active towards H2 evolution, 

compared to composite materials, herein the aim is improving the selectivity of 

carbonaceous products. Therefore, the competitive reaction of H2O splitting is of 

minor interest.  

In this present study, we showed that by coupling MOF materials with commonly 

used semiconductors (i.e., TiO2, C3N4) we are able to enhance their photocatalytic 

activity. Herein three approaches for the MOF functionalities (i.e, morphology, 

organic ligand functionalization, morphology configuration) are presented. To 

summarize, the composites presented in Chapter 3 have no similarities with the 

materials presented in Chapter 4 and Chapter 5. Firstly, because the semiconductors 

are the same, and secondly because the CO2 conversion is realized in different 

conditions. Therefore, any comparison of these nanomaterials with the TiO2 

composites regarding their photocatalytic activity towards CO2 reduction, will lead us 

to false and vague observations.  

On the other hand, when comparing the porphyrinic MOF composites with the multi-

layered ZIF composites, we can see that the former ones exhibit a higher overall 

activity. The difference is bigger when the composite bears copper functionalized 

MOFs. It is worth reminding that PCN/TiO2 composites requite a 2-step synthesis that 

involves the copper integration and the in-situ growth of PCN-224 in presence of 

titania. On the contrary, the development of ZIF-8-on-67 composite materials 

requires 3 steps of MOF synthesis and then one-pot impregnation for the coupling 

process. Considering the synthesis requirements, we can suggest that the approach 

of metal functionalized MOFs is more favorable, in order to enhance the 

photocatalytic properties.  

The present PhD studies is a preliminary work towards the understanding of the 

different functionalities of MOFs. Taking into consideration the aforementioned 

conclusions and bearing in mind the improvement of the materials’ properties, 

further investigation of different parameters is necessary. The main ideas of 

supplementary study for future works are presented below: 
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             1. MOF-derived Co3O4 and CN composites 

• Coupling ZIF-67 and m-ZIF-67 with ZIF-8, and annealing them in 350 

°C, in order to obtain a MOF derived p-n heterojunction of 

Co3O4/ZnO. 

2. Composites of (M)-PCN-224/ TiO2 (UV100)  

• A parametric study of MOF content on the composites, in order to 

study the effect of MOF, and find the optimal content. 

• Preparation of composites bearing MOFs with different ratios of 

H2TCPP and CuTCPP, in order to elucidate the role of Cu on the MOF 

structure. This will permit us to estimate the contribution of Cu ions 

to the overall electronic properties. 

• Investigation of charge carriers’ behavior (charge availability and 

lifetime) by time dependent techniques. For example, by employing 

the method of Time resolved microwave conductivity (TRMC) or time-

resolved Photoluminescence.  

               3. Nanocomposites of bimetallic ZIFs/TiO2(UV-100)  

• Investigation of Zn2+/Co2+ ratio for the multi-layered MOF composite 

materials by elemental analysis (Induced Coupled Plasma-Mass 

spectroscopy). In order to elucidate the role of each metal. 

• Enclosure of Metal NPs (i.e., Au, Cu) between the two layers of the 

core shell configuration, in order to explore their influence in the 

photocatalytic properties. Supplementary investigation of charge 

carriers’ lifetime, in order to verify if the electron transport between 

the two layers will be enhanced by the presence of enclosed NPs.  
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Résumé 

Au cours des dernières années, le réchauffement climatique est devenu de plus en plus évident. Les 
émissions excessives de gaz à effet de serre en sont la principale cause. Le CO2 est l'un de ces gaz 
à effet de serre, dont l'augmentation dans l'atmosphère est attribuée à la déstabilisation du cycle du 
carbone et aux émissions anthropiques (c'est-à-dire, l'industrie, les transports). Afin de résoudre ce 
problème, la diminution des émissions de CO2 par la transition énergétique vers des ressources 
respectueuses de l'environnement et la conversion du CO2 en d'autres produits chimiques à valeur 
ajoutée, est suggérée. Dans cette direction, la photocatalyse est introduite comme une voie 
prometteuse et respectueuse de l'environnement, en réduisant le CO2 en d'autres produits 
chimiques, qui peuvent être utilisés comme carburants, appelés carburants solaires (CH4, CO, H2). 
Outre la lumière du soleil, la présence de photocatalyseurs est également nécessaire. Les 
photocatalyseurs les plus couramment étudiés présentent certains désavantages. Par conséquent, 
cette thèse vise à coupler des matériaux MOF avec des semi-conducteurs couramment utilisés (g-
C3N4, TiO2), afin d'obtenir des matériaux composites avec des propriétés photocatalytiques 
supérieures à leurs constituants. 
 
Mots-clés: photocatalyse, réduction de CO2, production d'hydrogène, MOF, nitrure de carbone, 
dioxyde de titane 

 

Abstract 

Over the past few years, global warming has become more and more evident. Excessive 
greenhouse gas emissions are the main cause. CO2 is one of the greenhouse gases, whose 
increase on the atmosphere is attributed to the destabilization of carbon cycle and the anthropogenic 
emissions (i.e., industry, transport). In order to tackle this problem, the decrease of CO2 emissions by 
energetic transition towards environmental-friendly resources and the CO2 conversion to other high-
added value chemicals, is suggested. In this direction, photocatalysis is introduced as a promising 
and environmentally friendly pathway, by reducing CO2 into other chemicals, which can be used as 
fuels-so called solar fuels (CH4, CO, H2). Except for the presence of sunlight, the presence of 
photocatalysts is also prerequisite. Actually, the most commonly studied photocatalysts present 
some shortcomings. Therefore, this thesis aims to couple MOFs materials with commonly used 
semiconductors (g-C3N4, TiO2), aiming to obtain composite materials with photocatalytic properties 
superior to their bare counterparts. 
 
Keywords: photocatalysis, CO2 reduction, Hydrogen production, MOF-based, carbon nitride, 
titanium dioxide 


