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ABSTRACT 

Nanocrystals and Nanoclusters as Cocatalysts for Photocatalytic Water 

Splitting 

Lutfan Sinatra 

 The energy consumptions worldwide have increased simultaneously with 

the growth of the population and of the economy. Nowadays, finding an alternative 

way to satisfy the energy demand is one of the great challenges for the future of 

humanity, especially due to the limitation of fossil fuels and their effect on global 

warming. Hydrogen, as an alternative fuel for the future, is very attractive. 

Compared to traditional methods, such as the steam reforming of natural gas or coal 

gasification, photocatalytic water splitting (PWS) is considered to be the most 

sustainable alternative for producing hydrogen as a future fuel.  

 PWS usually relies on semiconductor material that can transform the 

absorbed solar photon into photogenerated electrons and holes, creating a 

photopotential which can drive the electrochemical production of molecular 

hydrogen from the reduction of water. Despite its promising application, 

semiconductor-based PWS usually suffers from low carrier mobility and short 

diffusion length. Furthermore, the recombination of photogenerated electrons and 

holes might occur, especially if there are no suitable reaction sites available on the 

surface of the semiconductor. In order to facilitate the catalytic reactions on the 

surface of the semiconductor, the presence of a cocatalyst is necessary in order to 

obtain more efficient PWS processes. To this day, noble metals such as Pt, Pd, RuO2 
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and IrO2 are still the benchmark cocatalysts for PWS. Nevertheless, due to their high 

cost and limited supply, it is mandatory to develop a suitable strategy and to identify 

more efficient materials. Therefore, within the framework of this dissertation, novel 

cocatalysts and strategies that can improve the efficiency of the photocatalytic water 

splitting processes have been developed. 

 Firstly, we developed a cocatalyst combining noble metals and 

semiconductors by means of partial galvanic replacement of the Cu2O nanocrystal 

with Au. The deposition of this cocatalyst on TiO2 was studied for the photocatalytic 

H2 production in order to explore the synergistic effect of the plasmonic resonance 

from the Au nanoparticles and pn-junction between Cu2O and TiO2. Additionally, the 

plasmonic effect of the Au films was also studied and utilized in order to improve 

the PWS. 

 Secondly, the nanoscaling of cocatalysts was studied in order to improve the 

efficiency thereof and to reduce the cost of the cocatalyst materials. Moreover, it is 

sought to explore the quantum size effect on the properties of the cocatalyst and 

their effect on the photocatalytic reaction. Atomically precise Au and Ni 

nanoclusters were employed in these studies. Au nanoclusters were studied in 

relation to the cocatalysts in the photocatalytic water splitting, and Ni nanoclusters 

were studied in relation to the cocatalysts in the electrocatalytic water oxidation.  

 The results of these studies will provide new insights in relation to the 

strategy used in order to develop efficient cocatalysts for the purpose of 

photocatalytic water splitting. 
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CHAPTER 1 INTRODUCTION 

1.1 World Energy Outlook: Challenges and Propose Solutions 

 The economic growth and the expanding populations have led to an increase 

in the global energy demand. As reported by the U.S. Energy Information 

Administration (EIA), the world energy consumption has increased steadily from 

356 quadrillion Btu (12TW) in 1990 to 549 quadrillion Btu (18 TW) in 2012 and it 

is projected to continuously increase to up to 815 quadrillion Btu (27 TW) in 2040. 1  

 

Figure 1.1  World energy consumption, history and projection (a), and Atmospheric 

CO2 concentration at Mauna Loa observatory (b)1, 2 

 As shown in Figure 1.1(a), the world energy consumption is still dominated 

by fossil fuels (oil, coal and natural gas). Almost 82% of this world energy 

consumption is derived from fossil fuels.1 Transportation, electricity generation, 

industrial processes and heating are the major sectors reliant on the consumption of 

fossil fuels.3 Unfortunately, fossil fuels are non-renewable sources of energy. 

Moreover, the utilization of fossil fuels also involved the disadvantage of producing 

carbon dioxide (CO2) that contributes to the process of global warming along with 
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other greenhouse gases (methane, nitrous oxide, and fluorinated gases) by trapping 

the heat radiating from Earth toward space.4, 5 Figure 1.1(b) shows the rapid 

increase of the CO2 concentration in the atmosphere since 1960. Around 65% of the 

global greenhouse gas emissions are actually from CO2 generated by fossil fuels and 

industrial processes.6 

 In order to ensure the security of global energy with a decreasing amount of 

fossil fuel resources, but to also maintain the sustainability of our environment, it is 

important to find and develop additional sources of renewable energy. Currently, 

only around 12% of the world energy consumption is based on renewable energy, 

including hydro, solar, wind, and geothermal types of energy.1 Among all the 

carbon-free energy sources, solar energy has the greatest potential to meet the 

global energy requirements. With an annual global energy potential of 23000 TW, 

solar energy can cover all our energy demands.7, 8 Figure 1.2 below shows the 

estimation of renewable and non-renewable energy resources available expressed 

in terawatt-year units. The renewable energy resources are shown for their annual 

potential and the non-renewable energy resources (fossil fuels and uranium) are 

shown in relation to a potential total recovery. 
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Figure 1.2  Estimated renewable and non-renewable energy resources (in Terawatt-

years unit).9 

 Solar energy is considered to be a reliable alternative for clean energy 

sources. Converting solar energy into electricity (photovoltaic) and into fuel in the 

form of H2 (photocatalysis/electrocatalysis of water splitting) constitute promising 

ways to extract and store solar energy.10 Although converting solar energy into 

electricity has already achieved practical application, converting solar energy into 

H2 fuels at a commercial level is still in the research and development phase.11 

However, if we consider the long-term energy needs for transportation, industry 

and heating, converting solar energy into fuel (H2) is poised to offer viable 

alternatives. 

 Hydrogen is an attractive type of alternative fuel because of several factors, 

including cleanliness, flexibility and the amount of available resources.12, 13 The 

byproduct of hydrogen combustion is water. Hydrogen can be transported in the 
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gas/liquid form and it is also accessible in the form of water. Hydrogen can also be 

converted into electricity via fuel cells.14 In the course of time, hydrogen can also be 

used in order to synthesize hydrocarbon fuels with higher energy densities, such as 

methanol (CH3OH), by reacting hydrogen with CO2.15 

 Nowadays, hydrogen is produced in large quantities for the production of 

fertilizers and in the petroleum processes.16, 17 Hydrogen is commercially produced 

mostly via the steam reforming of methane (CH4) or electrolysis. In the case of the 

methane steam reforming process, the reaction requires high temperatures (700-

1000 ºC).18 Methane reacts with the water vapor (steam) to give carbon monoxide 

and H2. This process generates large CO2 emissions, which may be approximated to 

around 13.7kg of CO2 produced per kg of H2 on the basis of the reaction itself and 

also of previous processes, such as natural gas extraction, and material processing 

for the plant and energy consumption during the process.3 In the case of the 

electrolysis of water, the hydrogen produced via this process is generally more 

expensive and predominantly influenced by the cost associated to the production of 

electricity. Furthermore, if the electricity involved in the electrolysis process was 

generated from fossil fuels, the CO2 emission is even higher compared to the steam 

methane reforming process, and is therefore not feasible. Thus, by considering the 

availability of solar energy and water as resources, the photocatalytic water 

splitting (PWS) into H2 and O2 is the best alternative for producing hydrogen as a 

future fuel resource in a sustainable way. 
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Figure 1.3 Efficiency levels of some of the selected H2 production methods. 

Reproduced from Ref. 19 with permission. Copyright 2015 John Wiley & Sons. 

 Nevertheless, in view of the current technology, PWS is still associated to a 

reduced efficiency compared to other methods which are more established.19 

(Figure 1.3) Therefore, the research and development of this technology is 

important for the realization of the hydrogen-fuel based community and a more 

sustainable future.  

1.2 Photocatalytic Water Splitting 

 Photocatalytic water splitting (PWS) is one of the most challenging reactions 

in chemistry. In order to achieve the overall PWS, several steps and conditions need 

to be fulfilled. The PWS process starts with the absorption of light by the 

photocatalyst in order to generate electron-hole carriers. Then, these carriers travel 
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up to the surface of the photocatalyst. At the surface of the photocatalyst, the 

separated carriers will reduce or oxidize the water.20, 21 In line with these processes, 

the photocatalyst needs to have an appropriate energy band gap position in order to 

overcome the redox potential of water.20 Therefore, the key to obtain an efficient 

PWS activity is to make sure the conditions are fulfilled and the processes occur in 

the most efficient way. 

 The overall PWS reaction involves multiple electron transfer processes (see 

Equations 1, 2 and 3). PWS is a thermodynamically uphill reaction with a positive 

Gibbs free energy, expressed as    = +237 kJ/mol, or equal to the 1.23 V standard 

redox potential (   ). It comprises two half reactions: the hydrogen evolution 

reaction (HER) and the oxygen evolution reaction (OER).20 From Equation 2.1, it 

may be observed that the OER plays an important role in terms of driving the PWS 

because this reaction provides protons and also electrons for the HER. 

                                                                                                                           

                                                                                              

                   
 

 
                         

  

   
                             

 Since the first demonstration of water photolysis by Fujishima-Honda in 

1972, several studies have been conducted intensively up to this day in order to find 

efficient materials and strategies for the improvement of PWS.22 Various 

photocatalysts have been studied, including molecular and semiconductor-based 

photocatalysts.8, 23-26 Most of them are semiconductor-based photocatalysts because 

they are more stable, with an easier synthesis procedure and also provide more 

options with different compositions.  
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1.2.1 Semiconductor Photocatalytic Water Splitting 

 Under the irradiation of suitable wavelengths (energy), the electrons (e-) in 

the valence band (VB) can be excited into the conduction band (CB) of a 

semiconductor photocatalyst. This excitation will leave holes (h+) in the VB. The 

electrons and holes will migrate to the surface of a semiconductor photocatalyst and 

will subsequently initiate the HER and OER, respectively. Figure 1.4 shows the 

principle of the PWS reaction over the semiconductor photocatalyst. 

Thermodynamically, in order to realize the PWS process, the semiconductor should 

have its lowest energy level of the CB more negative than the reduction potential of 

water (at -0.41 V vs. NHE, pH=7) and the highest energy level of the VB more 

positive than the oxidation potential of water (at +0.82 V vs. NHE, pH=7). Therefore, 

the band gap energy minimum of the semiconductor photocatalyst is 1.23 V. If we 

consider the energy losses and the kinetic overpotential for the reaction, the 

required band gap energy to drive the PWS is actually greater than 1.23 V. 
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Figure 1.4 Principle of PWS over a semiconductor photocatalyst. Reproduced from 

Ref. 20 with permission of the Royal Society of Chemistry. 

 Until now, many studies have been conducted in order to explore various 

possible active materials and to improve their efficiency for the PWS process. To 

date, many different materials, from molecular to semiconductor–based 

photocatalysts, have been studied and significant progresses have been made.27-30 

See Figure 1.5 for the selected semiconductors used for the PWS studies and their 

corresponding band energy position. Some semiconductors have band energy 

straddle the redox potential of water and can perform overall water splitting. Some 

other semiconductors can only perform half of the reaction (water reduction or 

water oxidation only). 
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Figure 1.5 Band energy alignment of the selected semiconductors with respect to 

the vacuum level and the NHE at pH=0 (a) oxide, carbide and phosphate 

semiconductor; (b) chalcogenide and silicon semiconductors. Reproduced from Ref. 

23 with permission of the Royal Society of Chemistry. 

 Among these studied photocatalysts, TiO2 is one of the most attractive 

options for PWS because of its stability, abundancy, non-toxicity and inexpensive 
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properties. Due to these reasons, TiO2 was chosen as a semiconductor photocatalyst 

system in the current study. However, the large band gap of TiO2 (anatase~3.2 eV, 

rutile~3.0eV) limits the absorption thereof to the UV spectrum only, corresponding 

to ~5% of the solar spectrum. This drawback will also be tackled by using proper 

cocatalysts that can act as a sensitizer in the visible region. This is one of the 

strategies that will be extensively discussed in Chapters 3 and 4. 

 Several narrow band-gap photocatalysts for visible light absorption have also 

been developed, such as CdS, TaON, and Ta3N5, yet they are not stable in aqueous 

environment and experience photocorrosion under irradiation during PWS.20 

Different strategies have been employed in order to facilitate the real application of 

the PWS, including doping for the development of narrower band gap 

semiconductors.31-36 Nanoscaling and tailoring the surface of photocatalyst 

materials have also been developed in order to alter their physical properties so as 

to decrease the charge recombination and to increase the surface to volume ratio.37-

41 Some semiconductors, such as GaAs, GaP, Bi2S3, WO3, Fe2O3 and BiVO4 exhibit 

good stability and a narrow band gap, but their band energy position is only suitable 

for a half reaction. However, the Z-scheme strategy can be used to combine these 

semiconductors in order to obtain the overall PWS.20, 24 

1.2.2 The importance of Cocatalyst in Semiconductor-based PWS 

 Despite its promising application, semiconductor-based PWS usually suffers 

from low carrier mobility and a short diffusion length.8, 23, 42 Even if the band energy 

positions of the photocatalyst match the redox potentials of water splitting, the 
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recombination of the photogenerated electrons and holes could still not be avoided, 

especially if there are no suitable reaction sites available on the surface of the 

photocatalyst. Therefore, many studies indicate that it is usually required to 

facilitate the catalytic reactions on the surface of the semiconductor in order to 

obtain more efficient PWS processes.43  

 In most PWS systems, the active photocatalyst requires a cocatalyst in order 

to obtain efficient PWS processes. The term cocatalyst refers to a “cooperative 

catalyst” that will improve the catalytic activity of the system. Previous studies 

found that the cocatalyst acts at the levels of the reaction sites and catalyzes the 

reactions by lowering the activation energy, thus promoting the charge separation 

and charge transfer on the semiconductor photocatalyst.21, 43, 44 In other cases, the 

mechanism driving the improvement of their photocatalytic activities can be 

correlated to the ability of a cocatalyst to donate electrons due to the plasmonic 

resonance effects or sensitizing effects.45-48 The role of the cocatalyst in improving 

photocatalytic activities depends on the nature and the properties of the cocatalyst. 

Therefore, it is important to engineer material with specific properties that can be 

used as a cocatalyst in order to improve the efficiency of the PWS process. This 

constitutes the main observations that will be further addressed and discussed 

within the framework of this dissertation.  

 Moreover, the performance of a cocatalyst on the semiconductor 

photocatalyst is affected by several factors. Two of these factors are the cocatalyst 

loading amount and its particle size/distribution.44  The optimal loading of a 

cocatalyst is important in order to obtain the highest activity. An excessive 
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cocatalyst amount could actually reduce the active site of the photocatalyst and 

cover the light absorption by the photocatalyst. Moreover, the cocatalyst could 

constitute the charge recombination sites if loaded too much on the photocatalyst. 44 

The size of the nanoparticle cocatalyst and the distribution thereof on the 

photocatalyst also affects the PWS system. A smaller size of the cocatalyst involves a 

larger surface area and active sites, compared to larger cocatalysts with the same 

loading amount. A high cocatalyst dispersion is also important for efficient loading. 

A small cocatalyst with a high dispersion on the photocatalyst will result in a higher 

photocatalytic activity. Another factor that influences the cocatalyst performance is 

the interface between the cocatalyst and the semiconductor photocatalyst. A direct 

contact between the cocatalyst and the photocatalyst will increase the charge 

transfer between them. In the case of colloidally-synthesized cocatalysts that have 

an organic protecting ligand, a short ligand chain is preferable in order to decrease 

the barrier for the interfacial charge transfer between the cocatalyst and the 

photocatalyst.49 

1.3  Cocatalyst in PWS 

 In general, cocatalysts can be grouped into two categories, namely HER 

cocatalysts and OER cocatalysts. At present, Pt and Pd are the benchmark 

cocatalysts for HER, and RuO2 and IrO2 are the benchmark cocatalysts for OER. 

However, some non-noble metals and earth-abundant materials have recently been 

developed with the activity thereof comparable to that of noble metal cocatalysts.  
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1.3.1 HER Cocatalysts 

HER cocatalysts act as electron sinks, where in most cases a proton reduction 

occurs. Elemental metals, especially noble metals, are usually good for the HER 

cocatalyst. The reason for this is because noble metals have a larger work function 

(lower Fermi level), so that it is easier for them to trap electrons. Pt and Pd with a 

larger work function among other metals have shown a better activity as cocatalysts 

for HER. Using a computational approach such as the DFT in combination with 

experimental data, researchers have obtained a volcano plot of the HER cocatalyst in 

order to identify the activity of various metals (Figure 1.6) In the volcano plot, ΔGH 

which is the free energy of hydrogen adsorption from the DFT calculation, is plotted 

against the experimentally measured HER exchange current densities. The optimum 

value for ΔGH is 0.50  

 

Figure 1.6 Volcano plot for HER cocatalyst materials. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Materials (Greeley, J., et al., Nat Mater 2006, 5, 

(11), 909-913.), copyright (2006).50 
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 Due to the high cost and scarcity of noble metals, additional studies have 

been conducted in order to find an alternative by developing non-noble metal 

cocatalysts.44 Earth-abundant transition metals, such as Co, Ni and Cu, have been 

developed as HER cocatalysts. Furthermore, transition metal oxides, hydroxides, 

sulfides and carbides, such as NiO, Ni(OH)2, CuO, FeS, CoS, NiS, NiS2, MoS2, WS2, were 

also developed for the purpose of HER. Alternatively to transition metal-based 

cocatalysts, nanocarbon-based cocatalysts (carbon nanotube, graphene) and 

molecular cocatalysts have also been studied. 

1.3.2 OER Cocatalysts 

 In the case of OER cocatalysts, in their non-elemental form, such as 

phosphates/phosphides (CoPi, MoP, Ni2P), binary oxides (RuO2, IrO2, Co3O4) and 

perovskite oxides have shown good activity.44 

 

Figure 1.7 Volcano plot for OER cocatalyst materials. Adapted from Fabbri, E., et al., 

Catal. Sci. Technol. 2014, 4, (11), 3800-3821 – Published by The Royal Society of 

Chemistry.51 
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 Similarly to the HER cocatalyst, volcano plots for the OER cocatalyst can also 

be predicted by plotting the overpotential of OER (ηOER) against the standard free 

energy of the     
       

 .52 Figure 1.7 shows the volcano plot for OER cocatalysts. 

1.4 Objectives and Outline of Dissertation 

 The objectives of this dissertation are to develop novel cocatalysts and 

strategies that can improve the efficiency of the photocatalytic water splitting 

processes. The recent rapid development of colloidal nanomaterials, opened up new 

and alternative strategies to synthesize cocatalyst materials. The precise shape and 

size of nanoparticles (NPs) can be synthesized in order to address specific 

applications especially in the case of PWS.53-55 The specific size and shape of the NPs 

have been found to be highly stable and active for catalytic reactions, typically in the 

case of the (111) facets.56-58 By designing the NPs with specific shape and 

properties, a stable and high cocatalyst activity can be achieved. Moreover, the 

recent discovery of atomically precise nanoparticles known as “nanoclusters”, will 

entail novel properties and applications which are different from the 

nanoparticles/bulk.59-63 Designing atomically precise nanoclusters is now possible 

and can be used as a cocatalyst for more efficient loading.64, 65 Compared to 

conventional deposition methods such as impregnation, deposition-precipitation, 

etc., the nanoclusters can be deposited on the semiconductor photocatalyst as a 

cocatalyst with improved deposition control. It is furthermore believed that the 

novel properties from the nanoclusters will introduce a new mechanism that could 

probably catalyze the PWS process. It will also facilitate a more comprehensive 



31 
 

 

 

investigation in order to understand the correlation between the cocatalyst, the 

support and the PWS mechanism due to their well-defined and characterized 

molecular structure.66  

 In chapter 1 and 2, introduction and related methodology are presented. In 

chapter 3, the development of a cocatalyst, combining noble metals and 

semiconductors by means of partial galvanic replacement of the Cu2O nanocrystal 

with Au is discussed. The idea is to exploit the synergistic effect of the plasmonic 

resonance of the Au nanoparticles and the pn-junction effect of Cu2O on the TiO2 

semiconductor photocatalyst. The deposition of this composite cocatalyst on TiO2 

was studied in relation to the photocatalytic H2 production from water. 

