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Abstract 

Photocatalysis is a promising methodology for hydrogen production. It involves the use of 

an unlimited source of energy, sunlight, and a semiconductor material to split the water 

with zero carbon emissions. 

This Master’s thesis reports high efficiencies in terms of hydrogen production via water 

splitting using 2.0v/v% ethanol as scavenger, platinum and palladium as noble metals on 

TiO2 photocatalysts at three metal loadings (1.0, 2.5 and 5.0wt%). Both near UV and 

visible light were used in the studies developed. These photocatalysts were synthetized 

using a sol-gel method whose morphological properties were enhanced due to the presence 

of soft template precursors. Experiments were carried out in the Photo-CREC Water reactor 

II. This novel unit offers symmetrical irradiation allowing precise irradiation 

measurements for macroscopic energy balances. In all cases hydrogen production followed 

a zero-order reaction.  

Optimal quantum efficiencies were achieved under near UV light, reaching a significant 

30.8%. The doped TiO2 photocatalysts were also studied under visible light obtaining a 

valuable 1.2% of quantum efficiency. In order to achieve this, the prepared semiconductors 

were photoreduced and activated with near-UV light. 
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UV Ultra Violet 

VIS Visible 

VB Valence Band 

bg Band gap 

0 Basal state 



1 

Chapter 1 

 

1 Introduction 

 

The continuous use of fossil fuels has augmented urban air problems in industrialized cities 

exceeding the legislated allowable health limits and resulting in numerous pollution related 

diseases. As well, new technologies are needed to reduce the foreseen incremental global 

carbon emissions which will reach up to 9.8 billion tons by 2020[1]. 

 

Given the above, the world community realizes the necessity of alternative energy sources 

while providing sustainable lifestyles for its populations[2]. In this respect, some countries 

such as China, India, USA, Brazil, Nigeria, Indonesia and Canada have already 

implemented the use of renewable sources of energy,  responding to the current 

environmental problems and energy demands[3]. Specifically for Canada, Figure 1, wind 

and solar energy have had an important growth in the last few years[4]. According to 

Natural Resources Canada, 18.1% of Canada’s total energy production comes from 

renewable energy.  

 

 

Figure 1 Sources of Renewable Energy in Canada [4] 
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Renewable energy sources have important intrinsic benefits as well as shortcomings. 

Their main advantages and disadvantages are listed in Table 1.  

Table 1 Renewable Energy Technologies 

Type of 

Renewable 

energy 

Energy source Advantages Disadvantages References 

Hydropower 

Generated using 

the mechanical 

energy of flowing 

water 

-High level of 

reliability 

-Very low operating 

and maintenance 

costs 

- Easily adjusted to 

load changes 

-High initial costs 

-Dependence on 

precipitation 

- Flooding of land and 

wildlife habitat 

-Displacement of people 

living in the reservoir area 

[5][6] 

Solar Power 

Conversion of 

energy from the 

sun into electricity 

-Low operating costs 

-Reliable source 

-Little maintenance 

costs 

-Expensive solar panels  

-Solar energy collection 

dependent on sunshine 

[7][8] 

Wind Power 

A wind turbine 

converts the kinetic 

energy of wind into 

mechanical energy 

-Unlimited wind 

availability  

-Expensive maintenance 

-Intermittency of wind 

-Noise, interference with 

radio and TV signals, and 

killing of migratory birds 

[9] 

Geothermal 

Power 

Trap heat and 

steam form 

underground to 

generate electricity 

-Continuous 

operation 

 

-Limited access to 

geothermal locations 

-Limited amount of power 

-Difficult transportation of 

storage energy 

[10] 

Biomass 

Organic materials 

can be turned into 

fuel to supply heat 

and electricity 

-Supports agricultural 

and forest-product 

industries 

-Use of raw materials 

for products such as 

fuels and chemicals 

-Limited resource as 

compared to fossil fuels 

-Land is occupied for 

growing biomass instead 

of using for food supply 

[11] 

 

Regarding the renewable energy sources described in Table 1 researchers have been 

recently investigating other clean and emission-free energy vectors that could replace fossil 

fuels. In this respect, hydrogen has attracted the attention in recent years given its great 

value. Hydrogen is a most abundant element on earth that could be extracted from a variety 

of feedstocks[12]. Besides its abundance, hydrogen offers a high calorific value (143 

MJ/kg) and clean emissions. Hydrogen when burned with oxygen from air, releases water 

as the only byproduct [13][14]. While all this is very valuable for hydrogen as an 

environmentally friendly fuel, hydrogen still offers challenges for both storage and 

transportation. 
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Figure 2 presents some primary energy sources that could be utilized to produce hydrogen 

such as, wind, biomass and sunlight, through different technologies. These technologies 

could become more competitive than conventional approaches and may be employed to 

extract hydrogen from water[15]. According to the US Department of Energy, 400 billion 

cubic meters of hydrogen are produced worldwide per year using the steam reforming of 

natural gas. This is a high temperature and high pressure catalytic process, with carbon 

dioxide being a main by-product[16]  

 

 

Figure 2 Hydrogen energy sources [16] 

 

Besides reforming, water electrolysis offers another hydrogen production technology. In 

electrolysis, there is a high energy demand for water splitting. This energy is supplied in 

the form of electrical energy and can be produced from either fossil fuels or hydropower. 

Thus, in the case of using fossil fuels the overall process can be considered as a non-

sustainable alternative. Water electrolysis presents as well, issues related to efficiency, 

maintenance costs, robustness, reliability and safety[17].  

 

A promising method for hydrogen production is photocatalysis. Photocatalysis involves 

the use of sunlight to split water taking advantage of semiconductor generated electron-

hole pairs. Today, this process is still non-viable given the low semiconductor efficiency 

under visible light [18]. 
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In order to improve the photocatalytic water splitting processes, the photocatalysts must 

meet certain criteria including: a) suitable band gaps to absorb visible light from the sun, 

b) chemical stability under redox conditions, c) low cost, d) semiconductor recyclability, 

e) chemical resistance, f) safe hydrogen storage and g) adaptability for large-scale 

hydrogen production[19][20].  

 

In this context, more research is needed to enhance water splitting[21]. This Master’s thesis 

reports hydrogen formation via water splitting using 2.0v/v% ethanol as scavenger, and 

noble metal modified TiO2 photocatalysts under UV and visible light. The prepared 

semiconductors are activated via near-UV irradiation. These photocatalysts create a 

significant opportunity to successfully address the challenges of water splitting for 

hydrogen production 
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Chapter 2 

2 Literature Review 

Hydrogen is a key energy carrier that will likely play an important role in the transportation 

sector by 2050[22]. It is considered as an environmentally friendly energy vector due to its 

zero CO2 and zero noxious gas emissions when is produced from water. Hydrogen 

combustion releases much less pollutants to the atmosphere, than fossil fuels[23].  

Through a water splitting process, hydrogen can be produced using water and sunlight as 

primary resources[24]. In this respect, by applying this technology, people can benefit from 

the earth's most abundant resource, water, as well as from sunlight radiation at no cost. 

2.1 Hydrogen Production 

Hydrogen is currently produced via different processes such as electrolysis, thermolysis, 

water splitting, gasification and biological processes. Table 2 reports the main methods 

for hydrogen production used today. 

Table 2 Hydrogen production methods[25]  

Method Feedstock Characteristics References 

Electrical  

Electrolysis Water Direct current is used to split water into O2 and H2  [26] 

Plasma  Fossil 

fuels 

Natural gas is passed through plasma arc to generate 

H2 and carbon soot 

[27] 

Thermal  

Thermolysis H2S Thermal decomposition of H2S at high temperatures  [28] 

Thermo-

chemical 

processes 

Water 

splitting 

Water Convert sunlight into electron/hole pairs that will 

oxidize water 

[29] 

Biomass 

conversion 

Biomass Fermentative hydrogen thermocatalytic conversion 

from biomass-based materials 

[30] 

Gasification Conversion of biomass into syngas [31] 

Reforming Conversion of liquid biofuels into H2 [32] 

Photonic  

PV electrolysis Water PV panels are used to generate electricity [33] 
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Table 2 (continued) 

Method Feedstock Characteristics References 

Photocatalysis Water 
Water is split into H2by using the electron-hole pair 

generated by the photocatalyst 

[34] 

Photoelectrochemical 

method 
 

A hybrid cell produces current and voltage for 

absorption of light 

[33] 

Biochemical  

Dark  

fermentation 

Biomass Biological systems are used to generate H2 in the 

absence of light 

[35] 

Electrical + Thermal  

High temperature  

electrolysis 

Water Electrical and thermal energy to split the water at 

high temperatures 

[36] 

Hybrid  

thermochemical  

cycles 

Electrical and thermal energy are used to drive 

cyclical chemical reactions 

[37] 

Coal gasification  Conversion of coal into syngas [38] 

Fossil fuel reforming Fossil fuels are converted to H2 and CO2 [39] 

Photonic + Biochemical  

Biophotolysis Biomass 

& Water 

Biological systems (microbes, bacteria, etc.) are used 

to generate H2 

[40] 

Photofermentation Fermentation process activated by light [41] 

Artificial  

photosynthesis 

Photosynthetic reaction center proteins used to 

oxidize water imitating photosynthesis to generate 

H2 

[42] 

Electrical 

 + Photonic 

Water Photoelectrodes and external electricity are used 

electrolysis process splitting the water 

[43] 

Regarding photocatalytic water splitting, the topic of the present research, it has several 

intrinsic advantages over other hydrogen production techniques. It is a process that can be 

operated at low temperatures and utilizes durable, stable, efficient and relative inexpensive 

semiconductors[44]. However, water splitting still has some issues to be addressed such as 

enhancement of the efficiency photon utilization[45].   

  



7 

2.2 Photocatalysis  

The combination of chemistry and catalysis that uses irradiation (ultraviolet, visible or 

infrared) to accelerate a chemical reaction is denominated “Photocatalysis”[46]. In 

photocatalysis, a semiconductor or photocatalyst material is utilized to promote chemical 

change[47]. In nature, one can find photosynthesis as a main example of a photocatalytic 

process, where chlorophyll acts as a photocatalyst. Chlorophyll captures sunlight 

converting water and CO2 into oxygen and carbohydrates[48]. 

Catalytic processes can be classified into two main branches: a) homogeneous catalysis, 

where chemical species and photocatalyst are in the same phase (liquid phase generally) 

and b) heterogeneous catalysis, where catalysts and reagents are in a different phase (solid-

gas, solid-liquid, gas-liquid)[49].  

Table 3 reports some advantages and disadvantages of homogeneous and heterogeneous 

catalytic processes. 

Table 3 Comparison Homogeneous and Heterogeneous catalysis[50] 

Catalysis Type Advantages Disadvantages 

 

Homogeneous 

 

- Good contact between 

reactants 

- Higher selectivity (single 

activity site) 

- Simpler and quicker to 

work with at R&D stage 

- Catalyst recovery is very 

difficult and expensive, 

after reaction 

- Poor thermal stability 

Heterogeneous 

- Easy and cheap catalyst 

separation for reutilization  

- Good thermal stability 

- Lower selectivity 

(multiple active sites) 

As shown in Table 3, one of the main potential advantages of the heterogeneous catalysis 

is the easy photocatalyst recovery, with this being particularly significant if it is considered 

the use of photocatalysts doped with noble metals as is the case of the present study[51]. 

2.2.1 Catalytic Cycle 

To describe the photocatalytic reaction for hydrogen production, the process involves the 

following reaction steps[52][53]: 
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a) Reactant Transportation-Diffusion Step. Transport of chemical species from the 

bulk of the fluid to the outer surface of the photocatalyst and from the outer 

photocatalyst surface to its inner surface via semiconductor pore.  

b) Reactant Adsorption Step. Reactant adsorption on a photocatalyst active site.  

c) Electron/hole Pair Formation. Photon absorption on a semiconductor surface with 

the formation of an electron/hole charge pair. 

d) Photocatalytic Reaction. Transformation of chemical species via chemical 

reactions between species and electrons or OH· radicals formed on semiconductor 

holes.  

e) Product Species Desorption. Desorption of products formed on the photocatalyst 

active sites.  

f) Product Transportation-Diffusion Step. Transport of formed products from the 

photocatalyst surface back into the fluid from the inner pore volume. 

Thus, in photocatalysis, the availability of active sites is of critical importance as in 

conventional catalytic processes[54]. Active sites provide a lower energy path for the 

molecules to reorder their bonds and thus break and form new bonds, necessary for a 

chemical reaction[55]. In this respect, when the molecules are adsorbed on the surface, 

they always maintain a link to the active sites, forming reaction intermediates with lower 

energy barriers to be overcome and form the desired products[56].  

However, in photocatalytic processes, the material selected as a photocatalyst should be 

able to promote the formation of electron/pair sites as well. This is a vital requirement for 

the photocatalytic reaction to proceed[57].  
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2.3 Water Splitting  

Since 1950's, scientist have been trying to find a path to produce hydrogen and oxygen via 

water splitting. Thermodynamically, water splitting is an “uphill” endergonic process. This 

is not a spontaneous reaction at room temperature and pressure with a Gibbs free energy 

of +237.2kJ/mol and a standard redox potential ΔE equals to 1.23 eV[58].  

Some of the proposed processes for hydrogen production are expensive and show a very 

poor efficiency for large-scale use. It has been proposed that major progress could be 

achieved using  catalysts (semiconductors) or biological systems (plants, algae, bacteria) 

with the latter technology being least developed [59]. Photon activated semiconductors or 

photocatalysts interact with the substrate (water) and accelerate the photoreaction, 

producing photoproducts such as hydrogen and oxygen. Photon activation can be achieved 

via sunlight radiation [60]. However, this reaction may be hindered by chemical 

equilibrium. A sacrificial agent may be required to allow the photocatalytic reaction to 

occur, forming the desired photogenerated products such as hydrogen[61]. 

Thus, some specific steps should be considered for the photocatalytic process with 

sacrificial agents: 

a) Absorbed photons surpass the energy band gap of the semiconductor material 

generate excited electron-hole pairs[62]. 

b) Photoexcited electron-hole pairs can be separated due to the sacrificial agent 

presence, allowing the formation of hydrogen with minimum electron-hole pair 

recombination[63]. 

c) Hydroxyl groups from dissociated water, contribute in the h+ electron vacant site 

the OH· radical formation and this OH· radical to the conversion of the 

scavenger[64]. 

 

 

According to the previous steps, unhindered chemical equilibrium for water splitting 

occurs following the reactions as listed below: 
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Water Dissociation     H2O  OH- + H+ Reaction 1  

Semiconductor activation Semiconductor + photon→ h+ + e- Reaction 1 

OH· Radical Formation OH- + h+   OH· Reaction 2 

H· Radical Formation H+ + e-  H· Reaction 3 

Consumption of OH Radical OH· + organic scavenger→ CO2 + H2O Reaction 4 

Consumption of OH Radical  2H·→H2 Reaction 5 

In summary, to produce hydrogen via water splitting three (3) main components are 

required: 

a) A semiconductor or photocatalyst 

b) A light source (Photon) 

c) Sacrificial agent (organic species) 

2.4 Semiconductor or Photocatalyst  

A photocatalyst is a material that is capable of absorbing light and produces electron-hole 

pairs to accelerate the rate of a chemical reaction.  Once the reaction cycle is complete, the 

photocatalyst is restored to its original state [65]. 

Mesoporous  semiconductors have been considered for use in photocatalysis, given the 

following [66]: 

a) Favourable semiconductor electronic structure 

b) Adequate properties for light absorption 

c) Adequate electron transport properties 

d) Photo-semiconductor excitation   

e) Adequate for chemical species transport 

 

The transport of chemical species to the active centers of semiconductors occurs via 

diffusion.  Thus, the transport properties in a semiconductor, mainly chemical species 

diffusion, can be controlled by changing the semiconductor size, and shape of the pore 

network[67]. 
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The BET (Brunauer-Emmett-Teller) method is typically used for determining pore volume 

and specific surface area. BET is based on the measurements of adsorption-desorption of 

N2. Semiconductors with small pores provide a large specific surface area, contributing to 

active dopant particle dispersion[68]. 

Metal oxides are the most well-known semiconductors given their high stability despite 

their low efficiency. These oxides can display the strong redox potential needed for water 

splitting reactions. Many metals have been used for this purpose such as TiO2, ZnO, Fe2O3, 

WO3, BiVO4 and SrTiO3[69][70][71].  

In 1978, Fujishima and Honda demonstrated the value of using TiO2 (rutile) and a platinum 

counter electrode under ultraviolet irradiation for water dissociation into hydrogen and 

oxygen. Since then, investigation has been performed in the area of this ground breaking 

research[72]. 

2.4.1 Semiconductor preparation 

In the preparation of a heterogeneous catalyst, the first step is the production of a porous 

solid. This porous solid is usually obtained in the form of a gel by precipitation. After gel 

formation, additional steps include typically, calcination and reduction.  It is thus, the 

precursor gel phase that mostly determines the structure and properties of the final 

catalyst[73]. 

