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ABSTRACT 

Tailored Doping Strategies for Photocatalytic CO2 Reduction and Water 

Splitting on KCa2Nb3O10 Layered Perovskite 

 

Doctor of Philosophy in Materials Science and Engineering December 6, 

2023 

 

Global warming is defined as the long-term heating of the Earth's surface that has been 

observed since the pre-industrial period. This phenomenon is primarily driven by human 

activities, especially the use of fossil fuels, and is accompanied by various consequences 

such as the increasing global population and industrialization, leading to elevated 

greenhouse gas levels in the atmosphere and a reduction in green areas. The negative 

effects of global warming and related climate change, the world's most critical problem, 

are becoming more serious day by the day. Researchers and industries are pursuing two 

main approaches to address the challenge of reducing CO2 emissions. The primary 

approach is to tackle CO2 emissions at the production level by reducing reliance on fossil 

fuels and exploring alternative energy sources such as hydrogen energy. The second way 

is clearly to convert CO2 into useful products. Recently, photocatalytic reactions have 

gained popularity in converting CO2 to useful chemicals and producing H2 from water 

due to their features such as being environmentally friendly, simpler to set-up, more cost-

effective, and more scalable. Yet, there is more to investigate about photocatalyst 

systems. The use of hole-scavengers to improve photocatalytic activity has been widely 

used, but the behavior of hole-scavengers on 2D nanosheets of perovskite photocatalysts 

has yet to be discovered. Another way to improve the photocatalytic activity is the 

utilization of co-catalyst particles on the surface of the photocatalyst. Given that only the 

surface atoms of particles actively participate in photocatalytic reactions while the inner 

atoms remain inactive, the sustainability of using co-catalyst particles, especially those 

incorporating noble metals, becomes a concern. Thus, it is crucial to disperse single-atom 

co-catalysts in a photocatalytic system. 

Hole scavenger study as a first chapter, aims to mechanistically investigate the 

photocatalytic performance of hole scavengers on nanosheets of 2D layered KCa2Nb3O10 

perovskite oxide. A range of hole scavengers were added to the photocatalytic system to 

observe how they influence the charge carrier dynamics and overall photocatalytic 
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efficiency. To analyze the behavior of hole scavengers on a [Ca2Nb3O10]- perovskite 

nanosheet, photoelectrochemical and photocatalytic experiments were utilized.  

Investigation of single site noble atom doped 2D layered perovskite for photocatalytic 

hydrogen evolution reactions is a second chapter. Pd noble metal was chosen for single-

site atom doping. The incorporation of Pd as a single-site atom dopant altered the 

electrical band structure of the photocatalyst. Depending on the doping concentration, this 

caused the narrowing or shifting of the bandgap to visible spectrum. Also, it can serve as 

an active site for photocatalytic reactions, facilitating the transfer of charge carriers. Pd 

doping reduced the recombination rate of electron-hole pairs by providing additional 

reaction pathways, leading to more efficient charge utilization.  

In the last chapter, the photocatalytic CO2 reduction performances and photocatalytic 

activities were investigated by using ultrathin 2D layered Dion-Jacobson type perovskite 

oxide KCa2Nb3O10 with single-site ruthenium doping. To investigate the impact of 

ruthenium doping, a study on CO2 reduction was carried out using photoelectrochemical 

and photocatalytic methods. The nanosheets exhibited higher photocatalytic CO2 

reduction activity. The main products obtained were methanol and ethanol. The findings 

presented in this study will shed light on the tremendous potential of ultrathin 2D layered 

Dion-Jacobson type perovskite oxide KCa2Nb3O10 with single-site ruthenium doping as 

a promising photocatalyst for CO2 reduction. This thesis holds significant implications 

for developing sustainable strategies to combat CO2 emissions and foster a greener future. 
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Ö ZETÇ E 

 

KCa2Nb3O10 Katmanlı Perovskit Üzerinde Fotokatalitik CO2 İndirgeme 

ve Su Ayrıştırma için Katkılama Stratejileri 

 

Malzeme Bilimi ve Mühendisliği, Doktora 6 

Aralık, 2023 

Küresel ısınma, önceden sanayi öncesi dönemden bu yana gözlemlenen Dünya'nın 

yüzeyinin uzun vadeli ısınması olarak tanımlanır. Bu fenomen, başta fosil yakıt kullanımı 

olmak üzere insan faaliyetlerine dayanmakta ve artan dünya nüfusu ve endüstrileşme gibi 

çeşitli sonuçlarla birlikte atmosferde yükselen sera gazı seviyeleri ve yeşil alanlarda 

azalma gibi bir dizi etkiyi beraberinde getirmektedir. Dünyanın en kritik sorunu olan 

küresel ısınmanın ve buna bağlı iklim değişikliğinin negatif etkileri, her geçen gün daha 

da ciddi bir sorun haline gelmektedir. Araştırmacılar ve endüstri, CO2 emisyonlarını 

azaltma zorluğuyla başa çıkmak için iki temel yaklaşımı benimsemektedir. Öncelikle, 

üretim düzeyindeki CO2 emisyon sorunlarına çözüm bulma amacıyla, fosil yakıtlara olan 

bağımlılığı azaltmak ve hidrojen enerjisi gibi alternatif enerji kaynaklarını araştırmak 

hedeflenmektedir. İkinci yol ise CO2'yi yararlı ürünlere dönüştürmektir. Son zamanlarda, 

fotokataliz, çevre dostu olması, daha basit kurulum, daha maliyet etkin ve daha 

ölçeklenebilir olma gibi özellikleri nedeniyle CO2'yi indirgeme ve sudan H2 üretme 

konularında popülerlik kazanmıştır. 

Ancak, fotokataliz sistemleri hakkında daha fazla araştırma yapılması gerekmektedir. 

Fotokatalitik aktiviteyi artırmak için delik tutucuların kullanılması yaygın bir uygulama 

olmuştur, ancak perovskit fotokatalizörlerin 2D nanokatmanlarında delik tutucuların 

davranışı henüz keşfedilmemiştir. Fotokatalitik aktiviteyi artırmak için başka bir yol, 

fotokatalizörün yüzeyine yardımcı katalizör parçacıkları yerleştirmektir. Parçacıklar 

yüzeyde bulunduğundan, yalnızca yüzey atomları fotokatalitik reaksiyonlara etkin bir 

şekilde katılırken, iç atomların etkin olmaması, özellikle nüfuzlu metalleri içeren 

yardımcı katalizör parçacıklarının sürdürülebilirliği endişe kaynağı olabilir. Bu nedenle, 

bir fotokatalitik sistemin içinde tek atomlu yardımcı katalizörleri, yapı içinde dağıtmak 

önemlidir. 
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İlk bölüm olan delik tutucu çalışması, 2D katmanlı KCa2Nb3O10 perovskit oksit 

nanokatmanları üzerinde, delik tutucuların fotokatalitik performansa etkisini mekanistik 

olarak incelemeyi amaçlamaktadır. Delik tutucular fotokatalitik sistemdeki, taşıyıcı 

dinamiklerini ve genel fotokatalitik verimliliği nasıl etkilediklerini gözlemlemek için 

kullanılmıştır. [Ca2Nb3O10]- perovskit nanokatman üzerinde delik tutucuların davranışını 

analiz etmek için fotoelektrokimyasal ve fotokatalitik deneyler yapılmıştır. 

İkinci bölüm, tek atom soy metal katkılı 2D katmanlı perovskitlerin fotokatalitik hidrojen 

üretim reaksiyonları için incelenmesidir. Tek atomlu soy metal katkılaması için soy metal 

olarak paladyum seçilmiştir. Pd'nin tek atomlu bir katkı maddesi olarak eklenmesi, 

fotokatalizörün elektriksel bant yapısını değiştirdiği gözlemlenmiştir. Bu, katkılama 

konsantrasyonuna bağlı olarak band aralığının daralmasına veya görünür spektruma 

kaymasını sağlamıştır. Ayrıca, fotokatalitik reaksiyonlar için aktif bir bölge olarak hizmet 

ederek, taşıyıcı yüklerinin transferini kolaylaştırmıştır. Pd katkısı, elektron-delik 

çiftlerinin rekombinasyon hızını azaltarak ve ek reaksiyon yolları sağlayarak, daha 

verimli bir yük kullanımı sağlamıştır. 

Son bölümde, tek atom rutenyum katkılı 2D katmanlı Dion-Jacobson tipi perovskit oksit 

KCa2Nb3O10 kullanılarak fotokatalitik CO2 indirgeme performansları ve fotokatalitik 

aktiviteler incelenmiştir. Ruthenium katkılamanın etkisini görmek için, 

fotoelektrokimyasal ve fotokatalitik olarak CO2 indirgenmesi incelemesi yapılmıştır. 

Fotokatalitik CO2 indirgenme aktivitesinin nanokatmanlı örneklerde daha yüksek olduğu 

gözlemlenmiştir. Ana ürün olarak methanol ve ethanol elde edilmiştir. Bu çalışmada elde 

edilen bulgular, tek atom rutenyum katkılı 2D katmanlı Dion-Jacobson tipi perovskit oksit 

KCa2Nb3O10 fazının, CO2 indirgeme için umut vaat eden bir fotokatalizör olarak 

potansiyelini ortaya koymaktadır. Bu tez, CO2 emisyonlarıyla mücadele etmek ve daha 

yeşil bir gelecek oluşturmak için sürdürülebilir stratejiler geliştirmek adına önemli 

sonuçlar taşımaktadır. 
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1. CHAPTER 1: INTRODUCTION 

1.1 Introduction 

 

Global warming is caused by human activities, especially the widespread use of 

fossil fuels such as coal, oil, and gas, as well as the gradual decrease in green areas. The 

world has faced many problems caused by the rapidly increasing population and, 

accordingly, the significantly developed industrialization.  

The fundamental principle of global warming revolves around the balance of 

radiation energy. The sun emits energy that warms the Earth's surface, and the Earth and 

its atmosphere radiate thermal energy back into space. On average, these two energy 

streams must be in equilibrium [1]. However, the presence of greenhouse gases in the 

atmosphere disrupts this balance by absorbing thermal radiation from the Earth's surface. 

They act as a "blanket" over the Earth, preventing some of this radiation from escaping 

into space [2]. The greenhouse effect is named after the way a greenhouse's glass allows 

visible light to pass through while absorbing infrared radiation. If human activities 

increase greenhouse gas concentrations, this radiation balance is altered, and as a result, 

the Earth's surface temperature rises [3]. Today, the world's expanding population and the 

rise of industries, along with the gradual reduction of green spaces and the release of 

greenhouse gases, result in a gradual rise in atmospheric CO2 levels and the creation of a 

significant carbon footprint [4]. Consequently, the most significant contemporary climate 

challenge, global warming, is intensifying, causing an increase in Earth's average 

temperature.  

To stabilize and even reduce CO2 concentrations in the atmosphere, the world 

needs to achieve net-zero emissions. This necessitates significant and rapid reductions in 

emissions. The report for 2022 given in Figure 1.1 provides country-specific data on 

emissions from fossil fuel use and industrial sources. As seen from this graph, emissions 

are increasing rapidly. As a result, in addition to increasing greenhouse gas emissions, it 

also led to the release of approximately 37.5 Gt of carbon dioxide into the atmosphere 

annually. 
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Figure 1.1: Annual CO2 emissions by region [5] (Source: Our World Data based on the 

global Carbon Project (2023).  Note: fossil fuel and industry emissions. Land use change 

is not included.) 

In Figure 1.2, a comparison is presented between the current climate and energy 

policies and a world without climate policies. According to the graph, if no climate 

policies are implemented an increase of 4.1-4.8 degrees is projected. Even if current 

policies are maintained, temperatures are expected to rise by 2.5-2.9 degrees. Hence, to 

avoid these scenarios, it's crucial to transition to clean energy sources, which can help 

lower the level of CO2 in the atmosphere or, at the very least, maintain it at acceptable 

levels. 
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Figure 1.2: Global Greenhouse Gas Emission and warming scenarios [5]. 

 

Global climate policies, which started with the United Nations Framework 

Convention on Climate Change (UNFCCC), expanded with the Kyoto Protocol, and took 

its final form with the Paris Climate Agreement, aim to reduce carbon emissions by 

reducing fossil fuel use (Figure 1.3).  

 

Figure 1.3: Global Climate Change Policies [6] 

The Paris Agreement, adopted in 2015, is an important international agreement 

aimed at combating climate change. This aims to limit the rise in global temperatures to 

2 degrees and keep it below 1.5 degrees if possible [7]. The Paris Agreement emphasizes 

the importance of both mitigation (reducing emissions) and adaptation (adapting to the 

effects of climate change) measures [8]. It also promotes financial and technological 
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support to help developing countries transition to more sustainable, low-carbon 

economies. The agreement emphasizes the need for global cooperation in combating 

climate change. 

1.2 Classification of Energy sources  

 

Energy resources can be classified into two categories based on their utilization 

and convertibility. Based on their utilization, energy resources are categorized as 

renewable and non-renewable energy sources. Simultaneously, with respect to their 

manner of origination, they are equally categorized into renewable and non-renewable 

energy resources. Non-renewable energy is defined as exhaustible energy sources. These 

resources encompass reserves with finite capacities, incapable of renewal once fully 

depleted. Notable examples in this category include fossil fuels like coal, lignite, gasoline, 

natural gas, and oil, nuclear energy.  In contrast, renewable (inexhaustible) energy sources 

are characterized as self-renewing resources capable of persisting without depletion over 

an extended timeframe. Globally, these resources are widely embraced and encompass. 

Within the convertibility of energy resources, a further distinction is made, delineating 

them as either primary or secondary. Primary energy sources are those directly harnessed 

from natural sources, without undergoing any energy transformation. Hence, they are 

often referred to as natural energy resources. This category encompasses both renewable 

and non-renewable energy sources. While primary energies can be directly utilized, they 

may also undergo conversion processes to yield other energy forms. The energy derived 

from the conversion of primary energy is defined as secondary energy. Notable examples 

of secondary energy sources include gasoline, electricity, coke, diesel, secondary coal, 

diesel, air gas, and liquefied petroleum gas (LPG). 

This classification of energy resources, founded on considerations of 

sustainability and their roles within primary and secondary energy systems, assumes a 

pivotal role in shaping energy policies and strategies. It underscores the intricate balance 

between the utilization of finite, non-renewable resources, and the imperative shift 

towards harnessing sustainable, renewable alternatives.  

In Figure 1.4, each fuel source showing annual gross world energy consumption 

is displayed. Recent assessments reveal an increase in renewable energy sources such as 

solar and wind; however, they also underscore the ongoing heavy reliance on fossil fuels 
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for the world's energy needs. Fossil fuels maintain an 79.6% share of total primary energy 

consumption. 

 

Figure 1.4: Annual gross world energy consumption (i.e final energy) by share [9]. 

The negative effects of global warming and related climate changes, which are the 

most critical problem in the world, are becoming more evident day by day. Increasing 

temperatures, melting glaciers and loss of valuable biological diversity, the increasing 

amount of greenhouse gases in the atmosphere and the damage to the ozone layer caused 

by CO2 gas are indicators that decisive action must be taken urgently. The preservation of 

ecosystems, many of which are highly sensitive to temperature fluctuations, is another 

benefit of CO2 reduction. By preventing abrupt temperature shifts, natural habitats can be 

conserved, species loss can be mitigated, and ecosystem disruption can be prevented. 

There are two questions to be asked at this point. First, what can be done for the 

future and what can be done today. If we consider the question in terms of long term and 

short term, it will be examined in two separate ways: the adoption of clean energy as a 

solution for the future (long term solution) and the conversion of the present CO2 which 

is increasing day by day (short-term solution). 

1.3 As the Clean Energy of the Future: Hydrogen Energy 

 

In the face of all this, our focus is shifting to sustainable solutions that can help us 

reduce the devastating effects of global warming. Among these solutions, hydrogen 

energy stands out as a ray of hope. hydrogen energy is gaining momentum as a clean 

energy source with the potential to revolutionize the way we produce and consume 

energy. One of the fundamental principles of combating climate change is to reduce our 
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carbon footprint. By harnessing the power of hydrogen energy, we can transition from 

fossil fuels to a green energy environment and significantly reduce CO2 emissions into 

the atmosphere. 

1.3.1 Production of Hydrogen Energy 

In the coming years, hydrogen is poised to emerge as one of the most promising 

energy sources. It is crucial to remember, however, carbon emissions of different types of 

hydrogen greatly depending on how it is produced and how emissions are calculated. 

Different producing processes can result in variable levels of emissions. 

Based on the production processes made accessible by today's technology, color-

coded terminology is used to distinguish various types of hydrogen.  

 

Figure 1.5: Definitions of the Hydrogen color spectrum obtained based on the footprint 

of hydrogen production methods.  

While hydrogen is a transparent gas, these designations have grown popular as a 

convenient shorthand given in Figure 1.5 [10], and their meanings are explained 

below[11]: 

1. black-brown (from coal),  

2. gray (hydrocarbons without carbon capture and storage [CCS]),  

3. blue (hydrocarbons with CCS),  

4. turquoise (pyrolysis),  
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5. pink (nuclear powered electricity),  

6. yellow (solar energy),  

7. red (high-temperature catalytic process),  

8. white (naturally-occurring geological hydrogen) and  

9. green (clean RE electricity) 

Black hydrogen is created by generating hydrogen from black coal, often through 

a gasification process. Brown hydrogen, on the other hand, is produced by gasifying 

lignite, which is brown coal. It is regarded as the least environmentally friendly technique 

of producing hydrogen, emitting the same amount of CO2 as direct combustion of the 

source fuel [12]. Grey hydrogen is produced using technologies that rely on fossil fuels 

such as natural gas or coal by steam methane reforming. It is not environmentally friendly 

because it emits carbon dioxide during production [13]. Blue hydrogen, similarly, grey 

hydrogen, is produced using fossil fuels by steam methane reforming. However, that 

process contains equipment to capture and store carbon emissions in a Carbon Capture, 

Usage and Storage (CCUS) system e.g., making it slightly cleaner [14]. Turquoise 

hydrogen is produced through high-temperature procedures and is conventionally 

energized by renewable sources such as solar or wind. It is cleaner than grey or blue 

hydrogen [15]. Pink hydrogen is obtained via the electrolysis powered by nuclear power. 

This process is currently costly [16]. Yellow hydrogen is created using nuclear energy to 

power the electrolysis process. While it is environmentally friendly, it does pose concerns 

about nuclear safety and waste management [14]. Red hydrogen is produced via high-

temperature catalytic splitting of water with nuclear thermal power as a source of energy 

[12].  It refers to naturally occurring or geologically formed hydrogen that is kept in 

natural deposits [17]. 