 In chapter 4, a nanoscale effect is employed on the Au cocatalyst in order to 

improve the efficiency and lower the cost of the cocatalyst materials. Moreover, it is 

sought to explore the quantum size effect on the properties of the cocatalyst and 

their effect on the photocatalytic reaction. Atomically precise Au nanoclusters with 

different sizes were utilized and their size-dependent activities were also studied. 

Au nanoclusters were deposited on TiO2 and studied for the photocatalytic H2 

production from water. 

 In chapter 5, a nanoscaling effect was applied on earth-abundant material in 

order to develop cheap cocatalysts. In this chapter, the Ni nanoclusters were studied 

for cocatalysts in the electrocatalytic water oxidation. The size effect of atomically 

precise Ni nanoclusters on the overpotential for water oxidation is investigated. 

Developing cheap and abundant cocatalyst materials is thus important, especially 

for large scale applications. 
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 In chapter 6, plasmonic Au films are utilized in order to improve the 

photocatalytic reaction. Experimental and computational studies were employed in 

order to probe the mechanism that facilitated the improvement of the photocatalytic 

reaction. Finally, chapter 7 provides the conclusion of this dissertation and future 

directions for investigation. 
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CHAPTER 2 METHODOLOGY 

2.1 Nanocrystals Formation 

In this study, most of the cocatalysts are synthesized using chemical 

reduction method in solution (wet chemical). According to La Mer and Dinegar, the 

particle formation of monodisperse colloids in solution involves two main 

processes: the nucleation and the growth process.67 Their mechanisms are based on 

the nucleation and growth in sulfur sols. The studies suggested that the formation of 

the colloid or nanocrystal (NC) starts with the rapid addition of reagents into the 

reaction vessel in order to increase the precursor concentration above the 

nucleation threshold for a certain period of time. A short burst of nucleation with 

the formation of a large number of nuclei in a very short time subsequently ensues 

in order to relieve the supersaturation condition. Then, the nucleation is followed by 

the growth of the existing nuclei. In order to avoid the formation of new nuclei, the 

growth process is controlled such that the feed stock consumption owing to the 

growth of the nuclei to form colloids or nanocrystals does not exceed the rate of 

precursor addition to the solution.  The initial particle size distribution is 

determined by time. NCs can be more uniform if the NCs growth during the 

nucleation time is low in comparison to the subsequent growth.68 
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Figure 2.1 (A) Diagram depicting the stages of nucleation and growth for the 

preparation of monodisperse NCs in the framework of the La Mer model. (B) 

Representation of the synthetic apparatus employed in the preparation of 

monodisperse NC samples. Reproduce from Ref. 68 with permission from Annual 

Reviews. 

 As shown in Figure 2.1, the particle formation proceeds via an Ostwald 

ripening process. Ostwald ripening is characterized by the dissolution of small 

crystals and their re-deposition into larger crystals. The process occurs because 

smaller particles show an increased surface energy compared to larger particles, 

and thus a higher solubility. In this process, the particle size increases over time 

followed by a decrease of the particle concentration. 
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2.2 Characterization Methods 

The characterization of the cocatalyst and photocatalyst material is very 

important in order to understand the properties thereof. In this subchapter, several 

characterization methods used within the framework of current study will be 

explained in order to give an overview about their application and principle 

mechanism. 

2.2.1 Absorption Spectroscopy 

Absorption spectroscopy is a characterization technique used to measure the 

absorption of a material, especially in a solution, gas or thin film form. Depending on 

the absorption scale, more specific names such as the UV-Vis-NIR absorption 

spectroscopy or FTIR spectroscopy techniques are assigned. When the light is 

incident on a material, it can be absorbed, transmitted or scattered. (Figure 2.2) The 

absorption of light occurs when the frequency of light (electromagnetic waves) 

matches the natural frequency of molecular vibrations or the transition in the 

electronic energy-level states in the matter.69 Transmission occurs if the light passes 

through the material without interaction. Scattering occurs when the light changes 

direction with (inelastic) or without (elastic) affecting the energy thereof. Different 

materials may interact differently with light, which constitutes the basics of the use 

of absorption spectroscopy. 
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Figure 2.2 Illustration of light interaction with matter 

This technique actually based on the Beer-Lambert law, which states that the 

absorbance is proportional to the concentrations (c, mol/L) of the absorbing 

material and the path length traveled by light through the material ( , cm).70 

                                        

where,     is the molar extinction coefficient as a function of wavelength 

(L/mol.cm), which measures the amount of light absorbed per unit of concentration.  

 In practice, the absorbance is actually determined by measuring the 

transmittance through the material. As illustrated in Figure 2.2, the relation 

between absorption (A), transmission (T) and scattering (S) can be written as:  

                                        

Assuming that no scattering occurs (relatively dilute and clean transparent 

solution), Equation 2.2 can be written as: 

                                          

Transmittance can also be defined as the ratio of incident intensity (I0) to 

transmitted intensity (I), which decreases with an increasing path length or 

concentration. 
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Therefore, the absorbance can be measured as: 

                                     

 

  

Figure 2.3 Absorption spectroscopic system70 

The typical absorption spectroscopic system is shown in Figure 2.3.70 A light 

source is separated into its component wavelengths by a diffraction grating unit. A 

slit is used in order to adjust the amount of the light. The obtained monochromatic 

beam was split into two equal beams by a half mirror which will travel to the 

reference and to the sample cuvette. The intensities of the beam coming from the 
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reference (I0) and the beam coming from the sample (I) are then compared to obtain 

the absorbance. 

2.2.2  Diffuse Reflectance Spectroscopy 

Diffuse reflectance spectroscopy is a spectroscopy technique for powdered 

or crystalline materials. The technique basically relies on the use of the diffuse 

reflected light from a sample in order to obtain information about the absorption or 

transmission of light through the sample. 

 

Figure 2.4 Schematic diagram of light interaction with a powder sample71 

When the light is incident on a powder sample, there are two types of light 

reflection which are likely to occur, specular reflection or diffuse reflection. (Figure 

2.4) Specular reflection is a type of mirror reflection that occurs on the surface of 

the material. Diffuse reflection is the reflection of light which occurs once the light 

passes through the powder sample. In case absorption occurs, the intensity of the 

diffuse reflected light is reduced. This is similar to the transmission spectrum in the 

presence of absorption. 



39 
 

 

 

If the powder sample exhibit strong absorption, the diffuse reflected light 

with long light paths is absorbed, and the diffuse reflected light with short light 

paths will be emitted back into the air. If the sample exhibits a weak absorption, 

even the long light paths of the diffuse reflected light is emitted back into the air, 

resulting in a stronger peak signal of reflection. The relationship between the 

reflectance and the absorbance of the light is given by Kubelka-Munk (KM) function,  

     
       

   
  

 

 
                   

Where    represents the absolute reflectance, K is the absorption coefficient and S 

is the scattering coefficient. In practice,    is replaced with     the comparative 

reflectance with respect to the standard powder such as KBr or KCl. 

   
        

                  
                    

 

 
Figure 2.5 Schematic of light path in diffuse reflectance spectroscopy optical 

system71 
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Figure 2.5 shows the optical system in the diffuse reflectance accessory. The 

light incident on M1 passes through M2 and M3 and strikes the sample. M4 collects 

the diffuse reflected light and transmits it to the detector via M5 and M6.  

2.2.3 Transmission Electron Microscope (TEM) 

As the name itself suggests, transmission electron microscopy represents a 

microscopy system which employs transmitted electrons in order to observe the 

sample. The general principle mechanism is similar to the conventional optical 

microscope. The basic difference is solely that in the case of TEM, the electron beam 

is utilized as a light source instead of visible light.  

In 1873, Ernst Abbe discovered the relationship between the wavelength of 

light and the resolution of the microscope, as given by:70 

   
       

      
                           

where d is the resolution or minimum resolvable separation between two object 

points,    is the wavelength of the light source, n is the index of refraction of the 

medium between the specimen and the objective lens and   is the half angle (in 

radians) of the cone of light from the specimen plane accepted by the objective lens. 

The product of        is usually expressed as the numerical aperture of the 

objective lens in relation to the lens characteristic. Abbe’s theory of image formation 

indicates that the restriction of the optical microscope use for higher magnifications 

is due to the limitation in terms of resolving an object separation smaller than 0.5  

using the best possible lens (numerical aperture). Besides that, in order to obtain a 
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better resolution (smaller d), a smaller wavelength of the light source should be 

used. 

 The discovery of the electron source by J.J. Thompson and the possibility to 

form electron beams using electrical and magnetic fields have introduced a new 

direction in the development of the electron microscopy system. The relationship 

between a moving electron and the wavelength is given by the de Broglie 

wavelength: 

   
 

  
                  

where  is the wavelength of the moving particle (in this case the electron), h is 

Planck’s constant (6.63 × 10-34 m2 kg / s), m is the mass of the electron (9.11 × 10-31 

kg) and v is the velocity of the electron. Assuming an accelerated electron through 

100 volts, the velocity will be 5.9   106 m/s, and the wavelength (   will be 0.12 nm. 

This is much shorter compared to the wavelength of visible light which is around 

400-700nm. Therefore, the optimal resolution of a TEM can achieve some orders of 

magnitude in a more efficient manner than the optical microscope. 

 In the TEM, the electron beam from the electron gun is focused by condenser 

lenses. All lenses in the TEM are electromagnetic lenses which could control the 

electron beam. The lenses consist of current-carrying coils surrounded by iron. 

Subsequently, the beam lines are also restricted by the condenser aperture, which 

removes the high angle electrons. The beam then reaches the sample and part of it is 

transmitted depending on the sample thickness and electron transparency. The 

beam transmitted from the sample then focuses on the objective lens and is 

subsequently projected into the phosphor screen or a charge couple device (CCD) 
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camera by the intermediate and projector lenses. The objective aperture can be 

optionally used in order to enhance the image contrast by removing the high angle 

diffracted electrons. The selected area aperture can also be used optionally should 

the selected area electron diffraction (SAED) technique be performed in order to 

obtain the electron diffraction pattern from the sample. All systems are under a high 

vacuum condition.  Figure 2.6  shows the schematic of the TEM. 

 

Figure 2.6 The schematic of the TEM 

 Nowadays, the TEM represents a powerful instrument within the framework 

of nanomaterials and thin films research. The TEM is utilized in order to obtain 2D 

images of the nanoparticles and can provide information about size, shape and size 

distribution. Combining the TEM and the tomography technique also allows for a 3D 
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investigation of the nanostructure to be conducted. In this technique, the sample is 

gradually tilted in the goniometer of the TEM and the images are recorded in every 

step. The image reconstruction of a whole tilt series can be used to construct the 

overall shape of the objects. Besides the size and shape of the nanostructures, the 

TEM can also be utilized in order to observe the crystal structure (by means of the 

electron diffraction technique), dislocation and grain boundaries in the 

nanostructure or thin films. 

2.2.4 Scanning Electron Microscope (SEM) 

Similarly to the TEM, the SEM also uses an electron beam as a light source. As 

the name itself suggests, the SEM records the image by scanning the sample with a 

focused electron beam. When the sample is scanned using the electron beam, the 

sample produces various signals (in the form of electrons or photons of a wide 

range of energies) depending on the surface tomography and composition. The 

sample is scanned in the raster scan pattern and the image is produced by 

combining the position of the beam with the detected signal from several detectors.  
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Figure 2.7 Various signals produced from the interaction of the electron beam with 

the sample 

The electron beam (accelerated electrons) in the SEM carries significant 

amounts of kinetic energy, which is dissipated in the form of various signals when 

the electron beam decelerates in the sample. Figure 2.7 shows the signals produced 

on the basis of the interaction of the electron beam with the sample (atoms) at 

different depths (interaction volume). The signals include Auger electrons, 

secondary electrons, back-scattered electrons, photons associated to characteristic 

X-rays, continuum X-rays and cathodoluminescence. Secondary electrons (SE) and 

back-scattered electrons (BE) are commonly used for imaging the sample. The SE 

signals are used in order to show the morphology and topography of the sample and 

the BE signals are useful for the purpose of contrast differentiation in a multiphase 

sample. The characteristic X-ray (EDX/Energy Dispersive X-ray) and the continuum 
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X-ray signal are used for the purpose of elemental analysis. The 

cathodoluminescence signal can be used in the case of compositional maps based on 

the differences identified at the level of the trace element activators (transition 

metals and rare earth elements).72 

 

Figure 2.8 Schematic of the scanning electron microscope (SEM) 

The principle mechanisms of the SEM are described as follows. The electron 

beam is accelerated by the anode and subsequently enters the condenser lenses 

system. The condenser lenses system usually comprises electromagnetic lenses and 

apertures such that a convergent electron beam may be obtained. (See Figure 2.8 for 

the SEM components) Subsequently, the electron beam is focused to a greater extent 

by the objective lens in order to obtain a better electron spot on the sample. 

Scanning coils are usually incorporated with the objective lenses system in order to 

scan the sample by deflecting the electron beam in the x- and y- direction. The 

signals from the sample are then recorded by the detectors.73 
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2.2.5 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a characterization technique which utilized X-ray in 

order to obtain information about the structure of crystalline materials. X-ray is an 

electromagnetic radiation with a wavelength range of 0.01-100 Å, which is longer 

than γ-ray but shorter than UV. (Figure 2.9) However, only a short wavelength of 

about 0.5-2.5 Å is used for x-ray crystallography measurement, in which the 

wavelength is comparable to the atomic distance of crystals (in the order of few 

angstrom). The radiation of Copper (Cu) Kα with a wavelength of 1.54 Å is one of 

the most often used radiation in the X-ray diffraction machine.70  

 

 

Figure 2.9 Spectral range of the selected electromagnetic waves 

X-ray diffraction phenomena occurs on the lattice plane in the crystals when 

X-ray with the wavelength close to interatomic distance are incident on the crystals. 

Figure 2.10 shows a schematic of the X-ray diffraction on a crystal structure. Atoms 

are regularly arrayed in the crystal and the incident X-rays interact with the 

electrons in the atoms. The interaction of the incident X-ray with the atoms 

(electrons) results in a constructive interference and diffracted rays only when the 

conditions satisfy the Bragg’s Law. 
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Figure 2.10 Schematic of the X-ray diffraction on a crystal structure 

The Bragg’s Law relates the wavelength (λ) of the electromagnetic radiation 

with the diffraction angle (θ) and the lattice spacing in a crystalline sample (d). 

                                    

where   indicates the reflection order.  

Using the XRD, the crystal structure of materials can be obtained. Depending 

on the crystal structure and the arrangement of atoms in the crystal, different 

crystallinity of materials gives different XRD spectra. 

2.2.6 X-ray Fluorescence (XRF) 

X-ray Fluorescence (XRF) is an analytical technique used to determine the 

elemental composition of materials. It is a non-destructive technique that measures 

the fluorescent (or secondary) X-ray emitted from a sample when it is excited by the 

primary X-ray source. The identification of the elements by X-ray method is possible 

due to the characteristics of atoms when they interact with X-ray radiation. 
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Figure 2.11 Schematic of X-ray fluorescence measurement 

Under irradiation with high-energy radiation such as X-ray, the material can 

become ionized. If the energy of the radiation sufficient to eject an inner electron, 

the atom becomes unstable and an outer electron will fill the vacancy (see Figure 

2.11). Due to the lower binding energy of the inner electron orbital compared to the 

outer electron, the electron transition emits radiation which has a lower energy 

than the primary incident X-rays. This radiation is known as fluorescence. Because 

the energy of the fluorescence is a characteristic of transition between specific 

electron orbitals in a particular element, it can be used to detect the origin of the 

transition and the amount of the elements that are available in the sample. 
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2.2.7 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) also 

known as inductively coupled plasma atomic emission spectroscopy (ICP-AES) is an 

analytical instrument for the determination of trace element in a myriad sample 

type.74 The technique is based on atomic emission spectroscopy, where the sample 

is converted into the free, excited or ionized ions using plasma. The excited atom 

emits a radiation when it goes back to the ground state. The intensities and 

characteristics of the radiation are measured by the detector. 

 

Figure 2.12 Schematic diagram of the ICP-OES machine 

In principle, the sample for the ICP-OES measurement is prepared in the 

form of liquid. Solid sample needs to be digested with an acid solution using a 

microwave digestion system. The solution of the sample is then extracted by the 
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pump and transfers to the nebulizer in order to form droplets (aerosol). The aerosol 

then transfers to the spray chamber. In the spray chamber, the large aerosol is 

separated from the fine aerosol and then directed to the drain. The fine aerosol is 

then carried out to the plasma where atomization and ionization of the sample 

occurs. Due to the thermal energy from the plasma, electrons from the sample are 

excited to the higher state. When the electrons drop to the ground level, photons are 

emitted. Depending on the element in the sample, the characteristic emission 

spectrum is different. The emission spectrum is then directed into the detector (see 

Figure 2.12). 

2.2.8 Raman Spectroscopy 

Raman spectroscopy is a spectroscopy technique used to observe the 

vibrational of molecules which arise due to the interaction of the molecule with 

light.75 Basically, Raman spectroscopy relies on the measurement of the wavelength 

and the intensity of inelastically scattered light from molecules. When light is 

scattered by a molecule, most of the photons are elastically scattered (the scattered 

photons have the same energy as the incident photons, known as Rayleigh 

scattering). However, a small fraction of the scattered photons has energy different 

from the incident photons (inelastic scattering). This inelastic scattering of light 

from a molecule is what measured in Raman spectroscopy and this phenomenon 

also known as Raman effect. (See Figure 2.13 for more description) 
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Figure 2.13 Energy level diagram of Rayleigh scattering (a), and Raman Scattering: 

stokes (b) and anti-stokes (c) 

The energy difference between the incident photon and the Raman scattered 

photon is equal to the energy of the vibrational molecule. This energy difference is 

known as Raman shift (Δv) and is given by: 

    
 

  
 

 

  
                   

where    is the incident wavelength and    is the Raman scattered wavelength. 

 In a Raman spectroscopy measurement, the sample is typically illuminated 

with a monochromatic laser beam. The elastically scattered light is filtered out and 

the remaining scattered light is collected and detected by a spectrometer. 

2.2.9 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron 

spectroscopy for chemical analysis (ESCA), is a surface characterization technique 

which can provide information related to the elemental composition, empirical 

formula, chemical state and electronic state of the elements contained within a 
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material. The average depth of analysis for an XPS measurement is 5 nm. The XPS 

can detect any element with the exception of hydrogen and helium. 

Basically, the XPS is dictated by the photoelectric effect and by the 

photoemission. In the single-particle picture, when a sample is irradiated with X-ray 

photons, an incident photon of energy hυ can be absorbed by an electron with a 

binding energy (EB) below the vacuum level (See Figure 2.14 a) The entire photon 

energy is transferred to the electron and subsequently promotes the electron to an 

unoccupied state above the vacuum level. This photoemitted electron has kinetic 

energy (EK): 

                                 

In the case of a solid surface, the EB is measured with respect to the Fermi level (EF) 

rather than in relation to the vacuum level (see Figure 2.14 b), so that the previous 

EK equation can be written as: 

                                 

where, WF is the work function of the material and represents the minimum energy 

required in order to remove an electron from the solid surface. 
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Figure 2.14 Schematic view of photoemission process (a) and their corresponding 

energy balance 

Practically, the XPS measurement is conducted under ultrahigh vacuum 

(UHV) conditions with a pressure of about 10-9 - 10-11 millibar (mbar). In the case of 

a typical measurement, the surface of a sample is irradiated with monoenergetic Al-

Kα (hυ = 1486.6 eV) or Mg Kα (hυ=1253.6 eV) X-rays, which will render the 

electrons in a specific bound state inside the atoms of the sample. The photoemitted 

electrons have a certain kinetic energy (EK) depending on their origin and can be 

detected by the electron energy analyzer. The position and intensity of the peaks in 

an energy spectrum provide the chemical state and the quantitative information. 