Many parameters can be changed in each step of the photocatalyst preparation, using the 

sol-gel method.  Such parameters are for example, texture, composition, homogeneity and 

structural properties of the formed solids[74]. This provides several advantages over other 

methods for catalyst preparation just as wetness impregnation given that one can 

control[75]: 

 

a) Composition and structure control of the photocatalyst (amorphous or crystalline) 

b) Particle size 

c) Reactivity on active sites with carefully engineered particle sizes 

d) Material synthesis  
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Given the versatility of the sol-gel method for the mesoporous catalyst preparation, it was 

adopted for the present study.  

Four stages are recommended to be carried out during the sol-gel method: (1) hydrogel 

formation, (2) maturation, (3) solvent removal and (4) a heat treatment step[76]. Hydrogels 

are cross-linked polymers, which have three-dimensional open structures, where the 

primary units are held together either by chemical bonds, hydrogen bonds, dipolar forces 

or Van der Waals interactions[77]. 

2.4.2 Titanium Dioxide (TiO2) 

In a photocatalytic water splitting reaction, the semiconductor is key. Up to date, titanium 

dioxide (TiO2) has been the most used material due to its stability, resistance to corrosion, 

cleanliness (no pollutant), availability in the nature and inexpensiveness compared to other 

semiconductors. This material has been widely used for many applications because of its 

oxidizing power for degradation of organic pollutants and microorganisms and for its 

affinity to water[78] (Figure 3).  

 

Figure 3 Applications of Titanium Dioxide [79] 
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2.4.2.1 TiO2 structures 

Titanium dioxide with a typical particle size of 10-15 nm, can be found in three allotropic 

phases: anatase, rutile, and brookite. Anatase displays superior photocatalytic properties 

whereas rutile exhibits a high thermodynamic stability. The presence of these three forms 

of TiO2 is mainly determined by the synthesis method[80]. For instance, TiO2 

semiconductors may provide enhanced band gaps, refractive indexes and rates of charge 

transfer across interfaces, favouring photocatalytic activity according to the preparation 

method[81]. In all these respects, it appears that the anatase phase is the most suitable phase 

for water splitting.  Table 4 shows some properties of these crystalline TiO2 phases 

Table 4 Properties of Anatase, Rutile and Brookite of TiO2 [82] 

Properties Crystal 

Structure 

Band 

Gap 

(eV) 

Density 

(g/cm3) 

Refractive 

index(ηD) 

Structure 

Rutile Tetragonal 3.05 4.27 2.609 

 

Anatase Tetragonal 3.23 3.89 2.488 

 

Brookite Orthorhombic 3.26 4.12 2.583 

 

2.4.2.2 Porosity 

The surface properties of TiO2 have a great influence on the semiconductor photocatalytic 

activity. Grain size, crystallization morphology, surface area and porosity among surface 

properties are the most important one[83]. The most common classification applied to 

pores in porous materials is related to their size, which is defined as the distance between 

opposite pore walls (width, dp). Depending on their sizes, pores can be classified as 

ultramicropores (dp <0.7nm), micropores (dp <2 nm), mesopores (2nm <dp <50nm) and 

macropores (dp> 50nm)[84].  
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Researchers agreed that mesoporous TiO2 has a better performance in terms of catalytic 

activity due to its high specific area and uniform pore diameter. This is the result of the 

great influence of the TiO2 pore structure on the adsorption of electrons, reagents and 

products on the surface area. Small pores contribute with a high specific surface area and 

therefore provide in principle, a better support for active metal sites[85].  

 

Improving the photocatalytic activity of a semiconductor demands close control of the 

semiconductor pore morphology and of the size of the pores. Some polymers such as 

Pluronic® F-127 and Pluronic® P-123 which are formed by chains of ethylene oxide and 

propylene oxide, can contribute to TiO2 synthesis as soft templates1. These photocatalyst 

templates optimize the pore structure network during semiconductor preparation, 

enhancing pore size distribution and shape[86]. These polymeric templates will be object 

of study for the production of hydrogen and will be discussed in more detail in the 

following chapter.  

2.4.2.3 Band gap 

One of the most important properties of a photocatalyst, is its band gap. This energy level 

in a semiconductor is established by considering the difference between the top of the 

valence band (VB) and the bottom of the conduction band (CB). [87]. Then, the accurate 

band gap should be satisfied for the material to exhibit metallic conductivity. Band gap 

conductivities are shown in Figure 4. 

                                                 

1
 The soft template does not have a fixed rigid structure. It is easy to build and remove and is mostly used to 

produce various size, sharp structure of nanomaterials 
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Figure 4 Band gap energies for some common semiconductors materials [88] 

The photocatalytic properties of TiO2 are derived from the generation of electron-hole 

pairs, which take place once the absorption of light has occurred at a specific band gap. 

The created holes in the VB are diffused onto the TiO2 surface and react with the adsorbed 

water, producing hydroxyl radicals (OH·). These (holes + OH· radicals) oxidize the closest 

organic molecules on the TiO2 surface. Furthermore, the electrons in the CB are reduced 

by reacting with the oxygen present to derive superoxide radical anions (O2
·-)[89]. 

 

Figure 5 Formation of photogenerated electron-hole pairs under sunlight [90] 
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2.4.3 Doped Photocatalyst 

The elemental doping of a photocatalyst refers to a semiconductor modification on the 

catalyst surface using a co-catalyst. This co-catalyst can be either a noble metal, a metal 

oxide or a metal hydroxide as well as a sensitizer using plasmatic materials. These elements 

increase the efficiency of the hydrogen evolution reaction, narrow the band gaps and 

improve the optoelectronic semiconductor properties. Their use could allow the activation 

of the TiO2 by visible spectrum photons[91]. 

 

Figure 6 Photocatalytic water splitting with Pt [92]. 

Semiconductors are in principle based on their ability for both oxidation and reduction. 

They enable in principle the production of hydrogen and oxygen given the unfavourable 

thermodynamics of the water splitting reaction. In this respect, co-catalysts such as Pt, Pd, 

Ni, Ru, Rh, Ir and others, create additional active sites, facilitating the water splitting 

process, as shown in Figure 6[93]. 

Platinum and palladium, among other metals, have a lower Fermi level2 compared to TiO2 

itself. This yields an effective transference of electrons to metal sites, in the CB level. This 

                                                 

2
 Fermi level is the term used to describe the top of the collection of electron energy 

levels at absolute zero temperature. 
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process decreases the recombination rate between the electrons and the holes, leading to  

enhanced photocatalytic reactions [94].  

Palladium is a very attractive alternative to platinum. Pd displays a similar stability to the 

Pt but at much lower cost which is about 1/5 of the one for platinum. In the present work, 

both noble metals, Pt and Pd will be used to dope TiO2 and analyze their effect on hydrogen 

production.  

2.5 Light source  

For semiconductor electron excitation, is required a short wavelength ultraviolet irradiation 

(250 – 350 nm). Most of the sun radiation is however, in the 400 nm to 650 nm range 

(visible light range), with the near-UV range only being a small fraction. Thus, the water 

splitting reaction does not happen naturally under these conditions[95].   

Thus, improvements to the water splitting process are required in order to achieve better 

sunlight utilization efficiencies. With this end new photocatalysts are being considered as 

shown in Table 5. As well, new photoreactors are engineered to irradiate a large catalyst 

surface area uniformly and to avoid internal and external diffusion transport 

phenomena[96]. In this process, a light source adequate to promote the electron-hole pair 

formation is selected.   

Table 5 Light sources in photocatalytic water splitting [97] 

Photocatalyst Light source Wavelenght (nm) 

Pt, Cr, Ta on TiO2 Visible light >420 

Cu-Ga-In-S on TiO2 300W Xe 385- 740 

Pt/C-HS-TiO2 Visible light 400-650 

Pt-TiO2 Xe  320-400 

Rh-La-SrTiO3 300W Xe >420 

Ni/ CdS/  C3N4 300W Xe >420 

Au-TiO2 Visible light >420 

SrTiO3:La,Rh/Au/BiVO4:Mo 300W Xe >420 

CoOx-B/TiO2-TaON 150W Xe >400 

MoS2/CuInS2 300W Xe >420 
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Regarding visible light lamps for water spitting, several types have been used such as 150 

W Xenon arc, 300W Xenon cut-off filter and solar simulated radiation equipment with 

300W and 15W mercury lamps. Concerning UV and visible light lamps, two types are used 

in this study, a 15 W BLB (Black Light Blue) for near UV and 15W Hg for Visible light, 

the  BLB lamp has been used before according to the technical literature [98].  

2.6 Sacrificial Agent 

Heterogeneous photocatalytic hydrogen production has low efficiency due to the 

recombination of electro-hole pairs. In order to reach higher yields of hydrogen, electron 

donors are needed to perform as sacrificial agents preventing the mentioned recombination. 

Common sacrificial agents include methanol, triethanolamine, ethanol, acids and inorganic 

compounds[99]. 

Ethanol, as one of the most investigated sacrificial agents, provides high quantum 

efficiencies and will be used in this work as scavenger. The use of ethanol as a sacrificial 

agent is advantageous given that it can be easily produced from renewable biomass 

(fermentation processes), making it available and inexpensive. It is effective when it is 

used at low concentrations, due to the indirect oxidation of the hydroxyl radicals[100]. 

On the other hand, using this ethyl alcohol involves the formation of acetaldehyde as well 

as acetic acid as by-products during the generation of hydrogen via H+ reduction following 

the below reactions[101].  

 

 

 

2.7 Photocatalytic Reactor 

Specific equipment is required for hydrogen production at room temperature and close to 

ambient pressure using photocatalysis as follows[102]:  

C2H5OH + 2h+  CH3CHO + 2H+ 

 

        Reaction 6 

CH3CHO + H2O +2h+  CH3COOH + 2H+ 

 

        Reaction 7 
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a) The glass section must be made with high UV and visible light transmittance 

materials. The borosilicate glass used has a transmittance above 90% with an 

absorption cut-off wavelength of 285 nm where the reaction can be carried out 

under low or room temperature. 

b) The fluid must be transparent to UV or visible light. Thus, the photocatalyst is the 

only phase absorbing radiation media. 

c) The various photoreactor materials shall be resistant to the chemicals used (e.g. 

ethanol) as well resistant to acid pH in the range of 4 to 7. 

d) The selected photocatalytic reactor has to be of the slurry type with the 

photocatalyst being uniformly suspended. It must have a high surface/volume 

reactor ratio and limited fouling effects. 

To comply with these conditions for hydrogen production, a unique photoreactor unit  

designated as Photo-CREC Water II Reactor, was designed and developed at the Chemical 

Reactor Engineering Center (CREC)-UWO[103] . In Chapter 4, additional information 

about the technical characteristics of this unit is provided.  

2.8 Quantum Yield (QY) 

Photocatalytic reactors and photocatalysts can be ranked using a photonic efficiency 

equation as shown in Equation (1).  

PE =
Rate of reactant molecules transformed

Rate of incident photons
 

Equation 1 

For the photoconversion of organic species in air and water, one can consider a quantum 

yield (QY) parameter. The quantum yield is defined as the rate of hydroxyl radicals (OH·) 

consumed over the number of photons absorbed by the photocatalyst (Table 6). It describes 

the photochemical activity and the utilization of absorbed photons[104].   
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Table 6 Quantum Yield definition in terms of OH· radicals and photon absorbed[103] 

Quantum Yield (QY) No. of  Consumed OH· radicals moles

No. of photons absorbed by the catalyst (Pa)
 

 

Some authors preferred a different QY parameter definition, as described in Table 7. 

However, the QY should be based on an assessment of photons absorbed instead of an 

efficiency calculation of incident photons[105]. This makes of the QY a more 

mechanistically meaningful parameter. 

Table 7 Quantum Yield definitions [106][107] 

Primary Quantum 

Yield 

No. of pollutant molecules degraded from a primary process

No. of photons absorbed
 

Overall Quantum Yield No. of pollutant molecules from a primary and second process

No. of photons absorbed
 

Apparent Quantum 

Yield 

No. of pollutant molecules degraded 

No. of photons absorbed
 

Global Quantum Yield 

(QE) 
No. of pollutant molecules degraded from a primary process 

No. of photons entering the reactor
 

For hydrogen production, a specific quantum yield can be considered as described in  

Table 8: 

Table 8 Quantum Yield for Hydrogen Production[108] 

Theoretical QY based 

on the moles of H2 

produced 

QY𝐻2 =
moles of H2 produced

moles of irradiated photons
 

Overall QY for H2 

production 
QYH+OH =

 moles of H ∙ + moles of OH ∙

moles of photons 
 

QY in terms of the 

moles of H  radicals 

produced or two times 

the moles of H2 

produced 

QYH =
 moles of H ∙ produced

moles of photons absorbed by the photocatalyst
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Given the need of providing a mechanistically based analysis for the production of H2 as 

attempted in the present study, the QYH as reported in  

Table 8, will be used in the upcoming sections of the present manuscript. 

 

2.9 Conclusions  

 

Based on the above discussion of the technical literature, the following relevant 

conclusions can be provided: 

a) Significant progress is still required in the design and preparation of noble metal 

photocatalysts, to achieve high H2 production efficiencies under UV and visible 

radiation. 

b) Research is needed to find suitable substitutes for Pt as the photocatalyst doping 

agent. 

c) Progress is still essential to evaluate the most promising photocatalysts for 

hydrogen production in the most advanced photoreactors units such as is the case 

of the Photo-CREC Water II Reactor. This would allow the calculation of 

macroscopic radiation balances and the rigorous evaluation of Quantum Yields.     
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2.10 Scope of the Research 

Based on the literature, the following goals have been set for the present project Water 

splitting for hydrogen production using photocatalysis will be studied and addressed: 

1. To analyze the impact of soft templates (Pluronic F-127 and Pluronic P-123) on 

mesoporous TiO2 morphology and their influence for hydrogen production rates 

via photocatalysis. 

2. To establish the performance of the different photocatalysts when utilizing noble 

metals on TiO2 such as platinum and palladium using: a) UV-light and Visible light, 

b) different photocatalyst concentrations (0.15, 0.30, 0.50 and 1.00 g/L) and c) 

various metal loadings (1.0wt%, 2.5wt% and 5.0wt%). 

3. To analyze the change of ethanol during the water splitting reaction under Argon 

and CO2 atmospheres as inert gases.  

4. To establish hydrogen production efficiencies using quantum yields (QYH), based 

on the QY definition of the ratio of the hydrogen production rate over the photon 

absorption rate.  The photon absorption rate will be determined using rigorously 

established macroscopic energy radiation balances. 
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Chapter 3 

3 Equipment, Materials and Synthesis Methods 

In this chapter, the use of the Photo-CREC Reactor II for a photocatalytic water splitting 

process will be described. The operation of the reactor as well as the function and effect of 

the light sources placed inside the unit, will be studied. Specific conditions for the operation 

of this unit, will be selected for this process. Furthermore, the methods to synthesize 

semiconductor materials, able to more efficiently contribute to hydrogen production will 

also be analysed.  

3.1 Photo-CREC Water II Reactor 

The Photo-CREC Water II (PCWII) operates as a slurry batch reactor unit. It is configured 

with two concentric tubes: an inner tube made from transparent borosilicate (Pyrex) and an 

outer tube made from opaque polyethylene. The fluorescent lamp is placed inside this inner 

Pyrex tube.  Furthermore, the suspended photocatalyst flows in the annular space between 

the outer polyethylene tube and the inner Pyrex transparent tube. The PCWII unit is 

equipped with a storage feed tank where the photocatalyst suspension is always kept sealed 

under agitation. This tank has two (2) ports for periodic liquid and gas phase 

sampling[109]. 

Given that the material selected for the outer tube is opaque polyethylene, this minimizes 

radiation reflection. The external tube is equipped with seven (7) axially and equally spaced 

windows for irradiation measurements. The inner Pyrex tube only absorbs five percent 

(5%) of the UV or visible light emitted by the lamp. It also protects the lamp from the 

water. The lamp placed inside the Pyrex tube, provides a 15W UV light or 15 W fluorescent 

visible light[110].   

The hydrogen storage/mixing tank is connected to a 60 Hz centrifugal pump which allows 

liquid recirculation in the Photo-CREC Water II unit concentric channel, where the 

photocatalytic reaction takes place. An electric circuit provides a 120V single phase to the 

lamp. 
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Figure 7 describes the main components of the Photo-CREC Water II unit: a) the Photo-

CREC Water II Reactor, b) the centrifugal pump, c) the sealed storage tank, d) the electrical 

circuit powering the near-UV or visible light lamp.   