Green hydrogen is the cleanest appearance of the available forms. It is precisely 

produced using water electrolysis using electricity derived from sustainable sources. 

Importantly, its manufacture produces no carbon emissions, showing its persistent 

commitment to environmental integrity [18]. 
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Figure 1.6: Summary of the sources of energy and hydrogen atoms, the process of 

production and emissions associated with the following proposed colors to refer to 

hydrogen: green, orange, red, pink, blue, gray, turquoise, brown, black, and yellow [19]. 

Figure 1.6 shows a summary of the energy and hydrogen atom sources, production 

processes, and emissions related with the following proposed hydrogen color-codes. The 

color-coded hydrogen production strategies have been discussed. Nevertheless, when 

long-term sustainability and environmental implications are considered, green hydrogen 

truly shines. Green hydrogen, obtained from renewable energy sources such as wind, 

solar, or hydropower, is clearly critical for achieving a cleaner, more environmentally 

sustainable energy future. Its carbon-neutral manufacturing technique positions it as a 

keystone in the battle against climate change and the transition to an ecologically sound 

energy landscape. Moreover, the diminishing costs associated with renewable energy 

sources are bolstering the competitiveness of green hydrogen [13], [15], [18]. 

Green hydrogen is generated using renewable energy sources through water 

thermolysis (thermal energy), photolysis (photon energy), and electrolysis (electrical 

energy) techniques, resulting in zero carbon emissions[20]–[24] . Water electrolysis 

powered by wind, solar, or other renewables is a more developed and widely utilized 

green hydrogen production process [25]. Photocatalytic water splitting stands out as a 

novel and environmentally friendly way of producing green hydrogen. As a result, it is a 

viable and feasible method for producing green hydrogen [26]. 

Photocatalytic water splitting uses light energy to facilitate the separation of water 

molecules into hydrogen and oxygen at the catalyst surface. This demands the acquisition 
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of suitable semiconductor materials as well as the creation of highly efficient 

photocatalysts.  

1.3.2 Mechanism of Photocatalytic Water Splitting 

In general, the process of photocatalytic water splitting involves three main steps.  

Here is a step-by-step overview of the working principle: 

(1) When light is absorbed by semiconductor photocatalysts, electron (e-) and hole (h+) 

pairs are produced.  

(2) Charge separation and migration to the surface of semiconductor photocatalysts  

(3) Surface redox reactions: Reduction and oxidation of water.  

The electronic structure of semiconductor photocatalysts generally consists of a 

conduction band, a valence band, and a band gap separates them. Photocatalytic water 

splitting mechanism is given in Figure 1.7. When the light interacts with the 

semiconductor photocatalyst, it is adsorbed by the semiconductor. If the energy of the 

photon is equal to or greater than the band gap, the electrons in the valence band will 

move to the conduction band, resulting in the formation of electron-hole pairs. The 

electrons in the conduction band (CB) participate in the reduction reaction to produce H2, 

while the oxidation reaction is also carried out by the holes in the valence band (VB). For 

these reactions to occur, the minimum band edge of CB must be more negative than the 

redox potential of H+/H2 (0 V vs. RHE), while the maximum band edge of VB must be 

more negative than the redox potential of O2/H2O (1.23 V vs. RHE) should be more 

positive [27]. 

Figure 1.7: (a) Photocatalytic water splitting mechanism steps and (b) schematic diagram 

for water splitting photocatalyzed by a semiconductor with an aqueous redox mediator.  

(a) (b) 
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1.4 CO2 Conversion 

The significance of transitioning to clean energy sources as a future-oriented 

solution has been examined above. Additionally, in answer to the question of what can be 

done today, it is evident that efforts to conversion the existing CO2 in the atmosphere hold 

paramount importance [28], [29]. CO2 conversion methods can be grouped into four main 

categories as follows: 

• Catalytic Conversion 

o Photocatalytic  

o Electrocatalytic 

o Thermocatalytic  

• Electrochemical 

• Mineralization 

• Biological 

• Copolymerization 

Catalytic conversion is the employment of catalysts to convert heavy 

hydrocarbons, chemicals, or fuels to useful products such as light hydrocarbons, 

chemicals, or fuels. Catalytic conversion of CO2 involves three fundamental 

methodologies: thermocatalytic, photocatalytic, and electrocatalytic [30]. 

Thermocatalytic conversion uses high temperatures in combination with catalysts to 

initiate chemical reactions that transform carbon dioxide into valuable products [31]. 

Photocatalytic conversion, on the other hand, employs catalysts activated by light to 

initiate reactions; semiconductors often serve as preferred photocatalysts [32]. This 

technique possesses remarkable potential for transforming CO2 into renewable energy 

sources via photon energy. PhotocatalyticCO2 conversion method provides a promising 

and straightforward strategy to simultaneously reduce the atmospheric CO2 level and 

fulfill the future energy demand. Electrocatalytic conversion engages in electrochemical 

reactions at the interface between the catalyst and the electrolyte, leading to the 

electrochemical reduction of CO2, giving rise to a diverse range of products [33].  
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Electrochemical CO2 conversion uses electric energy to drive reduction of CO2, 

turning it into useful products like carbon monoxide, methane, ethylene etc which can 

serve as valuable intermediates for various industrial processes [34]. 

Mineralization is the chemical reaction that occurs between CO2
 and naturally 

occurring minerals, particularly magnesium and calcium silicates, to generate stable 

carbonates. The primary product is stable carbonate minerals [35] . 

Bioconversion of CO2 to energy involves first trapping the CO2 within a biological 

system and then converting it into biofuels such as ethanol, butanol, or methane or 

bioenergy [36]. 

Copolymerization involves incorporating CO2 as a monomer into polymer chains 

to generate CO2-based polymers during the polymerization process. These polymers offer 

eco-friendly substitutes for plastics, foams, and coatings, thereby reducing the carbon 

footprint of polymer manufacturing [37] . 

1.4.1 Photocatalytic CO2 conversion 

 

Photochemical reduction stands out as a highly encouraging approach to CO2 

conversion in terms of environmental sustainability and renewable compared to other CO2 

conversion methods. It uses solar energy to drive chemical reactions, potentially capturing 

and using CO2 while eliminating the need for fossil fuels. Moreover, solar energy is both 

environmentally friendly and a renewable resource, further enhancing its appeal in this 

context. The photocatalytic reduction mechanism of CO2 is a complex process that 

involves several intermediate steps as given in Figure 1.8. 

 
Figure 1.8: Schematic representation of the five fundamental steps in photocatalytic 

CO2 reduction. 
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These steps can be listed as follows: 

1. Photon Absorption: Photocatalysis begins with the absorption of photons (light) 

by the photocatalyst material.  

2. Generation of Electron-Hole Pairs: The energy from the photons excites 

electrons in the valence band and them from the valence band to the conduction 

band. The excited electrons in the conduction band and the resulting electron holes 

in the valence band create electron-hole pairs.  

3. CO2 Adsorption and Photocatalytic Reduction: CO2 molecules from the 

surrounding atmosphere or solution are adsorbed onto the surface of the 

photocatalyst. The excited electrons in the conduction band goes to the surface to 

interact with CO2 and participate in reduction reactions. 

4. Product Formation: The reduced CO2 molecules to form CO, methane (CH4), or 

other carbon-based products, depending on the reaction conditions and the 

specific photocatalyst used. 

5. Water Oxidation: Simultaneously, the electron holes participate in water 

oxidation reactions by to release molecular oxygen and H+ is evolved as a 

byproduct. 

Semiconductor materials are the preferred choice for photocatalytic energy 

conversion due to their specific properties. The band gap inherent in semiconductors 

allows them to absorb light, initiating the creation of electron–hole pairs essential for 

photocatalytic energy conversion reactions. The redox properties of semiconductors 

further enhance their versatility, allowing them to engage in a wide array of reduction and 

oxidation reactions. Semiconductor materials serve as catalysts for numerous 

applications, such as the water splitting, decomposition of pollutants [38], CO2 reduction 

reactions [39] and production of advantageous chemicals on reaction surfaces. 

Their compatibility with the solar spectrum positions them as key players in 

converting solar energy into chemical energy, contributing significantly to the production 

of renewable energy. However, certain factors must be mentioned, which adversely affect 

the efficiency of the photocatalytic reaction, despite its numerous advantages. 

Several factors including the photocatalyst material's band gap energy, stability, 

surface area and charge carrier mobility should be considered. Additionally, parameters 



Chapter 1: I n t r o d u c t i o n   13 

 

13 
 

such as the wavelength and intensity of light source, temperature, and pH value are also 

important. Furthermore, the e-h recombination issue remains a significant challenge to 

overcome. In photocatalytic systems, electron-hole recombination refers to the 

recombination of photogenerated electrons (e⁻) in the conduction band and 

photogenerated holes (h⁺) in the valence band of a semiconductor photocatalyst. This 

recombination causes a loss of charge carriers and prevents the energy from the initially 

absorbed photon from being utilized in desired chemical reactions, resulting in reduced 

efficiency of photocatalytic energy conversion. 

Two-dimensional layered materials lead the way in semiconductors for 

photocatalytic energy conversion, possessing a unique array of properties that enhance 

their catalytic abilities [40], [41]. With their atomically thin structure a large surface area, 

which increases the density of active sites for photocatalysis [42]. The tunable band 

structures achievable through layer manipulation or chemical functionalization, allows 

for precise control over light absorption, rendering them versatile and adaptable to 

specific wavelengths [43], and their charge transport properties expedite electron-hole 

pair separation [44], ensuring high efficiency. Notably, the fast charge carrier mobility 

inherent in 2D materials minimizes electron–hole recombination, ensuring efficient 

charge transfer during photocatalysis [45]. Moreover, 2D layered materials are favored 

for applications in photocatalytic energy conversion as including atomic thinness, high 

electron mobility and conductivity, and a shortened diffusion path length by decreasing 

photo-induced bulk recombination [46].  

1.5 Major Categories of Semiconductor Photocatalysts 

 

In the literature, various inorganic (Metal Oxides, Layered Perovskites, Transition 

Metal Chalcogenides (TMDCs), MXene, Hexagonal Boron Nitride (h-BN), Black 

Phosphorus, Sulfide photocatalysts such as CdS, ZnS, ZnIn2S4; nitrides like Ta3N5, 

LaTaON2 and complex oxides with layers like K2La2Ti3O10, K4Nb6O17, KCa2Nb3O10), 

and organic (g-C3N4, Metal-Organic Frameworks (MOFs), etc.) photocatalysts are used 

in photocatalytic energy conversion applications. 

MOFs have recently gained recognition as potential materials for various 

applications such as gas adsorption and separation, sensors, gas storage, and 

(photo)catalysis. MOFs consist of transition metals (Fe, Co, Mn, Ni, Cu) bonded to 

organic ligands containing elements like C, H, O, N, S, etc. [47]. Due to the properties of 
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MOFs, permanent crystalline structures, high surface area, low density and significant 

porosity, MOFs act as effective electrocatalyst and photocatalysts, enhancing charge and 

mass transport[48]. The integration of different molecular components allows versatile 

property modulation, making MOFs valuable in catalysis and beyond [49]–[51]. 

A wide range of g-C3N4 based photocatalysts have been developed to drive various 

reduction and oxidation reactions under light irradiation at appropriate wavelengths due 

to their unique physicochemical, optical, and electrical properties [52], [53]. After the 

discovery of g-C3N4-based photocatalysts by Wang et. al. in 2009 [54], g-C3N4-based 

nanostructures have been used as ideal candidates for various energy and environmental 

photocatalytic applications, such as photocatalytic water reduction and oxidation [55]–

[57], pollutant degradation and carbon dioxide reduction [58]–[60]. 

MXenes have become one of the interesting classes of 2D materials that can be 

used in electrocatalytic and photocatalytic energy conversion reactions [61]–[65] after 

their discovery by Naguib et al. in 2011 [66].  It can be said that they have recently started 

to be used in the field of CO2 reduction [67] and have gained popularity among the 2D 

layered materials. They are formulated as Mn+1XnTz (n = 1–3), with M representing Ti, 

Sc, Nb, Ta, Cr, Mo, Zr, Hf, and V [63].  

Oxide-based semiconductors are favorable contenders for photocatalytic 

applications due to their light absorption and charge transfer properties, as well as their 

suitable optical and electronic structures. ZnO, TiO2, CdS, WO3, Cu2O, ZnS, and SrTiO3 

are extensively employed as photocatalysts in the literature due to their stability and 

appropriate band structure [68], [69]. The wurtzite phase of zinc oxide (ZnO) [70]–[72] 

and the anatase phase of titanium dioxide (TiO2) [73], [74] are the most frequently used 

metal oxide photocatalysts due to their electronic band structure and appropriate 

photocatalytic properties. 

Layered perovskites possess a unique structure, with individual layers separated 

by structural units. This layered arrangement offers the potential to adjust the material's 

properties and functions. For instance, the ability to vary the band gap is imperative for 

enhancing light absorption in the solar spectrum, which plays a crucial role in 

photocatalytic processes. Layered perovskites can typically be synthesized using simple 

techniques, enabling affordable manufacturing and scale-up opportunities that are 

significant for potential industrial applications. The stratified arrangement facilitates the 
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efficient separation of electron-hole pairs generated by light absorption, which is a crucial 

step in achieving efficient photocatalysis. This separation averts immediate charge 

recombination, permitting their involvement in redox reactions. 

The structure and composition of layered perovskites can be customized to satisfy 

the specific needs of various photocatalytic reactions. This allows researchers to design 

materials with optimal properties for energy conversion processes. 

Layered perovskites consist of two-dimensional perovskite metal oxide layers 

held together by cations or cationic groups, as shown in Figure 1.9. The cations or cationic 

structures between the layers balance the negative charge of the perovskite metal oxide 

layer. Layered oxides can generally be classified as Ruddlesden-Popper (A(n-1)BnO3n+1), 

Dion-Jacobson (A’[A(n-1)BnO 3(n+1)]), and Aurivillius (A(n-1)Bi2BnO3n+3) phases. 

 

Figure 1.9: Structure of simple perovskite and layered perovskites types as named 

Aurivillius, Ruddlesden-Popper and Dion-Jacobson phases [75]. 

The Ruddlesden-Popper phase consists of two-dimensional perovskite-like slabs 

interleaved with cation. The general formula is An+1BnX3n+1 can be written An-1A’2BnX3n+1, 

where "A" represents the cations located between the perovskite layers, "B" represents 

the metal cations in the perovskite layers, "X" represents the anions, and "n" the number 

of octahedral layers in the structure. Srn+1TinO3n+1 is a well-known compound in the 

Ruddlesden-Popper phase. 
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The Aurivillius phase is another layered structure with perovskite layers separated 

by Bi2O2 layers. This phase is represented by the general formula (Bi2O2)An-1BnX3n+1, 

where "A" represents the cations between perovskite layers, "B" represents the metal 

cations in the perovskite layers, "X" represents the anions, and "n" denotes the number of 

perovskite layers between the Bi2O2 layers [76]. Bi4Ti3O12 (Bismuth Titanate) is a well-

known compound in the Aurivillius phase. 

The Dion–Jacobson phase is an A′/A cation-ordered layered perovskite with a 

general formula of A′ [An−1BnO3n+1] (A′ = K, Cs, Rb, Li, H, Ag; A = La, Ca, Sr, Bi; and B 

= Ti, Nb, Ta, etc.), where n denotes the number of the corner-sharing BO6 octahedral 

layers, and the A′ cation separates the An−1BnO3n+1 perovskite layers [77]–[79]. The well-

known KCa2Nb3O10 Dion Jacobson phase structure is presented in Figure 1.10 in detail. 

 

 

Figure 1.10: Layered perovskite oxide Dion Jacobson phase KCa2Nb3O10 structure in 

details. 

Nevertheless, the industrial application of pristine layered perovskites in photocatalytic 

applications remains a challenge. This is due to their wide band gaps, which restrict the 

absorption of visible light, and their insufficient charge separation efficiencies [80]. 

1.6 Methods of Enhancing Photocatalytic Activity 

 

Many 2D layered perovskite oxides exhibit promising photocatalytic activity; 

however, their energy conversion efficiencies remain insufficient for application. Thus, 

interface engineering and materials science (specifically, the adjustment of band gaps) 

have the potential to improve conversion efficiency. The optical and electrical properties 

of these materials can be effectively modified by altering the band gap through the 

inclusion of dopants, surface functionalization, and thickness reduction. 
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Transition metals are frequently employed in photocatalytic CO2 reduction and 

photocatalytic hydrogen evolution reactions due to their high stability, low cost, and high 

catalytic activity. Specifically, cobalt and nickel metal ions can effectively inhibit the 

formation of high-energy intermediates and support the multi-electron reduction of CO2, 

making them preferred components in photocatalytic CO2 reduction processes. 

Specifically, cobalt and nickel metal ions can effectively inhibit the formation of high-

energy intermediates and support the multi-electron reduction of CO2, making them 

preferred components in photocatalytic CO2 reduction processes. It has been reported that 

defect engineering can alter the band structure and optical properties of semiconductor 

photocatalysts, thus enhancing their light absorption capacity and carrier separation 

efficiency.   

Surface modification is one of the most effective solutions, as it can optimize the 

surface atomic states, surface structures and charge properties of semiconductor 

photocatalysts, making it a promising technology for photocatalytic reactions. 

Photocatalysts have been modified with valuable metals. These metals can play a 

replacement role and provide more catalytic active sites for the photocatalytic reduction 

of CO2 and photocatalytic hydrogen evolution reactions.  

Another way to improve the photocatalytic activity to use materials with different 

morphologies and enhance the charge separation and transfer. Recently, two-dimensional 

(2D) nanosheets with unique properties such as high surface area, porous structures, 

multiple active sites on the surface, and high crystallinity, have found wide applications 

in various fields such as photocatalysis, electrocatalysis, energy storage and sensors. 