Figure 2.15 below shows the principle of XPS system.  
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Figure 2.15 Illustration of the XPS setup and the energy spectrum obtained 

 

2.2.10 Matrix-assisted Laser Desorption/Ionization Time-of-Flight (MALDI-

TOF) Mass Spectrometry 

The MALDI-TOF is a mass spectrometry technique which uses soft ionization 

methods in order to analyze biomolecules and polymers by determining the 

molecular weight thereof. Nowadays, mass spectrometry is frequently utilized also 

as an alternative technique in order to determine the sizes and the size distribution 

of the nanoclusters (nanoparticles < 2nm) through their accurate mass information 

and its wide mass range (1-300 kDa).76-78 
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In the MALDI measurement, the sample is mixed with the matrix solutions in 

a certain ratio and co-crystallized on a sample target. The mixtures are then 

irradiated with a focused laser beam (normally, N2 laser pulse laser at 337 nm) in 

order to generate ions via desorption (protonation or deprotonation) of the sample 

molecules. Depending on the ionization mode, the MALDI system can be set up in 

positive or negative ionization mode in order to obtain positive or negative ions 

respectively (Figure 2.16). The role of the matrix is to transfer the energy required 

for the purpose of ionization from the laser light to the sample molecules. Several 

matrices have been used in the MALDI.78 The choice of the matrix is crucial in order 

to obtain a successful MALDI measurement. Different samples might require a 

different type of matrices depending on the amount of the energy needed to ionize 

the sample compound and the stability of the sample compound. 

 

Figure 2.16 Illustration of a sample-matrix mixture under laser irradiation positive 

and negative ionization modes.79 
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The ions generated by the MALDI are then analyzed in a time-of-flight mass 

spectrometer (TOF-MS). Figure 2.17 shows the principle of the MALDI-TOF 

measurement. Due to the potential difference between the sample target and the 

ground, the ions are attracted to the TOF-MS direction. The velocity of the ions can 

be determined by the law of conservation energy, as follows: 

                                   

     
 

 
                      

 

 
     

  

  
                

where m is the  mass, z is the charge, e is the elemental charge, V0 is the acceleration 

voltage, t is the time of flight and L is the length of the drift space (tube). 

 

Figure 2.17 Principle of the MALDI-TOF mass spectrometer.80 
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Considering that the potential difference is constant with respect to all ions, 

the ions with a smaller m/z value and the higher charged ions will move faster and 

will thus reach the detector in a shorter time-of-flight. The relation of the ions’ flight 

time (t) with the m/z value can be deducted from Equation 2.16. 

2.2.11 Photoelectron Spectroscopy in Air (PESA) 

Photoelectron spectroscopy in Air (PESA) system is a spectroscopy technique 

used to measure work function of a material at the atmospheric operation. The 

technique relies on the interaction of material with ultraviolet (UV) radiation. When 

a sample is irradiated with a slowly increasing amount of UV energy, photoelectrons 

start to emit at a certain energy level. This specific energy level is the photoelectron 

work function. 

 

Figure 2.18 Plot of PESA measurement result 
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By plotting the standardized photoelectron yield ratio n (Yieldn) as a function 

of the UV energy applied, a line with a specific slope is obtained. The standardized 

photoelectron yield ratio n (Yieldn) is the ratio of photoelectron yield achieved per 

unit of UV energy applied to the sample surface, where “n” represents the strength 

of the UV energy applied. The “n” value is based on the ability of the surface to emit 

electrons, and typically reported as 0.5 for metal and as 0.3 up to 1 for 

semiconductor sample.81 

2.2.12 Potentiostat 

Potentiostat is an electronic instrument that can control the potential 

between a pair of electrodes while measuring the resulting current flow.82 

Potentiostat usually utilized in the electrochemical study. The measurement is 

usually carried in an electrochemical cell with three electrodes system, consist of 

the working electrode (WE), the reference electrode (RE) and the counter electrode 

(CE). The WE is the electrode where the potential is controlled and where the 

current is measured. Typically, the WE is inert materials, such as gold, platinum or 

glassy carbon. The RE is the electrode which is used to measure the potential of the 

WE. The most common RE is the saturated calomel electrode (SCE) and the 

silver/silver chloride (Ag/AgCL) electrode. The CE is the electrode which completes 

the cell circuit. Typically the CE is an inert conductor material such as platinum or 

graphite. The current flows into the cell via the WE and leaves the cell via the CE. In 

our study, the potentiostat is utilized in the photocurrent/photoelectrochemistry 

(PEC) measurement and also in the electrochemistry study. 
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In the PEC measurement, a solar simulator is utilized as a light source during 

the measurement. Under on/off condition of the light source, the photocurrent 

produced from the semiconductor working electrode is measured with the 

potentiostat. 

In the electrochemistry study, the potentiostat is mostly used in order to 

perform cyclic voltammetry measurement. In the cyclic voltammetry (CV) 

measurement, the current is plotted against the voltage applied to an 

electrochemical cell. (Figure 2.19) The cyclic voltammetry measurement gives 

information about the physics and chemistry at the interface between an electrode 

and electrolyte.  

 

Figure 2.19 The example of cyclic voltammetry measurement result 

 The potentiostat can also be used to measure the stability of electrode for 

certain electrocatalytic reaction by employing controlled-potential electrolysis 

(CPE) or constant-current electrolysis (CCE) measurement. In the CPE, the potential 

is set at a constant value that sufficient to drive the reaction and the current of the 
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system is measured as a function of time. In contrary with the CCE, the current is set 

at a constant value and the potential of the system is measured as a function of time. 

A stable system will show a constant response as a function of time. 

 

Figure 2.20 Tafel plot for an anodic process 

 A plot of log i vs overpotential ( ), known as a Tafel plot is a useful technique 

for evaluating kinetic parameters in electrochemical reaction. (Figure 2.20) This 

relation can also be described in a Tafel equation: 

      
 

  
               

where   is the overpotential, A is the Tafel slope (V), I is the current density (A/m2) 

and i0 is the exchange current density (A/m2). 

2.2.13 Gas Chromatography (GC) 

Gas Chromatograph is an analytical instrument to detect the composition of 

gasses or liquid samples. In the GC, the carrier gas is usually an inert gas such as 

helium or an unreactive gas such as nitrogen. The carrier gas flows continuously 
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into the column. In the practical measurement of a sample, a gaseous or liquid 

analyte is injected into the column through the injector. As the carrier gas sweeps 

the analyte molecules through the column, the movement is limited by the 

adsorption of the analyte molecules by the column walls and the stationary phase. 

The column is filled with the stationary phase, which is used to separate different 

components from the sample/analyte, causing the different components to exit the 

column at a different time (retention time). A detector monitors the outlet stream 

from the column and transfers the signal to the data system. Figure 2.21 shows the 

components of the GC. 

 

Figure 2.21 Schematic of gas chromatography (GC) systems 

2.2.14 COMSOL Multiphysics 

Comsol Multiphysics is a multiphysics simulation platform for modeling specific 

application areas, such as wave optics, structural mechanics, electrochemistry etc.83 

In our study, radio frequency (RF) module from COMSOL multiphysics is used to 
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simulate the electromagnetic field interaction with Au films and the effect on the 

activities of TiO2 catalyst.  

COMSOL is based on the finite element method (FEM). Maxwell’s equations are 

solved using the finite element method and in combination with algorithms for 

preconditioning and iterative solutions of the equation systems. RF module in 

COMSOL capable of simulating electromagnetic wave propagation and resonant 

behavior and also capable of computing electromagnetic field distributions, 

transmission, reflection, impedance, Q-factors, S-parameters, and power dissipation. 

 

Figure 2.22 Example of geometry (a) and meshing (b) a structure in COMSOL 

 In general, the COMSOL simulation includes several simulation steps. All the 

steps available on the COMSOL interface program, depending on the study case. The 
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first step is to define parameters, such as frequency and intensity of the 

electromagnetic field. After that, geometry, component and material properties are 

defined. The next one is to define physics or problem that going to be solved and 

then meshing. See Figure 2.22 for an example of a simulation system and meshing in 

COMSOL. If all these steps were done, the solution is ready to be computed 
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CHAPTER 3 THE Au/Cu2O SYSTEM: COMBINING PLASMONIC AND 

SEMICONDUCTING COCATALYSTS1 

3.1 Introduction Since the first water photolysis demonstration by Fujishima 

and Honda in 1972, TiO2 still represents one of the most studied and stable 

semiconductors for the production of hydrogen yet.22 Unfortunately, TiO2 has a wide 

energy band gap (typically >3 eV, ca. 400 nm) and can absorb light only in the UV 

range (only about <5% of the solar spectrum). In order to increase the light 

absorption range of TiO2 up to the visible range and to increase the energy transfer 

rate, several strategies have been developed.  

 The first strategy to increase the light absorption range of TiO2 employs 

anion doping in order to incorporate the energy states above the valence band (VB). 

Anion doping with carbon,31, 32 nitrogen33, 34 and sulfur35, 36 has been reported in the 

literature. However, anion doping apparently resulted in a lower performance of the 

semiconductor for the H2 production compared to the pristine TiO2. One of the 

reasons is that the presence of anions in the lattice structure could also create 

unavoidable defects that will ultimately form electron-hole recombination centers. 

 Noble metal nanoparticles, such as Pt, Pd, Rh, Au and Ag have also been 

utilized in order to enhance the PWS activity of the semiconductor materials.84-87 It 

has been proposed that noble metal nanoparticles (NPs) may act as a sink for the 

excited electrons, enhancing the charge separation and leading to the reduction of 

H+.87, 88 In other instances, Au and Ag can increase the light absorption of the 

                                                           
1 All figures and tables in this chapter is reprinted from Journal of Catalysis, 322, Sinatra, Lutfan, et 

al., A Au/Cu 2 O–TiO 2 system for photo-catalytic hydrogen production. A pn-junction effect or a 
simple case of in situ reduction?, 109-117, Copyright 2015, with permission from Elsevier. 

http://www.sciencedirect.com/science/article/pii/S0021951714003248
http://www.sciencedirect.com/science/article/pii/S0021951714003248
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semiconductors due to the presence of plasmonic resonance which facilitates the 

energy transfer from the metal to the semiconductor.47, 89, 90 In a recent study, it was 

proposed that the noble metals on the semiconductor may also act as recombination 

sites for the reduced atomic hydrogen (proton reduction initially occurred on the 

surface of the semiconductor) in order to yield hydrogen molecules. 91 

 Another strategy to increase the light absorption range of TiO2 is by 

combining TiO2 with narrower band gap semiconductor materials in order to create 

a heterojunction and to increase the light absorption range.92-94 Previous studies 

have shown that creating a p-n junction results in a superior photocatalytic activity 

due to the presence of an electrostatic field at the junction that facilitates the charge 

separation of the electrons and holes.94-96 One potential semiconductor material for 

the heterojunction with TiO2 is Cu2O (cuprous oxide). Cu2O is an intrinsic 

semiconductor with a direct band gap around 2.0-2.2 eV and a band energy level 

appropriate for the photoreduction and photooxidation of water.97, 98 It has also 

been reported that the stability and the activity of the Cu2O nanoparticles depends 

on their shape/exposed facets.56-58, 99 (111) facets have been reported to have an 

increased stability and activity compared to the (100) and (110) facets. It has been 

proposed that the oxidation of Cu+1 is prevented on the (111) facet compared to the 

lower index facets.  

 Based on the previous strategies, a novel photocatalytic system of Au/Cu2O-

TiO2 was developed, which will be discussed in this chapter. The idea is to combine 

the synergetic enhancements of the p-n junction with noble metal nanoparticles in 

order to achieve a highly efficient PWS system. As opposed to previous reports on 
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Cu2O-TiO2 systems,39, 100, 101 the current system consists of octahedron shaped Cu2O 

nanocrystals (NCs) which are colloidally synthesized and then decorated with Au 

NPs using the partial galvanic replacement method. The method creates good 

interfacial contact between the metals and the semiconductor.102 The effects of the 

plasmonic properties of the Au metals and those of the Cu2O/TiO2 p-n junction on 

the photocatalytic activity and stability for the H2 production will be discussed in 

this chapter. 

3.2 Experimental  

3.2.1 Materials 

Copper (II) chloride (CuCl2, ≥ 99.995%, anhydrous), polyvinylpyrrolidone 

(PVP, MW ca. 55K), sodium borohydride (NaBH4, ≥ 98.0%), gold (III) chloride 

hydrate (HAuCl4.xH2O, 99.999%), and titanium (IV) oxide (TiO2, anatase size<25 

nm) were obtained from Sigma-Aldrich. Isopropanol (HPLC grade, Fisher Scientific), 

ethanol absolute (≥ 99.8%, Sigma-Aldrich) and ultrapure milli-Q water (18.2 Ω) 

were used in the synthesis and cleaning processes. All chemicals were used as 

received without purification. 

3.2.2 Synthesis 

Synthesis of Cu2O nanocrystals. Typically 4 ml of CuCl2(10mM,aq) is mixed 

with 4 ml of PVP (100mM,aq) in a 20 ml glass vial. The mixture was stirred (~750 

rpm) under ambient conditions. The vial was kept closed during the entire reaction. 

After 30 minutes, 2 ml of NaBH4 (40mM,aq) was added into the vial and recapped 

after approximately 1 minute. Following the addition of NaBH4, the color of the 



67 
 

 

 

solution becomes brown. The reduction of the Cu salts solution is likely to produce 

the colloidal dispersion of Cu0. During the first reaction hour, the color of the 

solution changed from brown to yellow, indicating the oxidation from a Cu0 to a 

Cu2O state, followed by ripening. The reaction was stopped after 6 hours and then 

the product was cleaned three times with ethanol (centrifuged @ ~7500rpm; 15 

minutes). The Cu2O NPs obtained can be dissolved in 10 ml of ethanol for further 

use.  

Synthesis of Au/Cu2O NPs by means of the partial galvanic replacement 

reaction. In order to deposit Au NPs on Cu2O, 1ml of an ethanol solution containing 

1mM HAuCL4 was mixed and stirred (~500 rpm) with the obtained Cu2O in a 20 ml 

vial. After 10 minutes, the color of the solution changed from yellow to green, 

indicating that a galvanic replacement reaction occurred and that Au is deposited on 

the surface of the Cu2O nanocrystals. The mixture was stopped after 30 minutes and 

washed twice with ethanol (centrifuged @ ~7500rpm; 15 minutes). The obtained 

Au/Cu2O NPs were dried under vacuum for further use in the photocatalytic 

reaction.  

3.2.3 Characterization 

 The absorption spectra of the catalyst solution were measured using the Jaz 

spectrometer from Oceanic Optics Inc. The absorption spectra of the powder 

samples were measured by means of Diffuse Reflectance Spectroscopy (DRS) using 

a Thermo Evolution 600 UV/Visible Spectrophotometer. In the case of oxidation-

sensitive materials, the sample was prepared in a glove box in order to avoid 
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oxidation. Transmission Electron Microscopy (TEM) was performed on a Titan G2 

80-300, from FEI Co., and Tecnai T12. The samples in the solution were dropped on 

the Ni grid and dried under ambient conditions. Scanning Electron Microscopy 

(SEM) was carried out on a Nova Nano SEM 630 from FEI Co., whereby the samples 

were drop casted on the aluminum mount. Powder X-Ray diffraction (PXRD) 

measurements were carried out using Bruker D8 Advance with a Cu Kα radiation of 

(λ=1.5409Å). The XRF measurements were carried out on an X-Ray fluorescence 

Horiba Jobin Yvon, XGT-7000. Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) was performed in order to obtain an Au:Cu2O% mass ratio. 

The ICP-OES was conducted using ICP-OES Varian 720-ES. Raman spectroscopy 

measurements were carried out using the Aramis Raman Spectroscopy (Horiba 

Scientific, Japan) with a 473 nm laser source, 5 seconds capturing parameters, 4 

cycle measurements, and a 10x objective lens. A reduced exposure time and cycle of 

the Raman spectroscopy measurements were used in order to minimize the laser 

burning-off effects, yet at the same time, a high enough signal-to-noise ratio was 

ensured. X-ray Photoelectron Spectroscopy (XPS) measurements were carried out in 

an ultrahigh vacuum (UHV) chamber with a base pressure of ~2 x 10-10 Torr. The 

chamber was equipped with a variable temperature scanning tunneling microscope 

(STM) Omicron VT-STM XA 50/500, a SPHERA U7 hemispherical energy analyzer 

with a 7-channel MCD detector, a high-intensity He I/II lamp HIS 13 ultraviolet 

photon source, an XM 1000 monochromated X-ray source: high intensity, high 

energy resolution monochromated Al Kα X-ray source with a 500 mm Rowland 

circle diameter, minimum spot size ~1 mm, photon line width <250 meV. The 
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spectra were acquired under normal emission conditions using Al Kα (1486.6eV). 

The photoelectrons were collected by the hemispherical energy analyzer operated 

in the constant analyzer energy (CAE) mode. All spectra were calibrated to 

adventitious carbon at 284.7 eV. 

3.2.4 Photocatalytic Study 

 The photocatalysts were prepared by mixing a certain amount (2wt%, 5wt%, 

and 8wt%) of Cu2O or Au/Cu2O NPs with TiO2 anatase NPs (surface area ca. 50 

m2/g) in an ethanol solution. After that, the mixture was sonicated for 5 minutes. 

Typically, in order to prepare a 2wt% catalyst, 2 mg of Cu2O or Au/Cu2O NPs were 

mixed with 98 mg of TiO2 in 40 ml of ethanol. Then, the mixtures were stored in a 

petri dish with a glass substrate (microscope slides Fisherbrand, cutting size: 

75x18x1 mm) inside. After the evaporation of the ethanol solution overnight inside 

the fume hood, the catalyst was deposited on the glass substrate. Depending on the 

concentration of catalyst, it is possible to control the amount or thickness of the 

catalyst deposited. The glass substrate was cleaned prior to deposition by dipping in 

an isopropanol solution and was subsequently sonicated for 10 minutes and 

followed by 10-minute plasma cleaning. Then, the catalyst on the substrate was 

dried in the oven at 100°C for 15 minutes until complete dehydration. Hydrogen 

production measurements were evaluated in a Wilmad Lab glass reactor (250 ml). 

170 ml of Milli-Q deionized water and 5 vol. % of ethylene glycol (8.5 ml) were 

mixed inside the glass reactor. The catalyst on the glass substrate was placed inside 

the reactor, sealed with a septum, and then purged with nitrogen gas for 15-20 
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minutes. UV light sources (100 Watt UV lamp, H-144GC-100, Sylvania par 38) were 

used in order to irradiate the reactor. The flux is 8 mW/cm2, whereas the distance 

between the reactor and the lamp is 5 cm. For visible light irradiation, a MAX-303 

Xenon light source from Asahi spectra equipped with a >430nm filter was used. The 

gas product was analyzed using Gas Chromatography (GC) equipped with a Thermal 

Conductivity Detector (TCD) connected to a packed column (Porapak Q Agilent, 

external diameter of 1/8 inch, and 2 m long) at 45 oC. The carrier gas is N2 with a 

rate of ca. 20 ml/min. 

3.3 Results and Discussions 

 In order to develop a novel Au/Cu2O-TiO2 system for the photocatalytic H2 

production, a partial galvanic replacement method is used in order to synthesize the 

Au/Cu2O cocatalyst. Galvanic replacement relies on the difference in the reduction 

potentials of the two metals involved.103-105 In order for the galvanic replacement to 

take place, the metal to be deposited ought to have a higher reduction potential 

compared to the metal that is replaced. By controlling the amount of the metal to be 

deposited (having a higher reduction potential), one can partially or completely 

replace the metal atoms from the substrate (having a lower reduction potential). In 

our case, Cu+ in the Cu2O compound has a lower reduction potential than Au+3. Table 

3.1 shows the reduction potential of Au+ and of the various Cu species. 
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Table 3.1 Reduction potential of the metals involved in the current study 

Reaction Eo (V, SHE) 

AuCl4- + 3e-  Au0 + 4 Cl- 1.0 

Cu2+ + 1e-   Cu+ 0.15 

Cu+ + 1e-   Cu0 0.52 

Cu2O + H2O + e-  2Cu0 + 2OH- -0.366 

 

 According to the following equation, 

Cu2O + 2H+ + AuCl4-  Au + 2Cu2+ + 4Cl- + H2O          3.1 

the addition of Au3+ cations into Cu2O will result in the deposition and growth of Au 

on the surface of Cu2O. As can be seen in Figure 3.1(a), an SEM image of pristine 

Cu2O after the synthesis and before the galvanic replacement reaction may be 

observed.  The shape is octahedral with a particle size of around 458.5± 59.2 nm. In 

Figure 3.1(b), the SEM image of the Cu2O after the galvanic replacement reaction is 

shown with the Au nanoparticles deposited on the surface of Cu2O NCs. The XRD 

spectra of the Cu2O powder before and after the galvanic replacement reaction are 

shown in Figure 3.1(c). After the galvanic replacement, it may be inferred from the 

XRD pattern, that there is an addition of an Au (111) peak. Additionally, Cu2O (200) 

and (220) diffraction peaks appear, showing that restructuring occurs on the 

surface of Cu2O after the galvanic replacement of Au. In Figure 3.1(d), it may be 

observed on the basis of the absorption spectra that there is a slight change in the 

band structure for Au/Cu2O when compared to Cu2O alone. Due to the overlapping 

between the plasmonic resonance of Au (at 500-600 nm) and the intraband 
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transition of Cu2O, no extensive effects could be observed. However, a broadening of 

the absorption after the deposition of the Au nanoparticles may be identified. 