 

Figure 7 Schematic diagram of the Photo-CREC Water II Reactor[103] 

 

The Photo-CREC Water II allows a well-mixed operation for both the liquid, as well as for 

the gas phase. This is the case given that the Photo-CREC Water II is equipped with a 

centrifugal pump as well as a sealed tank with a self-powered device. The Photo-CREC 

Water II Reactor is equipped with auxiliary ports and gauges to monitor pH, temperature, 

pressure, flow, as well as to take periodic liquid and gas samples. The sealed storage tank 

allows one to feed an inert gas such as Argon or CO2. The centrifugal pump is a class B, 

115V, 2.4A, 60 Hz and 3100 rpm unit and the electrical ballast was designed to operate at 

120 VAC, 60 Hz and 0.75 A[111].  
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Table 9 PCW-II Dimensions 

Component Height (cm) Inner radius (cm) External radius (cm) 

Pyrex glass 61 1.505 1.75 

External Tube 45 1.75 4.5 

Windows  - - 0.5 

H2 mixing/storage 

tank 
21 22.5 31 

Internal tank impeller 16.5 - 2.25 

3.2 Lamp characterization  

The emitted radiation spectra of the lamps used in Photo-CREC Water II were established 

using a Stellar Ney EPP2000-25 spectrometer. The Stellar Ney EPP2000-25 spectrometer 

was equipped with fibre optics to be able to effect radiation measurements in the 300-800 

nm range, at variable distances and various locations of the PCWII unit.  This spectrometer 

unit was also provided with a high speed parallel digitizer interface [112]. 

Figure 8 reports a typical spectrum measured with the Stellar Net EPP2000-25. One can 

observe that when using the polychromatic BLB Ushio UV lamp (15 W, 0.305 A, 55V), 

there is a spectral peak at 368 nm in the 300-420 nm emission range [113]. The observed 

output power of this lamp was 1.61W with an average emitted photon energy of 325.1 

kJ/photon mole. 
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Figure 8 UV lamp irradiation spectrum  
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Similarly, the Stellar Ney EPP2000-25 spectrometer was used to determine the irradiation 

spectrum of the mercury Philips visible light lamp, as shown in Figure 9. This cool white 

light lamp possesses a nominal input power of 15 W in the 300-700 nm range with an 

output power of 1.48W and an average emitted photon energy of 274.46 kJ/photon mole. 
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Figure 9 Visible lamp irradiation spectrum 

The average emitted photon energy was calculated using the recorded irradiation spectra 

for both lamps and utilizing the following equation[114]: 

Eav =
∫ I (λ) E (λ) dλ
λmax

λmin

∫ I (λ) dλ
λmax
λmin

 Equation 2 

Where, 

E (λ) =
hc

λ
 

Equation 3 

 

With h being the Planck constant (6.34E-34 J s/photon), c representing the speed of light 

in a vacuum (3.00E8 m/s2) and λ denoting the wavelength expressed in nanometers (nm) 

(See Appendix A). 
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The average photon energy absorbed by the photocatalyst has to be defined using the max 

or the equivalent  Emin (refer to Equation 3) required to supersede the TiO2 band gap [115]. 

Regarding the PCWII, the axial distribution of the radiative flux is a parameter of major 

importance. With this end, axial measurements were carried out using the fibre optic 

system, the spectrophotoradiometers and PVC black collimators. These black collimators 

allowed us to consider only the transmitted radiation in the macroscopic radiation balances 

 

Figure 10 reports the near-UV and visible lamp axial radiation distribution. One can 

observe that the radiation profile shows no significant changes in radiation levels in the 

central section of the PCWII. On the other hand, significant radiation decay can be seen  

approaching  the endpoints of the lamp[116].  
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Figure 10 UV and visible lamp axial distribution 

  

3.3 Synthesis Methods  

Modifying semiconductor synthesis may lead to improvements in photocatalyst properties 

such as particle diameter and surface area. These changes may enhance photocatalytic 

activity. In this respect, a new sol-gel methodology could be one of the best approaches to 
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address this objective. Likewise, using a new template for photocatalyst preparation could 

lead to an important advancement in hydrogen production via water splitting. 

3.3.1 Sol-gel Methodology 

 

The sol-gel method is based on converting monomers into colloids (sol phase), promoting 

a gel structure formation [117]. The sol-gel method as shown in Figure 11, is initiated with 

the hydrolysis of a metal precursor. It is completed with species condensation, creating a 

3D gel. The resulting 3D gel can then be subjected to a drying procedure forming a 

Xerogel[118]. 

 

Figure 11 Hydrolysis and condensation of the copolymer over TiO2 

 

One can certainly use TiO2 as a metallic precursor for the gel formation. As a result, 

spiral/linear chains of TiO6 octahedrals are obtained after hydrolysis. The condensation of 

these structures leads to crystallite formation during the subsequent thermal treatment. 

Given that particle nucleation is quite homogeneous during colloidal deposition, this yields 

a well-controlled particle size, shape, surface area to volume ratio, and porosity[119].   
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To enhance the photocatalytic activity of the TiO2, a copolymer or template can be added 

to enlarge the surface area of the mesoporous material. This allows the formation of strong 

chemical bonds between the copolymer and the semiconductor[120]. Thus, the copolymer 

enhanced sol-gel methodology permits one to control the purity, homogeneity, and 

morphology of the TiO2. 

3.3.2 Copolymers 

These templates or copolymers can be either anionic surfactants, cationic surfactants or 

non-ionic surfactants. Cationic surfactants are used to prepare mesoporous silicates at high 

temperature, whereas anionic surfactants are utilized for aqueous synthesis of mesoporous 

alumina. Non-ionic surfactants meanwhile, can be employed to prepare disordered 

wormhole silicas (HMS, MSU) or ordered materials with uniform pore sizes under acidic 

conditions by sol-gel dip-coating[121].  

For the effective preparation of an organized mesoporous structure of TiO2, it is important 

to choose the most suitable block copolymer. There are some copolymers available in the 

market such as Pluronic® P123 (PEO20PPO70PEO20, EO = ethylene oxide, PO = propylene 

oxide, MW = 5800) and F127 (PEO106PPO70PEO106, MW = 12,600). These copolymers 

are also called ‘‘thermoresponsive” as they change their structure with temperature [122]. 

Non-ionic surfactants are frequently used as templates. Pluronic P-123 and Pluronic F-1273 

show a great ability to modify the morphology, porosity, surface area, particle size and 

crystallinity of the photocatalyst. Furthermore, the use of these templates positively affects 

the TiO2 crystalline structure, enhancing the anatase phase, forming 1 to 15 nm 

crystallites[123]. Pluronic F-127 is used more frequently in the synthesis of spherical pores 

in a body-centered cubic structure whereas P-123 creates hexagonally ordered cylindrical 

pores. 

                                                 

3
 P and F stand for the physical state of paste and flake 
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One of the main features of a copolymer is its polarity [124]. Pluronic P-123 and Pluronic 

F-127 have a central hydrophobic PPO chain and two hydrophilic PEO tails. By combining 

these copolymers with an organic component (ethanol) and a metallic precursor (TiO2), the 

pores are created. 

The pore size of a mesoporous material is initially dependent on the hydrophobic core 

diameter[125]. The organic compound enters the interface between the hydrophilic and 

hydrophobic chains. It attaches to the hydrophobic core due to the nonpolar nature, initially 

creating large pores. Therefore, ethanol plays an important role in the generation of a large-

pore mesostructured TiO2 matrix.  

Figure 12 describes the formation of a semiconductor material, in this case case being a 

mesoporous photocatalyst. During the first phase, a hydrophobic block (PPO) is placed in 

a central location surrounded by the PEO tails (Figure 12a). Then, a second step takes place 

with PEO tails becoming attached to the TiO2 in the network. PEO is now in between the 

PPO core and the TiO2 matrix (Figure 12b). Following this, the PEO tails coordinate with 

a fraction of TiO2 leaving a hybrid outer layer with a dominant TiO2 composition (Figure 

12c). Calcination of the resulting material yields TiO2 with a mesoporous structure (Figure 

12d)[126]. 

 

Figure 12 Schematic diagram of the formation of the synthesized mesoporous TiO2 

At these synthesis conditions, ethanol helps with the phase separation process while 

moving from Figure 12b structure to Figure 12c structure. This may occur given the large 

entropies and enthalpies for polymerization of the titanium species and ethanol interactions 

with other species[127].  
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As a result, micelles of the amphiphilic block copolymer are formed by evaporation-

induced self-assembly (EISA) of the solvent (ethanol).  This process enriches the surfactant 

and inorganic species, creating a 3D ordered pore structure at the substrate-liquid level. 

This results in a well-defined crystalline mesostructured photocatalyst. The thermal 

treatment of the photocatalyst leads to an ordered mesoporous titanium framework[128]. 

3.3.2.1 Pluronic F-127 

Pluronics or Poloxamers are non-ionic surfactant poly (ethylene oxide)/poly (propylene 

oxide) / poly (ethylene oxide) (PEO-PPO4-PEO5) triblock copolymer. Pluronics permit the 

preparation of thermosensitive hydrogels with important properties being this liquid at low 

temperatures and solid at higher temperatures[129].  

 

Figure 13 Pluronic F-127 structure 

Pluronic F-127 was originally used in the pharmaceutical industry due to the ability of the 

PEO-PPO-PEO blocks to form “gels” for controlling the drug released. F-127 is also used 

for the separation of macromolecules such as DNA and proteins[130].  

For the first time in 2010, Oveisi used the copolymer F-127 in TiO2 to control the 

crystallinity and photocatalytical activity, obtaining a high surface area and an essentially 

pure anatase crystalline phase [131].  

 

3.3.2.2 Pluronic P-123 

Pluronic P-123 is a low-cost copolymer Poly (ethylene glycol)-block-poly (propylene 

glycol)-block-poly (ethylene glycol). 

                                                 

4
 Hydrophobic segment. It is 30% of the block copolymer 

5
 Hydrophilic segment. It is 70% of the block copolymer 
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Figure 14 Pluronic P-123 structure 

It is commonly used as a surface cleaner, as a defoamers in coatings and water treatment. 

It can also be used as a lubricant in metalworking, as an anti-foaming agent and as an 

extender for linear and cross-linked polyesters and polyurethanes. Among its multiple 

applications, it is used in the preparation and coating of Fe-W-C(O) nanoparticles by sol-

gel technique, as well as sacrificial templates to prepare ZnS nanospheres and nanoporous 

silica[132].  

Pluronic P-123 is hydrophobic at temperatures above 288K and soluble in water at 

temperatures below 288K. It leads to the formation of micelle consisting of PEO-PPO-

PEO triblock copolymers[133].  

3.3.2.3 Properties   

Titanium dioxide is relatively flexible material. When it is combined with the copolymers, 

it can gain mechanical strength and toughness. Thermal stability could be also 

obtained[134]. On the other hand, Pluronic F-127 and P-123 may affect the TiO2 (rutile, 

anatase, brookite) formed and consequently the crystallographic properties of the resulting 

TiO2[135]. 

The three phases of TiO2 (rutile, anatase and brookite) have a high refractive index. 

However, in the near-UV and visual wavelengths, titanium dioxide displays very poor light 

scattering [136]. The addition of the described polymers does not affect the refractive index 

of the TiO2 [137]. 

3.3.3 Catalyst Preparation 

 

Following the sol-gel methodology, the photocatalyst was prepared according to the steps 

reported in Figure 15. 
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Formation Ageing Solvents Removal Thermal treatment 

1. Dissolution of a 

precursor (metallic 

salt or alkoxide) in a 

solvent. 

 6. Drying the gel by 

removing the 

solvent 

 

2. Addition of an 

acid or base and the 

copolymer for 

hydrolysis and 

condensation 

5. Gel Ageing  8. Powder 

photocatalyst 

3. Ph adjustment    

4. Formation of a 

self-supported gel 

 7. Xerogel formation  

Figure 15 Catalysts preparation according to sol-gel methodology [138] 

 

Regarding the specific materials used for the synthesis of a mesoporous photocatalyst, the 

following can be cited: a) Ethanol USP (CH3CH2OH) from commercial alcohols, b) 

hydrochloric acid (HCl, 37% purity), c) Pluronic F-127 and Pluronic P-123, d) Anhydrous 

citric acid, e) Titanium (IV) isopropoxide, f) Hexachloroplatinic acid hydrate (H2PtCl6 · 

xH2O, 99.9% purity) and g) Palladium (II) chloride (PdCl2, 99.9% purity). All the reagents 

were obtained from Sigma Aldrich.  

 

The sol-gel phase is synthesized at room temperature, with this phase enhancing strong 

surface interactions between reagents. One should be aware that increasing temperature 

while the gel is being formed may have a negative impact on the TiO2 specific surface area, 

pore size, with anatase grains being converted into rutile. All this decreases photocatalytic 

activity [131].  

 

Figure 16 reports the detailed process of the catalyst preparation according to Guayaquil 

et, al proposed methodology[139]. 
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Figure 16 Catalyst Preparation Process  

As illustrated in Figure 16, a metallic salt (Titanium isopropoxide) is dissolved in Ethanol, 

to control the hydrolysis process and the morphology. Ethanol acts a hydrophilic compound 

at room temperature and becomes attached to the PPO chain of the copolymer. This 

titanium-rich species behaves as a hydrophobic PEO tail. In order to confirm in a simple 

manner that titanium isopropoxide was formed,  one can check  the solubility of this 

compound in water[140]. 

Concerning the formation of anatase and rutile, their ratio is acidity dependent. Thus, the 

acidity of the solution has to be controlled using hydrochloric acid. Furthermore, the acidity 

of the solution also regulates the hydrolysis rate. Thus, citric acid can be employed to 

control the pH and to help functionalize the hydrophilic surface TiO2 chains. This improves 

the particle binding to the ethylene oxide units (PEO) of the F-127 or P-123. Once the pH 

is controlled by the addition of both acids, hydrolysis occurs rapidly first, followed by a 

polymerization at a slower pace. 

Regarding the physicochemical changes which take place during the 50-200°C temperature 

increase, one can notice that water and HCl evaporate. Finally, once 500°C is reached under 

air atmosphere, the organic base surfactant is removed via calcination.  
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3.4 Conclusions 

 

The following are the conclusions regarding the materials and equipment section of the 

present MESc thesis:  

 

a) The Photo-CREC Water Reactor II provides a large irradiated area per unit volume 

and an effective contact area between the fluid and the photocatalyst. 

b) Near-UV and visible lamps used in this research, are adequate to activate both the 

Pd and Pt doped TiO2, in the required spectral range.  

c) Noble metal doped TiO2 photocatalysts can be synthesized using P-123 and F-127 

templates and a sol-gel method. The method considered allowed us to control the 

purity, homogeneity, morphology, porosity, surface area, particle size and 

crystallinity of the catalyst.  
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Chapter 4 

4 Photocatalyst Characterization 

There are several techniques that can be used for the characterization of solid catalysts. 

These techniques allow the determination of the surface area, pore size distribution and 

pore size, phase composition, band gap, metal dispersion and metal crystallite size. These 

parameters help one to understand the photocatalytic activity of the system, the evolution 

of the photocatalyst during its preparation and its potential changes during utilization. More 

specifically and in the context of the present study, the following surface characterization 

techniques were used: a) specific surface area (BET), b) chemisorption, c) x-ray diffraction 

and d) UV-vis absorption 

4.1 N2 physisorption 

 

The BET (Brunauer–Emmett–Teller) method is based on the nitrogen physisorption on a 

porous material. The obtained nitrogen equilibrium adsorption isotherm allows the 

calculation of the specific surface area (SBET) at a given temperature. During BET, the 

catalyst is exposed to nitrogen, reaching an adsorption equilibrium between gas and solid 

phases. An adsorption isotherm is thus generated, as a result of the relationship between 

the relative vapour pressure and the adsorbed volume of gas [141]. 

 

Events taking place during a nitrogen sorption process at adsorption equilibrium, with an 

increasing P/Po, are described in Figure 17. Stage 2 of this figure represents the formation 

of the nitrogen monolayer, which is at the basis of the BET method. At these conditions 

with a nitrogen monolayer formed, a resulting sorbed volume of gas can be calculated. This 

gas sorbed monolayer is proportional to the total combined internal and external surface 

area.  
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Figure 17 BET and BJH. Process description [142] 

 

In the present study, photocatalyst surfaces areas were determined using a BET surface 

area analyzer (Micrometrics, ASAP 2010) at -195°C. Each photocatalyst was degassed at 

300°C during a period of three (3) hours. Then, the sample was analyzed using nitrogen to 

generate the adsorption-desorption equilibrium isotherms and establish the isotherm 

inflection point. With these data, the corresponding surface areas at Stage 2 of Figure 17 

were calculated.  

 

The BET surface area is calculated based on the Equation 4: 

 

SBET =
CSA x (6.03x1023)

(22414 cm3 STP) x (1018 nm2)/m2 )x (S + YINT)
 

 

Equation 4 

 

Where, 

 

CSA= analysis gas molecular cross-sectional area (nm2), S= Slope (S g/cm3 STP) and  

Y-intercept (YINT g/cm3 STP) 

 

Furthermore, the estimation of the average pore diameter (Dp) was carried out using to 

BJH method (Barret, Joiyner and Halendaer) with experimental isotherms utilizing the 
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Kelvin model (Equation 5). The Kelvin equation establishes the P/Po relative pressure at 

which capillary condensation occurs in pores of a given size  [143].  