High-surface-area, 2D structures are effective in separating and transporting light-

generated electron-hole pairs to the electrode surface due to their shortened time and 

distance of charge transfer.  
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2. CHAPTER 2: EFFECT OF HOLE SCAVENGERS ON 

PHOTOCATALYTIC WATER SPLITTING 

2.1 Introduction 

 

Using semiconductor-based photocatalytic hydrogen evolution as a 

sustainable way to capture light energy has been significantly noticed. This strategy 

serves to meet the continuously growing global energy requirements, providing a 

promising route for generating clean energy. Photocatalytic hydrogen evolution 

mechanism given in Figure 2.1 and it can be briefly explained as follows: 

Photocatalytic processes utilize semiconductor materials that capture light energy to 

generate electron-hole pairs. The light energy incident on the semiconductor material 

(if the band gap is equal to or larger than the light energy) excites the electrons in the 

valence band. Excited electrons migrate from the valence band to the conduction band 

and participates in reduction reactions, leading to the splitting of water and 

subsequently resulting in the production of H2 gas, while the positively charged holes 

in the valence band engage in oxidation reactions. Meanwhile, exited electrons may 

revert to vacancies in the valence band or in the structure, a process referred to as 

electron-hole recombination.  

 

Figure 2.1: Photocatalytic Water Splitting Mechanism 

 

Summary of water splitting mechanism in key points step by step: 

Step 1: Absorption of light by photocatalyst and generation of electron (e-) and hole 

(h+) pairs 

Step 2: Charge separation and migration to the surface of semiconductor 

photocatalysts  



Chapter 2  : Effect of Hole Scavengers o n  P h o t o c a t a l y t i c  Water Splitting             19                                           

  
 

19 
 

Step 3: Surface redox reactions: Reduction of H+ and oxidation of water. 

 

The efficiency of photocatalytic reactions is reduced by this undesired 

recombination [81]. To maximize the efficiency of photocatalytic reactions, it is 

essential to minimize recombination by various means, such as using co-catalyst [82]–

[86], creating heterojunctions [87]–[89], employing quantum dots or nanostructures 

[90]–[93] and using hole scavengers [94]–[98] that promote the separation and 

utilization of electron-hole pairs for the desired chemical transformations. Sacrificial 

agents are becoming more popular due to their simplicity in application, material 

accessibility, and cost-effectiveness [64]. Hole scavengers work to minimize 

recombination by capturing and neutralizing positively charged holes prior to their 

recombination. The use of hole scavengers is important to enhance the catalytic 

efficiency during photocatalytic reactions. Hole scavengers are especially effective at 

capturing the photogenerated holes, thus reducing charge carrier recombination and 

extending the lifespan of electrons for various reactions, for example, the reduction of 

water to produce H2. Alongside water splitting, the photocatalytic reduction of CO2 is 

another demanding reaction which may require a hole scavenger to increase the 

efficiency of the photocatalytic CO2 reduction reaction [99]–[101]. The fundamental 

purpose of hole scavengers is to impede the recombination of electrons and holes, a 

procedure which could negatively impact the total efficiency of the photocatalytic 

reaction. Hole scavengers retain the positively charged holes in the valence band, 

preventing photogenerated electrons from returning to them, and facilitating a greater 

proportion of active participation in the desired redox reactions [102]. 

Hole scavengers also known as sacrificial hole acceptor or electron donors. In 

the literature, many organic and inorganic hole scavengers have been reported for 

semiconductors to efficient photocatalytic reactions. Well-known hole scavengers are 

alcohols, including methanol, ethanol and isopropyl alcohol, and soluble salts (e.g. 

sodium formate), amines (e.g. triethanolamine) as well as ions such as iodide (I-) or 

sulfide (SO3
2-), certain acids (Ascorbic acid, Oxalic acid) and H O  which can 

conveniently accept holes and form stable products [103]–[113]. 

The suitability of hole scavengers for both photocatalytic water splitting, and 

photocatalytic CO2 reduction reactions depends on the specific requirements and 

conditions of each reaction. Different redox reactions have different demands in terms 
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of energy levels and electron transfer kinetics. Selection of the hole scavenger often 

involves consideration of redox potentials, reaction kinetics, and the specific 

requirements of the photocatalytic system. Tailoring the hole scavenger to the targeted 

reaction can optimize the overall efficiency of the process. 

For this, the reduction and oxidation potentials of water vs NHE at pH=7 are -

0.41 V and 0.82 V respectively. In photocatalytic CO2 reduction, CO2 is reduced to 

produce valuable chemical compounds such as hydrocarbons or other carbon-based 

fuels. Reduction of CO2 to various products are approximately between -0.2 and -0.65 

V [114]. In Figure 2.2 is represents schematic diagram of photocatalytic reduction of 

CO2.  

 

Figure 2.2: Schematic diagram of photocatalytic CO2 reduction mechanism. 

 

Izawa et al [94] conducted a study on the impact of methanol as a hole scavenger 

on photocatalytic activity with different nanosheet electrodes. The Nb6O17
- and 

[Ca2Nb3O10]- nanosheets exhibited the highest photooxidation current. It was 

demonstrated that the degree of methanol photooxidation influenced the performance of 

water photolysis. They reported that the highest photooxidation current on the Nb6O17
- 

nanosheet indicated a substantial separation between electrons and holes when exposed 

to light. Additionally, the rate of hole capturing by methanol has been shown to be 

significantly faster than surface recombination in the Nb6O17
- nanosheet. 

Berr et al [115] employed Pt-decorated CdS nanorods as photocatalysts and 

examined the impact of four distinct hole scavengers: sodium sulfite (SO2
3-), 

triethanolamine (TEOA), disodium ethylenediaminetetraacetic acid (EDTA-Na2) and 

methanol (MeOH) on photocatalytic hydrogen generation. This study presents a 
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significant discovery for selecting a hole scavenger and comparing the performance of 

various photocatalytic nanosystems. The findings demonstrate that the redox potential of 

the hole scavengers predominantly influences the photocatalytic efficiency of hydrogen 

production and stability of colloidal Pt-decorated CdS nanorods. The authors reported 

that higher hydrogen production efficiency was observed with stronger oxidation power 

of the hole scavenger. 

For example, Denisov et al [95] investigated effect of hole scavengers such as 

methanol, isopropanol, ethylene glycol, EDTA-Na2, as well as Na2SO3 and H2O2 on 

photocatalytic water splitting for Pt decorated TiO2 nanotubes used as a photoanode. The 

results indicate that H2 production performance was increased by up to 28.8 times in the 

presence of MeOH. 

In another study, Pan and Heagy [96] examined the photocatalytic reduction of 

bicarbonate to formate by using six different hole scavengers on Cu2O and TiO2. To 

compare, they selected hole scavengers comprising glycerol, ethylene glycol, 2-propanol, 

sodium sulfite, triethanolamine, and ethylenediaminetetraacetic acid. Glycerol was 

shown to be the most efficient h+ scavenger for this study. They reported that TiO2 

showed the highest quantum efficiency with 5.04 ± 0.3%, according to the test performed 

in glycerol. 

In another study, Nguyen et al.[97] performed photoreduction of graphene oxide 

on the surface of TiO2 using three solvents: ethanol, isopropanol, and water under UV 

irradiation. The results indicated that isopropanol exhibited better scavenging behavior 

than ethanol. 

Tahir (2023) [98] synthesized vanadium carbide (V2C) MXene combined with 

exfoliated graphitic carbon nitride (ECN) for the photocatalytic conversion of CO2. 

Methanol was introduced as a hole scavenger at a concentration of 5% for the 

photocatalytic reduction of CO2 to CO and CH4. Methanol was found to be highly 

effective as a sacrificial reagent, resulting in increased CO yield. 

This study aims to mechanistically investigate the photocatalytic performance of 

hole scavengers on 2D layered nanosheets (NS), using [Ca2Nb3O10]- nanosheets of 2D 

layered KCa2Nb3O10 perovskite. A range of hole scavengers were added to the 

photocatalytic system to observe how they influence the charge carrier dynamics and 

overall photocatalytic efficiency. To analyze the behavior of hole scavengers on a single 

[Ca2Nb3O10]- perovskite nanosheet, photoelectrochemical characterization techniques 
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were utilized. We examined various hole scavengers, including methanol, 

triethanolamine, ascorbic acid, and EDTA-Na2, in K2SO4 electrolytes. To evaluate their 

impact on the behavior of the semiconductor's 2D nanosheets, we conducted cyclic 

voltammetry and chronoamperometry tests under chopped light. This study offers useful 

insights into devising and refining hole scavengers to improve [Ca2Nb3O10]- nanosheets' 

photocatalytic efficacy, and these findings can also apply to a range of other 

photocatalysts. Additionally, this research adds to our fundamental comprehension of 

charge carrier dynamics in the context of photocatalytic water splitting. 

2.2 Experimental 

2.2.1 Materials 

 

K2CO3 (ACS, 99.0% min, Alfa Aesar), CaCO3 (98.5-100.5 mass%, pro analysis, 

Merck), Nb2O5 (99.9%, Sigma-Aldrich), Potassium sulfate (≥ 99.0% for analysis), 

Tetrabutylammonium hydroxide (~40% in water, Sigma-Aldrich), Polyethylenimine 

(branched average Mw ~25 000 BY LS, average Mn ~10 000 by GPC, Sigma-Aldrich), 

Triethanolamine (GR for analysis, Millipore Corporation), ethylene glycol (99.9%, 

WWR Chemicals), Ascorbic Acid (L(-) CPure, Tekkim), and Methanol (≥ 99.8% ACS 

Reagent). All other chemicals were of reagent grade. Milli-Q filtered ultrapure water (>18 

MΩ cm) was used throughout. 

2.2.2 Preparation of Photocatalyst 
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Figure 2.3: Synthesis steps of [Ca2Nb3O10]- nanosheet powder as a photocatalyst. 

Flow chart of preparation of photocatalyst is given in Figure 2.3. The layered 

perovskite oxide KCa2Nb3O10 (KCNO) powders were prepared using analytical grade 

powders of CaCO3, Nb2O5, K2CO3, according to the stoichiometric ratio (K/Ca/Nb= 

1.2:3) as the starting materials by solid state method. Nb2O5 (3.572 g), CaCO3 (1.792 g), 

and K2CO3 (0.618 g) were used as precursors materials. The amount of K2CO3 was 20 

mol % (0.136 g) in excess to compensate for the loss of potassium due to volatilization 

during calcination. All the materials were mixed by mechanical grinding in an agate 

mortar for 30 minutes. The obtained powder mixture was calcined 1200 °C in air for 12 

hours with a heating rate of 10° min−1 and cooled naturally.  

The resultant powder was mixed in a solution of 5 M aqueous nitric acid and stirred for 3 

days. The acid solution was replaced daily. The product was isolated by centrifugation 

and washed with distilled water at the end of the 3 days. Finally, protonated powder which 

is HCa2Nb3O10 (HCNO) was obtained by drying at room temperature overnight.  

In order to obtain nanosheet powders which is [Ca2Nb3O10]- ([CNO]-), these protonated 

powders have been separated into layers by using an exfoliation method. 40% wt 

Tetrabutylammonium hydroxide (TBA OH-) aqueous solution was used for the 

exfoliation reaction. The OH- and H+ ratio was set to 1:1 for exfoliation The mixtures 

were subjected to shaker-assisted exfoliation at a speed of 150 rpm for 7 days, resulting 
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in the formation of colloidal nanosheet suspensions. The solution was left for 24 hours to 

allow the unexfoliated particles to precipitate, and then the top of the colloidal solution 

was collected. The nanosheet colloids were restacked by adding a small amount of 2.5 M 

aqueous hydrochloric acid. The restacked nanosheet powder was thoroughly washed with 

distilled water to remove any remaining traces of TBA Cl- and HCl. After that, the powder 

was freeze-dried overnight. 

2.3 Characterization 

2.3.1 Characterization of 2D Layered Material 

 

The composition of the phases, the crystallinity, and the purity of the KCa2Nb3O10 

were analyzed using the X-ray diffraction technique. XPS was used to evaluate the 

chemical state and describe the chemical composition of the photocatalyst. The valence 

band level was estimated by analyzing the valence band spectra using X-ray 

photoelectron spectroscopy (XPS). The band gap was determined by UV-Vis 

spectroscopy. Subsequently, the conduction band was derived by computational means, 

utilizing the obtained valence band and band gap data. 

2.3.2 Film Preparation 

 

[CNO]- nanosheets were coated onto fluorine-doped tin oxide (FTO) -coated glass 

used as a working electrode for photoelectrochemical experiments. The steps were 

followed to prepare working electrodes: FTO substrates were ultrasonically cleaned 

before deposition by rinsing them in intermediate water containing acetone and ethanol 

for ten minutes each and dried by N2 flow. The substrates were immersed for 15 minutes 

in an aqueous Polyethylenimine (PEI) solution (2.5 g/L). PEI-coated FTO substrates were 

dipped in nanosheet colloidal solution for 15 minutes, and then they were washed with 

deionized water. Finally, the films were at 60°C for one hour. 

 

2.3.3 Photoelectrochemical Experiments 

 

To investigate the photoelectrochemical behavior, cyclic voltammetry (CV) and 

chronoamperometry tests were carried out. A typical three-electrode electrochemical  

quartz cell was used in the photoelectrochemical tests. In these experiments, [Ca2Nb3O10]- 

nanosheet coated 1x1 cm2 fluorine-doped tin oxide (FTO) films were utilized, which had 

been fabricated using a layer-by-layer technique. A platinum spiral wire used as the 
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counter electrode, a saturated calomel electrode (SCE) was employed as the reference 

electrode, and a 300W Xenon lamp used as the light source. The electrolytes were 

individually prepared using combinations formed by the individual addition of 2.5% 

volume methanol, 2.5% volume isopropanol, and 0.1 M Ethylene diamine tetra acetic 

acid disodium salt dihydrate (EDTA-Na2) to a 0.5 M K2SO4 aqueous solution. Prior to 

the experiments, the solutions were bubbled with Argon gas for a 20-minute to eliminate 

dissolved oxygen.  

Chronoamperometry test was carried out by chopping the light on and off for 300 

seconds at a constant potential of 1.2 V vs Saturated Calomel Electrode (SCE). CV tests 

were recorded under light illuminations between at -0.5 V-1.4 V. 

 

2.3.4 Photocatalytic Experiments 

 

The photocatalytic hydrogen evolution reaction (HER) experiments were carried 

out in 10 mL quartz cell. 10 mg of the photocatalyst was added into 5 mL of water-hole 

scavenger aqueous solution include separately 2.5% volume methanol, 2.5% volume 

isopropanol, and 0.1 M Ethylene diamine tetra acetic acid disodium salt dihydrate 

(EDTA-Na2) hole scavengers. The cell illuminated horizontally with a 300 W xenon light 

source (Newport, 66901) and it was stirred during the test to homogenize the catalyst. No 

co-catalyst was used in the experiments. To control the temperature and prevent thermal 

effects during the experiment, a cooling water bath was used. Prior to the start of the 

experiments, the solution was purged with argon gas with 20 ml/min flow for 30 min to 

eliminate dissolved oxygen under dark conditions. Two rubber septa have been used to 

ensure a tight seal, which effectively prevents any leakage of gas out of the cell. The cell 

was initially sealed with the first septum, followed by the placement of the second septum 

on top of the first. This procedure created a gap between the two septa. Throughout the 

experiment, argon gas was passed through this gap to prevent any possible leakage. 

The hydrogen amount from the experiments were detected by a gas chromatogram 

(GC-2014 Shimadzu, equipped with a thermal conductivity detector (TCD), argon as a 

carrier gas, and 5 Å molecular sieve column. A H2 peak was observed at a retention time 

of 0.8 minutes, under the following parameters of GC: The temperature of the MS 5A 

column (Teknokroma, NF-38427-FS) was 65 °C, the inlet temperature was 150 °C, and 

the temperature of the thermal conductivity detector (TCD) was 150 °C. Argon was used 

as a carrier gas, and the flow rate was set at 20 ml/min. A sample of the gas from the 
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headspace was taken using a 100 μL gas-tight syringe and it was then injected into the 

gas chromatograph per hour.  

For the H2 calibration of the GC, a cell with a total volume of 10 ml was prepared 

that contained 5 ml of water and H2 was bubbled for 30 minutes. After that, different 

volumes of gas were taken using gas tight syringe and injected into GC with 10µl intervals 

between 10 and 100 µl. A calibration curve was obtained to convert the area of the peak 

into amount of hydrogen. The areas of the peaks obtained from the GC for each volume 

were converted to mole according to the ideal gas equation. It was accepted as 1.0 mol of 

gas occupying 22.4 L of volume. The headspace volume was 5 ml. The calibration curve 

used is plotted in Figure 2.4. 

 

Figure 2.4: Calibration curve of H2 showing the relationship between the amount of 

hydrogen injected, and the area of peak. 

 

The area of the peak belonging to H2 of samples injected can be converted to the 

actual amount of hydrogen injected into the GC from the 100 µl sample using this 

calibration curve. 

2.4 Results and Discussion 

2.4.1 Characterization of the Photocatalyst 

 

The powder XRD patterns of the parent structure (KCa2Nb3O10) and the structure 

after proton exchange (HCa2Nb3O10) are displayed in Figure 2.5. The crystal structure of 

the material did not significantly change after proton exchange. The (00l) reflection peaks 

at the lower theta angles belong to layered materials. The distance between two adjacent 

layers. Reason for Replacement of H+ Ions with K+ ions might be the XRD pattern of the 

Hca2Nb3O10 structure shifts to lower theta angles, causing an increase in the d space 
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distance between the nanolayers. This occurs as a result of the replacement of H+ ions 

with K+ ions [78], [116]. 

 

 

Figure 2.5: XRD Pattern of KCa2Nb3O10 and its protonated version HCa2Nb3O10. 

        

In brief, to obtain [Ca2Nb3O10]- nanosheets, starting from the synthesis of 

KCa2Nb3O10, the steps of obtaining protonated powder by acid treatment and exfoliation 

are followed. Figure 2.6 a-c shows scanning electron microscopy (SEM) images of each 

step of the powders. SEM images confirm the layered nature of KCa2Nb3O10 and 

protonated HCa2Nb3O10 are well-crystallized with large lateral grain size. The layered 

structure can be seen more clearly in the protonated species that results from the 

displacement of potassium with proton or hydronium ions. Figure 2.6 c shows SEM 

images of restacked [Ca2Nb3O10]- nanosheets after the exfoliation process.  It was 

observed that the surface area increased significantly. The addition of protons into the 

exfoliation solution of nanosheets restacks the nanosheets as a result of electrostatic 

attraction between the cation and the negatively charged nanosheets. The random packing 

was clearly observed in the SEM image. 
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After the structural characterization, the optical characterization was performed 

to determine the band structure and band positions of the layered perovskite. To evaluate 

the optical energy band gap of the materials, Kubelka-Munk absorption data is 

transformed into a Tauc plot as follow: 

                                                     (𝑎ℎ𝑣)1/𝑛  = 𝐴(ℎ𝑣 − 𝐸𝑔)                                        (2.1) 

The absorption coefficients, Planck constant, light frequency, proportionality 

constant, and band gap energy are represented by α, h, ν, A, and Eg, respectively. The 

exponent 'n' signifies the semiconductor's transition properties, where n = 1/2 and n = 2 

correspond to direct and indirect transitions, respectively. Extrapolation of the linear 

portion of the curve to the x-axis determines the band gap energy [117]. 