 

Figure 3.1 (a) SEM image of the pristine Cu2O nanocrystal (b) SEM image of the Cu2O 

nanocrystal after the galvanic replacement reaction with Au, (c) XRD spectra for 

both samples and (d)absorption spectra of the sample solution in ethanol 

 The TEM analysis in Figure 3.2(a) shows a relatively uniform distribution of 

the Au nanoparticles on the Cu2O nanocrystals. The average size of the Au NPs is of 

approximately 10.0 ± 2.5 nm. In Figure 3.2(b), a high-resolution (HR)-TEM image of 

the selected area was obtained and the insert shows the Fast Fourier Transform 
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(FFT) of the selected area in the case of the Au NPs and Cu2O. From the FFT of the 

Au NPs, it is proven that the deposited nanoparticles are Au in metal form. The 

interface between the TiO2 and Au-Cu2O particles is shown in Figure 3.2(c) and 

Figure 3.2(d). A direct contact between TiO2-Cu2O and TiO2 with Cu2O via Au (TiO2-

Au-Cu2O) is observed.  

 

Figure 3.2 TEM images of (a) the Au/Cu2O composite particles, (b) higher 

magnification of the selected area of the Au/Cu2O particle sample and its 

corresponding FFT, (c) 2wt% Au/Cu2O-TiO2 sample, (d) higher magnification of the 

selected area in (c), where TiO2 and Au are identified. 
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 After preparing the cocatalyst consisting of Cu2O and Au/Cu2O, the cocatalyst 

was mixed with TiO2 NPs.  In order to monitor the change in the optical properties 

of the mixture samples, absorption measurements of the powder sample were 

conducted using DRS. As shown in Figure 3.3, the addition of Cu2O or Au/Cu2O 

nanocrystals into TiO2 NPs increases the absorption of the mixture in the visible and 

near infrared region.  

 

Figure 3.3 Normalized absorption spectra of TiO2, Cu2O-TiO2 and Au/Cu2O-TiO2 

 In order to further analyze the cocatalyst form of Au/Cu2O, the XPS 

measurements on the Cu2O and Au/Cu2O nanocrystals sample were compared. In 

Figure 3.4(a), XPS Cu2p peak is shown. The XPS Cu2p region of Cu in its different 

oxidation states has been previously studied in detail.106-108 Cu0 and Cu+ cannot be 
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distinguished based on their binding energy positions, but Cu+ and Cu2+ can be 

deconvoluted according to their binding energy lines and their satellites. The XPS 

2p3/2 of Cu0 and Cu+ is typically at 932.3-932.5 eV while in the case of Cu2+ is at 

about 933.6 eV. The XPS Cu2p of Cu2+ has characteristic satellites of about 6 eV 

above the main peak due to the open shell structure, 3d9L (L for the ligand), thus 

facilitating multiple splitting. As it can be observed from Figure 3.4(a), the dominant 

peaks of Cu2p at 932.5 and 952.4 eV corresponds to Cu+. However, the contribution 

of Cu2+ is also observed especially in the case of the Au/Cu2O sample. This is 

probably due to the galvanic replacement reaction. However, the bulk is mainly 

composed of Cu2O as will be seen on the basis of the Raman spectroscopic 

measurement. Figure 3.4(b) shows the Auger Cu LMM lines. The present peak of 

917.5 eV of Auger Cu L3M4,5M4,5 is attributed to Cu+. Based on the Cu2p and LMM 

lines, it can be concluded that the sample is composed of Cu+. In the case of Au/Cu2O, 

the XPS of Au4f can also be detected. In Figure 3.4(c), the presence of metallic Au is 

confirmed at 84 eV (Au4f7/2). The valence band region for Cu2O and of Au/Cu2O is 

shown in Figure 3.4(d). For the Cu2O sample, the valence band region is composed 

of O2p and Cu3d. In the case of the Au/Cu2O sample, Au5d is additionally present. 

Upon the deposition of Au, there is no shift in the Fermi level. 
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Figure 3.4 XPS spectra of the Cu2O and Au/Cu2O sample, (a) Cu2p, (b) Auger Cu 

LMM, (c) Au4f (in the case of Au/Cu2O) and (d) the valence band regions 

 From the XPS results, the analysis of the surface composition of the Cu2O and 

Au/Cu2O samples is reported in Table 3.2 below. The bulk composition of the 

Au/Cu2O sample is further confirmed by the ICP-OES measurement. On the basis of 

the  ICP-OES measurement of the Au/Cu2O sample, it may be inferred that the mass 

% of Au is about 8.6%, whereas the mass of  Cu is about 72%. 
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Table 3.2 Surface analyses of the Cu2O and Au/Cu2O samples obtained from the XPS 

measurement 

Sample C Cu O Au 

Cu2O 67.9 11.8 23.8 0.0 

Cu2O-Au 64.6 6.7  24.7 4.1  

 

 In order to investigate the performance of the selected cocatalyst, a 

photocatalytic H2 production was conducted on the TiO2, Cu2O-TiO2 and Au/Cu2O-

TiO2 samples. Firstly, it was sought to optimize the loading of the Cu2O cocatalyst on 

TiO2. Different amounts of Cu2O loading on TiO2 were applied and the photocatalytic 

H2 production was performed. Figure 3.5 shows the H2 production from different 

loading of the Cu2O cocatalyst (2wt%, 5wt%, and 8 wt%). Compared to the pristine 

TiO2 photocatalyst, the addition of the Cu2O cocatalyst results in a higher production 

of H2. The optimum H2 production rate is found in the case of a 2wt% loading of 

Cu2O with almost 13 times the rate of TiO2 alone. Increasing the amount of the 

cocatalyst to 5wt% and 8wt% did not increase the H2 production rate, but 

eventually decreased the rate. This observation is in agreement with other works 

reported in the literatures where the addition of cocatalysts onto TiO2 has its most 

optimum effect at low loading.109-111 The reasons behind this phenomenon can be 

summarized in three points: firstly, an excess of the cocatalyst can compete in the 

light absorption, decrease the overall efficiency; secondly, the excess of the 

cocatalyst can occupy the active sites required for the hydrogen conversion; thirdly 
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the excess of the cocatalyst can interact with the photogenerated carriers, acting as 

a source of recombination (see Chapter 1). 

 

Figure 3.5 Photocatalytic H2 production over TiO2 and different loading of the Cu2O 

cocatalyst 

 After the cocatalyst loading was optimized, the Au/Cu2O cocatalyst activity 

was tested on TiO2 and the activity was compared to the Cu2O and Au cocatalyst 

alone. Figure 3.6 shows the H2 production rate over 2wt.% of the Au, Cu2O and Au-

Cu2O cocatalysts on TiO2. Au cocatalysts on TiO2 were prepared by means of the 

deposition-precipitation method, with a mean size of approximately 12.6 ± 2.3 nm. 

The changes in the size of the Au NPs from 5 and 10 nm had been reported not to 

affect the overall activity of the photocatalytic reaction. 112, 113 As it can be seen from 

Figure 3.6, the highest H2 production rate is observed on TiO2 using the Au/Cu2O 
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cocatalyst, which is around 2x10-4 mol/gCatal.min. This is almost two times the H2 

production rate of the Cu2O cocatalyst on  TiO2 and ten times the rate of 2wt.% Au-

TiO2. Upon conducting further analysis on the shape of the H2 production curve, the 

so-called “induction period” can be observed, especially in the case of the 

photocatalytic reaction in the presence of Cu2O. 

 

Figure 3.6 Photocatalytic H2 production over Au-TiO2, Cu2O-TiO2 and Au/Cu2O-TiO2 

 In order to understand the origin of this induction period in the H2 

production rate curve, the photoreaction process was further observed and the 

sample was characterized after the photoreaction and subsequently compared to its 

structure prior to the photoreaction. On the basis of direct observations, it was 

noticed that the photocatalyst color changes during the photoreaction. In the case of 
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TiO2 loaded with the Au/Cu2O or Cu2O cocatalyst, the photocatalyst color changes 

from yellow to purple. (see Figure S1 in Appendix A). The color change indicates 

that a structure transformation of the Cu2O sample was occurred during the 

photoreaction. However, the reaction rate was found to be stable even for a long 

reaction time (see Figure S2 in Appendix A). 

 Due to the sensitivity of the Raman spectroscopy in terms of distinguishing 

the Cu phases, the Cu2O-TiO2 sample was characterized after the photoreaction.97 

Upon comparing the Raman spectra of the Cu2O-TiO2 sample before and after the 

photoreaction in Figure 3.7, it can be seen that the signal peak at 220 and 645 cm-1 

attributed to Cu2O (2Eu and T1u modes) disappeared and that only the modes 

corresponding to TiO2 are shown. As previously reported, pristine TiO2 anatase 

displays lines at 142, 196, 398, 519, and 641 cm-1 corresponding to the Eg, Eg, B1g, 

A1g+B1g, and Eg modes of the anatase phase, respectively.114 Given the fact that no 

modes corresponding to CuO were observed within the framework of the Raman 

study, it may be concluded that the Cu2O is transformed into Cu0 during the 

photocatalytic H2 production. 
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Figure 3.7 Raman spectra of the Cu2O-TiO2 sample before and after photoreaction. 

 Furthermore, a DRS measurement was also performed on the Cu2O-TiO2 

sample after 5 hours of photoreaction. In order to avoid the oxidation effects from 

the atmospheric condition, the sample was prepared for DRS measurement in a 

glove box with N2 gas atmosphere. As shown in Figure 3.8, the absorption peak at 

around 580 nm wavelength appeared in the sample after the photoreaction. This 

peak corresponds to the plasmonic peak of the Cu metal.115, 116 Thus, on the basis of 

the Raman spectroscopy and the DRS measurement, it may be concluded that the 
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transformation of Cu2O to Cu metal occurred during the photoreaction. However, it 

must be noted that the transformation from Cu+ to Cu0 does not occur when the 

irradiation on Cu2O alone is performed. It is also possible for this transformation to 

create the in-situ formation of the Au-Cu alloys that have been reported to be active 

for photocatalytic hydrogen production.117 Upon exposure to air, the color of the 

photocatalyst changes back to yellow as a result of the oxidation of Cu0.  

 

Figure 3.8 Normalized absorption spectra of Au/Cu2O-TiO2 after the photoreaction. 

The absorption spectra of Au/Cu2O-TiO2 and TiO2 are used as references. 

 Interestingly, when Cu+ transforms into Cu0, the catalyst becomes active 

under visible irradiation (>430nm), providing the same rate for about one hour (see 

Appendix A, Figure S3.). This means that the catalyst becomes active under UV and 
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visible regions when Cu2O transforms to Cu metal. After 1 hour, the activity under 

visible irradiation decreases probably due to the re-oxidation into Cu2O. 

 

Figure 3.9 Energy band positions of Cu2O and TiO2 corresponding to the redox 

potential of water at pH=0 and illustration of the mechanism. 

 On the basis of the current investigation, a possible explanation of the 

mechanism is that upon irradiation with a suitable wavelength, the photogenerated 

electrons are excited from the VB to the CB of TiO2. At the beginning of the 

photoreaction, not all photogenerated electrons are actually transferred to the 

cocatalyst in order to reduce H+, since some of these photogenerated electrons are 

used in order to transform Cu+ to Cu0 (see Figure 3.9). The consequence of this 

process is the occurrence of an induction period during the early photoreaction. 

When the reduction is complete, Cu0 may then be used for the purpose of H:H 
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recombination to molecular hydrogen, alone or together with Au, in proximity or 

even alloy form. Under continuous irradiation, the surface of Cu0 is then covered by 

hydrogen atoms, in order to protect it from oxidation. Once the irradiation is 

stopped, a gradual oxidation of reduced Cu takes place. The formation of reduced Cu 

(Cu0) in proximity with TiO2 further accelerates the photocatalytic H2 production 

and it appears to be the reason for the improvement of the photocatalytic activity. 

An important consequence of this is the observed activity under visible light 

attributed to the plasmonic resonance of metallic Cu and Au. These studies suggest a 

new pathway to improve the performance of the PWS processes beyond the 

traditional approaches, such as the pn-junction effect that was commonly reported 

within the framework of previous studies.39, 92, 100, 101, 118 
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CHAPTER 4 ATOMICALLY PRECISE GOLD NANOCLUSTERS AS COCATALYSTS  

4.1 Introduction 

 Bulk gold metal has been generally regarded as an inert material and as a 

poor catalyst. This notion had been widely endorsed until the 1970s, when studies 

found that gold nanoparticles with diameters below 10 nm were actually active 

even at room temperature. Au nanoparticles deposited on metal oxides or activated 

carbon are active for the purpose of CO oxidation due to the high fraction of the 

surface atoms with a low coordination number.119-122 Additionally, the discovery of 

the plasmonic resonance effects at the level of the Au nanoparticles has also 

facilitated many applications as a support on the semiconductors, especially in the 

case of the H2 production from water by employing the plasmonic effect in order to 

boost the efficiency of the photoreaction.123, 124 

 Further developments in relation to the synthesis of NPs, especially in 

accordance with the Brust-Schiffrin method,125 have led to the discovery of an 

atomically precise size of the Au nanoparticles, known as “nanoclusters”. Recently, 

metallic nanoclusters, in particular Au and Ag, with different sizes and structures 

have been discovered and are now being regarded as new promising materials for 

the purpose of catalytic application.60, 61, 63, 126-128 In this instance, nanoclusters (NCs) 

refer to metallic nanoparticles that contain a discrete number of metallic atoms in 

the core, which are surrounded by a discrete number of organic ligands. Typically, 

their size is smaller than 2 nm. Due to their very small size, the electrons of the 

metal atoms are confined to the molecular dimension, resulting in discrete energy 
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levels, as opposed to the quasi-continuous band structure in the Au nanoparticles 

(diameter > 2nm).128 Therefore, metallic NCS have exhibited unique electronic, 

optical and chemical properties, which are showing promising application in various 

fields.61 

 Compared to other metallic NCs, Au NCs have shown an increased stability in 

the ambient environment. Recent studies indicate that Au NCs trigger size-

dependent activities while used as supported on the metal oxide for a certain 

application.129, 130 121 Jin’s group studied the size dependence of Au NCs capped with 

2-phenylethanethiol (PET) for the selective oxidation of styrene and the selective 

hydrogenation of aldehydes.131 Their study shows the relation between the size of 

the Au NCs and the activity. Furthermore, Au25 and Au38 capped with PET have also 

been studied separately for the purpose of CO oxidation supported on CeO2.132, 133 

 Recently, Au nanoclusters have also been found to have a good photocatalytic 

activity for water splitting. Compared to Au NPs, Au NCs have shown a better 

activity for semiconductor support in water splitting.134 However, to the best of our 

knowledge, only single-size Au25-GSH have been used within the context of the 

specific studies on water splitting.134 Furthermore, most of the previous studies 

have been exclusively carried out in relation to the polydisperse sample, thus 

rendering the analysis unclear as to whether all different sizes have the same 

contribution to the activity or whether a size-dependent activity occurs.48 The 

photovoltaic properties of the glutathione-protected Au clusters adsorbed on the 

TiO2 surface were initially studied by Tatsuma’s group in 2010.135 Later on, they also 

developed a photovoltaic cell from the Au clusters/TiO2 heterojunction.136 Kamat’s 
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group also demonstrated the capability of the glutathione-capped gold nanoclusters 

to inject electrons into TiO2 and to act as photosensitizers.48, 137, 138 In both cases, 

they use polydisperse Au NCs, making it difficult to compare their size-dependent 

activities. 

 In this instance, PET-protected Au NCs were used as a model study. Among 

other thiolated Au NCs, PET-protected Au NCs have been known to give a series of 

sizes just by changing their synthesis method. In this way, we can compare their 

size-dependent activity in the same ligand environment. Compared to glutathione-

protected Au NCs, PET is a shorter ligand, facilitating a better charge transfer 

process as a catalyst support. It is also more stable in water because Au-PET is not 

soluble in water. This makes it possible to avoid the detachment of Au NCs from the 

TiO2 surface, which occurs in the case of Au-GSH on the TiO2 surface.48  

 In this chapter, the activities of different Au NCs size are compared as a 

support on TiO2 for the H2 production. Photoelectrochemical (PEC) measurements 

were also performed in order to understand their mechanism. The H2 production 

and the PEC measurement results show similar trends in terms of the specific 

activity of various Au NCs sizes. The study also highlighted the importance of the 

monodispersity of the Au NCs as photocatalysts. 

4.2 Experimental 

4.2.1 Materials 

Tetrachloroauric (III) Acid (HAuCl4.3H2O, 99.99%, Sigma-Aldrich), 

tetraoctylammonium bromide/TOABr ([CH₃(CH₂)₇]₄NBr, 98%, Aldrich), L-
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glutathione/GSH (C10H17N3O6S, reduced, 97%, Alfa Aesar), sodium borohydride 

(NaBH4, ≥98.0%, Sigma-Aldrich), and 2-phenylethanethiol/PET (PhC2H4SH, 98%, 

Sigma-Aldrich) were used as received with no purification process. Triton X-100, 

acetic acid, tetrahydrofuran (THF), dichloromethane (DCM), ethylene glycol, 

acetone, methanol, ethanol absolute (≥99.8%, Sigma-Aldrich) and toluene (HPLC 

grade, Fisher Scientific) were also used as received. Milli-Q water (18.2 MΩ cm) was 

used in all experiments that involve water. 

4.2.2 Synthesis 

Synthesis of Au25(PET)18. The synthesis of Au25(PET)18 follows the 

published method.139 Typically, 0.203 mmol HAuCl4.3H2O, 0.235 mmol TOAB, and 

15 mlTHF were mixed in a 50 ml flask. After vigorous stirring for 15 minutes, 140 µL 

of PhC2H4SH (1.02 mmol) were injected into the solution. After 30 minutes, the color 

of the solution changed from yellow to white. Then, freshly prepared 2.03 mmol 

NaBH4 in 5 ml cold water was rapidly added to the reaction under vigorous stirring. 

The color of the solution immediately turned black and the reaction was allowed to 

continue for 6h after the addition of NaBH4. 

 Subsequently, the final product was dried in a vacuum rotary evaporator at 

room temperature. The obtained dried black oil-like nanoclusters were precipitated 

by adding ~15 ml of methanol and collected by centrifugation at ~5000 rpm for 10 

min. Then, the supernatant was removed. The cleaning step involving methanol was 

repeated at least 3 times in order to completely remove the excess Au-thiolate and 

ligands.  
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Synthesis of Au25(GSH)18. The synthesis of Au25(GSH)18 was carried out 

using the CO reduction method developed by the Jianping Xie group.140 In 150 ml of 

ultrapure water, 0.15 mmol of HAuCL4.3H2O and 0.23 mmol of L-glutathione were 

mixed under vigorous stirring at room temperature. Subsequently, drops of a NaOH 

solution were added to the solution in order to adjust the pH of the reaction to 11 

(characterized by changing of the color of the solution from a whitish solution to a 

transparent one). The reactor was saturated by the CO flow from the cylinder for 

about 10 minutes and then sealed. The reaction was allowed to proceed for 24h at 

room temperature under stirring. In order to clean the obtained Au nanoclusters, an 

adequate amount of ethanol was added in order to precipitate the Au nanoclusters. 