 

ln
P

Po
= −

2γ VM
RK RT

Cosθ Equation 5 

 

Where, 

P is the equilibrium pressure in atm, Po = pressure of vapour in atm, γ = liquid surface 

tension in N/m, VM = molar volume of the condensed phase in cm3/mole, RK = mean radius 

of curvature of the liquid meniscus in m, R = gas constant and T = temperature in K. For 

nitrogen, VM=34.68 cm3/mol and γ =8.72x10-3 N/m. The contact angle θ=0[144][144].  

As well, the Vp total photocatalyst pore volume can be calculated with the liquid nitrogen 

adsorbed at the P/Po relative pressure of 0.99 [128].  

 

Figure 18 and Figure 19 report isotherms of type IV for the TiO2 mesoporous materials 

studied. At the higher P/Po dimensionless pressures, one can observe a hysteresis loop, that 

shows a different adsorption and desorption isotherm path. This path occurs when pores 

are filled (adsorption) and pored are emptied (desorption)[144].  



39 

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

700

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

700

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

700

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

700

A
n
a
ly

s
is

 L
o
g
 V

o
l 
A

d
s
o
rb

e
d
 (

c
m

³/
g
 S

T
P

)  1.0%Pt-TiO2-500C

a

 2.5%Pt-TiO2-500C

b

c

A
n
a
ly

s
is

 L
o
g
 V

o
l 
A

d
s
o
rb

e
d
 (

c
m

³/
g
 S

T
P

)

Relative Pressure (P/Po)

 5.0%Pt-TiO2-500C

Relative Pressure (P/Po)

 TiO2-500C

d

 

Figure 18 N2 Adsorption-Desorption Isotherms for Mesoporous TiO2 using Pluronic F-

127, Calcined at 500°C. a) TiO2, b) 1.0wt%Pt-TiO2, c) 2.5wt%Pt-TiO2 and d) 5.0wt%Pt-

TiO2 

 

 

Table 10 also shows that the TiO2 modified with Pt and prepared using the F-127 template 

displays an increased surface area versus the same photocatalyst synthesized with P-123. 

In terms of pore volume, the F-127 photocatalyst displays a larger porosity than P-123 and 

Degussa P-25. 

 

Table 10 reports the specific surface area, the average pore diameter and the specific pore 

volume for mesoporous TiO2 prepared using F-127 and P-123 templates. It is shown that 

when using templates such as F-127 and P-123, the morphological properties of TiO2 are 

improved as follows: a) specific surface areas are increased, b) average pore diameters are 

augmented, c) specific pore volumes are increased. Furthermore, one can also notice that 
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the F-127-TiO2, displays both higher porosity and specific surface area than the P-123-

TiO2.  The shown data is the result of average values. 

 

Table 10 Surface area and pore diameter using templates F-127 and P-123 

Photocatalyst SBET (m2 g-1) Dp BJH (4VpBJH/SBET) (nm) VpBJH (cm3g-1) 

Anatase 10.70 7.34 0.05 

Rutile 4.56 4.67 0.05 

Degussa P-25 58.78 7.49 0.25 

TiO2-500C F-127 139.57 17.54 0.61 

1.0%wtPt-TiO2 500C F-127 127.60 17.88 0.57 

2.5%wtPt-TiO2 500C F-127 158.92 23.27 0.92 

5.0%wtPt-TiO2 500C F-127 133.11 22.27 0.75 

TiO2-500C P-123 111.49 20.13 0.56 

1.0%wtPt-TiO2 500C P-123 115.34 17.91 0.51 

2.5%wtPt-TiO2 500C P-123 110.04 22.57 0.62 

5.0%wtPt-TiO2 500C P-123 116.11 21.66 0.62 
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Figure 19 N2 Adsorption-Desorption Isotherms for Mesoporous TiO2 using Pluronic P-

123, Calcined at 500°C. a) TiO2, b) 1.0wt%Pt-TiO2, c) 2.5wt%Pt-TiO2 and d) 5.0wt%Pt-

TiO2 

 

Table 11 compares the measured specific surface area (SBET), the average pore diameter 

(Dp) and the pore volume (Vp) for the photocatalyst synthesized using the F-127 template 

as well as being modified with platinum and palladium. Best results were observed with 

the 1.0wt%Pd-TiO2-500°C F-127 photocatalyst, as shown in Figure 20. This photocatalyst 

displays an increase of the specific surface area and in the specific pore volume when 

compared to Degussa P-25. For TiO2 doped with palladium in excess of 1.0wt%, a 

reduction in specific surface area and a decrease in average pore diameter was attributed 

to a possible and moderate blocking of  the TiO2 pores with Pd [145]. The shown data is 

the result of average values. 
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Table 11 Surface area and pore diameter using Platinum and Palladium 

Photocatalyst SBET (m2 g-1) Dp BJH (4VpBJH/SBET) (nm) VpBJH (cm3g-1) 

Anatase 10.70 7.34 0.05 

Rutile 4.56 4.67 0.05 

Degussa P-25 58.78 7.49 0.25 

TiO2-500C F-127 139.57 17.54 0.61 

1.0wt%Pt-TiO2 500C F-127 127.60 17.88 0.57 

2.5wt%Pt-TiO2 500C F-127 158.92 23.27 0.92 

5.0wt%Pt-TiO2 500C F-127 133.11 22.27 0.75 

1.0wt%Pd-TiO2-500C F-127 159.90 23.35 0.81 

2.5wt%Pd-TiO2-500C F-127 122.40 19.87 0.60 

5.0wt%Pd-TiO2-500C F-127 119.24 18.91 0.56 
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Figure 20 N2 Adsorption-Desorption Isotherms for Mesoporous TiO2 using Pluronic F-

127, Calcined at 500°C. a) TiO2, b) 1.0wt%Pd-TiO2, c) 2.5wt%Pd-TiO2 and d) 5.0wt%Pd-

TiO2 
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The BJH method was used to determine the pore size distribution (PSD), by utilizing the 

desorption isotherm with N2 as an adsorbate. Figure 21 reports a pore diameter distribution. 

In all cases, a bimodal pore volume distribution in the ranges reported in Table 12 was 

observed.  One can notice that the largest pore sizes in the 16-35nm range were achieved 

with 1.0wt%Pd-TiO2-500°C F-127. 

Table 12 Pore size distribution range 

Photocatalyst Pore size distribution range (nm) 

TiO2-500°C P-123 6- 23 

TiO2-500°C F-127 9- 22 

1.0wt%Pt-TiO2 500C P-123 11-33 

2.5wt%Pt-TiO2 500C P-123 15-24 

5.0wt%Pt-TiO2 500C P-123 12-23 

1.0wt%Pt-TiO2 500C F-127 9 – 24 

2.5wt%Pt-TiO2 500C F-127 9 – 23 

5.0wt%Pt-TiO2 500C F-127 13 – 22 

1.0wt%Pd-TiO2-500C F-127 16 – 35 

2.5wt%Pd-TiO2-500C F-127 16 – 22 

5.0wt%Pd-TiO2-500C F-127 13 – 25 
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Figure 21 BJH pore size distribution plot for 1.0wt%Pd-TiO2-500°C F-127 

4.2 Pulse Hydrogen Chemisorption 

By using the Micromeritics AutoChem II Analyzer for pulse chemisorption, one can 

calculate the fraction of dispersed metal and average active metal crystallite size[146]. 

Using this method, a series of 10% hydrogen in argon pulses is contacted with the 

photocatalyst sample. It is the goal of the hydrogen chemisorption method to chemisorb 

hydrogen on every active single site of the photocatalyst sample, until all sites are occupied 

by hydrogen[147]. Furthermore, and on the basis of the difference between the total volume 

of hydrogen injected as a train of pulses and the cumulative volume of all hydrogen eluted 

from the photocatalyst sample, the total amount of chemisorbed hydrogen or Vs is 

calculated. 

 

Thus, according to Pulse Hydrogen Chemisorption assumptions, a hydrogen molecule 

chemisorbs on a single Pt site or Pd site. On this basis, one was able to calculate the metal 

percent dispersion using Equation 6 as follows. 

 

PD = 100x (
Vs x SFcalc

SW x 22414
) x MWcalc Equation 6[146] 
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PD represents the percental metal dispersion, Vs is the hydrogen volume adsorbed 

expressed in cm3 at STP, SFcalc stands for the adopted stoichiometry factor, SW denotes 

the photocatalyst sample weight in grams and MWcalc is the molecular weight of the noble 

metal dopant in g/g-mole. 

 

To perform this analysis, a U-tube was filled with 0.15 g of the catalyst and then purged 

with argon at a rate of 50mL/min to remove the remaining air. Before this, a Temperature-

Programmed Reduction (TPR) was carried out to determine the total number of reducible 

species present and the temperature at which the reduction occurs (500°C)[148]. 

Once the metal dispersion was established, it was also possible to calculate the metal 

crystallite size using the following equation: 

Dcr =
6

PD% Sp cr
x 100 (nm)              Equation 7 

With PD being the percental metal dispersion, Sp representing the specific surface area in 

nm2/g and cr denoting the density of metal crystallites g/nm3). 

Crystallite size is determined by the use of the volumetric hydrogen chemisorption given 

that this methodology considers the stoichiometry and it has high reliability [149].  

By reviewing Table 13 and Equation 7, one can see that increasing the metal loading 

decreases the metal dispersion and augments therefore, the metal crystallite size. Thus, 

higher metal loadings do not necessarily enhance metal crystallites as electron traps. 

Table 13 Chemisorption analysis. Metal dispersion and crystallite size 

Photocatalyst Metal dispersion (%) Crystallite Size (nm) 

1.0wt%Pt-TiO2-500°C F-127 44.67 2.53 

2.5wt%Pt-TiO2-500°C F-127 31.30 3.61 

5.0wt%Pt-TiO2-500°C F-127 11.87 9.55 
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Photocatalyst Metal dispersion (%) Crystallite Size (nm) 

1.0wt%Pd-TiO2-500°C F-127 27.48 4.07 

2.5wt%Pd-TiO2-500°C F-127 11.49 9.74 

5.0wt%Pd-TiO2-500°C F-127 7.68 14.60 

In summary, the best anticipated results in terms of providing the higher metal dispersion 

are the ones with the lower loadings of 1.0wt% of both Pt and Pd.  

4.3 X-Ray Diffraction 

X-ray diffraction (XRD) in an analytical technique used to identify the phases of a 

crystalline material. X-rays are generated by a cathode ray tube and directed towards the 

sample. The X-rays pass through the material to be analyzed and are scattered by the 

electron clouds around the atoms. The contact of the incident rays with the sample 

generates a constructive interference (and a diffracted ray). The relationship between the 

wavelength of electromagnetic radiation to the diffraction angle (2θ) and the lattice spacing 

in a crystalline sample is the Bragg’s law as follows[150].  

 

nλ = 2dhklSin θ Equation 8 

 

Where, n represents the order of diffraction, λ=wavelength in nm, dhkl = distance between 

lattice planes in nm and θ=angle of the incoming light in deg. 

 

The XRD spectra in the present study was analyzed in a Rigaku Rotating Anode X-Ray 

diffractometer operated at 45 kV and 160 mA. The scans were taken between 20-80°, with 

a step size of 0.02 degrees and with a dwell time of 2s/step for the characterization of the 

atomic structure in the photocatalysts. 

 

Figure 22 Figure 23 report the diffractogram patterns for TiO2 using the template F-127 for 

different loadings of platinum and palladium. Anatase, rutile and metal peaks are shown. 

Anatase peaks are at the 2θ diffraction angles of 25, 38, 48, 54, 63, 69, 70.5 and 75 

corresponding to the planes (101), (004), (200), (105), (204), (116), (220) and (215) 
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[JCPDS No. 73-1764]. For rutile, there are couple noticeable peaks at 54 and 67 

corresponding to the planes (201) and (301) [JCPDS No. 34-0180]. 

 

When analyzing the sample with XRD, a significant anatase XRD peak was observed in 

the synthesized photocatalysts. The nature of these anatase was confirmed with a 99.7 % 

anatase from Aldrich reference sample, free of rutile. This is ideal given anatase is reported 

to display a better photocatalytic performance than rutile [151].  
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Figure 22 XRD Diffractograms of catalyst doped by Pt. XRD overlapped for comparison. 

A = anatase, R= Rutile, Pt=Platinum 

 

Pt and Pd species were studied using XRD. In the case of Pt, the peaks at 39.7° (111) and 

46° (200) in the 2θ angle scale confirmed the presence of Pt [JCPDS No. 01-1194] in the 

face-centered cubic structure. For Pd, there were peaks recorded at 40.12° (111) and 46.66° 

(200) angle [JCPDS No. 87-0638]. One should observe that in principle, a third peak at 2θ 
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= 68.1° (220) should be recorded for Pd. However, this peak may overlap with anatase and 

as a result, cannot be used for Pd identification[152].  
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Figure 23 XRD Diffractograms of catalyst with Pd. XRD for anatase, rutile and undoped 

TiO2 are reported as a reference for comparison. XRD overlapped for comparison. A = 

anatase, R= Rutile, Pd=Palladium 

The weight fraction of rutile can be calculated using Equation 9: 

 

X = 1/ (1 + 0.8IA / IR) Equation 9 

 

Where, X represents the weight fraction of rutile, IA the X-ray intensity of the strongest 

peak of anatase at the 2θ=25.3°, (101) plane) and IR the X-ray intensity of the strongest 

peak of rutile (2θ=54°, (211) plane).  
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Table 14 reports the average calculated weight fractions of rutile determined by using 

Equation 9. 

Table 14 Anatase and rutile content in the photoactive materials  

Photocatalyst Anatase content (%) Rutile Content (%) 

TiO2-500°C F-127 100 0 

1.0wt%Pt-TiO2 500°C F-127 76.75 23.25 

2.5wt%Pt-TiO2 500°C F-127 74.80 25.20 

5.0wt%Pt-TiO2 500°C F-127 75.77 24.22 

1.0wt%Pd-TiO2-500°C F-127 70.59 29.41 

2.5wt%Pd-TiO2-500°C F-127 68.90 31.10 

5.0wt%Pd-TiO2-500°C F-127 65.99 34.01 

 

As well, and as shown in Table 14, photocatalysts doped with platinum display a 

moderately larger anatase/rutile ratio than the photocatalyst doped with Pd, with the 

percental anatase/rutile ratio being 74-77% for Pt doped TiO2 versus the 65-70% for Pd. 

This is in clear contrast with the essentially free of rutile phase of TiO2 mesoporous 

photocatalysts.  

 

Furthermore, XRD was also performed to determine if there were changes in the 

photocatalyst crystalline structure during photocatalyst water-splitting reaction runs. This 

was particularly important for Pd doped TiO2, given that there were concerns that Pd would 

change its valence state during extended photocatalyst usage. It was in this respect 

observed, that after a 6 hour of photocatalytic water-splitting run, anatase was still the 

predominant TiO2 phase with a percentage of 70-71% over rutile. Pd species were still 

present with their characteristic peak at a 40.12° angle (111) band. However, the 46.66° 

(200) angle band was no longer observed as shown in Figure 24. 
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Figure 24 XRD Diffractograms for the Pd Doped TiO2 after 6h of Photocatalytic Water 

Splitting. XRD for anatase, rutile and undoped TiO2 are reported as a reference for 

comparison: A = anatase, R= Rutile, Pd=Palladium 

4.4 Band gap 

 

Photocatalysts display a characteristic band gap associated to a wavelength at which they 

achieve excitation. UV-visible absorption is used to determine these characteristic 

excitation wavelengths from diffuse reflectance spectra[153]. UV-Vis spectra of the 

photocatalysts of this study were measured using a UV-Vis-NIR spectrophotometer 

(Shimadzu UV-3600) equipped with an integrating sphere. BaSO4 was used as a reference.  

Figure 25 Figure 26 display absorbance changes as function of the wavelength for platinum 

and palladium. It is observed in these figures that increasing the metal loading reduces the 

absorbance.  
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Figure 25 UV-vis absorption spectra Mesoporous materials at 1.0, 2.5 and 5.0wt%Pt 

200 300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

A
b
s
o
rb

a
n
c
e
 (

u
.a

)

Wavelength (nm)

 TiO2-500°C

 1.0%Pd-TiO2-500°C

 2.5%Pd-TiO2-500°C

 5.0%Pd-TiO2-500°C

 

Figure 26 UV-vis absorption spectra Mesoporous materials at 1.0, 2.5 and 5.0wt%Pd 

 

Kubelka-Munk (K-M) developed a Tauc plot methodology to establish band gaps as 

follows [154]. 
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αhv = A (hv -Eg)m Equation 10 

With A being the optical constant, α representing the absorption coefficient, Eg denoting 

the optical band gap in eV, m standing for a value equal to 2 for indirect transitions, h being 

the Planck constant (6.34E-34 J s/photon) and v representing the radiation frequency. It 

should be noted that in v = c/λ, where c is the speed of light under vacuum (3.00E8 m/s2) 

and λ is the corresponding wavelength in nm. 