The Tauc plots derived from the reflectance data obtained with an integrated 

sphere attached to the UV−vis absorption spectroscopy show that, the bandgap of KCNO 

and HCNO are 3.57eV and 3.49 eV respectively, as shown in Figure 2.7 a, b. In addition, 

valence band level estimated 2.75 V (vs NHE) for KCNO and 1.8 V (vs NHE) for HCNO 

from XPS Valence band spectra analysis (Figure 2.7 c, d). The conduction band was 

estimated by subtracting the band gap value from the valence band value obtained from 

Figure 2.6: SEM Images of KCa2Nb3O10 (a), HCa2Nb3O10 (b) and [Ca2Nb3O10]- 

nanosheet (c) powders 

(a) (b) 

(c) 
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the XPS data. With this calculation, the conduction bands of KCNO and HCNO were 

found to be -0.82 V and -1.69 V, respectively.  
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2.4.2 Electrochemical Characterization of Hole Scavengers 

 

The behavior and effect of hole scavengers on photocatalytic activity were 

investigated in the means of electrochemical and photoelectrochemical tests. The six 

different hole scavengers were chosen from the literature and 0.5 M K2SO4 solution was 

used as a reference solution to investigate impact of hole scavengers on photocatalytic 

activity. Initially, 3 of them, which exhibited superior performance, were identified for a 

detailed analysis of photocatalytic behavior, utilizing cyclic voltammetry and 

photocurrent experiments. 

In our investigation, cyclic voltammetry tests were initially conducted to 

determine the photoelectrochemical behavior of hole scavengers. As discussed before, 

during the photocatalytic water splitting reaction, the transition of valence band electrons 

to the conduction band is induced by the incident light on a photocatalyst (Figure 2.2). 

While some of these electrons participate in water reduction reactions, those lacking the 

Figure 2.7: Tauc’s plots of KCa2Nb3O10 (KCNO) phase (a) and its protonated version 

HCa2Nb3O10 (HCNO) phase (b) for the estimation of the band gap, XPS Valence band 

spectra of KCNO (c) and HCNO (d) and band structure of KCNO and HCNO for 

determination of the valence band level. 
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necessary energy results in e--h+ recombination. This phenomenon hinders the 

photocatalytic activity. A highly effective strategy for mitigating recombination is the 

utilization of hole scavengers. Introduced hole scavengers have higher oxidation 

potentials and thus readily accept these holes. They prevent recombination by capturing 

the holes, allowing the electrons to participate in the reduction half-reaction, while the 

scavengers themselves undergo oxidation.  

 

(a) 
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Figure 2.8: CV tests between -0.5 V-1.5V vs SCE dark (a) and under illumination (b) 

conditions 

 

Cyclic voltammetry test for ascorbic acid, EDTA-Na2, triethanolamine, MeOH, IPA, EG 

and K2SO4 at concentration of 0.1 M, 0.1 M, 0.5 M, 0.5 M, 0.5 M and 0.5 M respectively. 

The working electrode is an FTO electrode coated with a single layer  of [Ca2Nb3O10]- 

nanosheet. The Figure 2.8 a shows the CV curves in the dark and Figure 2.8 b shows the 

CV curves under illumination. All solutions were saturated with Ar or N2 before starting 

the CV tests. 

CV was performed in the range of -0.5 V-1.5 V vs SCE to investigate the oxidation 

potentials of hole scavengers 2D nanosheets of [Ca2Nb3O10]-. A 0.5 M K2SO4 solution used 

as a reference electrolyte, without hole scavenger. Other electrolytes were prepared with 

0.5 M K2SO4 as a supporting solution and each incorporating a specific hole scavenger: 

0.5 M methanol, 0.5 M isopropyl alcohol, 0.5 M vol triethanolamine, 0.5 M ethylene 

glycol, 0.1 M EDTA-Na2, and 0.1 M ascorbic acid. To maintain the same pH in all the 

electrolytes, the EDTA-Na2 and ascorbic acid solutions were prepared at 0.1 M and the 

other solutions at 0.5 M. Prior to each experiment, the electrolytes were purged with 

Argon for a duration of 15 minutes. Here, it is worth mentioning that the pH value for 

(b) 
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each solution, particularly for ascorbic acid, triethanolamine and EDTA-Na2, are different 

from each other. Ascorbic acid and EDTA-Na2 results in slightly acidic solution, whereas 

triethanolamine solution is slightly basic. Alcohol solutions and K2SO4 solution possess 

neutral pH. The illumination produced anodic photocurrents on the surface of nanosheets 

as a result of photoinduced oxidation of molecules. Methanol, isopropyl alcohol and 

EDTA-Na2 produced photocurrent even at negative potentials at which other molecules 

did not show any activity. Thus, it was decided to use methanol, isopropyl alcohol and 

EDTA-Na2 for photocatalytic experiments because they both have appropriate oxidation 

potentials and give current response even at 0.0 V.  

 

2.4.3 Photoelectrochemical Characterization of Hole Scavengers 

 

After CV measurement, chronoamperometric photocurrent responses were 

examined 0.0 V vs SCE for these molecules. Chronoamperometry experiments were 

conducted by applying a constant potential of 0 V vs SCE on the working electrode, with 

chopping light (10 second off-10 second on) throughout the experiment.  The current 

responses were recorded over a 300 second period.  The chronoamperometry (current 

density-time) graphs are presented in Figure 2.9. The current density amplitudes for all 

the samples can be seen from the Table 1. Methanol, isopropyl alcohol and EDTA-Na2 

produced the highest photocurrents in accordance with the CV tests. In addition, the 

current−time (I−t) curves of the methanol, isopropyl alcohol and EDTA-Na2 show 

outstanding stability. Photocurrents increase to 200 µA/cm2, 250 µA/cm2, and 480 µA/cm2 

as the UV light is turned on and off for methanol, EDTA-Na2, and isopropyl alcohol, 

respectively.  
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Figure 2.9: Chronoamperometry analysis: I-t graphs of hole scavengers 

Table 1 The current density amplitudes for all the samples 

  Current Density (µA/cm2) 

Isopropyl alcohol 0.5 M 480 

Methanol 0.5 M 200 

Triethanolamine 0.5 M 33.2 

Ethyleneglycol 0.5 M 25 

EDTA-Na2 0.1 M  250 

Ascorbic Acid 0.1 M 8.6 

K2SO4 0.5 M 2.5 

 

 

This result confirms the ability of the added hole scavengers to capture holes 

photogenerated on [Ca2Nb3O10]-. In this way, by preventing the recombination of holes 

with electrons, electrons have been proven to contribute to the photocurrent. The highest 

current density was obtained by the [Ca2Nb3O10]- film with the 2-propanol hole scavenger. 

The lowest current density is obtained from the 0.5 K2SO4 solution in the absence of a 

hole scavenger, in accordance with expectations. Among all the hole scavengers, the 
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lowest current density is achieved with Ascorbic Acid. Upon evaluation of CV and 

photocurrent data, the highest current density results were obtained with the isopropyl 

alcohol (IPA), methanol and EDTA-Na2.  

The CV curves for the chosen hole scavengers on the nanosheets under 

illumination and dark are given in Figure 2.10. Fresh solutions of 2.5% vol IPA, 2.5% vol 

MeOH, 0.1 M EDTA-Na2 in 0.5 M K2SO4 solution and 0.5 M K2SO4 solution as reference 

were prepared for CV tests. The electrochemical response was examined under dark 

conditions, and the photoelectrochemical response was examined under illumination with 

Xe lamp.  
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As demonstrated by the graph in the Figure 2.10 there was an increase in 

photocurrent with increasing potential. This is due to the occurrence of band bending with 

increasing potential, leading to a decrease in electron-hole recombination at higher 

potentials [118]. The photocurrents of K2SO4, MeOH, IPA and EDTA-Na2 at 1.4 V vs 

SCE are 110 µA/cm2, 376 µA/cm2, 504 µA/cm2 and 4.6 mA/cm2, respectively.  

Thermodynamically, a determining factor for the positive impact of various hole 

scavengers on the rate of photocatalytic H2 evolution is their oxidation potential in 

comparison to that of water[119], [120]. To analyze the surface reaction kinetics of 

[CNO]- nanosheets, current densities were examined at around 0.575 vs SCE (equivalent 

to 1.23 VS NHE) for MeOH, IPA, and K2SO4, and approximately 0.756V vs SCE for 

EDTA-Na2, as illustrated in the Figure 2.11. the applied potentials (ESCE) were converted 

to the normal hydrogen electrode (NHE) with the Nernst equation: 

 

                                                ENHE=ESCE+0.059 x pH+ E0
SCE                                 (2.2) 

 

where ENHE is potential estimated vs. NHE, ESCE is measured potential vs. SCE electrode, 

Figure 2.10: Cyclic voltammetry analysis of 0.1 M EDTA-Na2, 2.5% vol IPA, 2.5% 

vol MeOH in 0.5 M K2SO4 and 0.5 M K2SO4 at between 0-1.4 V vs SCE. 
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and E°SCE = 0.244 V is the standard electrochemical potential of the SCE electrode. 

 

The rationale for testing EDTA-Na2 and others at different potentials is due to 

variations in the pH levels of the electrolytes; the pH is roughly 4 for EDTA-Na2 and 7 

for MeOH, IPA, and K2SO4. This phenomenon arises from the electron transfer process 

occurring between the photocatalyst and H2O molecules. Consequently, a higher current 

density signifies the enhanced transfer of electrons from the photocatalyst to H2O, leading 

to increased catalytic activity. In this context, the use of EDTA-Na2 as a hole scavenger 

allows for the capture of a greater number of holes, facilitating the involvement of a larger 

number of electrons in the reactions. 

 

Figure 2.11 The current densities at ~0.575 vs SCE (equivalent to 1.23 vs NHE) for 

MeOH, IPA, and K2SO4, and at ~ 0.756V vs SCE for EDTA-Na2 (equivalent to 1.23 vs 

NHE) 

Current doubling effect may be present for EDTA-Na2, for which we obtained the 

highest current density from CV results. Briefly, the current doubling effect is the 

formation of unstable radicals during the reaction in the presence of an organic molecule 

in a photoelectrochemical cell, and then the additional free electrons from the reaction 

move to the conduction band of the photocatalyst and contribute to the current [121]–

[124]. Additionally, Hykaway et al. [125] reported that the doubling of current depends 
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on the pH value of the electrolyte. Specifically, they found that the current doubling rate 

increases with increasing acidity (decreasing pH) of the electrolyte due to removal of the 

hydroxyl layer on the photocatalyst surface using acidic solvents. Since the solution 

prepared with EDTA-Na2 (pH = 4) has a lower pH value than the solutions prepared with 

other hole scavengers (pH = 7), it is possible that one reason for its higher current output 

is due to the current doubling effect. 

The oxidation potential of the molecule determines the efficiency of hole 

scavenging, which entails the elimination of photogenerated holes. A more negative 

oxidation potential results in a stronger driving force for hole scavenging, thereby leading 

to a faster process[115]. Thus, hole scavengers with a redox potential more negative than 

water effectively capture photogenerated holes at a faster rate. This rapid capture reduces 

electron recombination losses, leading to increased H2 formation rates. The plots show 

that the oxidation potentials of the scavengers are estimated 0.845V, 0.618V, 0.510V and 

0.461V versus SCE for K2SO4, MeOH, IPA and EDTA-Na2 respectively. These values 

have been adjusted to a pH=7 compared to the standard hydrogen electrode to facilitate 

clearer and simpler comparisons. Accordingly, the oxidation potentials of hole scavengers 

were calculated as 1.174 V for methanol, 1.264 for IPA and 1.322 V for EDTA-Na2. The 

Figure  displays the process of scavenging holes and the oxidation potentials. 

To summarize, the semiconductor photocatalyst is activated by light, causing 

electrons in the valence band to transfer to the conduction band. Photogenerated electrons 

leave behind gaps in the valence band, thereby creating e- -h+ pairs. This process 

facilitates the formation of H2 through electron reduction reactions that occur via the 

conduction band in photocatalytic water splitting. Photogenerated holes are involved in 

oxidation reactions. Furthermore, recombination, which refers to the return of electrons 

to the holes, may take place. As a result, photocatalytic activity is decreased. 

The holes within the valence band lead to the oxidation of water and generate 

hydroxyl radicals, which then combine with the electrons within the conduction band to 

create hydroxide ions. In other words, the electrons intended for reduction reaction and 

hydrogen formation contribute to an undesirable reaction instead. 
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Figure 2.12: Oxidation potentials of MeOH, IPA and EDTA-Na2 at ph=7 (V vs NHE) 

Hole scavengers adsorbed on the surface of the photocatalyst capture the holes 

before they oxidize water. The oxidation potential of hole scavengers is more positive 

than water, which leads them to capture holes prior to the water. For instance, if methanol 

is used as a hole scavenger, the hole oxidizes the methanol and the methanol converting 

into methyl hydroxyl radical. Moreover, the hole scavenger may follow another pathway 

whereby methanol captures the hydroxyl radical from water that has already undergone 

oxidation, preventing it from attending the reaction with the electron [126]. This 

mechanism is represented in the Figure 2.13. 

 

Figure 2.13: Photocatalytic mechanism of behaviors of holes in hole scavenger-free 

system and in presence of methanol as a hole scavenger by using KCa2Nb3O10 
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photocatalyst. 

Photoresponse comparison at 0 V is given in the Figure 2.14. As can be seen, 

while for 0.5 M K2SO4 (no-hole scavenger) this value was about 1.72 µA/cm2, it showed 

a positive shift with the addition of hole scavenger as MeOH (64.9 µA/cm2), IPA (76.9 

µA/cm2) and EDTA-Na2 (84.37 µA/cm2) respectively at 0 V. Although no potential is 

applied here, hole scavengers are still expected to give a current response, especially for 

EDTA-Na2, which gave the highest value, the resistance to cross the oxidation barrier is 

expected to be less.  

After detailed electrochemical and photoelectrochemical analysis of hole 

scavengers on [Ca2Nb3O10]-
 nanosheets, we have performed photocatalytic hydrogen 

evolution tests on the nanosheets in the presence of different hole scavengers to validate 

their behavior. 

 

Figure 2.15 illustrates the comparison of the H2 amounts generated by 

[Ca2Nb3O10]- nanosheets without hole scavengers and in the presence of hole scavengers 

in the electrolyte. [Ca2Nb3O10]- nanosheets produced 4.3 µmol/g H2 under UV irradiation 

in a hole scavenger free 0.5 M K2SO4 electrolyte.  Notably, a significantly higher amount 

of H2 was generated in the presence of 0.1 M EDTA-Na2 (63.68 µmol/g), followed by 2.5 

Figure 2.14: The current density values of K2SO4, MeOH, IPA and EDTA-Na2 at 0 V. 
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vol% IPA (25.89 µmol/g) and MeOH (16.8 µmol/g). It can be suggested that the greater 

the oxidative potential of the hole scavenger, the more efficient the production of 

hydrogen. The photocatalytic trend is in accordance with the observed 

photoelectrochemical behavior. Higher photocatalytic H2 evolution from the EDTA-Na2 

solution may be attributed to the lower pH of the EDTA-Na2 solution. At lower pH values, 

H+ concentration is higher, which is beneficial for the photocatalytic H2 evolution 

reaction.   

 

2.5 Conclusion 

 

The aim of this study was to understand mechanistically the effect on 

photocatalytic efficiency of hole scavengers, which are used to prevent electron-hole 

recombination, one of the major problems that severely reduce photocatalytic activity. 

The photocatalyst selected for this experiment is [Ca2Nb3O10]- nanosheet. Six different 

hole scavengers, selected from the literature, were compared alongside a reference 

solution of 0.5 M K2SO4 to evaluate their effect on photocatalytic activity. Three hole 

scavengers, exhibiting superior performance, underwent comprehensive analysis of their 

photocatalytic behavior through cyclic voltammetry and photocurrent experiments. The 

Figure 2.15: Photocatalytic hydrogen evolution rates on [CNO]- nanosheets for without 

hole scavenger and in the presence of methanol, IPA and EDTA-Na2 as a hole scavenger 

under illumination with an unfiltered 300 W Xe lamp. 
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photocurrents, IPA, MeOH, EDTA-Na2 and K2SO4 as a reference were 480 µA/cm2, 250 

µA/cm2, 200 µA/cm2 and 2.5 mA/cm2, respectively. It can be seen from here that the 

photocurrent of using hole scavenger increases significantly. The introduced scavengers 

possessed higher oxidation potentials, which readily accepted the holes and prevented 

recombination by capturing them. For this purpose, the CV was set in the range of 0-1.4 

V vs. SCE and the oxidation potentials of hole scavengers were calculated as 1.174 V for 

methanol, 1.264 for IPA and 1.322 V for EDTA-Na2. Photocatalytic H2 evolution 

experiments were performed to examine photocatalytic behavior and kinetics. EDTA-

Na2, as expected, also gave the highest amount of 63.68 µmol/g, followed by 2.5 vol% 

IPA (25.89 µmol/g) and MeOH (16.8 µmol/g). This can be attributed to the fact that the 

oxidation potential is more positive than others and the current doubling effect increases 

in more acidic solutions. The findings underscore the importance of strategic scavenger 

choice in advancing the performance of photocatalytic systems. The success of EDTA-

Na2 prompts further research into tailored scavenger agents to drive efficient hydrogen 

evolution. 
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3. CHAPTER 3: EFFECT OF PALLADIUM DOPING ON 

PHOTOCATALYTIC HYDROGEN EVOLUTION (HER) 

REACTIONS    

3.1. Introduction 

 

Clean and renewable hydrogen is found to be an alternative fuel by replacing the 

existing fossil fuels over the deep carbonization of global energy systems. Hydrogen 

energy is promising for renewable energy to meet the challenges of an energy crisis. The 

photocatalytic production of hydrogen is a promising approach for splitting water using 

solar energy and offering a sustainable solution. 

Semiconductor materials are commonly selected as photocatalysts in 

photocatalytic water splitting reactions because of their distinctive characteristics. They 

are favored for their unique electronic band structures and tunable bandgap properties, 

efficiently separating, and transporting, high surface areas, their durability and 

compatibility. 