The precipitate was collected and washed several times with methanol.  

Synthesis of Au38(PET)24. The synthesis of the Au38(PET)24 nanoclusters 

followed a previously published method.141 The synthesis consists of two steps. The 

first step is the synthesis of the poly-disperse glutathione protected Aun(GSH)m 

nanoclusters. The second step is the size focusing of the poly-disperse glutathione 

protected Aun(GSH)m nanoclusters to mono-disperse Au38(PET)24. 

Synthesis of the poly-disperse glutathione protected Aun(GSH)m nanoclusters. In a 

typical synthesis, 0.5 mmol of HAuCl4.3H2O and 2.0 mmol GSH were dissolved in 20 

ml of acetone under vigorous stirring at room temperature for ~20 minutes. The 

mixture was then cooled to ~0°C in an ice bath for another 20 minutes. After that, 5 

mmol of freshly prepared NaBH4 in 6ml of cold nanopure water was added to the 

reaction solution under vigorous stirring. The color of the solution immediately 
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turned black and the reaction was allowed to continue for 20 minutes. The black 

Aun(GSH)m nanoclusters were found to precipitate and stick to the wall of the flask. 

The acetone solution was removed and then replaced by 6 ml of milli-Q water in 

order to dissolve the Aun(GSH)m nanoclusters. 

Size focusing of the poly-disperse glutathione protected Aun(GSH)m nanoclusters to 

mono-disperse Au38(PET)24. Size focusing was done by thermal etching of the poly-

disperse Aun(GSH)m with a PET ligand at a temperature of 80°C. Typically, 6 ml of 

the obtained solution of the Aun(GSH)m nanoclusters in nanopure water was mixed 

with 2 ml of toluene, 2 ml of PET and 0.3 ml of ethanol in a 40 ml glass vial. Ethanol 

was used in order to prompt the phase transfer of the Aun(GSH)m nanoclusters from 

water to toluene. The mixture solution was then heated to 80°C and maintained at 

the same temperature for ~40h. During this long thermal etching in a PET 

environment, the poly-disperse Aun(GSH)m nanoclusters were converted into mono-

disperse Au38(PET)24 nanoclusters. Then, the organic phase that contained the 

Au38(PET)24 nanoclusters was removed from the mixture and cleaned with 

methanol in order to remove the excess thiol. The Au38(PET)24 nanoclusters were 

extracted with toluene and centrifuged in order to separate the excess Au-thiolate. 

Synthesis of Au144(PET)60. The synthesis of Au144(PET)60 follows the 

published method.142 Typically, 0.3 mmol HAuCl4.3H2O and 0.348 mmol TOAB were 

mixed in 15 ml of methanol in a 50 ml round bottom flask. The mixture was 

vigorously stirred for 15 minutes followed by the addition of 1.59 mmol PET. The 

color of the solution gradually changed from yellow to white. After ~15 minutes, a 

freshly prepared 3 mmol of NaBH4 in 6 ml of cold nanopure water was rapidly 
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added to the mixture under vigorous stirring. Suddenly, black precipitated 

nanoclusters appeared from the solution. The reaction was kept for 5 h. The black 

precipitates were collected from the methanol solution by centrifugation and 

washed at least 3 times with methanol in order to remove the excess thiol. After 

that, the nanoclusters were extracted in toluene and centrifuged again in order to 

remove the Au-thiolate that was not reduced during the reaction. The obtained 

nanoclusters contain Au144(PET)60 (major product) and Au25(PET)18 (side product). 

Subsequently, acetone is used in order to extract Au25(SR)18 because the Au25(SR)18 

clusters are soluble in acetone. 

4.2.3 Characterization 

 The absorption spectra were measured using a Carry 6000i 

Spectrophotometer. Mass spectroscopy measurements were carried out using 

Bruker Ultraflex MALDI-TOF instruments. The STEM images were obtained using a 

Titan CT and Titan ST machine from FEI Inc. 

4.2.4 Photocatalytic Study 

In order to prepare the photocatalysts, the obtained Au NCs were loaded on 

TiO2 NPs. 1 mg/ml concentration Au NCs were prepared in toluene and mixed with a 

certain amount of TiO2 powder in order to obtain the required wt% loading. For 

example, in order to obtain 1wt% Au NCs loading, 1ml of prepared Au NCs in 

toluene was mixed with 99 mg of TiO2 powder. Then, the mixtures were dried under 

stirring in order to obtain highly disperse Au NCs on the TiO2 photocatalyst and 

were subsequently kept under vacuum overnight. The hydrogen production 
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measurement was carried out in a 100 ml volume Quartz glass reactor. 19 ml of 

Milli-Q deionized water and 1 ml of ethylene glycol (5 vol.%) were mixed inside the 

reactor. Afterward, the Au NCs-TiO2 powder catalyst and a stirring bar were placed 

inside the reactor and the reactor was sealed with a septum. In order to replace the 

air inside the reactor, nitrogen gas was purged into the reactor for 15–20 minutes. 

The reactor was then placed in front of the UV light source; a 100 Watt ultraviolet 

lamp (H-144GC-100, Sylvania par 38). The measured UV flux is approximately 

8 mW/cm2 at a distance of 5 cm with the cut-off filter measuring 360 nm or above. 

The H2 production rate was measured by Gas Chromatography (GC) equipped with a 

thermal conductivity detector (TCD) connected to a Porapak Q-packed column (1/8 

inch in external diameter, 2 m long) at 45 °C, whereas N2 was used as a carrier gas 

(ca. 20 ml/min). The photoelectron spectroscopy in air (PESA) HOMO levels were 

estimated by a Riken Keiki AC-2 PESA Spectrometer, equipped with a deuterium 

lamp monochromated by a grating that is focused on a thin film sample, with an 

energy range between 3.40 eV and 6.20 eV. Thin film samples of considerable 

thickness (~500 nm) were deposited by means of the drop casting method. The 

light intensity was pre-calibrated to 50 nW for all the measurements in order to 

yield the coefficient 0.5 for a better fit. All measurements were added with the light 

quantification correction prior to the analysis. 

TiO2 films preparation. films were prepared following the method from 

Kim’s group with a slight modification.143 In this instance, the TiO2 solution was 

deposited by spin coating in order to obtain a high porosity and a low thickness of 
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the TiO2 films. In order to obtain the paste, 0.5 grams of TiO2 powder (P25) and 0.4 

grams of poly(vinylpyrrolidone) were mixed in a 20 ml glass vial with 0.3 ml of 

toluene, 1 ml of Triton X-100, 0.2 ml of acetic acid and 5 ml of ethanol. Subsequently, 

the mixture solutions were sonicated for 30 minutes. 50μL of the obtained TiO2 

paste were deposited on 1 cm2 of the ITO-coated glass by spin coating at 5,000 rpm 

for 20 seconds. The obtained films were then annealed at 500ºC for 1 hour.   

PEC measurement. The PEC measurement was performed using the Gamry 

Reference 3000 potentiostat. The measurement was conducted in a 2-electrode 

system (0 Volt bias). Pt wire was used as the reference and the counter electrode. 

TiO2 films were deposited by means of spin coating on an ITO coated glass with a 

surface of ~ 1 cm2 and a thickness of ~ 1,2μm. After that, 30 μL of an Au NCs 

solution (1mg/ml concentration in toluene) was drop-casted on the TiO2 films and 

left to dry inside the fume hood. Then, the Au NCs-TiO2 films were used for the 

working electrode under irradiation of the solar simulator HAL-320 (350-1100nm) 

from Asahi Spectra Inc. The electrolyte was an aqueous solution containing 1 M 

NaOH. Prior to the measurement, the electrolyte was degassed with nitrogen for 30 

minutes and blanketed under nitrogen during the measurement. 

4.3 Results and Discussions 

For the purpose of this study, three different sizes of Au nanoclusters (NCs) 

were compared, namely Au25(PET)18, Au38(PET)24 and Au144(PET)60. The first two 

structures were already resolved by a single crystal XRD measurement,144, 145 but 

the largest structure Au144(PET)60 was only confirmed by the mass spectrometry 
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measurement and the DFT studies.142, 146 Figure 4.1(A) shows their crystal structure 

as reported (carbon and hydrogen atoms are omitted for clearance). In Au25(PET)18, 

the structure consists of 13 atoms of Au in an icosahedral structure in the center and 

12 Au atoms in the shell, which bind to the sulfur from the ligands. In Au38(PET)24, 

the structure is bi-icosahedral in the core with 23 Au atoms and 15 atoms in the 

shell that bind to the ligand. The crystal structure of Au144(PET)60 has been 

theoretically predicted which is composed of a hollow icosahedral consisting of 114 

atoms of Au as a core and protected by 30 Au atoms that bind with 60 PET ligands. 

PET stands for 2-phenylethanethiol, the organic ligand which protects the metallic 

cluster by means of Au-S bonding. PET ligand-protected NCs were selected because 

they provide Au NCs with different sizes that can be synthesized with the same 

ligand. PET ligand-protected Au NCs are also favorable for the purpose of water 

splitting application because the latter are insoluble in water.  

 The obtained Au NCs were characterized by using absorption spectroscopy 

and mass spectrometry MALDI (Matrix-assisted laser desorption/ionization) in 

order to confirm their size distribution.  Figure 4.1(B) ) shows their absorption 

spectrum and the MALDI obtained for different sizes of the Au NCs. The absorption 

spectra and MALDI spectra clearly show that the obtained Au NCs are indeed Au 

NCs exhibiting a typical size. On the basis of the absorption spectra, multiple 

absorption peaks from the Au NCs have been observed. These peaks further 

confirmed the molecular-like absorption spectra which correspond to discrete 

energy levels in Au NCs. The MALDI peaks at ~7394, 10778, and 36596 m/z 

correspond to the Au25(PET)18, Au38(PET)24 and Au144(PET)60 compositions, 
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respectively. The appearance of the other peaks (at lower mass) usually 

corresponds to the fragmentation of the NCs during the measurement. The peak at 

~6064 m/z might be assigned to Au21(PET)14, a fragmentation from Au25(PET)18. 

Other peaks at ~10653 and 10412 m/z correspond to the Au38(PET)24 fragments 

which can be assigned to Au38(PET)23 and Au37(PET)23. 

 

Figure 4.1 (A) Crystal structure (the pink color corresponds to the gold atom and the 

yellow color corresponds to the sulfur which is attached to the gold from the ligand; 

the atoms of carbon and hydrogen are omitted for clearance), (B) absorption 

spectra and (C) MALDI spectra of the Au NCs used in this study 
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 Within the framework of the photocatalytic studies, the obtained Au NCs 

were loaded on TiO2 NPs. Au NCs (1 mg/ml concentration in toluene) were 

prepared and mixed with a certain amount of TiO2 powder in order to obtain a given 

wt% loading. The mixtures were dried under stirring in order to obtain the Au NCs-

TiO2 photocatalyst. The H2 production was tested in relation to different loading 

values of Au144(PET)60 on the TiO2 powder (0.5, 1 and 2 wt.%) and it was found that 

1 and 2 wt% loading yielded almost the same activity. Figure 4.2 shows the H2 

production from Au144-TiO2 with a different loading. Increasing the amount of the 

Au NCs loading from 1wt% to 2wt% does not significantly increase the H2 

production and tends to have a similar activity. Therefore, 1wt% loading of the Au 

NCs is used as a standard and prepared for the purpose of further characterization 

and comparison studies exploring the photocatalytic activities.  

 

Figure 4.2 H2 production from Au144-TiO2 with different loading 
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 In order to obtain more information about the deposition of Au NCs on TiO2 

NPs, scanning transmission electron microscopy (STEM) was performed. The STEM 

images of the Au NCs-loaded TiO2 powder are shown in Figure 4.3. The STEM 

images confirmed the presence of Au NCs on the TiO2 NPs. The size of the TiO2 NPs 

is about 20 nm and the size of the Au NCs observed from the STEM is approximately 

0.9 nm, 1.2 nm and 1.6 nm for Au25, Au38 and Au144, respectively. 

 

Figure 4.3 STEM images of Au25(PET)18, Au38(PET)24 and Au144(PET)60 on the TiO2 

support [A, B and C, respectively] 
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 The Au NCs-TiO2 catalysts were further characterized using diffuse 

reflectance spectroscopy measurements. As shown in Figure 4.4, Au NCs-TiO2 

catalysts show multiple absorption peaks in the visible region, resembling the 

original absorption peaks of the Au NCs. 

 

Figure 4.4 Normalized absorption spectra of various Au NCs loaded on TiO2 

 The photocatalytic H2 production of Au NCs-TiO2 was then measured using 

gas chromatography (GC). An ethylene glycol (5 vol%) solution was used as a 

sacrificial agent, and the measurement was conducted under UV irradiation. Figure 

4.5 shows the H2 production rate obtained from different sizes of the Au NCs on 

TiO2. As it can be seen in Figure 4.5, Au38-TiO2 provides the highest rate of H2 

production followed by Au144 and then Au25.  
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Figure 4.5 H2 production rate of Au25(PET)18, Au38(PET)24 and Au144(PET)60 on the 

TiO2 support (in mol/gr.min) 

  Compositional and elemental information items related to the photocatalyst 

were further measured by means of XPS in order to obtain the ratio of Au into TiO2. 

From Figure 4.6, it can be seen that the XPS analysis shows a similar Au ratio 

ranging from 0.6%-0.7%. The XPS results suggest that the differences on the 

photocatalytic activities are purely derived from the properties of the Au NCs 

support. 
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Figure 4.6 XPS analysis of the Au to Ti ratio for different 1wt% values of Au NCs on 

TiO2  

 We also believe that the ligand actually plays an important role in the 

stability and charge transfer of metal NCs. In order to obtain more information in 

this respect, the photocatalytic H2 production was further performed and compared 

to recent water splitting reports using glutathione (GSH)-protected Au NCs. PET, 

which is not soluble in water and has a shorter ligand structure, is predicted to 

facilitate a better stability and activity on the TiO2 support for water splitting. Upon 

comparing the activity of PET-protected Au NCs with GSH-protected Au NCs, it can 

be seen that PET-protected Au NCs show a better catalytic support on TiO2 

compared to Au-GSH. Figure 4.7 shows a comparison between the H2 production 
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rates of PET-protected Au NCs and GSH-protected Au NCs with the same size. The 

reason  behind a better activity of the Au-PET support is probably because the PET-

protected Au NCs is not soluble in water, thus providing a better support on TiO2 

and avoiding the detachment thereof from the support.48 Furthermore, the shorter 

ligand structure also provides a faster charge transfer. 

 

Figure 4.7 H2 production rate for different capping ligands of the Au25 support on 

TiO2 

In order to understand their photocatalytic mechanism, 

photoelectrochemical (PEC) measurements was conducted on the AuNCs-TiO2 films. 

The photocurrent of the Au NCs-TiO2 films was measured under the on/off 

conditions of the solar simulation irradiation (UV+Vis) and also under visible only 

(>455nm). From Figure 4.8, the photocurrent obtained for each Au NCs-TiO2 shows 

a similar trend to the photocatalytic H2 production rate. Under the UV+Vis 
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irradiation condition, the Au38-TiO2 system gives the highest photocurrent followed 

by Au144 and then Au25. A similar loading of polydisperse Au NCs (obtained from a 

mixture solution of Au NCs with different sizes) is also compared to the 

single/monodisperse Au NCs support on TiO2. Au38-TiO2 NCs still provide the 

highest photocurrent compared to the polydisperse Au NCs (See Figure 4.8 A). This 

highlighted the importance of the optimization of the Au NCs size for improving the 

photocatalytic systems. Under visible light irradiation (>455nm), the addition of Au 

NCs on TiO2 increases the activity of the photocatalyst under the visible region. The 

photocurrent obtained under visible irradiation is very small compared to the 

UV+Vis irradiation, but similar trends of photocurrent activity were obtained from 

different Au NCs sizes.   

 

Figure 4.8 PEC measurement of the Au NCs on TiO2, in 1 M NaOH (aq) solution, 

under solar simulation spectra (A) and under visible irradiation >455nm (B) 

 Previous studies on the PEC activity of the Au nanoparticles (size 5, 10 and 

20 nm) have shown that under UV irradiation, the photocurrent of Au NPs-TiO2 

decreases compared to pure TiO2. 147 However, under visible irradiation, the 
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photocurrent of Au NPs-TiO2 increases. Our studies on Au NCs-TiO2 under UV+Vis 

irradiation have shown a different photocurrent activity compared to Au NPs on 

TiO2.  

 In order to further understand the photocatalytic mechanism on the Au NCs-

TiO2 systems, a photoelectron spectroscopy in the air (PESA) measurement was 

performed. On the basis of the PESA measurement, the HOMO levels of each Au NCs 

can be obtained.  

 

Figure 4.9 HOMO level measurements obtained from the PESA for (a) 

Au25(PET)18,(b) Au38 (PET)24, and (c) Au144(PET)60 

Upon combining the PESA measurement with the absorption spectra and the 

reported band gap of Au NCs,141, 142, 148 an approximate band energy alignment of 

each Au NCs can be obtained. Due to the lack of information in relation to the 



104 
 

 

 

corresponding transition for each peak in the literature, we assume that each peak 

in the absorption spectra (see Appendix A, Figure S4 and Table S1) is a transition 

between bands (HOMO-LUMO). With this approach, the band alignment of each Au 

NCs can be obtained, as shown in Figure 4.10. According to these band alignments, 

under the irradiation of a suitable wavelength, the electrons from valence 

band/HOMO of TiO2/Au NCs respectively are excited to the conduction band/LUMO. 

Subsequently, the photoexcited-electron from LUMO of the Au NCs will most likely 

migrate to the conduction band of TiO2 and the holes from the valence band of TiO2 

will most likely to the HOMO of the Au NCs. The presence of the Au NCs on TiO2 

seems to increase the PWS efficiency by supporting the charge separation. 

 

Figure 4.10 Band energy alignment of Au25(PET)18 [black], Au38 (PET)24 [red], and 

Au144(PET)60 [blue] compared to TiO2[green]. 
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 Although the XPS studies confirmed that similar amounts of Au are deposited 

on TiO2, it is worthwhile to extract more details from the data. In terms of the NCs 

composition and distribution, different sizes of the Au NCs will have a different 

composition and distribution that will affect their activity as a cocatalyst. By 

measuring the weight of individual Au NCs from their molecular formulae, the 

number of Au NCs per 1μg of Au NCs can be calculated. 1μg of Au NCs contains 8.124 

x 1013 NCs of Au25(PET)18, 5.575 x 1013 NCs of Au38(PET)24, and 1.643 x 1013 NCs of 

Au144(PET)60 (details on the calculation can be found in the Appendix A, below the 

Table S.1). If a larger size of Au NCs is used (in this instance Au144), a reduced 

number of NCs will be involved in the system. Conversely, if a smaller size of the Au 

NCs (for example Au25) is used, a higher number of NCs will be involved in the 

system. In fact, this perspective actually entails different implications from the H2 

production rate trend if we take a look at the activity per unit of NCs. Figure 4.11 

shows the H2 production rate per unit of Au NCs and compared to the original H2 

production rate per gram (see detailed calculation in Appendix A, Tables S2 and S3). 