Figure 27 and Figure 28 report the changes of the "(αhv)1/ 2" function versus the photon 

energy "hν". If the straight-line methodology is applied for the band gap calculation as 

shown with the red line, one can see that the intersection of this line with the x-abscissa. It 

provides the wavelength corresponding to the semiconductor band gap. 
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Figure 27 Band Gap Calculation using the Tauc Plot Methodology and the Straight Line  

Extrapolation for the following Photocatalysts: a) TiO2, b) 1.0wt%Pt- TiO2, c) 2.5wt%Pt-

TiO2 and d) 5.0wt%Pt-TiO2 
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Figure 28 Band Gap Calculation Using the Tauc Plot Methodology and the Straight Line  

Extrapolation for the following Photocatalysts: a) TiO2, b) 1.0wt%Pd- TiO2, c) 

2.5wt%Pd-TiO2 and d) 5.0wt%Pd-TiO2 

Furthermore, the Tauc plots were developed for both Pt and Pd doped TiO2 photocatalysts 

using the F-127 template and a 500°C calcination temperature. Table 15 reports that the 

band gaps for the TiO2 doped with Pt and Pd display the following trends: a) Higher Pt 

loadings reduce the band gap, b) Increased Pd content slightly augments the band gap. 

Thus, and regarding the observed results, one can see a significant reduction in band gaps 

for TiO2 doped with Pd and Pt. 
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Table 15 Optical band gap for photocatalyst modified by Pt and Pd 

 Band gap (eV) Wavelength (nm) % of absorbed visible light 

TiO2-500C 2.99 415 4.91 

1.0wt%Pt-500C-TiO2 2.60 477 25.64 

2.5wt%Pt-500C-TiO2 2.55 486 28.75 

5.0wt%Pt-500C-TiO2 2.54 488 29.39 

1.0wt%Pd-500C-TiO2 2.55 486 28.75 

2.5wt%Pd-500C-TiO2 2.67 464 21.47 

5.0wt%Pd-500C-TiO2 2.67 464 21.47 

Figure 29 Effect of metal loading on the optical band gap displays the changes of the band 

gap as assessed with the Tauc plot methodology with the noble metal loading. Thus, the 

addition of Pt and Pd in the mesoporous TiO2 photocatalyst significantly reduces the band 

gap compared to the undoped TiO2. 
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Figure 29 Effect of metal loading on the optical band gap 

As a result, one can forecast that more visible light is absorbed while using the noble metal 

doped photocatalysts.  
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Furthermore, and to quantify this effect, one can use Equation 11, which calculates the 

fraction of absorbed light:  

%VUI =
∫ I dλ
λ bg

λ min

∫ I dλ
λ max

λ min

x 100% Equation 11[108] 

where, VUI is the visible utilized irradiation, I is the irradiance in photon/s, λmin and λmax 

denote the minimum and maximum wavelengths of solar irradiation and λbg stands for the 

wavelength related to the band gap measured in nm.    

 

In summary, when using Equation 11, one can see that an increment of VUI in the range of 

21-29% was reached with the addition of Pt and Pd noble metals. It could be due to the 

size of palladium crystals, these are larger than the ones from Platinum exhibiting an 

enhanced ability to absorb visible light[155]. 

For Pd, over passing 1.0wt% the visible light absorption diminishes. The increase of the 

noble metal loading could promote agglomeration and poor metal dispersion reducing the 

electron-hole pair generation and therefore affect the photoactivity [156].  
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4.5 Conclusions 

The following are the main conclusions of the present chapter: 

 

a) The developed metal-loaded mesoporous TiO2 photocatalyst requires a 

characterization using BET analysis. BET isotherms are generated and provide 

valuable information about the isotherm type as well as the specific surface area.  

b) XRD analysis is required to characterize the noble metal-doped TiO2 

photocatalysts. This is relevant to establish the various crystalline phases. 

c) H2 chemisorption is necessary to determine metal crystallite sizing as well as 

establishing noble metal dispersion.   

d) To analyze the effect of noble metal addition on the TiO2 photocatalyst, requires 

band gaps determination. This is essential to fully assess the impact of Pt and Pd 

under visible and near UV light on photocatalysts performance.   
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Chapter 5 

5 Macroscopic Radiation Energy Balance (MREB) 

Photocatalytic reactors operate based on emitted photons, from either near-UV or visible 

light lamps. These photons are absorbed by a circulating semiconductor slurry suspension. 

To be able to establish the absorbed radiation in the Photo-CREC Water-II Reactor, one 

must develop a macroscopic radiation balance as is described in the upcoming sections of 

this chapter. 

5.1 Methodology 

Various photocatalytic processes including water splitting for hydrogen production require 

an estimation of the photo-absorption rates for accurate energy efficiency 

calculations[157].  

As it was mentioned in Chapter 4, the Photo-CREC Water-II reactor (PCW-II), is a slurry 

concentric unit which its irradiated energy is provided by an inner central lamp. This 

reactor allows the downflow circulation, as well as the suspended photocatalyst 

recirculation in the PCW-II annular section (space between the Pyrex glass and the 

polyethylene outer tube). The reactor unit is equipped with seven (7) silica windows 

located on the outer reactor surface.  Irradiation measurements are taken along the reactor 

axis by using these windows.  

 Furthermore, a fibre optic spectrometer StellarNet EPP2000-25 calculates the radiation 

spectra emitted by the lamp. The spectrometer detects transmitted photons in the 300 nm 

to 720 nm range at a set scanning time of 300 ms, avoiding in this manner, sensor reading 

saturation.  

Figure 30 describes the optical fibre spectroradiometer sensor system as  when placed in 

one of the possible 7 equally spaced axial  locations. By using the optical fibre 

spectroradiometer system, transmitted radiation can be measured in the PCW-II with the 

lamp turned on under different conditions: a) the PCW-II Reactor empty, b) the PCW-II 

filled with water, c) the PCW-II with suspended photocatalyst, d) the PCW-II Reactor filled 
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with water only and this after extended photocatalytic runs.  All these transmission 

measurements provide valuable data required to accurately perform macroscopic radiation 

balances at various times-on-stream of photocatalyst usage.   

 

 

Figure 30 Photo-CREC Water-II Reactor with Optical Fibre Sensors in Place for 

Transmitted Radiation Measurements [158] 

5.2 Macroscopic Radiation Balance  

Establishing the absorbed radiation in  a Photo-CREC Water-II Reactor is critical  to 

determine energy efficiencies [159]. Figure 31 describes the various radiation terms 

involved in macroscopic radiation balances.  
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Figure 31 Macroscopic radiation balance around TiO2 [116] 

To accomplish this, a macroscopic radiant energy balance as proposed by Salaices, Serrano 

and de Lasa[160], can be considered in a “photocatalyst control volume” . This 

macroscopic balance estimates the photons absorbed as the difference between the incident 

photons and the combined scattered and transmitted photons.  

 
Equation 12 

Where Pa is the rate of absorbed photons; Pi is the rate of photons reaching the reactor at 

the inner Pyrex glass surface and is calculated according to Equation 13 in Einstein s-1; Pbs 

is the rate of backscattered photons; and Pt is the rate of transmitted photons. All these 

variables can be expressed using the Einstein s−1units.  

And 

  
Equation 13 
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with Po in Einstein s−1, being this the rate of photons emitted by the lamps as per Equation 

14 and Pa-wall in Einstein s−1 the rate of backscattered photons absorbed by the Pyrex glass 

walls.  

 

Equation 14 

where q (θ, z, λ) is the radiative flux (J s−1 m−3), λ represents the wavelength (nm), r stands 

for the radial coordinate (m), z denotes the axial coordinate (m), h is the Planck’s constant 

(J s), and c represents the speed of light (m s−1). The term q (θ, z, λ) is determined using 

the spectrometer.  

Furthermore, when photocatalytic experiments are performed in the PCW-II Reactor, 

photons are absorbed and scattered in the reacting medium. Therefore, a backscattering has 

to be accounted for. A possible approach to calculate backscattering is to establish the 

difference between Pi and the rate of photons transmitted when the catalyst concentration 

approaches zero (Pt|C→0
+). 

𝑃𝑏𝑠 = 𝑃𝑖 − 𝑃𝑡|c→0+  Equation 15 

Equation 15 assumes that most backscattered photons are the result of backscattering 

centres located in the TiO2 particle layer close to the inner surface of the transparent Pyrex 

walls. Other than this, it is hypothesized that no other photons backscattered contribute to 

Pbs. 

Additionally, for Pt determination, equation 15 is used. It considers that transmitted 

radiation can be defined as the addition of normal scattered photons and forward scattered 

photons. 

 
Equation 16 

 One should note that (Pfs+ Pns) can be measured employing aluminium polished 

collimators capturing radiation reaching the measuring point, with large view angles.  
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5.3 Near-UV-light MREB 

Macroscopic balances using near-UV light were established at the central axial position 

using a 0.15g/L photocatalyst.  

Table 16 reports measurements for TiO2 photocatalysts with different metal loadings. 

 

Table 16 Absorbed Photon Rates on TiO2 Photocatalysts, at Different Metal Loadings, 

under UV-Light. Notes: Photocatalyst Concentration: 0.15g/L, Po =8.46E-06 Einstein/s 

with 96% radiation transmitted through Pyrex glass tube. All reported data are average 

values of 3 repeats. Standard deviation: ±3.5%.  

UV Light 
Pt 

(Einstein/s) 

Pt│c0
+ 

 (Einstein/s) 

Pbs 

(Einstein/s) 

Pa 

(Einstein/s) 

% Abs. 

Efficiency 

TiO2  3.09E-06 5.94E-06 1.70E-06 2.92E-06  37.8 

1.0wt% Pt  1.22E-06 5.81E-06 2.24E-06 4.99E-06 59.1 

2.5wt% Pt  8.65E-07 5.67E-06 2.38E-06 5.21E-06 61.6 

5.0wt% Pt  5.03E-07 5.54E-06 2.51E-06 5.44E-06 64.3 

1.0wt% Pd  1.85E-06 6.69E-06 1.50E-06 5.11E-06 60.4 

2.5wt% Pd  1.67E-06 5.18E-06 3.01E-06 3.77E-06 44.6 

5.0wt% Pd  1.18E-06 4.68E-06 3.51E-06 3.76E-06 44.5 

One can notice that additions of Pt and Pd on TiO2 show different trends. In the case of Pt, 

higher Pt levels lead to an increased Pa. However, higher Pd levels lead to Pa reduction. 

For Pd, these findings are in line with an increased photon backscattering. 

Considering that the 1.0wt%Pd-TiO2 showed the best performance in terms of photon 

absorption, changes of photocatalyst concentration were also considered. Table 17 reports 

the rates of absorbed photons at different catalyst weights of 0.15, 0.30, 0.50 and 1.00g/L.  
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Table 17 Rate of absorbed photons at different catalyst concentrations under UV-Light. 

Notes: Photocatalyst: 1.0wt%Pd-TiO2, Po =8.46E-06 Einstein/s with 96% radiation 

transmitted through Pyrex glass tube. All reported data are average values of 3 repeats. 

Standard deviation: ±4.0%.  

Catalyst (g/L) 

concentration  

Pt 

(Einstein/s) 

Pt│c0
+ 

(Einstein/s) 
Pbs 

(Einstein/s) 

Pa 

(Einstein/s) 

% Abs. 

Efficiency 

0.15  8.74E-07 5.77E-06 2.28E-06 5.30E-06 63 

0.30  6.61E-07 4.46E-06 3.59E-06 4.20E-06 50 

0.50 1.25E-07 2.90E-06 5.15E-06 3.18E-06 38 

1.00  2.70E-08 2.19E-06 5.86E-06 2.57E-06 30 

 

Figure 32 and Table 17 show that the measured irradiance decreases when the photocatalyst 

concentration increases. This phenomenon was assigned to an augmented backscattering 

at the near inner Pyrex glass tube region. Increasing the catalyst concentration over 0.15g/L 

does not ensure that all the radiation will be absorbed in the slurry medium and most of it 

will be lost as backscattering.  

 

Figure 32 Transmitted radiation at different catalyst concentrations. TiO2 doped with 

1.0wt%Pd 

An increment in the catalyst concentration can also lead to the formation of agglomerates 

in the near Pyrex glass wall region. The presence of these in the slurry medium might 
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explain the decreasing Pa irradiation. This thus, result on  reduced  radiation transmission 

with enhanced backscattering [161].  

5.4 Visible light MREB 

The photocatalyst developed in the present study was also evaluated using visible light. 

With this end, macroscopic radiation energy balances were developed for the Pd and Pt 

doped TiO2 at the central axial position. Table 18 describes the rate of absorbed photons 

reaching the reactor inner surface.  

Table 18 Absorbed Photon Rates on TiO2 Photocatalysts, at Different Metal Loadings, 

under Visible light. Notes: Photocatalyst Concentration: 0.15g/L, Po = 9.56E-06 Einstein/s 

with 96% radiation transmitted through Pyrex glass tube. All reported data are average 

values of 3 repeats. Standard deviation: ±2.4%. 

Visible 

Light 

Pt 

(Einstein/s) 

Pi c-0 

(Einstein/s) 

Pbs 

(Einstein/s) 

Pa 

 (Einstein/s) 

% Abs. 

Efficiency 

TiO2 5.66E-06 7.78E-06 1.42E-06 2.48E-06 25.9 

1.0wt% Pt  1.44E-06 4.25E-06 4.96E-06 3.16E-06 33.1 

2.5wt% Pt  1.68E-06 5.30E-06 3.91E-06 4.01E-06 41.9 

5.0wt% Pt 2.37E-06 7.09E-06 2.12E-06 5.08E-06 53.1 

1.0wt% Pd  2.68E-06 7.94E-06 1.26E-06 5.62E-06 58.8 

2.5wt% Pd 2.57E-06 7.19E-06 2.01E-06 4.89E-06 52.1 

5.0wt% Pd 1.73E-06 6.18E-06 3.02E-06 4.81E-06 50.3 

 

One can see that noble metal doped TiO2 photocatalysts under visible light are effective on 

increasing the absorbed radiation in the visible range, from 25% for the undoped TiO2 to 

53%-59% for the Pd and Pt doped TiO2. This is as well consistent with the observations 

under near-UV irradiation[155]. 
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5.5 Conclusions 

This chapter analyzes the Macroscopic Energy Balance for photocatalyst at different 

Platinum and Palladium loadings as well as variable concentrations under UV light and 

Visible light. Below the most important conclusions: 

a) Doping photocatalysts with Pt and Pd leads to higher radiation absorption 

efficiencies.  

b) Pt- and Pd-doped TiO2 photocatalysts display however, different trends at increased 

noble metal loadings. In this respect, the Pa becomes moderately higher at higher 

Pt loadings while the Pa decreases with increasing Pd concentrations. These trends 

are consistent for both near-UV light and visible light and appear to reflect the 

increased influence of backscattering at higher metal loadings. 

c) Photocatalyst concentrations above 0.15g/L do not enhance photon absorption. 

This detrimental effect observed at the higher photocatalyst concentrations, was 

assigned to an increased radiation backscattering in the slurry layer close to the 

reactor walls.  
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Chapter 6 

6 Hydrogen Production Yields and By-products 

 

Hydrogen production experiments were performed using the Photo CREC Water-II 

Reactor under near-UV irradiation and visible light under an argon atmosphere via water 

splitting. Two modified photocatalysts, x-Pt /TiO2 and x-Pd /TiO2 (x= 1.0, 2.5, 5.0%w/w) 

with reduced band gaps were employed. As well ethanol, was used as an OH radical 

scavenger to limit recombination of electron–hole pairs. Photoreaction by-products such 

as methane, ethane and CO2 were analyzed and quantified. The photocatalytic reaction was 

also studied under a CO2 atmosphere to determine its influence on hydrogen production 

and on the ethanol sacrificial agent.  

Hydrogen production is reported is all cases as cumulative hydrogen produced in 

volumetric units at standard conditions (cm3 STP or cubic centimeters at atmospheric 

pressure and room temperature). 

6.1 Photocatalytic Mechanism 

The dissociation of water using ethanol as a scavenger proceeds with the band gaps 

previously determined in Chapter 4. In this case, a semiconductor is irradiated, and 

electron-holes are formed. Furthermore, redox reactions take place.  
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Figure 33 Hydrogen Reactions Steps using TiO2 as Photocatalyst and Ethanol as 

Scavenger 

Figure 33 describes schematically a sequence of events that occur on the TiO2 surface for 

the H· and OH· formation [162]: 

0) Photons coming from a near- UV or visible light source to reach the photocatalyst 

surface  

(1) An electron is promoted from the valence band to the conduction band creating an 

oxidation and reduction site. If the electron carries a higher energy level than the difference 

between the VB and the CB, it leads to hydroxyl radical (OH·) formation. An organic 

scavenger such as ethanol initiates an oxidation process leading to the production of CO2 

and water. In this way, electrons (e−) from the hole (h+) pairs are separated.  

(2) Platinum or palladium captures excited electrons moving on the semiconductor surface.  

 (3) Captured electrons interact with the formed H+ from water, yielding H· radicals which 

can be coupled forming molecular hydrogen. 
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Escobedo et al, proposed a photocatalytic hydrogen production. This mechanism describes 

the various redox reactions, following water dissociation and, while ethanol was being used 

as an OH· radical scavenger (Table 19 and Figure 34). Main products reported were 

acetaldehyde, methane, ethane, CO2 and hydrogen peroxide [163].     