Numerous semiconductor materials, including metal oxides (TiO2, CoO, ZnO, 

WO3 etc), metal sulfides (MoS2, CdS, ZnS, WS etc), g3N4 and nanocomposites have been 

developed for the photocatalytic water splitting process over the past few decades. 

Among the various semiconductor materials, 2D layered materials have garnered 

special attention and importance. The 2D materials offer tunable band gaps by adjusting 

their thickness, allowing for a customizable light absorption range. The reduced thickness 

of these materials has the advantage of shortening the migration distance of charge 

carriers, thereby mitigating the recombination of photo-generated carriers. Additionally, 

the high surface atom proportion in 2D materials provides an abundance of surface active 

sites, promoting the activation of reaction substrates [127]. 

2D layered materials, such as transition metal dichalcogenides (TMDs), graphitic 

carbon nitride (g-C3N4), hexagonal boron nitride (h-BN), black phosphorus (BP), metal–

organic layers (MOLs), covalent organic frameworks (COFs) and 2D layered perovskite 

oxides have emerged as good candidates within the semiconductor family. Their atomic-

thin nature and large surface areas provide abundant active sites for catalytic reactions, 

resulting in enhanced photocatalytic activity. Additionally, these materials often exhibit 

tunable bandgaps, enabling them to absorb a broader range of light. This feature is crucial 
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as it maximizes light absorption and utilization, making them efficient photocatalysts. 

Furthermore, 2D layered materials offer efficient charge separation and transport due to 

their unique crystal structures. Electrons and holes are confined to distinct layers, 

minimizing the chance of recombination, and extending the lifetime of charge carriers.  

2D layered perovskite oxides, have been studied intensively to date. Dion–

Jacobson (DJ) phase has often been used as photocatalysts among the layered perovskite 

oxides. These materials consist of negatively charged perovskite layers and interlayer 

cations that compensate the negative charge, and the general compositions for the DJ as 

A’[A n–1BnO3n+1]. These materials are reported to exhibit unique photocatalytic properties 

derived from the layered structures, which involve ion-exchange and their doped 

structures. Additionally, the exfoliation of layered materials into monolayer 2D 

nanosheets enhances the specific surface area and generates more active catalytic sites. 

Additionally, the ultrathin layer structure of 2D materials facilitates charge and mass 

transfer [127]. 

However, the overall conversion efficiency is still insufficient for practical 

applications. To increase water splitting efficiencies, strategies such as control of size and 

morphology, metal oxide heterostructure, surface modification, integration of additives 

like metal doping, addition of plasmonic metal nanoparticles (NPs), co-catalyst, 

exfoliation method and formation of heterojunctions are used. 

Among these various methods, metal doping stands out as a notable and widely use 

strategy. Single-site atom doping offers certain benefits in comparison to conventional 

doping methods. Single-atom catalysts represent an innovative approach to catalysis, 

allowing for enhanced utilization of scarce atoms and improving catalytic activity and 

stability [128]. Single-site doping allows for the precise inclusion of dopant atoms at 

specific lattice sites within the crystal structure of the photocatalyst. This leads in a more 

uniform distribution of dopants throughout the material. Single-site dopants can act as 

active sites for the photocatalytic reactions and enhancing the photocatalytic activity. 

Surface doping may result in the saturation of dopants at the catalyst's surface or 

agglomeration of the surface, limiting further improvement in catalytic activity. In 

contrast, single-site doping eliminates this problem by achieving a more even dispersion 

of dopant atoms within the crystal structure. In this study, Pd noble metal was chosen for 

single site atom doping. The incorporation of Pd as a single-site atom dopant can alter the 

electrical band structure of photocatalyst. Depending on the doping concentration, this 

might cause the narrowing or shifting of the bandgap to visible spectrum. Also, it can 
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serve as a catalytic site for redox reactions, facilitating the transfer of charge carriers. Pd 

doping can reduce the recombination rate of electron-hole pairs by providing additional 

recombination pathways, leading to more efficient charge utilization.  

Single-site doped Pd doped bulk KCa2Nb3O10 phase was synthesised at doping 

rates of 1.5% and 3%. Subsequently, nanosheet powders were obtainged via proton 

exchange, followed by exfoliation. The photocatalytic and photoelectrochemical 

properties of all samples were examined. The impact of the single site Pd doping on the 

amount of photocatalytic H2 produced has been reported. 

 

3.2. Experimental 

3.2.1. Materials 

 

All chemical reagents and solvents were purchased from commercial suppliers 

and and were used without further purification. KCl (≥ 99 %, Isolab Chemicals), CaCO3 

(98.5-100.5 mass%, pro analysis, Merck), NbCl5 (99+ mass%, Merck), PdCl2 (crystalline 

soluble, Alfa-Aesar), Methanol (≥ 99.8% ACS Reagent), ethylene glycol (99.9%, WWR 

Chemicals) and Citric acid (Anhydrous, Sigma-Aldrich), Potassium sulfate, K2SO4 (≥ 

99.0% for analysis), Tetrabutylammonium hydroxide (~40% in water, Sigma-Aldrich), 

and Polyethyleneimine (branched average Mw ~25 000 BY LS, average Mn ~10 000 by 

GPC, Sigma-Aldrich) and Hydrochloric Acid Fuming 37%. Milli-Q UV filtered ultrapure 

water (≥18.2 MΩ·cm) was used in the experiments. 

 

3.2.2.  Synthesis of Catalysts 
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Figure 3.1: Synthesis steps of undoped and Pd doped (1.5% and 3%) photocatalysts. 

 

KCa2Nb3O10 was prepared by the polymerized complex (PC) method. The all 

steps of synthesis are given in Figure 3.1. Initially, stoichiometric amounts of NbCl5, 

CaCO3, and KCl were dissolved in 100 ml methanol in the presence of ethylene glycol. 

After complete dissolution of the salts, anhydrous citric acid in methanol were added to 

the solution under continuous stirring. The reaction mixture was heated at ∼80 °C to 

achieve complete dissolution. To compensate for volatilization during the calcination, an 

excess of KCl (10 mol% K) was added to the solution. The as-obtained transparent 

solution was heated to ∼120-130 °C to promote esterification between EG and CA, 

yielding a glassy resin. The resin was pre-calcined in the air at ∼ 400 °C. After that, it 

was further heated at 600°C for 4 hours in air to get rid of the residual carbon-containing 

species. Finally, the resulting powder heated in air at 1100 C for 2 h in an Al2O3 crucible 

(ramp rate: 5 °C min-1).  

The single site Pd metal doped KCa2Nb3O10 were prepared by using the same 

method except PdCl2 salt was added into the initial solution. The stoichiometry of PdCl2 

and NbCl5 was adjusted in a way that the stoichiometric amount of Pd is 1.5 and 3.0% of 

Nb in the structure. The compositions are KCa2Nb2.955Pd0.045O10 and KCa2Nb2.91Pd0.09O10.    

 

3.2.3. Protonation and Exfoliation of KCa2Nb3O10 

 

All undoped and doped powders were placed in a solution of 5 M aqueous nitric 
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acid for 3 days. In a typical synthesis 0.5 gr of a powder was mixed in 20 ml of 5 M HNO3 

solution and was shaked on a shaker for 3 days. The acid solution was replaced daily with 

a fresh solution. Protonated powders (HCa2Nb3O10) were isolated by centrifugation, 

washed with pure water to pH=7, and finally dried at room temperature overnight. 

To obtain colloidal nanosheets, these protonated powders were separated into 

layers using an exfoliation method. The 0.25 gr of protonated powders were mixed in 

7.3mmol/dm3 Tetrabutylammonium hydroxide (TBA+ OH-) aqueous solution so that the 

OH-:H+ ratio is 1:1 for exfoliation. 

The mixtures were subjected to shaker-assisted exfoliation at a speed of 150 rpm 

for 7 days, resulting in the formation of colloidal nanosheet suspensions. The solution 

was left for 24 hours to allow the unexfoliated particles to precipitate, and then the top of 

the colloidal solution was collected. The photographic images of colloidal solutions are 

given in Figure 3.2. 

 

 

Figure 3.2: Colloidal nanosheet solutions of undoped, 1.5%Pd and 3%Pd doped samples 

The nanosheet colloids were restacked by adding a small amount of 2.5 M 

aqueous hydrochloric acid into the colloidal solution. The produced restacked nanosheet 

powder was thoroughly washed with distilled water to eliminate any remaining traces of 

TBA+ , Cl- and H+. After that, the powder was freeze-dried overnight. 

 

3.2.4. Preparation of Films 

 

In the photoelectrochemical experiments, as-synthesized powder, and the other 

derivations of parent powder (protonated powder, and restacked nanosheets) were applied 

as coatings onto fluorine-doped tin oxide (FTO with 7 Ω sq−1 surface resistivity and 

3 % Pd 1.5 % Pd undoped 
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∼80% transmittance) coated glass substrates. The film of parent and protonated powders 

were prepared by the electrophoretic deposition method (EPD), whereas the single layer 

of 2D nanosheets were coated onto the substrate using the dip coating technique. 

Before coating, FTOs were cleaned in ethanol for 10 minutes and then in distilled water 

(Milli-Q filtered ultrapure water >18 MΩ cm) for 10 minutes in an ultrasonic bath. The 

FTO substrates were dried in an oven at 80 °C.  

A mixture of 10 mg of the powders and 5 mg of iodine (Sigma-Aldrich, 99.8% 

ACS reagent) was ultrasonically dispersed in 30 mL of acetone within a beaker for 

electrophoretic deposition. The FTO-coated glasses were used as both the cathode and 

the anode. The cathode and anode were placed approximately 1 cm apart, and the 

deposition process was performed at 100 V for 3 minutes utilizing a DC power source 

(RIGOL DP811). Following the coating, the films were rinsed with deionized water to 

remove excess iodine before being dried under a N2 flow. 

Regarding the dip coating method, the cleaned FTO substrates were pre-treated in 

an aqueous solution of PEI (2.5 g/L) for 15 minutes. Following that, the PEI-coated FTO 

substrates were immersed in the nanosheet colloid (0.5 mg/mL) for 15 minutes before 

being rinsed with deionized water. The films were dried in blowing N2.  

 

3.2.5. Structural Characterization 

 

X-ray diffraction analysis was carried out with a Rigaku Mini Flex 600 X-ray 

diffractometer. The diffractometer produced X-rays from Cu anode Kα radiation 

(λ=1.5406 Å) at 40 kV beam voltage and 15 mA current. The XRD patterns were 

measured between 2°-80° 2-theta (2θ), at scanning rate 5°·s-1. The ICDD PDF4+ database 

were used to analyze the purity and phases in the samples. 

X-ray photoelectron spectroscopy (XPS) analysis was performed using a Thermo 

Scientific K-Alpha Spectrometer with an Al K (1486.6 eV) source. Thermo Avantage 

v5.973 was used to deconvolute the collected XPS data. All XPS spectra were adjusted 

for any shifts due to charging at 284.5 eV according to C1s. 

FESEM images were captured using a Zeiss Ultra Plus field emission scanning 

microscobe. Secondary electron and in-lens detectors were utilized for imaging. an 

accelerating voltage of 5.00 – 10.00 kV and working distances of 5.4 to 5.8 mm were 

favored. 

The ultraviolet-visible diffuse reflection absorption spectra (UV–vis) were 
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collected by a Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer equipped with an 

integrated sphere. BaSO4 plates were used as a reference. The UV-Vis data were taken as 

a function of the wavelength of the light reflected from the sample (reflectance mode), 

then they converted to absorption spectra by using Kubelka-Munk function. The band gap 

energies of the samples were also obtained from the Tauc plots (αhv vs. hѵ). 

Raman spectroscopy measurements were taken with a Renishaw in Via Raman 

Microscope with a 633 nm laser as an excitation source. 

 

3.2.6. Photoelectrochemical Characterization 

 

All photoelectrochemical measurements are conducted in a typical three-electrode 

electrochemical cell. A Pt wire used as a counter electrode and Saturated Calomel 

Electrode (SCE, sat’d KCl) as a reference electrode. A working electrode was coated on 

1 x 2.5 cm FTO glass. The electrolyte was 0.5 M K2SO4 aqueous solution purged with 

Argon for 20 min before each experiment. A 300 W Xenon lamp (Newport, 66901) was 

used to illuminate the sample. All photoelectrochemical measurements were performed 

by Princeton Applied Research VersaSTAT MC electrochemical workstation, of which 

set-up is given in Figure 3.3. 

 

 

 

Figure 3.3: Photoelectrochemical Experiment Setup 

 

Xe Lamp 

Potensiostat 
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Chronoamperometry (CA) and Linear Sweep Voltammetry (LSV) techniques 

were used to examine the photocurrent response of the films deposited from samples. 

Chronoamperometric transient photocurrent response of the samples were analyzed under 

chopped illumination at a fixed potential of 1.2 V vs saturated calomel electrode (SCE).  

 

3.2.7. Photocatalytic Characterization 

 

Photocatalytic setup is given in Figure 3.4. Photocatalytic reactions were carried 

out in 10 ml quartz cell with cooling bath jacket to keep the temperature constant at 25-

30 oC. Furthermore, the suspension stirred during experiment and cooling bath was used 

to prevent any thermal catalytic effect. 300 W Xe lamp used as light source. In each 

experiment, 10 mg of the powder was suspended in a 5 ml aqueous solution containing 

methanol (10% v/v) as a hole scavenger. Before the irradiation, system degassed with 

Argon gas to remove the dissolved O2 from the solution. The amount of H2 gas product 

was analyzed by gas chromatography (Shimadzu, GC-2014 with a TCD detector and an 

MS-5A column, argon carrier gas). All experiments were performed for 6 hours by taking 

injections from the headspace of cell every 1 h using a gastight syringe (Figure 3.5). 

 

 

Figure 3.4: Photocatalytic Water Splitting Experiment Setup 

 

Gas Chromatography 
 

Xe Lamp 

Quartz Cell 
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Figure 3.5: Gas Tight Syringe 

 

3.3. Results and Discussion 

3.3.1. X-ray diffraction (XRD) 

 

The powder XRD patterns of the parent (KCa2Nb3O10) and proton exchanged 

(HCa2Nb3O10) compounds are shown in Figure 3.6.  

In the XRD pattern of layered materials, (00l) reflections are typically observed at low 

theta angles. This reflection might reveal the distance between two adjacent layers.[129] 

The replacement of K+ ions from the interlayer and the insertion of hydronium (H3O+) 

ions after the proton exchange reaction raised the c-lattice parameter of the KCa2Nb3O10 

(KCNO) structure, causing the (00l) reflection to move to lower 2θ values [129]. The 

HCa2Nb3O10 (HCNO) diffraction pattern of 3%Pd doped sample given in Figure 3.7 as a 

representative sample. XRD pattern of 3% Pd doped HCa2Nb3O10 shows a shift to lower 

2θ angles in the (002), (004), and (006) reflections (Figure 3.7) which can signify the 

expansion of the interlayer distance with water intercalation as a result of ion exchange 

process[78], [116]. The peak shift was observed for all samples after proton exchange. 
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Figure 3.6: XRD patterns of undoped, 1.5% Pd and 3%Pd doped KCa2Nb3O10 phase and 

their protonated versions (HCa2Nb3O10). Literature data on KCa2Nb3O10 and HCa2Nb3O10 

(ICDD PDF4+ database, minor intensity reflections included) are marked with red sticks 

correspondingly. 
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Figure 3.7: The peak shift belongs to 3%Pd doped sample in (002), (004), and (006) 

reflections after the proton exchange process.  

XRD peaks of 1.5% and 3% Pd-doped phase highly overlap with the undoped 

KCNO phase and exhibited no extra peaks when compared to the undoped KCNO phase. 

In six-coordination geometry, ionic radii of Nb (5+) and Pd (2+) are 0.780 Å and 1.00 Å 

respectively. Because of difference of ionic radii, when Nb is replaced by Pd, it did cause 

a change in the interplanar spacing. As a result of this change influencing the 

crystallographic planes associated with NbO6 octahedrons in the crystal structure, which 

are mainly (220) and (200) planes, a corresponding shift in the X-ray diffraction (XRD) 

peaks occurs. When an atom with a larger atomic radius, such as palladium (Pd), 

substitutes niobium, it leads to an expansion in the corresponding planes. Consequently, 

the relevant peaks in the XRD pattern shift towards lower 2theta angles as given in Figure 

3.8. 
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The shift for 3% Pd doped KCa2Nb3O10 sample showed more pronounced shift in 

comparison to 1.5% Pd doped sample. In accordance with the Raman and UV-vis spectra 

data, we can claim that Pd was successfully doped on Nb (5+) (B-site) of the layered 

perovskite. 

Figure 3.8: The relative peak shift in (220) and (200) peaks of KCa2Nb3O10 with 

respect different ratio of Pd-doping concentrations. 
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SEM images of 1.5% and 3% Pd-doped KCa2Nb3O10 phase given in Figure 3.9. 

The SEM images are in the form of agglomerated plate as for KCa2Nb3O10 in accordance 

with the literature [130] .  

When the nanosheet powder is examined, nanoflake-like structures with a high 

surface area, resembling crumpled paper, are observed. No metallic Pd particles were 

detected in the SEM images of the Pd-doped samples and Pd dope did not cause any 

change in morphology. This can be interpreted as evidence that Pd has been incorporated 

into the structure as a single site.  

 

Figure 3.9: SEM images of 1.5%, and 3% Pd doped KCa2Nb3O10.  

 

3.3.2. X-Ray Photoelectron Spectroscopy (XPS) 

 

The X-ray photoelectron spectroscopy of undoped and doped samples were taken 

to determine whether the proton exchange reaction and Pd doping were successful or not. 
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As it can be seen in the K2p spectra of all samples in the Figure 3.10 the proton exchange 

reaction was successful as no K2p peak was observed for the protonated form of the 

undoped, 1.5% Pd doped and 3%Pd doped samples. We can claim that all K+ cations in 

the interlayer were exchanged with H+ or H3O+ ions. The Figure 3.11 shows the Pd3d 

spectra of 1.5% and 3% Pd doped samples in the proton exchanged form. It is evident 

from the XPS spectra that Pd exist in the structure of the protonated layered perovskites 

in the oxide form, which is in accordance with the Raman spectrum data. In addition, the 

peak intensity of Pd3d spectrum increases when the dope amount increased from 1.5% to 

3%. It is worth to mention that the XPS data in the Figure 3.10 belongs to the proton 

exchanged form of the samples. Existence of the Pd3d peaks in the XPS spectra of the 

proton exchanged powders clearly reveals that the proton exchange reactions in highly 

acidic environment did not change the chemical state of Pd atoms and did not result in 

leaching of Pd atoms. The XPS spectra proves that Pd was successfully doped into the 

structure of the layered perovskite. 