From Figure 4.11 (a), Au144 shows a higher activity per unit of NCs followed by Au38 

and Au25. If we take a look at the activity of Au144 as a function of the loading 

amount, a lower loading of the Au NCs actually shows a better activity per unit of 

NCs (Figure 4.11 b) 
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Figure 4.11 (A) H2 production rate of different Au NCs on TiO2 per gram of catalysts 

vs. per NCs (B) H2 production rate of different loading of Au144 NCs on TiO2 per gram 

of catalysts vs. per NCs 

 According to the PEC measurement, the band alignment of the Au NCs to TiO2 

and the analysis of the H2 production rate per unit of NCs, Au NCs on TiO2 more 

likely act as a cocatalyst, which improves the PWS processes by supporting the 

charge separation like in the pn-junction. From this study, it may be inferred that 

the synergy between the electronic/optical properties and their physical 

composition and distribution is important in order to design an efficient cocatalyst 

that will optimize the PWS system. 
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CHAPTER 5 ATOMICALLY PRECISE NICKEL NANOCLUSTERS AS COCATALYSTS   

 

5.1 Introduction 

Efficient electrocatalytic or photoelectrocatalytic water oxidation processes 

are an attractive option for producing hydrogen.149-151  This method provides a 

route to renewable and alternative energy supplies to be obtained from the 

abundant water and sunlight resources available on Earth.152, 153 Unfortunately, 

water oxidation is an energy intensive reaction which requires a minimum of 1.23 V 

(vs. RHE) for the process. Thus, it is important to develop an electrocatalyst for the 

purpose of water oxidation in order to realize the effective water splitting system.154  

 Recently, many materials have been explored for the purpose of water 

oxidation under electrochemical conditions. Most of them are molecular complexes, 

transition metal oxides and inorganic materials.154-158 Owing to the difficulties 

encountered during the abstraction of four electrons from two water molecules and 

the subsequent formation of an O–O bond, this process poses a great challenge to 

finding a state- of-the-art water splitting system.159, 160 Therefore, there is a 

continuous effort to produce stable and robust catalytic materials for the purpose of 

water splitting  from economical and earth-abundant materials, while operating at a 

low overpotential and with a high oxygen evolution current density.161, 162 

 Noble metals-based electrocatalysts such as ruthenium oxide (RuO2) and 

iridium oxide (IrO2), still constitute the benchmark materials for the water oxidation 

reaction.163-165 However, due to limited supply and high costs, these precious metal 

oxides are not feasible for large-scale industrial applications. Several efforts have 
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been made in order to demonstrate the use of first-row transition metal oxides that 

are cheaper and more abundant for developing the electrocatalyst for the purpose of 

water oxidation.166 Several Co-oxide and Ni-oxide based water splitting 

electrocatalysts are generated via electrodeposition from neutral and near-neutral 

phosphate, carbonate and borate buffers.167, 168 However, these catalytic materials 

show a higher onset potential for the oxygen evolution reaction (OER), as well as 

exhibit a reduced stability under electrochemical conditions and slow catalytic 

rates.169 Moreover, these catalytic materials have a bulk structure and require a 

continuous presence of metal ions in the electrolyte during the electrodeposition 

phase and the catalytic run for sustained water oxidation.167, 170 Designing the 

catalytic materials of sub-nanometer dimensions may facilitate both mass transport 

and charge transfer during the catalytic process due to shorter electron-transfer 

distances and offer a high surface-to-volume ratio, enabling fast kinetics for the 

oxygen evolution mechanism.171 Nanosizing is also projected to impose a cathodic 

shift in the oxygen evolution onset potential and to improve the performance of the 

catalytic materials for electrochemical water oxidation.171, 172 Therefore, the 

development of cost-effective and earth-abundant nanoscale catalytic materials is 

highly desired, which can perform well for water electrooxidation in the metal-ions 

free electrolyte system. 

 Recently, nickel-based electrocatalysts, have constituted the focus of various 

studies on the water oxidation electrocatalysts due to their high stability and 

satisfactory OER activities.173-180 Meanwhile, the nanostructuring of such catalysts 

has also emerged as an important strategy in order to improve their catalytic 
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performance.180 Although many studies focus on the Ni-based nanoparticles, there 

are no reports on using atomically precise nickel-based electrocatalysts known as 

metal nanoclusters (NCs). In this instance, metal NCs refers to the nanocrystals with 

diameter/size typically less than 2 nm is used. Metal NCs are composed of a discrete 

number of metal atoms in the core and surrounded with a specific number of ligand 

molecules.59 Due to their very small size, unique composition and atomic 

arrangement, NCs have shown unique and different optical, electronic and chemical 

properties from their counterpart (nanoparticles or bulk material).181 This is for 

example, the case of thiol-protected gold NCs [Au25(SCH2CH2Ph)18]¯. They are 

composed of 25 atoms of Au in an icosahedral structure protected with 18 molecules 

of 2-phenylethanethiol have shown unique discrete energy level of electrons, which 

make them catalytically active for the CO oxidation.182 Atomically precise metal 

nanoclusters (NCs) protected with organic ligands have emerged as interesting 

materials for optoelectronics, magnetic materials and catalysis.183, 184 Lately, Au, Ag 

and Pt NCs with different sizes have also been synthesized and used for 

photocatalytic applications.185, 186 However, there are very limited reports on the use 

of metal NCs immobilized on conducting surfaces for electro- and photocatalysis.187 

 In this chapter, we report the use of Ni NCs with an atomically precise 

number of atoms, Ni4(PET)8 and Ni6(PET)12 NCs for the cocatalyst in the 

electrocatalytic water oxidation reaction. Under electrochemical and catalytic water 

oxidation conditions, the electrode surfaces modified with Ni4(PET)8 and Ni6(PET)12 

show remarkably low overpotential for oxygen generation and  also increased 

stability in the alkaline conditions. It was also found that there is no pre-
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conditioning (annealing, electrochemical treatment) required in order to activate 

the Ni NCs films on the anode. 

5.2 Experimental 

5.2.1 Materials 

Nickel (II) acetylacetonate [Ni(acac)2; (Ni(C5H7O2)2, ≥95%, Sigma-Aldrich], 

Nickel (II) chloride hexahydrate (NiCl2.6H2O, 99.999%, Acros Organics), 

tetraoctylammonium bromide/TOABr ([CH₃(CH₂)₇]₄NBr, 98%, Aldrich), L-

glutathione (GSH) (C10H17N3O6S, reduced, 97%, Alfa Aesar), 2-phenylethanethiol 

(PET; C6H5CH2CH2SH, 98%, Sigma-Aldrich), and sodium borohydride (NaBH4, 

≥98.0%, Sigma-Aldrich) were used as received without further purification. 

Dichloromethane (DCM), tetrahydrofuran (THF), toluene (HPLC grade) methanol, 

ethanol absolute, and acetone were also used as received without purification. All 

electrolytes were prepared using Milli-Q water (18.2 MΩ cm). 

5.2.2 Synthesis 

Synthesis of Ni4(PET)8. In a 40 ml glass vial, 0.5 mmol of nickel 

acetylacetonate and 2.0 mmol of glutathione (GSH) were dissolved in 20 ml of 

acetone under vigorous stirring for 20 minutes. After that, the glass vial was stored 

in an ice bath still under stirring. After cooling in the ice bath for 20 minutes, 6 ml of 

5 mmol of aqueous NaBH4 (reducing agent) was rapidly added to the cooled 

reaction mixture under vigorous stirring. The solution turned to a dark-brown 

suspension of nickel- glutathione (Ni-GSH). After 30 minutes reaction time, the 

acetone solution was removed and 6 ml of water was added in order to dissolve the 
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obtained Ni-GSH. Subsequently, a mixture of 2 ml of ethanol, 2 ml of toluene, and 2 

ml of PET was added into the 6 ml of the Ni-GSH solution. The mixture was then 

stirred at 1,000 rpm and heated at 80ºC. This reaction was stirred overnight in order 

to ensure a complete transfer of the particles into the toluene phase and the 

formation of stable Ni4(PET)8 NCs. The water phase was removed and the obtained 

Ni4(PET)8 NCs were cleaned with methanol. Purified Ni4(PET)8 NCs were then 

redissolved in 5ml of DCM or toluene.  

Synthesis of Ni6(PET)12. Synthesis of Ni6(PET)12 NCs was carried out 

following the previously reported method.188 Typically, 0.42 mmol of NiCl2.6H2O 

and 0.89 mmol of tetraoctylammonium bromide (TOAB) were dissolved in 100 ml of 

THF. Afterward, 2.17 mmol of PET was added to the above solution under stirring. 

After 5 minutes, a freshly prepared amount of NaBH4 (4.23 mmol, 14 ml water) was 

added into the solution. After the addition of NaBH4, the solution color turned 

brown indicating the reduction process. The reaction was stopped after 24 hours 

and then concentrated by removing the THF using a rotary evaporator. The 

concentrated product was washed three times with methanol and extracted with 10 

ml of DCM or toluene. 

Crystallization of Ni NCs. 2ml of the obtained Ni NCs in toluene or DCM was 

placed in a glass vial. After that, 2 ml of ethanol was slowly added using a pipet on 

top of the Ni NCs solution in order to form an overlayer. The vial was then left open 

inside the fume hood under ambient conditions. After 2-3 days, crystals started to 

form and could subsequently be collected after 5-7 days. The obtained crystal then 

collected and washed with ethanol before single-crystal XRD measurement. 
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5.2.3 Characterization 

The absorption spectra of the obtained Ni NCs were measured using a Carry 

6000i Spectrophotometer. The mass measurement of the Ni NCs was carried out on 

the Bruker Ultraflex MALDI-TOF instruments in the reverse positive mode. Matrix 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (also 

known as DCTB matrix, 10 mg/mL in toluene) was mixed with the MALDI sample in 

the ratio of 1:5 (v/v). Approximately, 2 µL of this matrix-nanocluster mixture was 

then dropped on the MALDI target plate and allowed to dry prior to the MALDI 

measurement. The XPS measurement was carried out in a Kratos Axis Ultra DLD 

spectrometer equipped with a Mg Kα x-ray source (hʋ=1253.6 eV). For the XPS 

sample preparation, the Ni6(PET)12 solution was drop-casted on the Au -coated glass 

slides and dried under ambient conditions. Afterward, cyclic voltammetry was 

performed several times on this Ni NCs. Then, the sample was cleaned with Milli-Q 

water. X-ray Single Crystal XRD data were collected using a Bruker APEX2 equipped 

with a Cu Kα INCOATEC Imus micro-focus source (λ = 1.54178 Å). Indexing was 

performed using APEX2 (Difference Vectors method).189 Data integration and 

reduction were performed using SaintPlus 6.01.190 Absorption correction was 

performed by means of the multi-scan method implemented in SADABS.191 Space 

group were determined using XPREP implemented in APEX2. Using Olex2,192  the 

structure was solved using Direct Methods (SHELXS-97)  and refined using SHELXL 

(full matrix least-squares minimisation on F2).193  
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5.2.4 Electrocatalytic Study 

The obtained Ni NCs in toluene are drop-casted on a polished glassy carbon 

(GC) electrode and then dried under ambient condition with a cover to avoid any 

contamination from dust/particle in the air. Electrochemical measurements were 

performed in oxygen-free aqueous solutions(Milli-Q water) at room temperature. 

Prior to the cyclic voltammetry (CV) measurement, the aqueous solutions were 

purged with high-purity argon (Linde Gas, 6.0) for at least 30 minutes. CVs were 

conducted in a three-electrode system in a pyrex glass cell. The working electrodes 

(WE) used is a glassy carbon disc of a 5.0 mm diameter, embedded in a PTFE 

shroud, and ITO-coated glass substrates (1 cm × 2.5 cm, exposed surface area 1.0 

cm2) The counter electrode (CE) is a platinum wire (thickness: 1 mm), shaped into a 

spiral. The Pt counter electrodes were flame annealed and washed with pure water 

prior to the CV measurement.156 The reference electrode is a silver-silver chloride 

(SSCE: Ag/AgCl/KCl). All potentials are reported vs. RHE. All the CV measurements 

were performed with an Autolab PG-stat10 potentiostat controlled by a GPES-4 

software.  

5.3 Results and Discussions 

After the synthesis and washing process, the obtained Ni NCs were firstly 

characterized by the UV-Vis absorption measurement. Figure 5.1 below shows the 

absorption spectra of the obtained Ni NCs. Both Ni NCs show multiple absorption 

features, such as intense absorption peaks at ∼ 340 nm, 420 nm and ∼ 550 nm. 

However, a slight shift in the peak features of Ni4(PET)8 compared to those of 
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Ni6(PET)12 can be clearly observed. The multiple absorption features associated 

with these Ni NCs may have originated from the electronic transitions within a metal 

core that usually occurs in metal nanoclusters in the size range of 1-2 nm.194  

 

Figure 5.1. Absorption spectra of the Ni4(PET)8 and Ni6(PET)12 nanoclusters. Inset: 

photograph of the Ni nanoclusters dispersed in toluene. Reproduced from Ref. 195 

with permission from The Royal Society of Chemistry. 

Subsequently, the obtained Ni NCs were characterized by using mass 

spectrometry in order to reveal their possible size or formula. The mass spectra of 

these Ni NCs using the DCTB matrix are shown in Figure 5.2. The MALDI peak at ∼ 

2000 m/z corresponds to the Ni6(PET)12 composition and the dominant peak at  ∼ 

1332 m/z corresponds to Ni4(PET)8. Although there are higher mass peaks to be 

found (∼ 1500 and 1650 m/z), these peaks are probably due to the rearrangement 

of the fragments of Ni NCs in the gas phase. 
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Figure 5.2. MALDI spectra of the Ni4(PET)8 and Ni6(PET)12. Reproduced from Ref. 

195 with permission from The Royal Society of Chemistry. 

In order to further confirm their structure, both Ni NCs were crystallized and 

later characterized using single crystal X-ray diffraction (XRD). Figure 5.3 shows the 

molecular structure of Ni4(PET)8 and Ni6(PET)12 NCs resolved from the single crystal 

XRD measurement. The resolved structures, clearly indicate the presence of 4 and 6 

nickel atoms in the Ni4(PET)8 and Ni6(PET)12 samples, respectively. The crystal 

structures result proved the deduction derived from the mass spectroscopy 

measurement confirming that the compounds are indeed Ni4(PET)8 and Ni6(PET)12. 

No counter ions could be detected in the X-ray structure of both Ni NCs, which 

confirms that these Ni NCs are neutral. Single crystal XRD data also shows that both 

Ni NCs have the same triclinic crystal system and P-1 space group. (see Table. S2 in 

Appendix A for detailed structural data) 
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Figure 5.3. Molecular structure of the (a) Ni4(PET)8 and (b) Ni6(PET)12. Reproduced 

from Ref. 195 with permission from The Royal Society of Chemistry. 

In order to study their activities for water oxidation, the cyclic voltammetry 

(CV) of the Ni NCs deposited on the glassy carbon (GC) electrodes was measured in a 

0.1 M KOH solution. Their CV’s are reported in Figure 5.4, the inset indicates the 

magnified view of the CVs showing the oxidative currents and the onset of the 

catalytic currents for the Ni4(PET)8 and Ni6(PET)12 samples. This oxidative current 

prior to the onset is an indication of the oxidation of Ni into the nickel oxide species 

leading to an active catalyst structure that has been observed in other Ni-based 

electrocatalysts.196 Most probably the oxidation wave is due to the single electron 

oxidation of Ni2+/Ni+3.153 Furthermore, the Ni2+ oxidation state is assigned to the 

reversible Ni(OH)2/NiOOH redox reaction that is was previously observed within the 

same potential range.197-199 The formation of the NiOOH phase is considered as the 

active electrocatalyst for water oxidation. How quickly it is formed from Ni oxide 

(NiOx) induces the overpotential change of the oxygen evolution reaction.  
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 It is also sought to emphasize that no pre-conditioning, such as 

electrocatalytic treatment or annealing is required for the Ni NCs in order to obtain 

the high oxidation state Ni-oxide as reported to be essential for many nickel-based 

electrocatalysts.196 This oxidative current wave, after a decline, is quickly followed by 

a large catalytic current rise, indicating the onset current for the water oxidation 

reaction. From the CV measurement obtained, the onset is approximately at 1.51 V 

and 1.53 V (vs RHE; η ≈ 280 vs 300 mV) for Ni4(PET)8 and Ni6(PET)12, respectively.  

To the best of our knowledge, this onset potential for Ni4(PET)8 NCs is probably the 

lowest onset for a nickel-based water oxidation electrocatalyst.  

 

Figure 5.4. Cyclic voltammetry curves of Ni NCs on the GC electrode and in a 0.1 M 

KOH solution. The inset shows the magnified view of the CVs indicating the oxidative 

current and the onset (scan rate: 20 mV sec–1). Reproduced from Ref. 195 with 

permission from The Royal Society of Chemistry. 
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Typically, a very small potential interval between the Ni oxidation and the 

oxygen onset current is observed for many Ni-based materials under 

electrochemical conditions.166, 196  A closer look at the CV of Ni4(PET)8 NCs, indicates 

that a much smaller potential gap can be seen relative to the Ni6(PET)12(see inset in 

Figure 5.4). The reason might be associated with a smaller size of the Ni4(PET)8 NCs 

compared to that of the Ni6(PET)12 NCs that can facilitate a faster electron transfer 

and also due to the different atomic arrangement of the Ni NCs.  

The Ni6(PET)12 activity was also compared with other well known anodically 

prepared Ni-based electrocatalysts such as Ni-Bi (Nickel-Borate, electrodeposited 

from Ni2+ in borate electrolyte; pH=9.2),167  Ni-Ci (Nickel-Carbonate, 

electrodeposited from HCO3–/CO2 system containing Ni2+; pH≈7)153 and the 

anodically prepared NiOx layer on a thin film Ni sample in alkaline solution.196 As 

shown in Figure 5.5, compared to other Ni-derived water oxidation catalysts, 

Ni6(PET)12 shows a better performance (lower onset).  
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Figure 5.5 CVs for different Ni-based water oxidation electrocatalysts compared to 

Ni6(PET)12 NCs in a 0.1 M KOH solution (scan rate: 20 mV sec–1). Reproduced from 

Ref. 195 with permission from The Royal Society of Chemistry. 

From Figure 5.5, the Ni-derived electrodeposited electrocatalysts (Ni-Bi, Ni-

Ci and anodically prepared NiOx thin film) show an oxygen onset above 1.60 V (vs 

RHE) in the same electrolyte conditions.  This is indicative of the fact that the Ni NCs 

electrocatalysts presented here are highly superior in their performance and 

activity for water oxidation compared to other Ni-based materials. In addition, a 

continuous cycle of CV generates similar current signatures during the 1st and 50th 

CV’s with no noticeable degradation or loss of performance. This indicates the 

stability of this material for the electrocatalytic water oxidation. (Figure 5.6). 



120 
 

 

 

 

Figure 5.6 1st and 50th cyclic voltammetry sweeps for the Ni4(PET)8 in an aqueous 

0.1 M KOH. Reproduced from Ref. 195 with permission from The Royal Society of 

Chemistry. 

 Recently, some reports about the Ni-based electrocatalyst found that the high 

performance of the Ni-based electrocatalyst could possibly be due to the iron 

contamination.200, 201 In order to exclude any involvement of iron contamination in 

relation to the high activity of the Ni electrocatalysts, an X-ray photoelectron 

spectroscopic (XPS) measurement was performed on the catalyst sample after 

several CV measurements. As shown in Figure 5.7, the XPS survey spectrum of the 

catalyst sample only shows the Ni, O, S, Si, Au and C elements and there is no signal 

of Fe (the most intense peak of Fe2p3/2 is expected to be around 710 eV binding 

energy). 
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Figure 5.7 XPS survey spectra of the Ni6(PET)12 NCs after 30 cycles of cyclic 

voltammetry. Reproduced from Ref. 195 with permission from The Royal Society of 

Chemistry. 

In order to obtain 10% efficiency of the solar-to-fuel conversion system, a 

sustained current density of 10 mA cm−2 is required.151 The current density of 10 

mA cm–2 for the Ni6(PET)12 sample is obtained at just 1.58 V (vs. RHE). On the other 

hand, the Ni4(PET)8 nanocluster reaches the 10 mA cm–2 current value even at 1.56 V 

(vs. RHE). Most of the activation barriers associated to water splitting and the 

overpotential originate from the slow kinetics of the oxygen evolution reaction. For a 

sustained and higher water oxidation rate, the electrocatalytic materials are 
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required in order to operate over a narrow potential window with high current 

densities. Therefore the Tafel slope [current – overpotential (log j vs η) plot] was 

also measured in the oxygen evolution regime for the two Ni-NCs samples. A Tafel 

slope of 60 mV dec–1 represents a proton-coupled electron transfer mechanism for 

water oxidation involving the one electron oxidation coupled with the one proton 

transfer simultaneously, but a lower Tafel slope indicates a smaller potential window 

used in order to acquire a current decade and it is more desirable for the purpose of 

water oxidation catalysis. Both Ni NCs derived catalysts i.e., Ni6(PET)12 and 

Ni4(PET)8 showed Tafel slopes of around 40 mV dec–1 during the OER in the current 

region of 0.1 mA cm–2 to 1 mA cm–2 (Figure 5.8). The low Tafel slope of 38 mV dec–1 

for the Ni4(PET)8 derived water oxidation electrocatalyst, is comparable with that of 

RuO2, indicating excellent activity of the Ni NCs.202  

 

Figure 5.8 Tafel plots (η vs log j) obtained for the electrocatalytic of Ni NCs. 