Table 19 Redox Reactions for Water Splitting over TiO2 

Reaction Description 

𝐡𝐯
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐡+ + 𝐞− 

Photogeneration of electron / 

hole pairs by the irradiation of 

the catalyst 

𝐇𝟐𝐎(𝐚𝐝𝐬)
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐇(𝐚𝐝𝐬)

+ +𝐎𝐇(𝐚𝐝𝐬)
−  Dissociation of water 

 Proton generation 

𝐇(𝐚𝐝𝐬)
+ + 𝐞−

𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐇 ∙ 

Proton reduction by the 

electrons to generate hydrogen 

radicals. 

𝐇 ∙
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        

𝟏

𝟐
𝐇𝟐(𝐠) 

Covalent bonding between 

hydrogen radicals to form 

hydrogen molecules 

𝐎𝐇(𝐚𝐝𝐬)
− + 𝐡+

𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→         𝐎𝐇 ∙ 

OH- oxidation for OH· 
formation 

Parallel Reactions 

𝐂𝟐𝐇𝟓𝐎𝐇 + 𝐎𝐇 ∙  
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→         𝐂𝟐𝐇𝟓𝐎

− + 𝐇𝟐𝐎 

 

𝐡𝐯 + 𝐇𝟐𝐎 + 𝐂𝟐𝐇𝟓𝐎
−
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→         

𝟏

𝟐
𝐇𝟐(𝐠) + 𝐂𝟐𝐇𝟒𝐎 +𝐇𝟐𝐎 

Acetaldehyde production by 

radical OH· consumption 

reacting with ethanol 

 

𝐂𝟐𝐇𝟒𝐎 + 𝐎𝐇 ∙
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐂𝟐𝐇𝟑𝐎

− + 𝐇𝟐𝐎 
 

𝐡𝐯 + 𝐂𝟐𝐇𝟑𝐎
− + 𝐇𝟐𝐎

𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        

𝟏

𝟐
𝐇𝟐(𝐠) + 𝐂𝐇𝟑COOH 

 

𝐂𝐇𝟑COOH+ 𝐎𝐇 ∙
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐂𝟐𝐇𝟑𝐎𝟐

− 

 

𝐂𝟐𝐇𝟑𝐎𝟐
− + 𝐇 ∙

𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐂𝐇𝟒 + 𝐂𝐎𝟐 

Acetaldehyde dissociation into 

acetic acid and methane. 3 OH· 

radicals are consumed 

  

𝟐𝐂𝐇𝟑COOH+2 𝐎𝐇 ∙
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝟐𝐂𝐇𝟑

∙ + 𝟐𝐇𝐂𝐎𝟐
− 

 

𝟐𝐂𝐇𝟑
∙ +𝟐𝐇𝐂𝐎𝟐

−
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→        𝐇𝟐(𝐠) + 𝐂𝟐𝐇𝟔 + 𝟐𝐂𝐎𝟐 

 

Acetic acid dissociation into 

ethane. 2 OH· radicals are 

consumed 

𝐎𝐇 ∙ +𝐎𝐇 ∙
𝐓𝐢𝐎𝟐−𝐏𝐭/𝐏𝐝
→         𝐇𝟐𝐎𝟐 

Hydrogen peroxide production 

due to a reaction of OH· 

radicals  
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Figure 34 “In Series-Parallel” Reaction Network for Hydrogen Production using Ethanol 

as Scavenger  

6.2 Hydrogen Production under Near-UV Light 

 

Noble metal doped TiO2 photocatalysts were evaluated in the present study, using the 

Photo CREC Water II Reactor equipped with a BLB UV Lamp during six (6) hours of 

continuous irradiation. This lamp was turned on 30 min before initiating photoreaction. 

The hydrogen storage/mixing tank was loaded with 6000 ml of water. Ethanol was used as 

a scavenger and the pH was adjusted to 4 ± 0.05 with H2SO4 [2M] keeping the 

photoreaction under acidic conditions. Favouring available H+ for water splitting 

process[102]. 

 

Following this step, the photocatalyst was loaded at a specific weight concentration 

ensuring that most of the radiation was absorbed in the slurry medium. The photocatalyst 

was subjected to sonification reducing the formation of particle agglomerates and 

promoting homogeneous mixing. An argon flow was circulated to guarantee an inert 

atmosphere at the beginning of the reaction. 1 ml of gas and 5 ml of liquid samples were 
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taken manually and evaluated using a GC (gas chromatograph) and a HPLC (liquid 

chromatograph) respectively.  

 

The gas phase was analyzed with a Shimadzu GC2010 gas chromatograph using argon 

(Praxair 99.999%) as gas carrier. It had two (2) detectors, a flame ionization detector (FID) 

and a thermal conductivity detector (TCD). This unit was equipped with a HayeSepD 

100/120 mesh packed column (9.1m x 2mmx 2μm nominal SS) used for the separation of 

hydrogen from air. This packed column detects carbon monoxide (CO), carbon dioxide 

(CO2) and methane (CH4). Likewise, the FID detects all hydrocarbon species such as CO 

and CO2 and the TCD measures the produced hydrogen. 

 

UFLC Ultra-Fast Liquid Chromatography System was utilized to characterize the liquid 

phase. This analytic technique allows the liquid mobile phase (0.1% H3PO4) to transport 

the sample through a column (Supelcogel C-610H 30cm x 7.8mm ID) containing a 

stationary phase and selectively separating individual compounds (Ethanol) from water for 

further detection. This quantitative analysis is performed by employing the RID 10A 

(Refractive Index Detector) due to polar nature of ethanol. 

 

Both analytical techniques, the GC and the HPLC were used simultaneously. Samples were 

taken at different irradiation times. 

 

It was anticipated that formed hydronium ions could be adsorbed on TiO2, interacting with 

formed and stored electrons, promoting the formation of hydrogen radicals. Coupling of 

hydrogen radicals yielded molecular hydrogen. 

6.2.1 Effect of Copolymer P-123 and F-127 on Hydrogen Production 

Two non-ionic surfactants were used as templates (precursors) to modify the structure of 

the photocatalyst. These surfactants were Pluronic P-123 and F-127. They were utilized 

due to the positive impact they have on the morphology, porosity, surface area, particle 

size and crystallinity of TiO2.  
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Figure 35 displays the influence of using both Pluronic P-123 and Pluronic F-127 on the 

cumulative volume of hydrogen produced, and this when the TiO2 photocatalyst was doped 

with platinum.   
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Figure 35 Cumulative Hydrogen Volume using Templates (a) P-123 and (b) F-127 at 

different Platinum Loadings (1.0, 2.5 and 5.0wt%). Conditions: Photocatalyst 

concentration 0.15g/L, 2.0 v/v% ethanol, pH=4 ± 0.05 and near-UV Light. Standard 

deviation: (a) ±5.0% and (b)±4.0%.  

Figure 35 shows that the Pluronic F-127 template has a greater impact than the Pluronic P-

123 template, on the photoactivity, increasing the hydrogen production up to 86%. This 

agrees with the enhanced surface area and porosity of the mesoporous TiO2 synthesized 

with Pluronic F-127, as reported in Chapter 4.  

One can notice that in all cases, the cumulative hydrogen production for Pt-TiO2 

photocatalyst synthesized using Pluronic F-127 and Pluronic P-12 templates, follow during 

the 6 hours of irradiation a zero-order reaction, showing a very stable photocatalytic 

performance. 
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Thus, considering the Pluronic F-127 advantage over Pluronic P-123 for hydrogen 

production, further experiments of the present study were carried out using only copolymer 

Pluronic F-127. 

6.2.2 Effect of Platinum and Palladium on Hydrogen production  
 

Two noble metals (platinum and palladium) were used as co-catalyst to dope the structure 

of the TiO2 photocatalyst. These metals enhance the hydrogen production, as compared to 

the undoped mesoporous TiO2. Nobel metal crystallites reduce the band gap and facilitate 

electron capture[164]. As a result, Pt and Pd reduce the recombination between holes and 

electrons, promoting better photocatalytic water splitting performances[165].   

 

Figure 36 reports the influence of Pt and Pd on TiO2 in terms of cumulative hydrogen 

volume. 
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Figure 36 Cumulative Hydrogen Volume using Co-Catalysts (a) Pt and (b) Pd at Different 

Platinum Loadings (1.0, 2.5 and 5.0wt%). Conditions: Photocatalyst concentration 

0.15g/L, 2.0 v/v% ethanol, pH=4 ± 0.05 and near-UV Light. Standard deviation: (a)±4.0% 

(b)±3.0% respectively. 
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Figure 36 shows that for platinum, there is a maximum volume of hydrogen produced using 

5.0wt%Pt on TiO2 (130 cm3). However, this result is only slightly higher than the 

maximum volume of hydrogen produced when using 2.5wt% and 1.0wt%Pt-TiO2, and 3 

times the volume of hydrogen with undoped TiO2.  

 

Contrary to platinum, palladium displays a different trend. The smallest 1.0wt% Pd on TiO2 

showed comparable performance to the highest 5.0wt% Pt on TiO2. These favourable 

hydrogen production rates with Pd are decreased however, at higher Pd loadings.  The 

Irradiation Macroscopic Energy Balance provides an explanation showing that at the higher 

Pd loadings, there is more important irradiation backscattering, with greater irradiation 

reflection and reduced light absorption. This diminished irradiation absorption negatively 

affect the photocatalyst performance[166].  

 

In agreement with this, at the lowest palladium loadings (1.0wt%) good metal dispersion, 

good specific surface area and adequate pore structure were observed [167]. Contrary to 

this at 2.5 and 5.0wt% Pd-TiO2, poorer metal dispersion with larger metal crystallite sizes 

were noticed, with this leading to a lower photocatalytic activity [168].  

 

In all cases, platinum and palladium doped TiO2 showed a steady linear trend. The   

hydrogen production rate displayed consistent zero-order kinetics, with no noticeable 

photocatalytic decay. This showed that both materials are stable for extended irradiation 

periods and no apparent deactivation for 24 hours[163].  

 

These results demonstrate that palladium at 1.0wt% loading; can reach valuable hydrogen 

yields, showing to be an excellent replacement for Pt. As well, Pd use can be considered 

more advantageous than Pt, given that Pd is less expensive (only 20-25% of the cost of 

platinum). Furthermore, and given the premise of nominal 1.0wt% Pd-TiO2, Pd loadings 

were confirmed with X-Ray-Fluorescence Spectrometry (XRF), with 1.17wt% Pd onto 

mesoporous TiO2 was obtained. 
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6.2.3 Effect of Catalyst Concentration on Hydrogen Production  

Considering that 1.0wt%Pd-TiO2 showed the best performance in terms of hydrogen 

production, additional experiments were carried out to determine the influence of the 

catalyst concentration during photoreaction.  

Figure 37 displays four different concentrations of catalyst:  0.15, 0.30, 0.50 and 1.00 g/L, 

studied during 6 hours of irradiation. One can observe that the runs with 1.00g/L showed 

the highest hydrogen production.  Thus, it can be considered that when higher photocatalyst 

concentrations in the slurry are used, more photocatalyst electron-holes are provided, with 

this promoting better hydrogen production. 
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Figure 37 Cumulative Hydrogen Production using 1.0wt% Pd-TiO2 at Different Catalyst 

Concentrations (0.15, 0.30, 0.50 and 1.0 g/L). Conditions: 2.0 v/v% ethanol, pH=4 ± 0.05 

and UV Light. Standard deviation: ±4.0% 

As a result, it was observed that the hydrogen production rate increased 54% when 

photocatalyst concentration was augmented seven (7) times from 0.15 to 1.00 g/L. 

However, and despite this hydrogen production increase, it could be considered a modest 

improvement given the photocatalyst cost was augmented 7 times as well. Therefore, a 

photocatalyst concentration of 0.15g/L was kept as the best choice for photocatalyst 

concentration for further experimentation.  
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6.2.4 Effect of Photo-CREC Water II Atmosphere. Argon and CO2. 

Before starting water splitting runs, the reactor gas chamber was purged with inert gas to 

remove oxygen from air, avoiding combustion reactions. Argon was used initially as the 

inert gas due to Ar is heavier than oxygen and facilitates its displacement [169]. On the 

other hand, CO2 was also used in separate runs in the reactor gas chamber to determine its 

possible influence on water dissociation reactions.  
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Figure 38 Cumulative Hydrogen Production using xPd-TiO2 (x=1.0, 2.5 And 5.0wt%) and 

Under: Two Atmospheres a) argon and (b) CO2. Conditions: Photocatalyst concentration 

0.15g/L, 2.0 v/v% ethanol, pH=4 ± 0.05 and near-UV Light. Standard Deviation: (a) 

±3.0%, (b)±3.4% respectively. 

According to Figure 38, using argon as an inert gas and utilizing 1.0wt% Pd-TiO2, yielded 

130 STP cm3 of hydrogen after 6 hours of irradiation. On the other hand, a CO2 atmosphere 

was employed, only 80 STP cm3 of hydrogen were obtained.  

One should note that under a CO2 atmosphere and due to the competition of the CO2 

photoreduction with hydrogen production, a lower net hydrogen formation was obtained. 

 Figure 39 reports the CO2 evolution during the 6 hours of irradiation. CO2 increases 

steadily under an argon atmosphere, while remaining essentially unchanged under a CO2 
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atmosphere.  These findings support the view that there is competition between CO2 

photoreduction and CO2 formation via ethanol OH· radical scavenging.  

It is assumed, that these gas phase CO2 findings could be also be influenced by the 

enhanced CO2 solubility in water-ethanol as reported by others[170].  
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Figure 39 CO2 Production using 1.0wt% Pd-TiO2 and Under Two Atmospheres: (a) Argon 

(b)CO2. Conditions: Photocatalyst concentration 0.15g/L, 2.0 v/v% ethanol, pH=4 ± 0.05 

and UV Light. Standard Deviation: (a) ±4.6%, (b) ±3.5%. 

Additional experimentation was performed under a CO2 atmosphere by doubling the 

ethanol concentration from 2.0% to 4.0%v/v. It was anticipated that the use of higher 

ethanol concentrations may further enhance CO2 solubility, influencing the gas phase CO2 

reduction. To study these effects, methane main byproduct of CO2 photoreduction was 

carefully monitored [171].   
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Figure 40 CO2 and CH4 Volume using 1.0wt% Pd-TiO2 under a CO2 atmosphere. Reaction 

Conditions: Photocatalyst concentration 0.15g/L, 4.0 v/v% ethanol, pH=4 ± 0.05 and UV 

Light. Standard Deviation: (a) ±4.6%, (b) 4.2%. 

Figure 40 reports both the CO2 changes, showing that CO2 remains essentially unchanged 

while irradiation time is progressing. This indicates that both the formation and the 

consumption of CO2 are in balance. However, if near UV irradiation is extended to 24 h, a 

slight 6.0% drop of CO2 was observed. Nonetheless and regarding methane, it was noticed 

that methane increased significantly from 0.00011 cm3 up to 0.28 cm3 after this irradiation 

time. 

These results are in agreement with Pd on TiO2 as illustrated in Figure 40, having both CO2 

reduction and ethanol scavenger OH radical activity, with its positive and negative redox 

potentials in the VB and CB,  minimizing e- and h+ recombination [172]. 
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Figure 41 Schematic of TiO2 photocatalyzed reaction for CO2 photoreduction 

Two main reactions can contribute to CO2 photoreduction: a) CO2 deoxygenation and b) 

CO2 hydrogenation (Table 20). If CO2 deoxygenation occurs, methane is most likely to be 

the chemical species to be formed. This phenomenon encompasses the generation of C 

radicals that recombine with the hydrogen. However, once CO2 is absorbed in water, CO2 

can be reduced forming acetaldehyde and ethanol, as is shown in Figure 42[173].  