 

Figure 3.10: XPS spectrum of K2p peaks of KCa2Nb3O10, HCa2Nb3O10, 1.5% Pd doped 

HCa2Nb3O10 and 3% Pd doped HCa2Nb3O10. 
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3.3.3. Raman Spectroscopy 

 

The Raman spectra of undoped and 1.5% and 3% Pd doped KCa2Nb3O10 and their 

protonated version (HCa2Nb3O10) are shown in Figure 3.12. KCa2Nb3O10 Raman peaks 

of niobate oxide was described by Jehng et al.[131]. The structure of triple-layered 

perovskites like KCa2Nb3O10 consists of highly distorted outer NbO6 octahedral layers 

and slightly distorted central NbO6 octahedral. These highly distorted outer NbO6 

octahedral are associated with the band around 930 cm–1 for KCa2Nb3O10. The bands with 

relatively lower intensity at 760 and 580 cm–1 are assigned to the slightly distorted central 

NbO6 site modes. The bands below 400 cm–1 are assigned to external modes located in 

the alkali-metal layer.  

The absence of the peak at 246 cm–1 in protonated HCa2Nb3O10 suggests that the 

K+ ions have been removed through ion exchange. This is inferred from the fact that 

vibrations in 100-300 cm-1 frequency range typically correspond to the transversal 

vibration of K+ and Nb5+ ions [132]. 

It can be seen in the Figure 3.12 that Raman bands became broader and shifted to 

Figure 3.11: XPS spectrum of Pd 3d peaks of 1.5% Pd doped HCa2Nb3O10 and 3% Pd 

doped HCa2Nb3O10. 
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higher wavenumbers after proton exchange process. Jehng [131] showed the in-situ 

Raman spectrum of the Nb2O5.nH2O structure with different water ratios. An increase in 

the intensity of the peak at around 930 cm-1 was observed as the water in the phase was 

removed. In addition, this peak shifted to higher wavenumbers with the removal of water. 

In reverse, an increase in the water ratio in the phase will lead to a shift of the peak towards 

lower wavenumbers, accompanied by a broadening and reduction in size. According to 

light of this information, the broader peaks in the Raman spectrum of HCa2Nb3O10 

indicate that the HCa2Nb3O10 structure is more hydrated than KCa2Nb3O10 phase. The 

broadening can be attributed to the increasing in interlayer distance due to the 

displacement of K+ with H3O+ ions during the proton exchange process. This is further 

supported by the shift of the XRDs to lower 2θ angles, as lower angles indicate increased 

d-spacing [116] and SEM images of protonated samples. 

Raman spectroscopy also confirmed the presence of PdO in Pd-doped samples. 

The Raman analysis revealed a sharp peak of PdO at 647 cm-1 which is strong B1g mode 

of Pd-O vibration [133]–[135] in the presence of a Pd and this peak is not present in 

undoped Raman spectra of KCa2Nb3O10.  

 

 
(a) 
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Ascencio et al [136] analyzed the Raman spectra at 3 different wavelengths and 

reported that the peaks were better defined when the sample was measured with a 633 nm 

laser source. They reported that new peaks appeared at different frequencies, which could 

be a resonance effect. Therefore, Raman analysis was performed at 633nm. 

With increasing percentages of Pd doping, the intensities of the peaks related to the Nb-

O bonds in the Raman spectrum of the KCa2Nb3O10 phase decrease, and the intensity of 

the Raman peak of PdO (647 cm-1) increased. This indicates successful Pd doping in the 

structure.  

 

3.3.4. UV-Visible Spectroscopy 

 

UV-Vis diffuse reflection spectrophotometer and Tauc plots were used to 

investigate the optical properties of photocatalysts and determine their bandgaps. Diffuse 

ultraviolet-visible spectroscopy was employed to examine the optical adsorption 

characteristics of both undoped and Pd-doped samples, and the respective spectra are 

depicted in Figure 3.13. The figure illustrates that undoped KCa2Nb3O10 exhibits 

distinctive ultraviolet light absorption owing to its inherent structural features [137].  

Figure 3.12: Influence of Pd doping on Raman Spectra of KCNO (a) and HCNO (b) 

samples. 

 

(b) 
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Pd-doping causes a visible color shift from white KCNO powder to dusty pink 

and red violet powders for 1.5%Pd and 3%Pd, respectively. The absorption edge shows 

red shift along with the increasing amounts of Pd ratio. Therefore, the sample should have 

absorption in the visible light region. The results demonstrated that Pd single atom doping 

improved the visible light absorption of KCNO samples, and thus the photocatalytic 

activity could be increased by doped samples absorbing more visible light across the full 

spectrum. 

DRS spectra of Pd-doped powders are given in Figure 3.14. When compared to 

the undoped powders indicate a strong absorption between 380-800 nm. Specifically, the 

large absorption tail provides a proof of the existence of oxygen vacancies [138]–[140] 

in the Pd-doped samples. Moreover, it can be concluded that the sample filled with 3% 

Pd contains more oxygen vacancies in comparison to the 1.5% Pd-doped sample. The 

increase in oxygen vacancies is also associated with the high electron concentration. 

[138]. It can be stated that Pd-doped photocatalysts are capable of absorbing a greater 

number of photons compared to undoped ones during the photocatalytic reaction. 

 

Figure 3.13: UV−vis diffuse reflectance spectra (DRS) of all as-prepared catalyst both 

version of KCNO and HCNO.  
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Single site Pd doped samples shows two absorption band. One at is around 330–

530 nm due to the electronic transition from the valance band (O 2p) to conduction band 

(Nb 4d) and the other around 530–800 nm from background absorption which can be due 

to the formation of oxygen defects during Pd2+ substitution into the structure [141], [142].  

Figure 3.14: A slightly change of absorption band edges with Pd dope for 1.5% and 3% Pd 

doped KCNO and HCNO samples. 
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Figure 3.15: Tauc plot for determining the optical band gap (Eg) for all samples.  

Figure 3.15 shows the Tauc plots of the parent KCa2Nb3O10 and their proton-

exchanged versions according to the direct bandgap feature of KCa2Nb3O10.  

 

Figure 3.16: Band gap change of undoped, 1.5% and 3% Pd doped KCa2Nb3O10 with 

proton exchange process.  

 

The Figure 3.16 presents a comparison between the band gaps of all the samples 

calculated from Tauc Plots. It can be observed that the limited impact of the proton 

exchange process on the band gaps of the samples. However, the difference of Pd-dope 

ratio exhibits a significant influence, leading to a systematic decrease in band gap energy 
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as the Pd ratio increases. When we compared these samples, we observed a decrease of 

approximately 0.2 eV in the band gap with an increase in the Pd dope ratio. There is a 

shift of the bandgap from 3.38 eV for KCNO to 3.18 eV and 2.99 eV for 1.5% and 3%Pd 

doped parent KCNO samples, respectively.  As illustrated in Figure 3.17, this narrowing 

of the band gap can be ascribed to the formation of bands containing energy levels from 

Pd 4d within the gap. 

 

Figure 3.17: Representative image of effect of Pd doping on the electronic band structure 

of undoped KCNO. 

 

Light absorption and electron and hole migration are essential factors regarding 

photocatalytic processes, which are influenced by a material's electrical structure. Photons 

are directly absorbed by the material's band gap in semiconductor photocatalysis, 

resulting in electron-hole pairs within semiconductor particles. A smaller band gap allows 

more photons to be absorbed, promoting electron excitation from the valence band to the 

conduction band [143].  

The energy band structure of samples with the highest photocatalytic activity were 

constructed to understand the photocatalytic mechanism. XPS Valence band spectra was 

used for the determining valence band of samples given in Figure 3.18. 
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Figure 3.18 XPS Valence Band Spectra of undoped, 1.5% and 3%Pd doped KCNO and 

their protonated (HCNO) versions. 

 

Combination of valence band potentials obtained from the XPS spectrum with the band-
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gap energies, the position of conduction bands vs NHE were estimated. Estimated band 

structures of samples given in Figure 3.19. The potential of the valence band edge of 

KCNO becomes more positive and the conduction band edge shifts to more positive after 

the proton exchange process. Although 3% Pd samples have more positive conduction 

band values showed higher photocatalytic activity than the others. It can explain that a 

smaller band gap can compensate for a more positive conduction band position [126]. 

 

 

Figure 3.19: Schematic diagram of electronic band structure of undoped, 1.5% and 3% 

Pd doped KCa2Nb3O10 and their protonated version. 

 

 

3.3.5. Photoelectrochemical Measurements 

 

Photocurrent experiments were performed to obtain information about charge 

carrier mobility and e-hole separation properties. Chronoamperometry analyses are 

shown in Figure . The photocurrent densities of all the samples have been evaluated under 

UV-light at 1.2 V vs SCE. It has been observed that the photocurrent density increases 

systematically from 1.5% to 3% with doping. This can be explained by the successful 

implementation of single site atom doping, which is one of the methods of increasing 

charge mobility [144]. Furthermore, increasing in the Pd ratio can be attributed to an 

increase in charge carrier density. Because Pd atoms doped into the structure as a single 

site act as active sites for reactions and leading to an increment in charge carrier density 
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[145]. In protonated samples, as the band gaps have remained almost same, the enhanced 

photocatalytic performance is most probably a result of improved separation of charge 

carriers. 

 

 

Figure 3.20: Chronoamperometry measurements of (a) parent and protonated versions of 

both undoped and Pd-doped samples and (b) all [CNO]- nanosheets samples.  

 

(a) 

(b) 
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In EIS, the diameter of the arc in a Nyquist plot indicates the amount of resistance 

to charge transfer at the critical interface between the electrode and the electrolyte [146]. 

A reduced arc, specifically, indicates decreased charge-transfer resistance, resulting in an 

environment that promotes more efficient movement of charge carriers, including 

electrons or holes [147]. An enhanced number of active sites on the semiconductor 

surface provides additional opportunities for carriers to engage in effective transfer. 

Furthermore, the addition of co-catalysts or dopants into semiconductor materials can 

enhanced conductivity, leading to reduced resistance during charge transfer.  

EIS characterization was performed to investigate the charge transfer process taking place 

on the photocatalyst. EIS Nyquist plots of the Pd-doped nanosheet samples are shown in 

Figure 3.21. The 3%Pd doped nanosheet samples displayed a smaller arc than undoped 

and 1.5% Pd doped [Ca2Nb3O10]-. Similarly, with the increase in Pd amount, the arc 

diameter reduces, signifying lower resistance at the photoelectrode/electrolyte interface 

and improved charge transfer efficiency[148]. The increased Pd doping may have resulted 

in a higher number of active sites, leading to more effective charge transfer [149].  

 

 

Figure 3.21: Electrochemical impedance spectra of undoped, 1.5% Pd doped and 3% 

doped [CNO]- nanosheets. 
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3.3.6. Photoluminescence 

 

Time-resolved transient photoluminescence spectra were employed to investigate 

the dynamic electron migration process of the charges at the related steady-state emission 

peaks. As shown in Figure 3.22 the broad emission peaks around 545 nm can be observed 

in the PL spectra of KCNO and their protonated and nanosheets version under an 

excitation wavelength of 360 nm at room temperature.  

The average radiative lifetimes of approximately 3.91, 3.45, and 2.89 for undoped, 1.5%, 

and 3% Pd-doped samples in aqueous suspensions respectively. We estimated the average 

radiative lifetimes by using time-correlated single-photon counting (TCSPC) as given in 

Figure 3.23. Decay curves were fitted exponentially to obtain the decay time. The shortest 

average weighted lifetime of 3% Pd doped KCNO indicates the fast migration and 

separation of photoinduced charge carriers namely the effective charge transfer [150]. 

The significant reduction in exciton lifetime strongly indicates a notable acceleration of 

photoexciton dissociation. This proves that the single site palladium serves as an extra 

active site for the separation of charges [151]. 

Figure 3.22: Fluorescence emission spectra of undoped, 1.5% Pd doped and 3% Pd doped 
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KCNO at room temperature (excitation=360nm). 

 

 

Figure 3.23: Photoluminescence decay lifetime curves of undoped, 1.5% Pd doped and 
3%doped KCNO. 

 

3.3.7. Photocatalytic Hydrogen Evolution Reactions 

 

Figure 3.24 shows the results of photocatalytic H2 evolution experiments carried 

out under full spectral range for 6-hour in the presence of 10% methanol without the use 

of any co-catalysts. The results indicate that the undoped parent layered structure had a 

low efficiency in photocatalytic HER (4.88 µmol/g). The addition of single-site Pd doping 

resulted in a significant increase in photocatalytic activity within the parent samples. 

Notably, when protonated samples were compared to parent samples, the former showed 

a dramatically increase in the catalytic activity. The amounts of H2 obtained from 

protonated powders were 150.16 µmol/g, 461.17 µmol/g and 588.10 µmol/g for undoped 

1.5% Pd doped, and 3% Pd doped samples after 6 hours, respectively. The protonated 

sample doped with 3% Pd produced nearly ten times more H2 than the undoped parent 

samples. The exfoliated and restacked nanosheets exhibited even further increase in the 

H2 production rate. As can be seen in the Figure 3.24, the nanosheets of 3% Pd doped 

layered perovskite produced approximately 3 times more H2 than the proton exchanged 

and 30 times more H2 than the parent materials. According to the results, the amount of 
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H2 obtained from undoped, 1.5% Pd doped and 3% Pd doped nanosheets was 294.26 

µmol/g, 1166.2 µmol/g and 1688.24 µmol/g, respectively. The result can be assigned to 

the availability more reactive sites since the exfoliation and restacking gives higher 

surface area. In addition, we can claim that all Pd sites on the nanosheets of the layered 

perovskite will be available in comparison to parent and proton exchanged photocatalyst 

in the powder form. 
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Figure 3.24: Photocatalytic hydrogen evolution rates on undoped and doped parent, 

proton exchanged and restacked nanosheets of KCa2Nb3O10. The photocatalytic reaction 

was carried out in a 5 ml quartz cell in the presence of 10%v/v methanol under 

illumination with an unfiltered 300 W Xe lamp. 
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3.4. Conclusion 

 

Undoped, 1.5% and 3% Pd doped KCa2Nb3O10 phases were successfully 

synthesized by the Pechini method. Then, proton exchange was performed and protonated 

HCa2Nb3O10 phase was obtained. Their morphological and optoelectronic characteristics, 

as well as their photoelectrochemical and photocatalytic hydrogen activity, were 

determined. XRD analyses are consistent with literature, indicating no significant change 

in crystal structure upon the doping of Pd.  The observed shift of the XRD peaks can be 

attributed to the larger atomic radius of Pd compared to Nb5+. The further shift observed 

with an increase in the Pd ratio confirms the successful doping of Pd on a single site 

within the structure. SEM results show similar morphology for the parent and protonated 

materials, presenting as plate-like particles. In the nanosheet version, the presented image 

displays nanoflakes with significant surface area, resembling crumpled paper. The 

absorbance properties were determined using UV-VIS spectroscopy. The electronic band 

structures were obtained from Tauc plot graphs, which were initially drawn using UV-

Vis analysis data to acquire band gaps for band structure determination. Subsequently, 

valence band estimation was performed through XPS analysis for the valence band. 

The results indicate that the undoped parent layered structure had a low efficiency in HER 

(4.88 µmol/g). The addition of single-site Pd doping resulted in a significant increase in 

photocatalytic activity within the parent samples. Notably, when protonated samples were 

compared to parent samples, the former showed dramatically increased photocatalytic 

activity. The amounts of H2 obtained from protonated powders were 150.16 µmol/g, 

461.17 µmol/g and 588.10 µmol/g for undoped 1.5% Pd doped, and 3% Pd doped samples 

after 6 hours, respectively. The protonated sample doped with 3% Pd produced nearly ten 

times more H2 than the undoped parent samples. The nanosheets of 3% Pd doped layered 

perovskite produced approximately 3 times more H2 than the proton exchanged and 30 

times more H2 than the parent materials. According to the results, the amount of H2 

obtained from undoped, 1.5% Pd doped and 3% Pd doped nanosheets was 294.26 µmol/g, 

1166.2 µmol/g and 1688.24 µmol/g, respectively.  The results showed that single site Pd 

doping, and exfoliation method are quite efficient ways to increase hydrogen production 

rates. 
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4. CHAPTER 4: EFFECT OF RUTHENIUM DOPING ON 

PHOTOCATALYTIC CO2 REDUCTION 

4.1 Introduction 

 

The developing industry, the rapidly increasing world population and using of 

fossil fuels have also caused an increase in the amount of carbon dioxide in the 

atmosphere. The steady increase of CO2 level led to many problems such as global 

warming and brings environmental problems with it. In recent years, the development of 

efficient and sustainable methods for mitigating CO2 emissions has become a critical area 

of research. In this context, the quest for highly effective photocatalysts capable of 

transforming CO2 into valuable fuels or feedstocks has gained significant attention. 

[152]–[156] 

Researchers and industries are pursuing two main approaches to the challenge of 

reducing CO2 emissions. Primarily, they aim to address CO2 emission problems at the 

production level by reducing reliance on fossil fuels and investigating alternative energy 

sources, including solar, wind, biomass, geothermal, hydro, and biofuels, which are 

renewable, clean, and, crucially, do not generate harmful CO2 by-products. Hence, the 

significance of moving towards clean energy to address the issue of CO2 emission is 

apparent. The subsequent method focuses on trapping and employing carbon dioxide by 

converting it into valuable chemicals, for instance, carbon monoxide (CO), formic acid 

(HCOOH), methanol (CH3OH), and methane (CH4). This approach can efficiently curtail 

the amount of CO2 in the atmosphere while creating fuels that can produce sought-after 

industrial products. 

Recently, photocatalysis has gained popularity in converting CO2. Furthermore, 

the energy used in electrochemical reduction comes from light, avoiding the generation 

of CO2. Photocatalytic systems require low maintenance, making them suitable for large-

scale implementation. Finally, in photocatalytic reduction, the reactants used are simple 

substances like water and CO2, while the unused components (photocatalyst) can be 

reused, thus reducing cost and pollution. However, some drawbacks still exist in 

photocatalytic CO2 reduction. 