Reproduced from Ref. 195 with permission from The Royal Society of Chemistry. 
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 In order to study the stability of these Ni NCs electrocatalysts, long-term 

catalytic performance and stability tests were performed. Controlled-potential 

water electrolysis (CPE) and controlled-current electrolysis (CCE) studies were 

conducted on Ni NCs-based electrocatalysts. For Ni4(PET)8, the long-term CPE at a 

1.65 V vs. RHE (η≈420 mV) generated an excellent oxygen evolution current density 

approaching 14.5 mA cm–2 (Figure 5.9-a). The oxygen evolution current density 

remains stable and sustained over an extended period of time. On the other hand, 

the CPE at 1.65 V vs. the RHE for Ni6(PET)12 yielded an initial current density of 

approximately 9.5 mA cm–2(See Figure 5.9-a). Although there was a slight decrease 

in the current density at the beginning, but the latter stabilized after a while and 

remained constant for many hours during the process of water oxidation catalysis. 

Compared to the blank sample that shows a current density value below 40 µA cm–2, 

it is clear  that Ni NCs shows increased performance and stability for electrocatalysis 

water oxidation (Figure 5.9-a). 

 For the controlled-current electrolysis (CCE), stable current densities of 10 

mA cm–2 and 20 mA cm–2 were applied and the voltage response was monitored. The 

potential of Ni4(PET)8 NCs during the CCE remained stable for water oxidation at a 

10 mA cm–2 current density. A steady potential of 1.63 V (vs. RHE) was preserved for 

the long-term water electrolysis operation (Figure 5.9-b). For the Ni6(PET)12 NCs, 

the 10 mA cm–2 benchmark is achieved at a slightly higher potential than that of 

Ni4(PET)8, which is about 1.66 V (vs. RHE), and obtained over the course of 8 h after 

the oxidation experiment. Furthermore, the current density was increased to 20 mA 
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cm–2 and the potential needed was recorded to be about 1.70 V (vs. RHE). There is 

no noticeable potential change and no observable catalytic degradation during the 8 

h CCE test, indicating the superior stability and high catalytic activity of the Ni NCs 

for the anodic water oxidation. 

 

 

 

 

Figure 5.9 (a) Controlled-potential electrolysis at 1.65 V vs. RHE using the surface-

assembled of Ni4(PET)8 and Ni6(PET)12 in a 0.1 M KOH solution; and (b) constant-

current electrolysis of the Ni NCs at stable current densities J=10 mA cm–2 for 

Ni4(PET)8 and J=10 mA cm–2 and 20 mA cm–2 for Ni6(PET)12 (BL is the blank 

experiment). Reproduced from Ref. 195 with permission from The Royal Society of 

Chemistry. 

Table 5.1 presents the performance of Ni NCs over the course of this study 

compared to other published Ni-based water oxidation catalysts. By comparing the 

onset potential and Tafel slope from these catalysts, the obtained Ni NCs show a 

better performance compared to other published studies. The first and second row 

in the table indicating the Ni NCs described in this study exhibit the lowest onset 

potential [Ni4(PET)8= 1.51 V vs. RHE mV and Ni6(PET)12 = 1.53 V vs. RHE). The NiOx 
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thin film and NiOx/Ni(OH)2 sphere type electrocatalysts show low Tafel slopes of 

around 40 mV dec–1 and higher onset potentials relative to the Ni NCs.196, 203 The 

NiOx-based catalytic film obtained from the molecular precursor shows a moderate 

onset potential for water oxidation (1.63V vs. RHE), but also a large Tafel slope 

above 100 mV dec–1.204 The electrodeposited Ni-Ci catalytic layer shows a much 

higher oxygen onset potential of at 1.67 V vs. RHE, where Ni-Bi exhibits the highest 

onset potential at 1.74 V vs. RHE.167 However, Ni-Ci and Ni-Bi show medium range 

Tafel slopes ~59 mV dec–1 representing one electron oxidation with simultaneous 

proton removal. 

Table 5.1 Activity of different Ni-based materials during the electrocatalytic water 

oxidation. Reproduced from Ref. 195 with permission from The Royal Society of 

Chemistry. 

Catalyst [a] Electrolyte 
(pH) 

O2 onset E (E/V vs. 
RHE)[b] 

Tafel Slope 
(mV/dec)[c] 

Ref 

Ni4(PET)8 0.1 M KOH 

(13) 
1.51 V 38 This 

work 
Ni6(PET)12 0.1 M KOH 

(13) 
1.53 V 40 This 

work 
NiOx thin 

film 
1 M KOH 

(14) 
1.57 V 39 205 

Ni(OH)2 
spheres 

0.1 M KOH 
(~13) 

~1.63 V 42 206 

NiOx (from 
molecular 
precursor) 

0.1 M Na-
borate 
(9.2) 

1.63 V >100 207 

Ni-Ci/GC 0.2 M HCO3–

/CO2 
(~6.9) 

1.69 V 53 208 

Ni-Bi/GC 0.1 M K-borate 
(9.2) 

1.74 V 59 209 

mailto:8@1.50
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[a]The Ni-based electrocatalysts in the list are prepared using different procedures, 

[b]the oxygen onset is calculated from the anodic current onset at J > 0.1 mA cm–2, 

[c]theTafel slope is taken from the current – overpotential (log i vs η) plot in the 

oxygen evolution regime ranging from 0.1 to 1.0 mA cm–2 

 This study constitutes a step forward in developing efficient and cheap 

electrocatalysts for the purpose of water oxidation. It is anticipated that these 

electrocatalysts could be utilized as cocatalysts in the PWS. 
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CHAPTER 6 PLASMONIC GOLD FILMS FOR IMPROVING THE 

PHOTOCATALYTIC WATER SPLITTING REACTION 

6.1 Introduction 

Recently, noble metal plasmonic nanostructures have shown promising 

applications in the field of photocatalysis. Noble metals, such as Au and Ag, have 

been utilized in plasmon-mediated photocatalytic reactions on semiconductors for 

the purpose of photocatalytic water splitting and organic pollutant degradation.47, 86, 

89, 210-212  

Plasmonic nanostructures are characterized by their surface plasmonic 

resonance (SPR). SPR can be described as the collective oscillation of the valence 

electrons on the surface of noble metals induced by photons, whereby the frequency 

thereof matches the frequency of the surface electrons.90, 213 Figure 6.1 illustrates 

the electric field-induced oscillation of the surface electrons which oscillate against 

the positively charged nuclei. 

 

Figure 6.1 Illustration of plasmonic oscillation on spherical NPs. Reprinted with 

permission from reference 213. Copyright 2003 American Chemical Society. 
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In general, there are two mechanisms by which SPR can possibly enhance the 

photocatalytic reactions of the semiconductors. The first mechanism is by means of 

charge injection from the metal to the semiconductor. The charge injection 

facilitates the transfer of energetic electrons and was found in composite 

photocatalysts where the plasmonic nanostructure and the semiconductors are in 

direct contact. The second mechanism is constituted by the near-field 

electromagnetic and scattering mechanism where the radiative energy from the 

metal can still be transferred to the semiconductors even though these are 

separated. The near-field electromagnetic mechanism corresponds to the localized 

electric field enhancement from the SPR. The highest near-field electromagnetic 

intensity is recorded at the surface of the plasmonic nanostructure and 

exponentially decreases as the distance from the surface increases (up to ~20-30 

nm). The scattering mechanism is associated to large plasmonic nanostructures 

~50nm in diameter. In the scattering mechanism, the scattering photons increase 

the average photon path length through the semiconductor and cause an increase of 

the electron-hole pair formation. 

Previous reports on the use of noble metal nanoparticles deposited on the 

semiconductor have shown similar pathways of plasmonic enhancement in the 

photocatalytic reaction.214 In this chapter, we utilized and probed the plasmonic 

effect of the Au films in order to enhance the photocatalytic reaction on the Pd-TiO2 

photocatalyst. The H2 production activities of the Pd-TiO2 photocatalyst are 

reported as a function of the Au film thickness. Additionally, a light interaction with 

the Au films in the presence of TiO2 NPs was simulated using the Finite Element 
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Method (COMSOL Multiphysics)83 205 in order to study the electric field 

enhancement at the interface between the Au films and the TiO2 photocatalyst. 

6.2 Experimental 

6.2.1 Materials 

Titania powder (TiO2 anatase, Hombikat) and palladium (II) chloride salt 

(PdCL2 99%, Sigma-Aldrich) were used as obtained without further purification. 

Acetone, ethanol and ultrapure Milli-Q water (18.2Ω) were used in the cleaning 

processes and during photocatalyst deposition. 

6.2.2 Synthesis 

The Pd-TiO2 (0.4 wt. % Pd) photocatalyst was prepared by impregnating 

anatase TiO2 (Hombikat, average particle size of ~ 7 nm, BET surface area ~ 320 

m2/g) with a PdCl2 salt solution (in 1.87 M HCl). The water solution was evaporated 

under constant stirring and slow heating at 80 °C. Subsequently, the dried 

photocatalysts were calcined at 350 °C for 4 hours in order to obtain the 0.4 wt. % 

Pd/TiO2 photocatalyst with an average particle size of ~ 10-12 nm (TEM) and a BET 

surface area of ~ 120 m2/g.  

The obtained photocatalyst was then deposited on a glass substrate. The 

glass substrates were cleaned by ultrasonication in acetone, ethanol then DI water. 

Thin Au films were deposited on the cleaned glass substrate by means of thermal 

evaporation (Sigma-Aldrich, Purity of 99.999%) in a vacuum chamber at a base 

pressure of 1 x 10-6 Torr (Angstrom Engineering). The deposition was effected at 

room temperature with a constant rate of 0.2 A°/s, and was monitored using a 
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quartz crystal monitor. The SiO2 deposition was effected using a PECVD (Plasma 

Enhanced Chemical Vapor Deposition) tool at an RF power of 10 W, substrate 

temperature of 300 °C and a controlled flow of the SiH4, N2O and N2 gasses. The 

Pd/TiO2 photocatalysts were deposited on the Au thin films by means of spin 

coating. A 1.5 wt.% dispersion was prepared in ethanol and spin coated on the Au 

thin film at 500 rpm for 20 sec. The coating was repeated 5 times and the thin films 

were heated at 90 °C for 20 min in order to remove the ethanol. The resulting 

thickness of the photocatalyst layer was < 1 µm, as measured by the cross-section 

SEM analysis.  

6.2.3 Characterizations 

The absorption spectra of the powdered catalysts were collected on a 

Thermo Fisher Scientific spectrophotometer equipped with a Praying Mantis diffuse 

reflectance accessory. The BET surface areas of the catalysts were measured using 

the Quantachrome Autosorb analyzer by means of N2 adsorption. The SEM of the Au 

films were performed in a Nova Nano 630-SEM from FEI. 

6.2.4 Photocatalytic Study 

The photocatalytic reactions were evaluated in a 190 ml volume quartz 

reactor. 30 ml of a 5 vol.% glycerol aqueous solution was used in order to evaluate 

the water splitting activity. The coated slides were inserted vertically into the 

reactor and the reactor was purged with N2 gas in order to remove any molecular 

O2. The photoreactions were carried out using a Xenon lamp (Asahi spectra MAX-

303) at a distance of 9 cm from the reactor with a UV flux (320-400 nm) of ~ 12 
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mW/cm2 and a visible flux (400-700 nm) of ~ 97 mW/cm2, as measured with a 

spectroradiometer (Spectral Evolution SR-500). The product analysis was 

performed using a gas chromatograph (GC) equipped with a thermal conductivity 

detector (TCD) connected to a Porapak Q packed column (2 m long, 1/8 in. external 

diameter) at 45 oC and N2 was used as a carrier gas (flow rate of 20 ml/min).   

6.2.5 Optical Simulations 

Optical simulations were performed in COMSOL Multiphysics by using the RF 

module. The incident electromagnetic field was assumed to be 1 V/m with a 

wavelength of 500 nm and polarized in the y-direction. The incident 

electromagnetic field is assumed to be normal to the substrate. The dielectric 

permittivity of Au at 500 nm wavelength was taken from Johnson-Christy.215 Based 

on the SEM measurement, the films were assumed to consist of many islands of Au 

with a thickness of the Au films of 2 and 4 nm, while continuous films were assumed 

for 8, 12, 16 and 20 nm thick Au films. The TiO2 particle size is assumed to be 10 nm. 

6.3 Results and Discussion 

The SEM images and the absorption spectra of the thermally evaporated Au 

films with different thickness values on the quartz slides are shown in Figure 6.2. 

During the initial stages of film growth, isolated 3D metal islands are formed on the 

substrate surface, instead of continuous metal films, as observed in the case of the 2 

and 4 nm thick Au films. With increasing thickness, these islands exhibit the 

coalescence of the Au NPs to larger ones with a high coverage on the substrate. A 

continuous film is eventually formed measuring ~12 nm. This growth mechanism 
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has been experimentally observed in other studies.216, 217 This unique island-like 

structure of the ultra-thin Au film leads to some interesting optical properties. 

Figure 6.2(b) shows the absorption spectra of Au thin films as a function of 

thickness. A difference in the film thickness can be translated to a difference in the 

particle size, shape and inter-particle distance. As seen in Figure 6.2(b) there are 

three absorption regions. The peaks observed at ~260 and 380 nm are attributed to 

the inter-band transitions from a d valance band to the empty states in the s and p 

bands above the Au Fermi level. The localized surface plasmonic resonance (LSPR) 

for a 2 nm Au film thickness is located at approximately 570 nm, and it is red shifted 

with increasing thickness to up to 8 nm. The LSPR is strongly dependent upon the 

nanoparticle size, shape, inter-particle spacing and surrounding medium. The red 

shift for the LSPR peaks tracks the increase in the Au particle size, as observed in the 

current SEM images. This is due to a reduction in the oscillation of the electrons 

resulting from the reduction of the restoring force associated with the 

inhomogeneous polarizations in a particle with a large size and an irregular shape. 

For films thicker than 8 nm, the formation of interlinks (conductive percolation 

paths) between the Au NPs due to their aggregation can delocalize the free electrons 

inside the particles, thus increasing the significance of the Drude absorption more 

significant and suppressing the LSPR of the Au NPs. Similar trends have been 

observed in the case of the Au and Ag thin films in other studies.217  
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Figure 6.2 (a) SEM images of the Au films (thickness: 2-20 nm), thermally 

evaporated on quartz slides. The film deposition rate is 0.2 A°/s and the pressure is 

1 x 10-6 torr. (b) Absorption spectra of the Au films at different thickness values 

(a) 
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After that, the Pd-TiO2 photocatalysts were deposited by means of spin 

coating on the Au film substrate. Figure 6.3 shows the cross-section SEM images 

after the deposition of the photocatalysts on 4 nm Au films. A direct contact between 

the photocatalyst and the Au films can be seen. 

 

Figure 6.3 Cross-section SEM image of the 0.4 wt.% Pd/TiO2 photocatalyst coated on 

top of a 4 nm Au thin film 

The photocatalytic activity of the 0.4 wt.% Pd/TiO2 films coated on top of the 

Au films was measured under UV and visible light irradiation. Figure 6.4 shows the 

H2 production rate comparison under UV only or the UV/visible irradiation. As it 

could be observed, the H2 production rate is higher under UV/visible irradiation and 

the rate also varies in accordance to the Au films thickness. In the absence of Au 

films, 0.4 wt.% of Pd-TiO2 shows H2 production rates of ~ 200 µmol g-1.min-1. Upon 

adding 2 nm of Au films in the system, the H2 production rate increased 2.5 times to 

~ 550 µmol g-1.min-1. The rates kept improving with a maximum H2 rate of ~ 850 

µmol g-1.min-1observed in the case of 8 nm Au films. A further increase in the 
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thickness of the Au films decreases the activity as seen in the case of Au films with a 

thickness value between 12 and 20 nm . The trend in the H2 production was similar 

to the trend seen in the LSPR from these Au films, as indicated in Figure 6.2 where in 

the case of a film thickness greater than 8 nm, the LSPR started to be suppressed 

due to the Drude absorption.  

 

Figure 6.4 The H2 production rates of the 0.4 wt.% Pd/TiO2 photocatalyst as a 

function of Au film thickness (spheres). under UV and UV/visible light irradiation. 

The UV flux was kept constant for both experiments. 

In order to further probe into the role of the LSPR, optical simulations of TiO2 

on the Au films were performed on COMSOL Multiphysics using an RF module. 

Basically, COMSOL uses the Finite Element Method (FEM) in order to solve 

Maxwell’s equations. The simulation provides a mapping of the electric field (EF) 
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intensity (|E|2) as an output and our results are presented in Figure 6.5. The electric 

field intensity in the interface between the Au films and the TiO2 NPs as a function of 

the Au film thickness is summarized in Figure 6.6 (a). The EF enhancement is about 

5 times higher in the case of the 2 nm Au films. Increasing the Au film thickness 

improves the EF enhancement to up to 19 times for 8 nm films and then the value 

starts decreasing in the case of thicker films. This was observed in both XY and YZ 

planes. The XY plane shows the EF enhancement at the boundary between the TiO2 

nanoparticles (NPs) and the Au films, while the YZ plane shows the cross-section EF 

enhancement. The field intensity is strongly correlated with the geometry i.e. size, 

shape and inter-particle distance between the metal nanoparticles. The 

enhancement is known to increase up to 104 times if the inter-particle distance is 

below 2 nm. The area between these metal particles is referred to as “plasmonic hot 

spots”.90 With the increasing thickness of the Au thin films, the Au islands grow in 

size and the inter-particle distance decreases before becoming a continuous film. 

The maximum EF enhancement is seen during the formation point of continuous 

films, i.e. at around 8-10 nm. This increase in the EF enhancement follows the trend 

seen in the case of the photocatalytic H2 production activity. Both results show that 

the highest enhancement is obtained with 8 nm Au films. 
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Figure 6.5 The optical simulations of TiO2 on the Au films. The incident EM field was 

assumed to be 1 V/m, with a wavelength of 500 nm and polarized in the y-direction. 

The XY plane shows the EF enhancement at the boundary between the TiO2 

nanoparticles (NPs) and the Au films, while the YZ plane shows the cross-section EF 

enhancement 
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Interestingly, a direct correlation between the EF enhancement and the 

photocatalytic activity has been observed for the H2 production. By normalizing the 

H2 production with the EF enhancement, a straight line is obtained, as seen in Figure 

6.6(b).  

 

Figure 6.6(a) EF enhancement at the Au and TiO2 interface as a function of the Au 

thickness in the XY and YZ planes (spheres and squares); (b) H2 production rates 

normalized to the EF enhancement obtained from the optical simulations 

The same situation occurs when the H2 production is normalized to the area 

of the LSPR peaks from the absorption spectra. It shows the linear H2 production as 

a function of the Au thickness. As seen in Figure 6.7, within experimental errors, 

providing quantitative evidence for the improvement in terms of activity are due to 

the LSPR of Au. 
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Figure 6.7 H2 production rates of 0.4 wt.% Pd/TiO2 photocatalyst as a function of Au 

film thickness (spheres) and their normalized H2 production rates to SPR intensity 

(triangles). 