Table 20 Proposed reaction mechanism of CO2 reduction [174] 

Reaction 

𝐇𝟐𝐎(𝐚𝐝𝐬)
𝐓𝐢𝐎𝟐−𝐏𝐝
→     𝐇(𝐚𝐝𝐬)

+ + 𝐎𝐇(𝐚𝐝𝐬)
−  

 

𝐇(𝐚𝐝𝐬)
+ + 𝐞−

𝐓𝐢𝐎𝟐−𝐏𝐝
→     𝐇 ∙ 

 

𝐇 ∙
𝐓𝐢𝐎𝟐−𝐏𝐝
→     

𝟏

𝟐
𝐇𝟐(𝐠) 

 

𝐂𝐎𝟐
𝐝𝐞𝐨𝐱𝐲𝐠𝐞𝐧𝐚𝐭𝐢𝐨𝐧
→          𝐂 ∙ +𝐎𝟐

 𝐇+

→ 𝐂𝐇𝟒 

𝐂𝐎𝟐 + 𝐞
−
𝐓𝐢𝐎𝟐−𝐏𝐝
→      𝐂𝐎𝟐

∙  
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𝐂𝐎𝟐 + 𝐇
+ + 𝐞−  

𝐓𝐢𝐎𝟐−𝐏𝐝
→      𝐇𝐂𝐎𝟐

∙  

 

𝐂𝐎𝟐 + 𝟐𝐇
+ + 𝟐𝐞−  

𝐓𝐢𝐎𝟐−𝐏𝐝
→      𝐂𝐎 + 𝐇𝟐𝐎 

 

𝐂𝐎𝟐 + 𝟒𝐇
+ + 𝟒𝐞−

𝐡𝐲𝐝𝐫𝐨𝐠𝐞𝐧𝐚𝐭𝐢𝐨𝐧
→           𝐇𝐂𝐇𝐎 +𝐇𝟐𝐎 

 

𝐂𝐎𝟐 + 𝟔𝐇
+ + 𝟔𝐞− = 𝐂𝐇𝟑𝐎𝐇 + 𝐇𝟐𝐎 

 

𝐂𝐎𝟐 + 𝟖𝐇
+ + 𝟖𝐞−

𝐓𝐢𝐎𝟐−𝐏𝐝
→      𝐂𝐇𝟒𝟐𝐇𝟐𝐎 +𝐇𝟐𝐎 

 

𝟐𝐂𝐎𝟐 + 𝟖𝐇
+ + 𝟏𝟐𝐞− = 𝑪𝟐𝐇𝟒 + 𝟐𝐇𝟐𝐎 

 

𝟐𝐂𝐎𝟐 + 𝟗𝐇
+ + 𝟏𝟐𝐞−

𝐓𝐢𝐎𝟐−𝐏𝐝
→      𝐂𝟐𝐇𝟓𝐎𝐇+3𝐇𝟐𝐎  
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Figure 42 Ethanol Volume in the Liquid Phase under a CO2 Atmosphere using 1.0wt% 

Pd-TiO2. Conditions: Photocatalyst concentration 0.15g/L, 4.0 v/v% ethanol, pH=4 ± 0.05 

and near-UV Light. Standard deviation: ±6.5% 

6.2.5 Effect of Sacrificial Agent Concentration on Hydrogen 
Production 

Ethanol as a scavenger offers important advantages such as photogeneration of electron-

holes, limiting electron-site recombination and improving photocatalytical activity. 

Ethanol can donate electrons to scavenge the valence holes and suppress the reverse 

reaction[175].  
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Experiments were performed at 1.0wt% Pd and three (3) ethanol concentrations (1, 2, 

4%v/v) under an argon atmosphere and with 0.15g/L of photocatalyst concentration. This 

was done to evaluate the effect of the ethanol concentration on hydrogen production. Figure 

43 reports the influence of increasing ethanol from 2.0 – 4.0% on hydrogen production 

rates. 

0 1 2 3 4 5 6

0

40

80

120

160

200
H

y
d

ro
g

e
n

 V
o

lu
m

e
 (

c
m

3
 S

T
P

)
 1.0wt% Pd TiO2 1.0%Ethanol

 1.0wt% Pd TiO2 2.0%Ethanol

 1.0wt% Pd TiO2 4.0%Ethanol

 1.0wt% Pd TiO2 2.0%Ethanol-R

 1.0wt% Pd TiO2 4.0%Ethanol-R

Irradiation time (h)  

Figure 43 Hydrogen Volume Using 1.0wt% Pd at 1.0, 2.0 and 4.0%v/v Ethanol. 

Conditions: Photocatalyst concentration 0.15g/L, argon atmosphere, pH=4 ± 0.05 and UV 

Light, R= repeat. Standard deviation: ±6.5%. 

As shown in Figure 43, the highest hydrogen formation rate was obtained at the highest 

ethanol concentration. However, these important ethanol concentrations changes, did not 

influence hydrogen production significantly. This was particularly true between 2.0 and 

4.0%v/v/ ethanol concentration. Therefore, 2.0% v/v was considered fully adequate and 

was the selected concentration of the ethanol scavenger used for further studies. 

6.2.6 By-products Formation during the Photocatalytic Hydrogen 
Production 

There are several by-products generated from the water splitting reaction in the gas phase. 

By-products include methane, ethane, acetaldehyde and CO2. To quantify these by-

products gas samples were taken hourly from the gas port located in the storage tank. They 
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were analyzed using a gas chromatograph unit (GC). All the experiments were repeated 

three (3) times to secure reproducibility.  

One can thus see, that as soon as the photo-redox reaction starts, all these by-products 

together with hydrogen increase progressively as is shown in Figure 44.  
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Figure 44 Hydrocarbon Profiles of a) Carbon dioxide (CO2), b) Methane (CH4), c) 

Acetaldehyde (C2H4O) and d) Ethane (C2H6) at 1.0wt% Pd. Conditions: Photocatalyst 

concentration 0.15g/L, 2.0 v/v% ethanol, argon Atmosphere, pH=4 ± 0.05 and UV Light. 

Standard Deviation: (a)±4.1%, (b) ±4.7%, (c) ±5.1%, (d) ±6.3%. 

The formation of various chemical species produced, as a result of water splitting using 

ethanol as a scavenger, can be described using a series-parallel reaction network as shown 

in Figure 34 and Table 19.   

In the liquid phase, ethanol was also measured using the UFLC (Ultra-Fast 

Liquid Chromatography). Figure 45 displays the essentially unchanged ethanol 

concentration during the 6 hours of irradiation. Thus, one can observe a balanced 

consumption-formation of ethanol, with a net stable ethanol concentration. This is the case 

while hydrogen is being produced using the 1.0wt% Pd-TiO2 photocatalyst.  
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Figure 45 Ethanol Changes with Irradiation Time. Conditions: Photocatalyst concentration 

0.15g/L, argon atmosphere, 2.0 v/v% ethanol, pH=4 ± 0.05 and UV Light. Standard 

deviation: ±3.0%. 

 

In our view, this is a promising result of the study, showing that no additional scavenger is 

required once the initial ethanol is fed to the Photo-CREC Water II unit. 

6.3 Hydrogen Production under Visible Light 

Considering that the sun is a renewable and inexhaustible source of energy, it is 

advantageous to use it for photocatalytic processes. Until today, platinum has been the 

metal most widely used for this purpose. Metals such as palladium are also under 

investigation. This is due to its similarity to platinum, in terms of chemical properties, with  

the advantage of being less expensive[176].  

TiO2-based photocatalysts have been considered to increase the visible light absorption and 

to improve the production of hydrogen as an energy carrier. Doping noble metals such as 

platinum and palladium appeared to provide this window of opportunity.  

Noble metals can be incorporated in a titanium precursor sol gel, yielding a semiconductor 

that can be activated under visible light for hydrogen production. Figure 46 reports the 
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cumulative hydrogen volume produced when using TiO2 doped by Pt and Pd at different 

metal loadings. 

0 1 2 3 4 5 60 1 2 3 4 5 6

0.0

0.5

1.0

1.5

2.0

H
y
d

ro
g

e
n

 V
o

lu
m

e
  

(c
m

3
 S

T
P

)

 TiO2 F-127

 1.0wt% Pd TiO2 500°C

 2.5wt% Pd TiO2 500°C

 5.0wt% Pd TiO2 500°C

Irradiation time (h)

 TiO2 F-127

 1.0wt% Pt TiO2 500°C

 2.5wt% Pt TiO2 500°C

 5.0wt% Pt TiO2 500°C

Irradiation time (h)

a b

 

Figure 46 Cumulative Hydrogen Volume Produced when using Co-Catalysts (a) Pt and 

(b) Pd at Different Loadings (1.0, 2.5 and 5.0wt%). Conditions: Photocatalyst 

concentration: 0.15g/L, 2.0 v/v% ethanol, pH=4 ± 0.05 and visible light. Standard 

deviation: ±3.0% 

 

Figure 46 reports that Pt-TiO2 exhibits a substantial visible light photoactivity 

enhancement for hydrogen production. This is the case while compared to undoped TiO2. 

The best performance is given by 5.0wt% Pt. This mesoporous semiconductor may have 

increased the scavenging effect of photogenerated electrons and therefore, prevented the 

recombination of electron–hole pairs[177]. 

 

For Pd-TiO2, when metal loading is increased from 1 to 2.5 and 5.0wt% Pd, a decreased 

rate of hydrogen produced is obtained. This suggests that the trap of electrons from the 2.5 

and 5.0wt% Pd semiconductors is not as effective as that for the 1.0wt%Pd-TiO2. One 

should notice as well, that the Radiation Macroscopic Energy Balances for the irradiation 

slurries using these photocatalysts, show a reduced visible light absorption at the higher Pd 

loadings. This consequently causes less electrons and holes pairs to be generated. 
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Therefore, there is a lesser number of available electrons to combine with H+, and as a 

result a smaller possible contribution from the first hydrogen radical formation step [178]. 

 

6.3.1 Photocatalysts Photoreduction 
 

Platinum and palladium are both present in a metallic state during the sol-gel photocatalyst 

preparation. However, they are oxidised during the calcination step. As a result, the noble 

metal doping the semiconductor, must be reduced again evolving from PtO2 or Pt3O4 to Pt0 

in the case of platinum. Nevertheless, palladium metal reduction is not fully achieved under 

the temperature and conditions selected (refer to Chapter 3).   

 

Furthermore, in the case of the Pd-TiO2 powder, it showed a reddish colour after the 

photocatalyst preparation indicating the presence of palladium oxide. A X-Ray Diffraction 

Analysis was carried out and a peak at 33.5° (111) in the 2θ angle confirmed the presence 

of PdO.  

As a result, a different methodology must be considered to ensure that both platinum and 

palladium were appropriately reduced. A BLB UV-Lamp was employed for 1 hour to 

photoreduce the semiconductors. Following this, the near-UV lamp was replaced by a 

visible light lamp. It was then observed, that when photocatalysts were first photoreduced 

using near-UV, they led under visible light irradiation to an important increase in hydrogen 

production.  

It is speculated that photocatalyst photoreduction takes place very efficiently when 

photogenerated electrons migrates to the TiO2 surface. They reduce PdO into Pd0 yielding 

O2. The process continues until all PdO is reduced to Pd0[179].  

 

Figure 47 displays an enhanced cumulative hydrogen production under visible light using 

a pre-photoreduced (using near UV-light) noble metal loaded mesoporous photocatalysts. 

One can notice a stable zero-order reaction rate through the entire irradiation period.  



84 

0 1 2 3 4 5 60 1 2 3 4 5 6

0

2

4

6

8

10

12

H
y
d

ro
g

e
n

 V
o

lu
m

e
  

(c
m

3
 S

T
P

)

 TiO2 F-127

 1.0%w/w Pd TiO2 500°C

 2.5%w/w Pd TiO2 500°C

 5.0%w/w Pd TiO2 500°C

Irradiation time (h)

 TiO2 F-127

 1.0%w/w Pt TiO2 500°C

 2.5%w/w Pt TiO2 500°C

 5.0%w/w Pt TiO2 500°C

Irradiation time (h)  

Figure 47 Cumulative Hydrogen Volume using Co-Catalysts (a) Pt and (b) Pd at Different 

Platinum Loadings (1.0, 2.5 and 5.0wt%). Conditions: Photocatalyst concentration: 

0.15g/L, 2.0 v/v% ethanol, pH=4 ± 0.05, visible light and near-UV photoreduction. 

Standard deviation: ±2.4% 

 

Furthermore, one can observe that when Pt/Pd-TiO2 photocatalysts were photoreduced, and 

subsequently used in the Photo-CREC Water Reactor-II at different loadings (1.0, 2.5 and 

5.0wt%) under visible light, the 5.0wt% Pt-TiO2 and the 1.0wt% Pd-TiO2 showed optimum 

cumulative hydrogen values. It was interesting to see that the same consistent trend, as 

observed with near-UV light in section 6.2.2, was now recorded with visible light: a) The 

higher the Pt loadings, the higher hydrogen production, b) The lower Pd the loadings, the 

higher hydrogen production.    

 

When comparing Figure 46 and Figure 47, it can be observed that both Pt-TiO2 and Pd-

TiO2 require noble metal photoreduction to achieve increased hydrogen production rates. 

In particular and for 1.0wt% Pd-TiO2 the maximum hydrogen volume produced reached 

9.2 cm3. 

 

To explain these results, one can consider that under visible light and using a Pd-TiO2 

photocatalyst, photons are both absorbed and scattered. The irradiation macroscopic energy 

balance as reported in Chapter 5, showed that higher Pd loadings (2.5 and 5.0wt%- Pd) do 



85 

not enhance the absorption of visible light but diminish it. This phenomenon observed for 

Pd at the higher metal loadings can be assigned to the presence of larger metal crystallites 

and TiO2 particle agglomeration, limiting light absorption from reaching the active metallic 

sites[180]. 

 

On the other hand, is can be hypothesized as well that less effective photoreduction of 

palladium may have happened for 2.5 and 5.0wt% Pd. This could be due to the oversupply 

of the noble metal. Layers of PdO could still be present on TiO2 decreasing as a result, the 

light absorption. Formation of such sites may increase the photocatalyst reflectivity leading 

to a visible light scattering [181]. 

 

As well as hydrogen production under visible light, the photogenerated holes created by 

the noble metals (Pt and Pd) reacted with the organic scavenger ethanol forming 

acetaldehyde, ethane, CO2 and methane as it is shown in Figure 48.  
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Figure 48 By-product Changes with Irradiation Time: a) Carbon dioxide (CO2), b) 

Methane (CH4), c) Ethane (C2H6) and d) Acetaldehyde(C2H4O) at 1.0%w/w Pd. 

Conditions: Photocatalyst concentration: 0.15g/L, 2.0 v/v% ethanol, argon atmosphere, 

pH=4 ± 0.05 and visible light. Standard deviation: (a) ±7.0%, (b) ±5.5%, (c) ±5.2%, (d) 

±6.3%. 
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In this case as well, the liquid phase was analyzed during the 6-hour irradiation period 

using the UFLC (Ultra fast liquid chromatography). Under visible light, the ethanol 

scavenger showed a similar trend as under near-UV light, with its concentration remaining 

essentially unchanged.  The data reported in Figure 49 suggests again a balanced 

generation-consumption of the ethanol scavenger. 
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Figure 49 Ethanol Concentration Changes with Irradiation Time. Conditions: 

Photocatalyst concentration: 0.15g/L, argon atmosphere, 2.0 v/v% ethanol, pH=4 ± 0.05 

and visible light. Standard deviation: ±3.5% 
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6.4 Conclusions 

This chapter describes the effect of different parameters for photocatalytic hydrogen 

production via water splitting.  The following are the most important conclusions: 

 

a) The Pluronic F-127 copolymer precursor provides a semiconductor with superior 

hydrogen production performance and this with respect to the one synthesized with 

the Pluronic P-123 copolymer. The hydrogen production difference is assigned to 

the more adequate physical properties of the resulting mesoporous TiO2. 

b) Addition of noble metals (platinum and palladium) enhances hydrogen formation 

with palladium showing the best performance at the lowest metal loading. 

c) Ethanol is an effective OH radical scavenger for photocatalytic hydrogen 

production, with methane, ethane, CO2 and acetaldehyde were the main resulting 

by-products. 

d) Hydrogen production displays in all cases a stable and zero-order kinetics. 

e) Composition of the gas chamber has a significant influence on hydrogen formation 

with an Ar inert atmosphere providing the best option. An initial CO2 atmosphere 

favours higher methane formation.  

f) Increase of photocatalyst concentration up to 1.0g/L yields only a modest 

improvement in the hydrogen formation rates.  

g) Both Pd and Pt on TiO2 require a prior photoreduction, to enhance their 

photocatalytic performance when exposed to visible light. 
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Chapter 7 

7 Quantum Yield (QY) evaluation 

The Quantum Yield (QY) is the most important parameter to establish the energy 

utilization efficiency in photocatalytic reactors.  This efficiency can be assessed using the 

ratio of the photogenerated radical rate over the absorbed photon rate [182].  

In terms of hydrogen production, a quantum yield can be defined as the hydrogen radical 

production rate over the absorbed photon rate on the photocatalyst surface. According to 

this definition, a QY can be determined as follows:  

QYH =
 moles of H/s

moles of photons absorbed by the photocatalyst/s
 

Equation 17 

 

Equation 15 is equivalent to; 

%QY =
[
dNH∙
dt
]

Pa
x 100 

Equation 18 

 

where 
dNH∙

dt
 represents the rate of moles of hydrogen radicals formed at any time during the 

photocatalyst irradiation.  

To use Equation 18, the rate of moles of photons absorbed by the photocatalyst, require the 

assessment of Pa. This can be accomplished using Irradiation Macroscopic Energy Balance 

(IMEB) in the Photo CREC Water Reactor II as proposed by Escobedo, et al[102].   

Appendix B provides a calculation sample to assess the QY.  

7.1 Effect of noble metals (Pt and Pd) on Quantum Yields 
under UV light 

The Quantum Yield evaluation for the different TiO2 photocatalysts of the present study 

involved rigorous macroscopic irradiation balances. These calculations require the 

assessment of the Pt transmitted, the Pi incident, and the Pbs backscattered photons using 
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the IMEB.  With this information and using Equation 12 from Chapter 5, the Pa was 

calculated.  