One of the significant problems is the decrease in photocatalytic activity due to 

the recombination of photogenerated electrons (e-) and holes, which is referred to as 

recombination. Due to the linear structure of the CO2 molecule, it needs to adopt a bent 
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conformation, CO2
•, to be activated during the photocatalytic reduction process. This 

requirement results in a significant energy barrier for the formation of the CO2
• 

intermediate, leading to a substantial overpotential that reduces the energy efficiency of 

the process. 

In the literature, semiconductor materials used for photochemical, 

electrochemical, and thermochemical conversion of carbon dioxide into useful chemicals 

such as CO, CH4, CH2O2, alcohols, low and high hydrocarbons[157], [158].  Among these 

are perovskite oxides be noticeable attributable to their high activity, high thermal, 

mechanical and chemical stability as well as their easy modification of band gaps, photo 

excitation and the separation of electron-hole pairs[159], [160]Perovskite oxides can be 

categorized as Ruddlesden Popper (RP) phases[161], Dion Jacobson (DJ) phases[162], 

[163] and Aurivillius phases[164] where their general formulas can be written as 

A′2An−1BnO3n+1 , A′ [A(n−1)BnO3n+1]) and (Bi2O2)(A(n−1)BnO3n+1), respectively (A′ = Cs, K, 

Li etc.; A = La, Ca, Sr, Bi; and B = Ti, Nb, Ta, etc.). In this study, we use the most typical 

member of the Dion–Jacobson-type layered perovskite niobates, KCa2Nb3O10, as the host 

material.  

Several strategies have been proposed to improve the photogenerated electron-

hole pair separation performance and/or CO2 capture capacity of layered perovskite oxide 

photocatalysts. These include metal co-catalyst loading [165], heterojunction 

construction [166], heteroatom doping [167], and defect engineering [168], [169].  

Among these methods, the activity of photocatalytic activity relies strongly on both the 

cocatalyst and the chosen doping method or process. These cocatalysts play a vital role 

in generating active sites and facilitating the separation of charges. Many of co-catalysts 

dopants are used in perovskite oxides to enhance the photocatalytic activities.  Almost all 

the dopants are present doped on the surface, rather than in the catalyst structure [170]–

[172]. The strategic placement of Ru ions within the perovskite structure ensures optimal 

utilization of its catalytic activity, further enhancing the overall photocatalytic activity. 

Another way to increase photocatalytic activities is to use materials with different 

morphologies. Developing its properties of perovskite oxides, 2-dimensional (2D) 

nanolayers wide use in various application areas such as photocatalysis, electrocatalysis, 

energy storage and sensors in the literature[173]–[177]. Their ultra-thin structure shortens 

the charge transfer time and distance, and the electron-hole recombination process could 

be retarded. Additionally, it is effective in the separation of electron-hole pairs produced 

by light and their transport to the electrode surface more easily. 
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In this chapter, photocatalytic CO2 reduction performances and photocatalytic 

activities will be investigated by using ultrathin 2D layered Dion-Jacobson type 

perovskite oxide KCa2Nb3O10 with single-site ruthenium doped. The findings presented 

in this study will shed light on the tremendous potential of ultrathin 2D layered Dion-

Jacobson type perovskite oxide KCa2Nb3O10 with single-site ruthenium doping as a 

promising photocatalyst for CO2 reduction. This research holds significant implications 

for developing sustainable strategies to combat CO2 emissions and foster a greener future.  

 

4.2  Experimental 

4.2.1  Materials 

 

K2CO3 (ACS, 99.0% min, Alfa Aesar), CaCO3 (98.5-100.5 mass%, pro analysis, 

Merck), Nb2O5 (99.9%, Sigma-Aldrich), RuO2 (99.9% trace metal basis, Sigma-Aldrich), 

Potassium bicarbonate (ACS reagent, 99.7%), Potassium sulfate (≥ 99.0% for analysis), 

Tetrabutylammonium hydroxide (~40% in water, Sigma-Aldrich), and Polyethylenimine 

(branched average Mw ~25 000 BY LS, average Mn ~10 000 by GPC, Sigma-Aldrich) . 

All other chemicals were of reagent grade. Milli-Q filtered ultrapure water (>18 MΩ cm) 

was used throughout. 

4.2.2 Synthesis of Catalysts 

 

The layered perovskite oxide KCa2Nb3O10 powders were prepared using 

analytical grade powders of CaCO3, Nb2O5, K2CO3, according to the stoichiometric ratio 

(K/Ca/Nb= 1.2:2:3) as the starting materials by solid state method. The amount of K2CO3 

was added 20 mol% excess to compensate for the loss of potassium due to volatilization 

during calcination. All materials were mixed by mechanical grinding in an agate mortar 

for 30 min. The obtained powder mixture calcined twice in alumina crucibles with 

intermediate regrinding, firstly at 650 °C in the air for 4 hours with a heating rate of 5° 

min−1 and natural cooling. Then, the second calcination was at 1150 °C in the air for 2 

hours with a heating rate 10° min−1. Similarly, in order to synthesize ruthenium-doped 

KCa2Nb(3-x)RuxO(10-δ) (x=˜0.045, 0.09 and 0.15), the same starting materials and 

ruthenium oxide were prepared by mixing them by solid state  method under same 

calcination conditions.  

The obtained catalysts were treated in 5 M HNO3 for 3 days for the proton 

exchange reaction. The acid was replaced with fresh acid every 24 h. After H+ exchange 
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process, the catalyst powders were washed with water until the pH was about 7 and dried 

in air. An exfoliation process was performed to obtain nanosheets by separating these 

protonated forms of catalysts into layers. Tetrabutylammonium hydroxide (TBA+ OH-) 

aqueous solution was used with a 1:1 ratio of OH- and H+ for exfoliation. These mixtures 

were shaken in a shaker at a speed of 150 rpm for 7 days. Colloidal nanosheet suspensions 

were obtained after exfoliation. The solution was left for 24 hours for precipitation of the 

unexfoliated powders, and then the top of the colloidal solution was collected as given in 

Figure 4.1. 

 

Figure 4.1: Colloidal nanosheet solutions of undoped and Ru-doped 1.5%, 3%, and 5%  

KCa2Nb3O10 obtained after exfoliation process. 

The resulting nanosheet colloids were restacked by adding 2.5 M aqueous 

hydrochloric acid to get the nanosheet form of protonated powder. As prepared nanosheet 

powder was rinsed with distilled water to get rid of residual TBA+ Cl- and HCl and dried 

overnight by freeze-drying. 

4.2.3 Preparation of Films 

 

The films were obtained by coating the conductive surfaces of Fluorine doped Tin 

Oxide coated glass, (FTO with 7 Ω sq−1 surface resistivity and ∼80% transmittance). 

Before coating, FTOs were cleaned in isopropyl alcohol for 15 minutes and then in 

distilled water for 10 minutes in an ultrasonic bath and then dried in an oven at 80 °C. 

The films were prepared by the electrophoretic deposition technique. 20 mg of sample 

undoped 1.5 % Ru 3 % Ru 5 % Ru 
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powder and 10 mg of Iodine (Sigma-Aldrich, 99.8% ACS reagent) were mixed into 50 

mL of acetonitrile in a beaker. The mixture was completely dissolved in ultrasonication 

for 10 minutes. FTO-coated glass served as the cathode, and a graphite rod was used as 

the anode. The distance between the two electrodes was approximately 1 cm. A DC power 

supply (RIGOL DP811) was used to apply a potential of 100 V to the electrodes for 3 

minutes, depositing a thin film of the mixture onto the FTO surface on the cathode. After 

coating, the films were rinsed with deionized water to remove excess iodine and dried 

using a flow of nitrogen gas.  

 

4.2.4 Characterization of catalysts 

 

The patterns of X-ray diffraction (XRD) were collected using a Bruker D8 

Advance X-Ray Diffractometer X-ray powder diffractometer in the range of 2-90◦ with 

Cu Kα (λ=0.154 nm) as radiation source.  

The FESEM images were taken by a Zeiss Ultra Plus field emission scanning 

electron microscope to determine sample morphologies and particle sizes. The 

magnification ratio was 20000 and 100000. Secondary electron and In-lens detectors were 

used for imaging. 5.00 kV accelerating voltage and working distances between 5.4 to 5.8 

mm were preferred under ultra-vacuum. 

The chemical bonding characteristics of the compositions on the surface of 

catalysts was tested by a Thermo K-Alpha) with Al Kα source X-ray photoelectron 

spectroscopy (XPS). Avantage v5.973 software was used for fitting the raw data. The 

XPS data acquired was corrected with respect to the binding energy of C1s (284.6 eV) as 

calibration peak for any shift because of charging.  

The ultraviolet-visible diffuse reflection absorption spectra (UV–vis) were 

collected by an UV–vis spectrophotometer (Shimadzu UV-3600 UV-VIS-NIR 

Spectrophotometer) with an integrated sphere. BaSO4 was used as a reference for films. 

The data obtained from the UV-Vis analysis were taken as a function of the wavelength 

of the light reflected from the sample (reflectance mode), then Tauc plots were obtained 

using the Kubelka-Munk function. The band gap energies of the samples were also 

obtained from the Kubelka–Munk function (αhv) vs. (hѵ) plot (Tauc plot). 
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4.2.5 Photoelectrochemical Characterization 

 

Photoelectrochemical measurements were performed in a standard three-electrode 

electrochemical cell using the working electrode (sample coated on FTO glass, 1 × 2.5 

cm; 2 mm slides) platinum wire as counter electrode, and standard calomel electrode as 

reference. All photoelectrochemical measurements were performed by Princeton Applied 

Research VersaSTAT MC workstation. A 300 W Xenon lamb (Newport, 66901) was used 

as the light source.  

LSV studies were performed to examine the CO2 photoreduction activity of the films of 

powders in an 0.1 M KHCO3 aqueous solution under the illumination with 300 W Xe 

lamp. The LSV studies were performed in Ar and CO2 saturated electrolyte. The 

electrolyte was bubbled with Ar or CO2 for 30 min before starting the measurement. 

 

4.2.6 Photocatalytic Characterization 

 

The photocatalytic CO2 reduction experiments were carried out in a 25 mL quartz 

vial. 300 W Xe lamp as light source. 10 mg of the photocatalyst powder was completely 

dissolved in 15 ml of deionized water in an ultrasonic bath for 20 minutes. The system 

was saturated with a CO2 for 30 minutes before starting the experiment.  The exit port of 

the cell was connected to a gas chromatography (Agilent 7820A with Poraplot column 

and TCD detector, He as a carrier gas or Agilent MicroGC with MS-5A and PoraplotU 

column with micro TCD detector; He carrier gas for MS-5A and Ar carrier as for 

PoraplotU). The gas detection system was a continuous system. CO2 was continuously 

bubbled into the electrolyte and unreacted CO2 and gas products if any were collected 

from the exit port of the cell. The gas was sampled every 30 min to detect any gaseous 

products in the gas line. The picture of the experimental setup was given in Figure 4.2. 

Liquid products after the photocatalytic reactions were analyzed with 1H NMR. 

The photocatalytic CO2 reduction experiments were performed in a 25 mL quartz 

vial and using 150 W Xe lamp as light source. 10 mg of the photocatalyst was fully 

dissolved in 15 ml of water by ultrasonic bath for 15 minutes. Only water used as a 

medium without any hole scavenger or co catalyst. The closed system for the cell was 

established by connecting it to GC with a mass flow controller that provided CO2 on one 

side and a water trap connection on the other. The system was saturated with CO2 for 30 

minutes prior to the start of the experiment. Throughout the experiment, the GC was 
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monitored hourly by direct flow of possible gaseous products. After the six-hour 

experiment, the solution was analyzed by NMR to detect any liquid products. 

The photocatalytic HER experiments were conducted in a 5 ml quartz cell using 

a 300 W Xe lamp as the light source. 10 mg of the photocatalyst powder was fully 

dissolved in 5ml of 10 vol% methanol aqueous solution in an ultrasonic bath for 15 

minutes. 2 rubber septa were used to obtain a completely closed system. First, the vial 

was closed hermetically with the rubber septa. Then the second one was closed on top of 

the other in reverse. The system was purged by Argon with a needle to remove dissolved 

O2 for 30 minutes before the experiment. Then Argon flow continued between the two 

septa throughout the experiment to prevent any gas leaking. All experiments were 

performed for 6 hours. 

The liquid products of photocatalytic CO2 reduction were qualitatively and 

quantitatively analyzsed with an NMR spectrometer. All 1H nuclear magnetic resonance 

spectrometer (NMR) data acquisition process was completed using 500 MHz Bruker 

Ascend magnet equipped with Avance NEO console and BBO double resonance room 

temperature probe in D2O+H2O. The spectra were analyzed with the ChemEx software 

and the concentration of liquid products were calculated based on the concentration and 

peak height of the Sodium trimethylsilylpropanesulfonate (DSS) reference chemical. 

 Quartz Cell 

 

Figure 4.2: Photocatalytic setup utilized for CO2 reduction. 
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4.3 Results and Discussion 

4.3.1 X-Ray Diffraction 

 

Undoped and doped KCa2Nb3O10 structures were successfully synthesized, and 

proton exchanged according to the literature [129], [178], [179]. XRD patterns of the 

orthorhombic phase of undoped, 1.5%, 3% and 5% Ru-doped KCa2Nb3O10 and its 

protonated structures (HCNO) are shown in Figure . Accordingly, XRD analyzes of 

KNCO and proton exchanged HCa2Nb3O10 phase were found to be compatible with the 

literature[180], [181]. There is no significant change in the crystal structure of the material 

after the proton exchange [178]. All the diffraction peaks can be precisely indexed as 

KCa2Nb3O10 (JCPDS, No. 04-013-2545). This indicates the successful synthesis of a 

highly crystalline structure. In addition, no impurity peak related to any Ruthenium 

compound was observed.  

 

Figure 4.3: XRD patterns of the as-obtained undoped, 1.5%, 3% and 5% Ru-doped 

KCa2Nb3O10 and HCa2Nb3O10 phases after proton exchange. 

4.3.2 Morphology of Samples 

 

The morphology of undoped and Ruthenium doped structures prepared by solid 

state methods was investigated with FESEM as given in Figure . The FESEM images of 

the the protonated form of the layered structure and restacked exfoliated nanosheets are 
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also given in the figre. As can be seen, both the parent KCNO and protonated HCNO 

consisted of agglomerated plate-like particles. The KCNO crystals are well-crystallized. 

Similarly, the HCNO samples have the well defined layered structure, which shows that 

the platelike morphology was not affected by proton exchange process. After an 

exfoliation process, the colloidal nanosheets were restacked the addition of an acid. H3O+ 

precipitates the colloidal nanosheets as a result of the electrostatic attraction between the 

hydronium ions and negatively charged 2D nanosheets. The restacked nanosheets form a 

disordered structure as presented in Figure 4.4 e,f, which results in higher surface are in 

comparison to the parent and protonated structure. 

 

Figure 4.4: SEM images of undoped KCNO (a), 1.5 % Ru-doped KCNO (b) , undoped 

HCNO (c), 1.5 % Ru-doped HCNO (d), undoped [CNO]- nanosheets, and (f) 1.5 % Ru-

doped [CNO]- nanosheets.  

4.3.3 Absorption Spectra and Band Gap Determination 

The undoped KCNO and undoped HCNO samples shows intense UV absorption 

with an absorption edge located around 350 nm. After doping of ruthenium, the 

absorption edge is extended to the visible light region with enhanced absorption intensity. 

As exhibited in Figure 4.5, the absorption curves for Ru-doped samples show a spectral 

blue shift compared to undoped samples. Moreover, as the ruthenium dope ratio 

increased, the amount of light absorbed in the visible range also increased. Besides, parent 
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samples are more effective than proton exchange ones. This may be because the color of 

the samples is slightly lighter after the proton exchange process. The optical band gaps of 

the samples were obtained from UV–vis diffuse reflectance spectrum and derived from 

the Kubelka–Munk conversion. When compares the UV-vis absorption spectra for 

undoped, 1.5%, 3% and 5% Ru-doped KCa2Nb3O10 and their protonated version 

HCa2Nb3O10 samples. It is observed that the absorption edge is blue shifted after the 

protonation process for both undoped and Ru-doped samples. Oshima et al. [182] stated 

that this change in absorbance edges after protonation is due to different interactions 

between the interlayer cations and the oxygen atoms facing the interlayer space. Ru-doped 

KCNO have higher absorption in 350-500 nm wavelength range. This can be confirmed 

by the difference in the colors of the powders. Undoped and 1.5, 3.0 and 5.0% Ru doped 

powders are shown in the Figure 4.6. The undoped powder is white in color. However, it 

exhibits a yellow-orange tone due to the ruthenium dopant. Indeed, as the amount of 

ruthenium ratio in the structure increases, the color becomes darker. which also visually 

proves that Ru-doped sample absorbs in the visible region. 

 

Figure 4.5: UV−Vis diffuse reflectance spectra (DRS) of all undoped and Ru-doped 

KCNO and HCNO samples. 



Chapter 4: Effect of Ruthenium doping on P h o t o c a t a l y t i c  CO2 Reduction            87 

 

87 
 

 

Figure 4.6: The color change of undoped KCa2Nb3O10 powder with different Ruthenium 

doping ratios (1.5%, 3% and 5% Ru). 

The band gap energies of samples obtained from (ɑhѵ)1/2 versus (hѵ) plots by 

using the Kubelka–Munk function [183].  The band gaps of undoped KCNO, 1.5% Ru-

doped KCNO, 3.0% Ru-doped KCNO, 5.0% Ru-doped KCNO and their protonated 

versions were estimated from UV-VIS reflection spectra as given in Figure 4.7. These 

values are 3.57 eV, 3.50 eV, 3.41 eV, 3.38eV, 3.49 eV, 3.42, 3.39 eV, 3.36 eV, 

respectively. These values are also in given in the chart in Figure 4.8. 

 

1.5% Ru doped 

KCa2Nb3O10 

3% Ru doped 

KCa2Nb3O10 

5% Ru doped 

KCa2Nb3O10 

undoped 

KCa2Nb3O10 
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Figure 4.7 Tauc plots of undoped and 1.5 %, 3% and 5% Ru-doped KCa2Nb3O10 and 

HCa2Nb3O10 for estimation of band gap energies. 

 

 

Figure 4.8: Representative image of effect of Ru-doping on band gap energy difference.  