In order to demonstrate the near-field electromagnetic effect of the Au films, 

the controlled thickness of the SiO2 insulating layer was applied between the 4 nm 

Au films and the Pd-TiO2 photocatalyst and the photocatalytic activities were 

subsequently measured. The photocatalytic H2 production measurement at the level 

of 4nm Au films containing a SiO2 layer shows that the rate decreases with the 

increase of the SiO2 thickness (Figure 6.8). At a ~20nm SiO2 thickness, the H2 

production rate is normalized, as this would generally be the case in the absence of 

the Au films. 
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Figure 6.8 H2 production rates of the 0.4 wt. % Pd/TiO2 coated on 4 nm Au-SiO2 

films as a function of the SiO2 thickness 

 The simulation of the electric field enhancement on the basis of the Au films 

containing SiO2 layers also shows a similar trend (see inset in Figure 6.8) The 

electric field enhancement decreases exponentially with the increase in the SiO2 

thickness. Figure 6.9 below shows the mapping of the electric field in the plane 

between the TiO2 NPs and the SiO2/Au films. 
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Figure 6.9 Optical simulations of the TiO2-SiO2-Au film (4 nm) systems obtained 

from the XY plane (at the boundary between the TiO2 NPs and the SiO2/Au films) as 

a function of the SiO2 thickness (0-40 nm). The incident EF was assumed to be 1 

V/m, with a wavelength of 500nm and polarized in the y-direction 
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 In this chapter, the plasmonic effect of the Au films was probed in terms of 

improving the photocatalytic water splitting reaction experimentally and 

computationally. A direct correlation between the H2 production rate (experiment) 

and the electric field enhancement (simulation) shows that plasmonics is the main 

mechanism that led to the improvement of the photocatalytic reaction. 
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CHAPTER 7 SUMMARY AND FUTURE DIRECTION 

 The presence of cocatalysts on the surface of light-harvesting semiconductors 

is essential for an efficient photocatalytic water splitting reaction. Suitable 

cocatalysts are important for achieving high efficiency within the framework of 

photocatalytic and electrocatalytic water splitting. By designing proper cocatalyst 

materials in order to accommodate specific properties (such as plasmonic effects), 

the photocatalytic processes can be improved on the basis thereof. Furthermore, the 

nanoscaling/nanostructuring of cocatalyst materials also provides some advantages 

in terms of lowering the cost of materials, especially in the case of noble metals-

based cocatalysts, increasing the dispersion of the cocatalysts on the photocatalysts 

and at the same time also providing unique properties that occur due to the 

quantum confinement effect in very small-sized cocatalysts (nanoclusters). 

 To summarize our work, in chapter 3, a novel cocatalyst developed by means 

of partial galvanic replacement and composed of Au and Cu2O was discussed. The 

deposition of this cocatalyst on TiO2 was studied within the framework of the 

photocatalytic H2 production in order to explore the synergistic effect of plasmonic 

resonance (Au nanoparticles) and of the pn-junction (p-Cu2O and n-TiO2 

semiconductors). The plasmonic effect of the Au nanoparticles characterized by a 

strong absorbance peaks at around 550nm, used in combination with a low band 

gap p-type semiconductor in order to create a pn-junction effect using n-type TiO2 

has shown increased of photocatalytic H2 production and increased photocatalytic 

activity in the visible wavelength. The hydrogen production rate over Au/Cu2O(2 

wt.%)-TiO2 was found to be slightly better than Cu2O(2 wt.%)-TiO2, 10 times higher 
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than Au(2wt%)-TiO2, and almost 30 times higher compared to TiO2 alone. The 

characterization of the Au/Cu2O(2 wt.%)-TiO2 catalyst after the photoreaction and 

coupled with the induction period observed from the H2 production rate suggests 

that a partial in situ reduction of the Cu2O occurs upon photoexcitation. Despite the 

reduction of Cu+ to Cu0, the H2 production rate remains stable. This indicates that the 

reduced Cu is likely to be involved in the reaction by providing additional hydrogen 

atom recombination centers to molecular hydrogen, and also by extending the 

absorption spectrum in the visible region. This study suggests different 

photocatalytic water splitting mechanisms in the Cu2O-TiO2 system and highlights 

the effects of metals in improving the performance of water splitting. 

 In Chapter 4, the nanoscaling of the Au cocatalyst by using atomically precise 

Au nanoclusters as cocatalysts has shown unique properties, different from those 

exhibited by the Au nanoparticles. In this case, the activities of different Au NCs of 

various sizes are compared as a support on TiO2 for the photocatalytic H2 

production from water. A photoelectrochemical (PEC) measurement was also 

performed in order to understand their mechanism. The H2 production and the PEC 

measurement results suggest a similar trend in terms of the size-specific activity of 

the Au NCs as cocatalysts in the PWS. The highest activity is found in the Au38 

cocatalyst followed by Au144 and Au25. The monodisperse sample of Au38 also yields 

increased activities compared to polydisperse Au NCs. The electronic/optical 

properties combined with the composition and distribution of the Au NCs show to 

have strong influences on their activities as support for the photocatalytic H2 

production on TiO2. This work represents an insight into the size-specific activities 
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of the metallic nanoclusters for the purpose of photocatalytic water splitting and 

will open more opportunities toward the development of different atomically 

precise metal cocatalysts for various catalytic applications. 

 In Chapter 5, atomically precise Ni NCs were developed and studied within 

the framework of electrocatalytic water oxidation. These Ni NCs were found to be 

highly active during water oxidation. As opposed to some electrocatalysts, no 

electrochemical pre-conditioning procedure or heat treatment was required in order 

to obtain a high activity on these Ni NCs. The evaluation of the oxygen evolution 

onset, Ni4(PET)8 NCs indicated an onset at 1.51 V (vs RHE; η ≈ 280 mV), and 

Ni6(PET)12 NCs indicated an onset at 1.53 V (vs RHE; η ≈ 300 mV). To the best of our 

knowledge, this is probably the lowest overpotential to have been reported in the 

case of Ni-based electrocatalytic materials. Ni4(PET)8 NCs also show a peak oxygen 

evolution current density approaching 150 mA cm–2 at 2.0 V (vs. RHE) and a Tafel 

slope of 38 mV dec–1, which is comparable with the state-of-the-art RuO2-based 

catalysts. Long-term stability measurements using controlled-potential water 

electrolysis at 1.65 V vs. RHE show excellent oxygen evolution current density of 

above 14.0 mA cm–2 for Ni4(PET)8 and 9.0 mA cm–2 for Ni6(PET)12. With this work, 

progress has been made in developing efficient and cheap electrocatalyst for the 

purpose of water oxidation. It is anticipated that these electrocatalysts could be used 

as cocatalysts in the PWS. 

 In Chapter 6, plasmonic Au films were employed in order to improve the 

PWS reaction on the Pd-TiO2 photocatalyst. Experimental and computational studies 

were employed in order to probe the mechanism that led to the improvement of the 
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photocatalytic reaction. On the basis of this study, a direct correlation was found 

between the H2 production rate (experimental) and the electric field enhancement 

from the plasmonic Au films (simulation). The main mechanisms contributing to the 

improvement of the photocatalytic reaction are triggered by the direct electron 

injection and near-field electromagnetic effect. 

 With the development on the nanomaterial syntheses capable to control 

nanomaterials and the properties thereof, it may be argued that an efficient 

cocatalyst for PWS can be produced. Nanoscaling of the cocatalyst and the use of 

atomically precise nanoclusters as cocatalysts constitute promising methods for 

developing an efficient cocatalyst in the future. Compared to traditional cocatalyst 

materials, atomically precise cocatalysts entail additional benefits due to the 

accurate structure determination, the possibility to study and to computationally 

calculate their properties in a more accurate manner, and their structure 

relationship to the catalytic activities. Furthermore, alloying atomically precise 

nanoclusters is also an effective manner to improve the activity of the cocatalyst. 

Further challenges in developing hydrogen as an alternative fuel in the future need 

to be also addressed, including the development of infrastructures, supporting 

technology such as fuel cell, safety and policy that support the development of 

hydrogen community.  
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APPENDICES 

Appendix A. Supporting information 

 

Figure S1. The color of photocatalyst loaded with Cu2O cocatalyst before (a) and 

after (b) photoreaction102 

 

Figure S2. Photocatalytic H2 production over Au/Cu2O-TiO2 for long period 

measurement102 
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Figure S3. Photocatalytic H2 production rate of the catalyst under UV irradiation 

only (λ=360nm, flux=7.85 mW/cm2) followed by visible light irradiation only 

(xenon lamp, λ>430nm, 150.000 Lux)102 
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Figure S4. Defining absorption peaks of Au NCs which correspond to their electronic 

transition. (summarized in Table S1.) 

 

 

 

 

 

 

 

 



159 
 

 

 

Table S1. Electronic transition of Au NCs.  

Extracted from absorption spectra in Figure S1. 

 

 

  

 

 

 

 

 

 

           Molecular weight each Au NCs can be calculated as below: 

Au25(PET)18 = 25 (196.97) + 18(137.23) = 7394.2 u 

Au38(PET)24 = 38 (196.97) + 24(137.23)= 10778.1 u 

Au144(PET)60 = 144 (196.97) + 60(137.23)= 36596.2 u 

            With conversion of 1μg = 6.022 x 1017 u 

We can calculate number of nanoclusters per 1 μg of Au NCs solution. 

Au25(PET)18  = 8.124 x 1013 NCs/μg 

Au38(PET)24  = 5.575 x 1013 NCs/μg 

Au144(PET)60 = 1.643 x 1013 NCs/μg 

            Wt% ratio of Au per each Au NCs, can be calculated as follow: 

Au25(PET)18 = 25/(25+18) = 58.14% 

Au38(PET)24 = 38/(38+24) =  61.29% 

Au144(PET)60 = 144/(144+60) = 70.59% 

 

 

 

 

Au25(PET)18 Au38(PET)24 Au144(PET)60 

nm eV nm eV nm eV 

322 3.850932 334 3.712575 340 3.647059 

402 3.084577 408 3.039216 402 3.084577 

450 2.755556 480 2.583333 469 2.643923 

500 2.48 522 2.375479 521 2.380038 

558 2.222222 572 2.167832 574 2.160279 

679 1.826215 630 1.968254 689 1.79971 

788 1.573604 758 1.635884 900 1.377778 
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Table S2. Summary of H2 production rate for Au NCs in different unit perspective 

H2 Prod. Rate H2 mol/gr.min H2 molecules/gr.min H2 molecules/NCs.min 
Au25 3.5 x 10-4 2.1 x 1020 2.6 x 102 
Au38 5.1 x 10-4 3.1 x 1020 5.5 x 102 
Au144 4.0 x 10-4 2.4 x 1020 1.5 x 103 

 

Table S3. H2 production rate for different wt% of Au144 NCs in different unit 

perspective 

H2 Prod. Rate 
Au144 

H2 mol/gr.min H2 molecules/gr.min H2 molecules/NCs.min 

0.5wt% 2.6 x 10-4 1.6 x 1020 1.9 x 103 
1.0wt% 4.0 x 10-4 2.4 x 1020 1.5 x 103 
2.0wt% 4.1 x 10-4 2.5 x 1020 7.5 x 102 
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Table S4. Crystal data and structure refinement conditions for Ni4(PET)82 

Identification code Ni4(PET)8 

Dcalc./ g cm-3 1.450 

/mm-1 4.233 

Formula Weight 1332.53 

Colour black 

Shape irregular 

Max Size/mm 0.25 

Mid Size/mm 0.15 

Min Size/mm 0.12 

T/K 140(1) 

Crystal System triclinic 

Space Group P-1 

a/Å 12.9570(9) 

b/Å 15.3918(10) 

c/Å 16.9527(11) 

/° 86.571(2) 

/° 70.541(2) 

/° 73.400(2) 

V/Å3 3052.6(4) 

Z 2 

Z' 1 

min/° 3.771 

max/° 66.643 

Measured Refl. 36951 

Independent Refl. 10539 

Reflections Used 9930 

Rint 0.0264 

Parameters 685 

Restraints 0 

Largest Peak 0.416 

Deepest Hole -0.370 

GooF 1.025 

wR2 (all data) 0.0639 

wR2 0.0626 

R1 (all data) 0.0260 

R1 0.0244 

 

                                                           
2
 Reproduced from ref. 195 with permission from The Royal Society of Chemistry. 
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Table S5. Crystal data and structure refinement conditions for Ni6(PET)123 

Identification code Ni6(PET)12 

Dcalc./ g cm-3 1.475 

/mm-1 4.999 

Formula Weight 2168.65 

Colour black 

Shape irregular 

Max Size/mm 0.18 

Mid Size/mm 0.12 

Min Size/mm 0.09 

T/K 100(2) 

Crystal System triclinic 

Space Group P-1 

a/Å 11.1685(11) 

b/Å 12.4485(12) 

c/Å 18.1823(18) 

/° 77.032(4) 

/° 82.429(4) 

/° 89.334(4) 

V/Å3 2441.5(4) 

Z 1 

Z' 0.5 

min/° 2.516 

max/° 66.751 

Measured Refl. 23227 

Independent Refl. 8407 

Reflections Used 7717 

Rint 0.0304 

Parameters 541 

Restraints 15 

Largest Peak 2.466 

Deepest Hole -2.985 

GooF 1.063 

wR2 (all data) 0.1519 

wR2 0.1450 

R1 (all data) 0.0564 

R1 0.0520 

 

                                                           
3
 Reproduced from ref. 195 with permission from The Royal Society of Chemistry. 



163 
 

 

 

Appendix B. List of publication and conferences 

Appendix B1. Publications 

1) Sinatra, Lutfan, Alec P. LaGrow, Wei Peng, Ahmad R. Kirmani, Aram Amassian, 
Hicham Idriss, and Osman M. Bakr. "A Au/Cu2O–TiO2 system for photo-catalytic 
hydrogen production. A pn-junction effect or a simple case of in situ reduction?." 
Journal of Catalysis 322 (2015): 109-117. 

2) Joya, Khurram S*., Lutfan Sinatra*, Lina G. AbdulHalim, Chakra P. Joshi, Mohamed 
N. Hedhili, Osman M. Bakr, and Irshad Hussain. "Atomically monodisperse nickel 
nanoclusters as highly active electrocatalysts for water oxidation." Nanoscale 8, 
no. 18 (2016): 9695-9703. (* equal contribution) 

3) Bakr, Osman M.; Sinatra, Lutfan; Bashir, Shahid M.; Katsiev Khabiboulakh; Idriss, 
Hicham.”Catalytic structures and methods of generating hydrogen gas”, Patent 
Application, WO 2016020759 A1, 2016.  

4) LaGrow, Alec P., Lutfan Sinatra, Ahmed Elshewy, Kuo-Wei Huang, Khabiboulakh 
Katsiev, Ahmad R. Kirmani, Aram Amassian, Dalaver H. Anjum, and Osman M. 
Bakr. "Synthesis of copper hydroxide branched nanocages and their 
transformation to copper oxide." The Journal of Physical Chemistry C 118, no. 33 
(2014): 19374-19379. 

5) Mehenni, Hakim, Lutfan Sinatra, Remi Mahfouz, Khabiboulakh Katsiev, and 
Osman M. Bakr. "Rapid continuous flow synthesis of high-quality silver 
nanocubes and nanospheres." RSC Advances 3, no. 44 (2013): 22397-22403. 

6) AbdulHalim, Lina G., Nuwan Kothalawala, Lutfan Sinatra, Amala Dass, and Osman 
M. Bakr. "Neat and complete: Thiolate-ligand exchange on a silver molecular 
nanoparticle." Journal of the American Chemical Society 136, no. 45 (2014): 
15865-15868. 

7) Pan, Jun, Smritakshi P. Sarmah, Banavoth Murali, Ibrahim Dursun, Wei Peng, 
Manas R. Parida, Jiakai Liu, Lutfan Sinatra, Noktan Alyami, Chao Zhao, Erkki 
Alarousu, Tien Khee Ng, Boon S. Ooi, Osman M. Bakr, and Omar F. Mohammed. 
"Air-Stable Surface-Passivated Perovskite Quantum Dots for Ultra-Robust, 
Single-and Two-Photon-Induced Amplified Spontaneous Emission." The journal 
of physical chemistry letters 6, no. 24 (2015): 5027-5033. 

8) Abdelhady, Ahmed L., Makhsud I. Saidaminov, Banavoth Murali, Valerio Adinolfi, 
Oleksandr Voznyy, Khabiboulakh Katsiev, Erkki Alarousu, Riccardo Comin, 
Ibrahim Dursun, Lutfan Sinatra, Edward H. Sargent, Omar F. Mohammed, and 
Osman M. Bakr. "Heterovalent Dopant Incorporation for Bandgap and Type 
Engineering of Perovskite Crystals." The journal of physical chemistry letters 7, 
no. 2 (2016): 295-301. 

9) Peng, Wei, Lingfei Wang, Banavoth Murali, Kang‐Ting Ho, Ashok Bera, Namchul 
Cho, Chen‐Fang Kang, Victor M. Burlakov, Jun Pan, Lutfan Sinatra, Chun Ma, Wei 
Xu, Dong Shi, Erkki Alarousu, Alain Goriely, Jr-Hau He, Omar F. Mohammed, Tom 
Wu, and Osman M. Bakr."Solution‐Grown Monocrystalline Hybrid Perovskite 
Films for Hole‐Transporter‐Free Solar Cells." Advanced Materials (2016). 

http://www.sciencedirect.com/science/article/pii/S0021951714003248
http://www.sciencedirect.com/science/article/pii/S0021951714003248
http://pubs.rsc.org/en/content/articlehtml/2016/nr/c6nr00709k
http://pubs.rsc.org/en/content/articlehtml/2016/nr/c6nr00709k
http://pubs.acs.org/doi/abs/10.1021/jp503612k
http://pubs.acs.org/doi/abs/10.1021/jp503612k
http://pubs.rsc.org/en/content/articlehtml/2013/ra/c3ra43295e
http://pubs.rsc.org/en/content/articlehtml/2013/ra/c3ra43295e
http://pubs.acs.org/doi/abs/10.1021/ja508860b
http://pubs.acs.org/doi/abs/10.1021/ja508860b


164 
 

 

 

10) AlYami, Noktan M., Alec P. LaGrow, Khurram S. Joya, Jinyeon Hwang, 
Khabiboulakh Katsiev, Dalaver H. Anjum, Yaroslav Losovyj, Lutfan Sinatra, Jin 
Young Kim, and Osman M. Bakr. "Tailoring ruthenium exposure to enhance the 
performance of fcc platinum@ ruthenium core–shell electrocatalysts in the 
oxygen evolution reaction." Physical Chemistry Chemical Physics (2016). 

11) Bootharaju, Megalamane, Lutfan Sinatra, and Osman M. Bakr. "Distinct metal-
exchange pathways of doped Ag25 nanoclusters." Nanoscale (2016). 

12) Pan, Jun, Li Na Quan, Yongbiao Zhao, Wei Peng, Banavoth Murali, Smritakshi P. 
Sarmah, Mingjian Yuan, Lutfan Sinatra, Noktan M. Alyami, Jiakai Liu, Emre 
Yassitepe, Zhenyu Yang, Oleksandr Voznyy, Riccardo Comin, Mohamed N. 
Hedhili, Omar F. Mohammed, Zheng Hong Lu, Dong Ha Kim, Edward H. Sargent, 
and Osman M. Bakr. "Highly Efficient Perovskite‐Quantum‐Dot Light‐Emitting 
Diodes by Surface Engineering." Advanced Materials (2016). 

13) Cho, Namchul, Feng Li, Bekir Turedi, Lutfan Sinatra, Smritakshi P. Sarmah, Manas 
R. Parida, Makhsud I. Saidaminov et al. "Pure crystal orientation and anisotropic 
charge transport in large-area hybrid perovskite films." Nature Communications 
7 (2016): 13407. 

 

Appendix B2. Conferences 

1) Sinatra, Lutfan, Alec P. LaGrow, Wei Peng, Ahmad R. Kirmani, Aram Amassian, 
Hicham Idriss, and Osman M. Bakr. "A highly stable and efficient Au/Cu2O-TiO2 
system for photocatalytic hydrogen production: The important role of in situ 
reduction on stability and performance” In MRS Spring Meeting and Exhibit, 
USA, 2015. (oral presentation) 

2) Joya, Khurram S*., Lutfan Sinatra*, Lina G. AbdulHalim, Chakra P. Joshi, Mohamed 
N. Hedhili, Osman M. Bakr, and Irshad Hussain. “Highly active electrocatalysts for 
water oxidation using atomically monodisperse nickel nanoclusters”. In The 4th 
Saudi International Nanotechnology Conference (SINC), Saudi Arabia, 2016. 
(poster presentation) 

 