 

In order to determine the energy positions of the bands of the photocatalyst, the 

valence bands of the samples were determined from XPS valence spectrum given in 

Figure 4.9. All valence band position data obtained according to the vacuum level were 

converted according to NHE (2.78 V, 1.77 V, 2.24 V and 1.62 V vs NHE, undoped parent, 

undoped protonated, Ru-doped parent and Ru-doped protonated respectively). The 
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location of conduction band was estimated either by the combination of the valence band 

from the XPS data and optical band gap or by assuming that the conduction band is 

approximately 0.1-0.4 eV above the flat band potentials [184]–[186].  
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Figure 4.9: XPS spectra of core levels to valence band maximum (VBM) for KCNO and 

protonated HCNO doped and undoped samples. 
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Band structures of undoped and Ru-doped parent and protonated samples are 

given in Figure 4.10 according to these estimations. There is a negative shift in the 

conduction bands after doping with noble metals compared to undoped samples. In 

addition, it was seen that the conduction bands shift to more negative potentials and 

valence bands almost remain identical after the proton exchange reaction.  

Figure 4.10: Schematic diagram of undoped and Ru-doped samples estimated band 

structures from along with Tauc’s Plot and XPS Valence Band Spectra Data. 

4.3.4 Photoelectrochemical Measurements 

 

All photoelectrochemical (PEC) experiments were carried out in 0.5 M K2SO4 

using three electrode systems under UV-irradiation. The photo response of all samples 

was measured using the chronoamperometry technique.  
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Figure 4.11: Photoelectrochemical performances of all version of the samples were 

measured by chronoamperometry technique in 0.5 M K2SO4 at scan rate 20 mV s-1 

under the UV irradiation. 

To understand the mechanism of the photoinduced charge transfer kinetics as 

migration and separation rate of photogenerated electrons and holes, transient 

photocurrent response was carried out. The surface e-hole recombination mechanism is 

generally interpreted from the photocurrent response of the semiconductor electrodes 

with chopped illumination [187]. Figure a and b show the kinetics of the photocurrent and 

the responses to chopping the UV-light for the undoped and Ru-doped KCa2Nb3O10, 

HCa2Nb3O10 exchanged and nanosheet versions. All experiments were performed at 1.2 

V (vs. SCE) and with chopped illumination without a hole scavenger. Figure 4.11 b, the 

transient photocurrent response of single site Ruthenium-doped and undoped nanosheet 

samples are compared. The current densities of samples are given in Table 2. 

Table 2 The current density values from chronoamperometry experiments of all samples 

 Undoped 1.5% Ru-doped 3% Ru-doped 5% Ru-doped 

KCNO 15 µA/cm2 30 µA/cm2 38 µA/cm2 45 µA/cm2 

HCNO 22 µA/cm2 138 µA/cm2 273 µA/cm2 433 µA/cm2 

[CNO]-

Nanosheet 
60 µA/cm2 410 µA/cm2 585 µA/cm2 900 µA/cm2 
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When the values were examined, the photocurrent of the Nanosheets showed a 

significant increase, increasing about 5 times compared to the parent material. 

Considering the ruthenium-doped material, a significant change was observed compared 

to the undoped samples. In particular, the photocurrent density of the 5% Ru-doped 

[CNO]- nanosheet sample was around 900 µA/cm2, followed by 3% Ru-doped and 1.5% 

Ru-doped [CNO]- nanosheet was 585 µA/cm2 and 410 µA/cm2 respectively. 

 

4.3.5 Linear Sweep Voltammetry (LSV) 

 

Linear sweep voltammetry (LSV) technique was used to compare the CO2 

reduction activity of the samples. The LSV measurements were performed using an 

electrochemical equipped with a standard three-electrode system. The reference electrode 

and the counter electrode were SCE and platinum wire, respectively. A 300 W Xe arc 

lamp was taken as the light source. The photocatalytic activities of the electrodes were 

compared using two solutions: Argon-saturated 0.1 M KHCO3 and CO2-saturated 0.1 M 

KHCO3 at 20 mV s−1.  

The photoelectrocatalytic performance of CO2 reduction of samples were 

examined under both dark and light conditions. The films were prepared by 

electrophoretic deposition technique were used as a working electrode.  

In LSV curve reflects the amount of current flowing through the working electrode 

at a given potential. A higher cathodic current density value means that a higher amount 

of current is flowing through the working electrode and more facile charge transfer 

kinetics. When considering the photocatalytic reduction of CO2, a negative current 

density that is more pronounced is typically perceived as an indication of enhanced 

efficiency in CO2 reduction. This interpretation stems from the fact that the reduction 

process involves the transfer of electrons from the working electrode to CO2 molecules, 

consequently generating a current flow through the working electrode. Thus, a higher 

current density implies a greater number of electrons being successfully transferred from 

the working electrode to CO2, thereby leading to heightened CO2 reduction efficiency. 

LSV plots of undoped, 1.5 %, 3 % and % 5 Ru-doped Parent, their protonated and 

nanosheet versions are given in Figure 4.12. These LSV plots show distinct cathodic 

currents, evidence of the samples' photoelectrochemical reduction. 
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Figure 4.12: Linear Sweep Voltammetry (LSV) plot of undoped, 1.5 %, 3.0 % and % 5.0 

Ru-doped KCNO, HCNO and [CNO]- nanosheet versions in 0.1 M KHCO3 electrolyte. 

Experiments were carried out separately in solution saturated with Argon and CO2 under 
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illumination and dark conditions. Potential sweep rate 20 mV/s. 

The cathodic current obtained from the samples in the saturated solution with CO2 

is higher than the Argon saturated solution. Obviously, all versions of undoped KCNO 

samples exhibited the lowest current density in presence and absence of CO2. 

Notably, the nanosheet sample doped with 5% Ruthenium exhibited a significant 

augmentation in photocurrent when compared to the other samples. This remarkable 

enhancement can be attributed to the presence of Ruthenium, which effectively decreases 

the reflectance of incident light, thereby enabling more efficient photon capture. 

Additionally, Ruthenium doping also contributes to the reduction in transport distances, 

leading to enhanced separation of photogenerated electrons and holes. 

After loading of Ruthenium into KCa2Nb3O10 structure, cathodic final potentials 

go more negative. Due to its lower Fermi energy level, it possesses the ability to extract 

photogenerated electrons from the powder and facilitate the separation of electron-hole 

pairs [188] . Their current densities increase evidently when the bias potential was over -

0.8 V, reflecting a good coupling of the photoelectrocatalytic reduction of CO2 (Figure 

4.13). 

 

Figure 4.13: The cathodic current densities at over -0.8 V of Linear Sweep Voltammetry 

(LSV) plot of 1.5 %, 3.0 % and % 5.0 Ru-doped [CNO]- nanosheet sample. 
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Nevertheless, it is crucial to acknowledge that a more negative current density does 

not invariably correlate with a greater overall efficiency of CO2 reduction. The efficiency 

of CO2 reduction depends on a number of factors, including the type of photocatalyst 

used, the reaction conditions, and the specific products being produced. Consequently, 

for a comprehensive understanding of CO2 reduction efficiency within a given 

experiment, it becomes imperative to conduct a thorough analysis of the LSV data. This 

analysis should include an examination of both potential and current density values, in 

addition to an evaluation of the resulting products obtained. 

LSV results supports the higher photocurrent of all nanosheet samples compared 

to their parent and protonated versions at different voltages applied. The cathodic current 

density of undoped, 1.5 %, 3% and 5% Ru doped Nanosheet samples in CO2-saturated 

electrolyte under light are 600 µA/cm2, 1.30 mA/cm2, 2.93 mA/cm2, 4.10 mA/cm2, 

respectively.  

Comparing the electrocatalytic activity of different ratio Ruthenium doped, it can 

be observed that higher cathodic current density can be achieved with 5 % Ru-doped 

nanosheet sample. Ruthenium increased the photocatalytic activity by providing an extra 

active site [189] for CO2 reduction reactions. Among all samples, specifically the 

nanosheet of 5% Ru-doped sample, drastically increased the cathodic current (~4.10 mA). 

In these nanosheets, which have a large surface area, the number of active sites is much 

higher. Both results from the transient photocurrent response and LSV provide evidence 

for improved the promoted separation efficiency of photogenerated charges for 5 % Ru 

as compared to other samples. This enhanced separation efficiency can be attributed to 

their superior photocatalytic performance. 

 

4.3.6 Photocatalytic CO2 Reduction  

 

Various approaches, such as catalytic, photocatalytic, electrocatalytic, and 

photoelectrocatalytic processes, have been extensively investigated for the conversion of 

CO2 into hydrocarbon fuels. Each approach requires efficient catalysts input to activate 

the thermodynamically stable linear CO2 molecule, which exhibits high carbon oxidation 

states. Among these potential approaches, the photoconversion of CO2 with water using 

heterogeneous photocatalysts stands out as a sustainable solution. This approach, often 

referred to as artificial photosynthesis, emulates natural photosynthesis and offers a 
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means to produce solar fuels and high-value chemicals (e.g., CO, formic acid, ethanol, 

and methanol) in an environmentally friendly manner.  

The NMR study was conducted using a MHz Bruker Ascend magnet equipped with an 

Avance NEO console and a BBO double resonance room temperature probe. To avoid 

the water peak dominating over other molecules, water suppression experiments were 

used instead of routine 1D proton pulse [190]. In this study, we used 1D NOESY-presat 

(noesygppr1d) pulse program for all NMR data acquisitions, and each spectrum consisted 

of 8K scans of 32K complex data points with a spectral width of 9615.4 Hz. 

To prepare the NMR samples, the powder-solvent mixture was centrifuged at 3000 rpm 

for 15 minutes following a 6-hour photocatalytic experiment. A liquid sample was then 

taken from the resulting solution, which was free of any powder particles. 495 µl of each 

NMR samples were mixed with 55 µl of 10% deuterium oxide (D2O), containing 1 mM 

3-trimethylsilyl-1-propanesulfonate, sodium salt (DSS) [191], and loaded into a standard 

5 mm NMR tube. Chenomx is a software tool designed to determine the concentration 

and peak shape of various molecules within its library. This determination is made by 

analyzing the concentration and peak height of the DSS chemical. Chenomx NMR Suite 

9.02 software (Chenomx inc., Canada) was used to detect the ethanol and methanol peaks 

on the spectrum. 
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Figure 4.14: Calculated methanol and ethanol amounts from NMR results of 1 H NMR 

spectrum of parent, protonated and nanosheet versions of undoped and 1.5%, 3% and 

5% Ruthenium doped samples. 

Figure 4.14 displays the NMR results of the 6-hour photocatalytic experiments. 

Technical term abbreviations have been explained when first used. The graph shows the 

yields of methanol and ethanol in the main products. Methanol and ethanol amounts were 

observed to be higher in all nanosheet samples than in parent and protonated samples. 

This increase can be attributed to the significantly larger surface areas of the nanosheets, 

resulting in a higher number of active sites for CO2 reduction reactions compared to the 

others. When assessing the ratios of ruthenium, it can be noted that with an increase in 

the amount of Ru, there is a corresponding increase in systematic ethanol production. 

However, there is an interesting observation when it comes to methanol, particularly in 
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the 3% sample where a noticeable increase is evident, contradicting the other samples. 

Interestingly, in the 5% sample, there is a decrease in the proportion of liquid methanol 

in comparison to the 3% sample. There may be various reasons for this result. As 

previously mentioned, the CO2 reduction system is multielectron mechanism [192], such 

as methanol production (6 e- mechanism). This could pose a challenge as the 

photocatalyst's mechanism is liable to alteration under different mediums, giving rise to 

varying intermediates. In the CO2-H2O photocatalytic system, a suggested mechanism for 

methanol could be as follows [192]: 

CO2+ e-
CB → ·CO2

-                                                                                           (4.1)                          

·CO2
- + H2O → HCOO·                                                                                                                               (4.2) 

HCOO· + e-
CB → HCOO-                                                                           (4.3)    

H2O + h+
VB → H+ + OH·                                                                               (4.4)   

HCOO- + OH· → HCOOH                                                                        (4.5) 

HCOOH + 2h+
VB → HCHO                                                                    (4.6) 

HCHO + H+ → H2
·COH → CH3OH                                                       (4.7)  

According to this mechanism, the formation of formic acid and formaldehyde as 

intermediate products is observed. The diversity of these intermediate products and their 

conversion into different structures may be one reason for obtaining less methanol in the 

5% nanosheet sample. Another issue is the possibility of methanol being converted into 

different products. For example, methanol can transform into ethanol through another 

mechanism. This is supported by the data showing a dramatic increase in ethanol in the 

5% Ru doped nanosheet sample compared to the others. 

4.4 Conclusion 

 

In this chapter, photoelectrochemical and photocatalytic investigations were 

conducted to determine the effect of single-site Ruthenium doping on the photocatalytic 

CO2 reduction performance. The single-site Ruthenium-doped KCa2Nb3O10 phase was 

successfully synthesized in three different ratios. Chronoamperometry and Linear Sweep 

Voltammetry tests were performed for photoelectrochemical analysis. According the 

chronoamperometry experiments, the photocurrent of the Nanosheets showed a 

significant increase, increasing about 5 times compared to the parent material. 

Considering the ruthenium-doped material, a great change was observed compared to the 
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undoped samples. In particular, the photocurrent density of the 5% Ru-doped [CNO]-

nanosheet sample was around 900 µA/cm2, followed by 3% Ru-doped and 1.5% Ru-

doped [CNO]- nanosheet was 585 µA/cm2 and 410 µA/cm2 respectively. 

Linear sweep voltammetry analyses revealed that all nanosheet samples exhibited 

higher photocurrents compared to their undoped and protonated counterparts under 

various applied voltages. In a CO2-saturated electrolyte under light, the cathodic current 

density increased with increasing ruthenium doping percentages: undoped (600 µA/cm2), 

1.5% Ru-doped (1.30 mA/cm2), 3% Ru-doped (2.93 mA/cm2), and 5% Ru-doped (4.10 

mA/cm2). 

When comparing the electrocatalytic activity of different ruthenium-doped ratios, 

the 5% Ru-doped nanosheet sample demonstrated the highest cathodic current density. 

Ruthenium played a crucial role in enhancing photocatalytic activity by providing 

additional active sites for CO2 reduction reactions. The nanosheets, especially the 5% Ru-

doped sample, exhibited a significant increase in cathodic current (~4.10 mA) due to their 

large surface area and higher number of active sites. Both transient photocurrent response 

and linear sweep voltammetry results supported the improved separation efficiency of 

photogenerated charges for the 5% Ru-doped sample, indicating its superior 

photocatalytic performance. 

NMR analysis was performed to examine CO2 reduction products in the liquid 

phase. Main products were methanol and ethanol. Methanol and ethanol production were 

consistently higher in nanosheet samples compared to undoped and protonated versions, 

attributed to the larger surface area facilitating more active sites for CO2 reduction 

reactions. With increasing ruthenium ratio, there was increase in ethanol production 

systematically. However, a notable increase in methanol, particularly in the 3% sample, 

contradicted other ratios. The complexity of the CO2 reduction system, operating on a 

multielectron mechanism, and the likelihood of different intermediates under varied 

conditions may explain these results. The suggested mechanism for methanol involves 

formic acid and formaldehyde as intermediates, with their diverse structures potentially 

leading to lower methanol yields in the 5% nanosheet sample. Additionally, the 

possibility of methanol converting into ethanol is supported by data showing a significant 

increase in ethanol in the 5% Ru-doped nanosheet sample. 

According to these results, ruthenium doping is highly effective for the 

photocatalytic CO2 reduction activity. Although no gas products were obtained, valuable 

and useful products such as Methanol and ethanol were obtained. The 
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photoelectrochemical CO2 reduction results showed a systematic increase with increasing 

Ru content. Through analyzing various intermediates formed during photocatalytic CO2 

experiments, the 3% Ru-doped nanosheet sample emerged as the most successful. This 

study has valuable insights into the development and design of 2D layered photocatalysts 

for future photocatalytic CO2 reduction. It may be valuable for future research to explore 

the maximum doping ratio of ruthenium in the KCa2Nb3O10 phase and further studies 

could focus on improving the selectivity. 
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CHAPTER 5: CONCLUSION & OUTLOOK 

The research consists of three main parts, focusing on different aspects of 

photocatalysis, investigating the catalytic efficiency and carbon dioxide (CO2) reduction 

in the hydrogen evolution reaction (HER), and the hole scavenger study aimed at 

increasing photocatalytic activity. Different strategies are used to improve photocatalytic 

performance in each section. 

In the first part, Hole Cleaner, the aim was to grasp the mechanical effect of hole 

cleaners on photocatalytic efficiency. These scavengers play a crucial role in preventing 

electron-hole recombination, which is a major challenge in photocatalytic activity. 

[Ca2Nb3O10]-nanosheets served as photocatalysts, and six different hole scavengers 

selected from existing literature were compared with a 0.5 M K2SO4 reference solution. 

Three particularly effective hole scavengers were subjected to detailed analysis through 

cyclic voltammetry and photocurrent experiments. The photocatalytic HER results 

showed a significant increase in photocurrent when using hole scavengers; this 

demonstrates their role in preventing recombination by accepting and trapping holes. 

In the second chapter, Photocatalytic HER, the focus shifted to the synthesis of 

undoped and Pd-doped KCa2Nb3O10 phases, followed by protonation to enhance 

photocatalytic activity. Protonated samples, especially the 3% Pd-doped nanosheets, 

demonstrated substantial increases in hydrogen evolution compared to undoped samples. 

This chapter highlighted the efficiency of single-site Pd doping and the proton exchange 

method in significantly boosting hydrogen production rates. 

The third chapter examines the effect of single-site Ruthenium doping on 

photocatalytic CO2 reduction performance in Photocatalytic CO2 Reduction.  Ruthenium-

doped nanosheets exhibited enhanced photocurrents, with the 5% Ru-doped sample 

demonstrating superior cathodic current density in CO2-saturated electrolyte. NMR 

analysis revealed methanol and ethanol as the main products, with ruthenium doping 

systematically increasing their production. This chapter underscored the effectiveness of 

ruthenium doping in enhancing photocatalytic CO2 reduction and provided valuable 

insights for the design of future 2D layered photocatalysts. 

This study will contribute to future clean energy research. The materials synthesized for 

photocatalytic CO2 reduction and photocatalytic HER applications in this thesis have 

shown promising results that will shed light on future research efforts. In future studies, 
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these materials could be tested with different noble metals. Moreover, the doping of 

metals, which could be more cost-effective as single-site dopants, can be investigated. 

Furthermore, methods enhancing selectivity can be investigated, with 

photoelectrochemical methods being particularly effective in improving selectivity. 
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