Furthermore, for every experiment and once the lamp (either near-UV or visible) is turned 

on, the rate of moles of hydrogen, 
𝐝𝐍𝐇∙

𝐝𝐭
 can be established using 

𝐝𝐍𝐇𝟐

𝐝𝐭
. On this basis, the QY% 

can be calculated using Equation 18.  

Table 21 and Figure 50 report the QYs% for the mesoporous photocatalysts doped with 

platinum or palladium at different metal loadings (1.0, 2.5 and 5.0wt %) under the 

following conditions: a) Photocatalyst slurry concentrations of 0.15g/L, b) 2.0 v/v% 

Ethanol, c) pH=4 ± 0.05 and d) Near-UV Light. 

 

Table 21 Quantum Yield for the Pd/Pt-TiO2 photocatalyst when using 0.15g/L.  

All reported data are average values of 3 repeats. Standard deviation: ±4.5%.  

Semiconductor QY (%) 

TiO2 F-127 5.02 

1.0wt% Pt TiO2 8.49 

2.5wt% Pt TiO2 9.16 

5.0wt% Pt TiO2 10.20 

1.0wt% Pd TiO2 10.88 

2.5wt% Pd TiO2 9.59 

5.0wt% Pd TiO2 8.48 

 

One can observe in Table 21, that Pt addition produces a QY% increase from 5.02% to 8.5-

10.2%. These results are in line with the QY% of 7.9% reported by Escobedo[102] for 

DP25 doped with 1.0wt% Pt. Additionally, it was noticed that further Pt addition, up to 

5.0wt%, led to a higher QY% of  10.2%. 

 

On the other hand, regarding Pd addition, a different trend was observed. First, there was 

a significant increase of QY% with 1.0wt% Pd TiO2, higher Pd levels led to a decrease of 

QY% ranging from 10.88% to 8.48%.  

 

Figure 50 reports that QY% changes were consistent for both Pt-doped and Pd-doped TiO2 

photocatalysts: a) During the first hour of irradiation, the QY% increased progressively 
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until it reached a stable value, b) During the following 5 hours of irradiation, the QY% 

remained unchanged, with this showing a steady performance of the photocatalysts under 

study. 
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Figure 50 QY% at various irradiation times under UV light and 0.15g/L of photocatalyst 

concentration using co-catalysts Pt (a) and Pd (b) at different Platinum loadings (1.0, 2.5 

and 5.0wt%). Standard deviation on repeats: ±4.5%.  

7.2 Effect of catalyst concentration on Quantum Yields 
under Near UV light 

Considering the promising QY% observed for 1.0wt% Pd-TiO2 during hydrogen 

production, further QY% evaluations were developed, by changing the photocatalyst 

concentration in the slurry. Table 22 and Figure 51 report the QY% obtained, by 

augmenting the photocatalyst concentration, under the following conditions: a) 2.0 v/v% 

ethanol as scavenger compound, b) pH=4 ± 0.05 and c) Near-UV light irradiation. 
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Table 22 Quantum Yield for 1.0wt% Pd -TiO2 photocatalyst at different photocatalyst 

concentrations. All reported data are average values of 3 repeats. Standard deviation: 

±4.0%. 

Catalyst concentration (g/L) QY (%) 

0.15 10.88 

0.30 14.49 

0.50 22.38 

1.00 30.80 

 

Figure 51 provides additional details of the QY% for different photocatalyst 

concentrations. Here, it was again observed that there was a noticeable increase of the QY% 

in the first hour of irradiation, followed by a stable QY% in the next 5 hours of irradiation. 

These constant QYs% during the 1 to 6-hour irradiation period were assigned to the steady 

hydrogen formation rate, linked to a zero-order reaction kinetics. 
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Figure 51 QY% at Various Irradiation Times using Near-UV irradiation and 0.15, 0.30, 

0.50 and 1.00 g/L of photocatalyst Concentrations. Note:  a) 1.0wt%-Pd on TiO2. Standard 

deviation on repeats: ±4.0%. 
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7.1 Effect of noble metals (Pt and Pd) on Quantum Yields 
under Visible light 

There is still controversy about the possible TiO2 activation using visible light. This is 

significant given that solar light contains only 4.0% of near-UV light. This unquestionably 

represents an obstacle in the  production of hydrogen using visible light[183]. Different 

alternatives have been investigated using dopants to activate semiconductors, such as N-

TiO2, TiO2: Ni/(Ta, Nb) and CaIn2S4[184] [185][186]. However, our approach has been 

addressed using noble metals such as Pt and Pd, given their anticipated stability for 

hydrogen production in acidulated water with a pH=4. 

Table 23 and Figure 52 report the QYs% under visible light, for Pd-TiO2 and Pt-TiO2. 

Regarding these QY% evaluations, two approaches were considered: a) The photocatalyst 

was irradiated with visible light from the very beginning, and b) The photocatalyst was 

pre-reduced under near-UV light for 1 hour prior to the irradiation with visible light.  For 

both cases, the reaction conditions selected for the photocatalyst evaluation were as 

follows: a) noble metal loadings (1.0, 2.5 and 5.0wt%), b) photocatalyst concentration in 

the slurry at 0.15g/L, c) 2.0 v/v% ethanol and d) pH=4 ± 0.05.  

Table 23 QYs% for Pd-TiO2 and Pt-TiO2 Photocatalysts at Different Metal Loadings (1.0, 

2.5, and 5.0wt%) under: a) Visible light irradiation only, b) Using Near-UV Light followed 

by Visible Light irradiation. All reported data are average values of 3 repeats. Standard 

deviation: a) ±3.0% and b) ±2.4% 

Photocatalyst 

(a) 

QY (%) 

(Visible Light 

Irradiation only) 

(b) 

QY (%) 

(Near UV Light first followed by 

Visible Light Irradiation) 

TiO2 F-127 0.11 0.11 

1.0wt% Pt TiO2 0.13 0.73 

2.5wt% Pt TiO2 0.15 0.81 

5.0wt% Pt TiO2 0.16 0.85 

1.0wt% Pd TiO2 0.09 1.16 

2.5wt% Pd TiO2 0.07 1.08 

5.0wt% Pd TiO2 0.07 0.84 
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One can observe in Table 23, that for all prepared Pt-TiO2 and Pd-TiO2 photocatalysts, the 

QYs% obtained while being irradiated with visible light were low QYs% in the 0.07-0.16% 

range and comparable to those for undoped TiO2. These very low QYs% were assigned to 

the lack of ability of the Pt-TiO2 and Pd-TiO2 photocatalyst to produce hydrogen under 

visible light. 

However, Table 23 and Figure 53 also show that when the photocatalysts were pre-reduced 

with near-UV irradiation, the QYs% significantly increased, reaching QY% values as high 

as 1.16%. These results demonstrate the critical importance of the noble metal pre-

reduction using near UV irradiation (photoreduction). One should note that pre-reduction 

was critical for both the Pt-TiO2 and Pd-TiO2 photocatalysts, making them active under 

visible light for hydrogen production. 

In this respect, few papers in the technical literature report quantum yields of similar 

magnitude. Fontelles et al, used, platinum supported on Nb-TiO2  (2.89 wt% Nb on TiO2) 

as a photocatalyst, achieving a maximum quantum yield of 3.0%[187]. One should note 

that this quantum yield was reported using a QY% definition from IUPAC, which involves 

the rate of hydrogen produced over the number of absorbed photons [105].  Thus, this QY% 

is about to 3-5 times the QY% of the present study, based on moles of H produced.  

However, one should consider Fontelles et al[187] results with caution, given that the 

absorbed photon rates were not measured directly but calculated using a numerical solution 

of a radiation equation. These modeled absorption rates could involve significant errors. 

As stated before and in contrast to this, in the present study the QYs% were determined 

using an experimentally evaluated Pa, determined from IMEB macroscopic balances, as 

reported in Chapter 5.  



94 

0 1 2 3 4 5 6

0.00

0.03

0.06

0.09

0.12

0.15

0.18

Q
Y

 (
%

)

Time (h)

 TiO2 F-127

 1.0wt% Pd-TiO2

 2.5wt% Pd-TiO2

 5.0wt% Pd-TiO2

 1.0wt% Pt-TiO2

 2.5wt% Pt-TiO2

 5.0wt% Pt-TiO2

 

Figure 52 QY% at various irradiation times using a 0.15g/L of photocatalyst concentration 

under Visible Light only. Note: Photocatalyst involved Pt and Pd on TiO2 at Different metal 

loadings (1.0, 2.5 and 5.0wt%). All reported data are average values of 3 repeats. Standard 

deviation on repeats:  3.0% 

 

It is also interesting to see that in Figure 53, the photo-reduced semiconductors of the 

present study display good and stable QYs%, showing their significant ability to produce 

hydrogen.   
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Figure 53 QY% at various irradiation times, under Visible Light, and using a 0.15g/L of 

photocatalyst concentration. Notes: a) Pt and Pd on TiO2, studied with different noble metal 

loadings (1.0, 2.5 and 5.0wt%) and b) Photocatalysts were photoreduced using Near-UV 

for 1 hour. All reported data are average values of 3 repeats. Standard deviation on repeats:  

2.4% 

 

Based on the reported results is thus anticipated, that further research with mesoporous 

TiO2 photocatalysts doped with noble metals will be valuable particularly on Pd-doped 

TiO2 using ethanol as a scavenger. This will likely lead to stable and efficient 

photocatalytic processes for hydrogen production via water splitting. These Pd-TiO2 

photocatalysts may also present significant cost advantages versus other noble metal 

dopants such as Ta, Nb or even Pt. 
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7.2 Conclusions 

 

From the various QY% values reported in this chapter the following can be concluded: 

a) The QY% determines the energy usage efficiency when using a Photo-CREC Water 

Reactor II for hydrogen production. 

b) The calculated QYs% at different metals loadings (1.0, 2.5 and 5.0wt%) on TiO2 

were in the 10-11% range when using 1.0wt% Pd-TiO2 and 5.0wt% Pt-TiO2 under 

near-UV Light. 

c) The determined QYs% for various doped photocatalysts at different concentrations 

in the water slurry, gave a maximum QY% value of 30.8% for 1.0 g/L of Pd-TiO2.  

d) The QY% for noble metal doped-TiO2 displayed very low efficiencies in the 0.07-

0.16% range while being irradiated with visible light. This proved the very modest 

ability of these noble metal doped TiO2 photocatalysts to produce hydrogen under 

these conditions.   

e) The QY% for the Near-UV photo-reduced Pt-TiO2 and Pd-TiO2 photocatalysts, 

increased significantly up to 0.7-1.2% under visible light. These positive findings 

have favourable prospects for further developments in hydrogen production, using 

a photoreduced Pd-TiO2 photocatalyst under visible light.  
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Chapter 8 

8 Conclusions and recommendations 

 
Photocatalytic water splitting is an environmentally friendly and promising technology 

with significant potential for hydrogen production. This technology requires suitable 

photocatalysts along with solar irradiation for highly efficient hydrogen production.  

Manufactured hydrogen can be considered as an energy vector that can be stored and used 

to produce thermal energy and electricity with near-zero carbon emissions. 

 

This MESc thesis addresses some of the challenges in photocatalytic water splitting to 

enhance the efficiency of hydrogen production for energy such as: a) limiting electron-hole 

pair recombination, b) reducing the semiconductor band gaps, c) activating the prepared 

semiconductors using near-UV and visible light. 

 

To accomplish this, a noble metal doped titanium oxide photocatalyst was synthesized and   

evaluated in the Photo-CREC Water Reactor-II to produce hydrogen under both near-UV 

and visible light using ethanol as organic scavenger.  

 

8.1 Conclusions 

The main findings and conclusions of this MESc thesis can be summarized as follows: 

 A TiO2 mesoporous photocatalyst material was prepared using the sol-gel 

methodology and two soft templates: Pluronic P-123 and Pluronic F-127. It was 

found that the mesoporous TiO2 prepared using a F-127 template displayed a better 

performance.  

 XRD, BET, H2-chemisorption and UV-Vis spectra were used to establish the 

specific surface areas, crystalline phases and band gaps of the noble metal doped 

TiO2 photocatalysts.  
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 Macroscopic Irradiation Energy Balances were successfully employed to establish 

photon absorption rates and radiation absorption efficiencies. For the Pt-TiO2 and 

the Pd-TiO2 semiconductors, photon absorption efficiencies in the 60 and 64%, 

range under near-UV, and in the 53 and 58% range under visible light, were 

determined.  

 Photocatalytic hydrogen production with ethanol as scavenger under an inert 

atmosphere, displayed an “in series-parallel” reaction network, with the formation 

of ethane, methane, CO2 and acetaldehyde. The formation of hydrogen followed a 

steady zero-order kinetics with no apparent photoactivity decay, a small CO2 

increase and a negligible decrease of ethanol.  

 Photocatalytic hydrogen production with ethanol as a scavenger and under a CO2 

atmosphere showed that in this case, hydrogen also follows a zero-order kinetics 

with no apparent photoactivity decay. This also led to a small CO2 consumption 

and a minor increase of ethanol.  

 Prepared Pt-TiO2 and Pd-TiO2 photocatalysts proved being adequate for hydrogen 

production under near-UV with the 1.0wt%-Pd on TiO2 showing a best QY% of 

30.8%.  

 Near UV photo-reduced Pt-TiO2 and Pd-TiO2 displayed significant hydrogen 

production rates under visible irradiation. The best QY% for the 1.0wt%-Pd on 

TiO2 were 1.16%. 

8.2 Future work 

 

Based on the valuable results of this research, several activities are proposed to be 

considered in the near future: 

 

 To develop radiation models accounting for: a) irradiation absorption, b) forward 

and backward scattering for different Pt/Pd loadings on TiO2. These models could 
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include suitable reaction kinetics and be valuable to consider various photocatalyst 

loadings in the slurry, and reactor scales. 

 

 To evaluate the Pd-TiO2 photocatalyst at noble metal loadings lower than 1.0%, 

where this material showed best performance.  

 

 To establish the Pd-TiO2 photocatalyst performance at semiconductor slurry 

concentrations larger than 0.15g/L. The purpose of this would be to further enhance 

hydrogen production and QY% efficiencies. 

 

 To carry out a detailed analysis of the reaction kinetics of the water splitting process 

under CO2 atmospheres.  

 

 To develop accurate H2O2 measurements and this to better understand the role of 

OH  and H radicals, while developing photocatalysis using ethanol as a scavenger. 
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Appendices 

Appendix A: Eav Average Photon Energy 

 

The average photon energy is defined as the energy required by the photocatalyst to 

overcome the TiO2 band gap. This calculation refers to the irradiative lamp spectra given 

by the near UV and visible light lamps. 

As stated in Chapter 3 of the present study an average emitted photon Energy was 

calculated according to the following mathematical expression: 

Eav =
∫ I (λ) E (λ) dλ
λmax

λmin

∫ I (λ) dλ
λmax
λmin

  

Where, I is the intensity of the emitted photons (W/cm2), assessed as I (λ) ≈ q (θ, z, λ, t) Δλ 

and measured with a spectrophotoradiometer.  The irradiance is represented by q (θ, z, λ, t) 

Δλ and given by the lamps spectra as shown in Figure 54. 

Furthermore, E (λ) =
hc

λ
  

Where, h is the Planck constant (6.34E-34 J s/photon), c is the speed of light in a vacuum 

(3.00E8 m/s2) and λ is the wavelength in nm. 
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Figure 54 Lamps Irradiation spectrum: a) Near UV light, b) Visible light  

Thus, for near UV light q (θ, z, λ, t) Δλ = 5.36E-19 Einstein/s 

Eav =
∫ I (λ) E (λ) dλ
λmax

λmin

∫ I (λ) dλ
λmax
λmin

=
∫

ℎ𝑐
𝜆
∗

λmax

λmin
𝑞 (θ, 𝑧, λ, 𝑡) Δλ

∫ 𝑞 (θ, 𝑧, λ, 𝑡) Δλ
λmax
λmin

 

Eav = 5.36x10
−19J/mol photon =   325.1 kJ/mol photon 

Same calculation was carried out for visible light where q (θ, z, λ, t) Δλ= 3.79E-19 

Einstein/s 

Eav = 3.79x10
−19J/mol photon =   274.5 kJ/mol photon 
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Appendix B: Quantum Yield calculation 

 

For photocatalytic processes the Quantum Yield (QY) efficiencies are established using 

the ratio of photogenerated radical molecules over absorbed photons. Specifically, QY% 

can be defined as the number of moles of hydrogen radical produced per absorbed photons 

on the photocatalyst surface. The above equation is used to its calculation: 

%QY =
[
dNH∙
dt
]

Pa
x 100 

where 
dNH∙

dt
 represents the rate of moles of hydrogen radicals formed and Pa the moles of 

photons absorbed. According to the Irradiation Macroscopic Energy Balances (IMEB) in 

the Photo CREC Water Reactor II, Pa was calculated as follows: 

 

Where, 

Pi is the rate of photons reaching the reactor at the inner surface, Pbs is the rate of back-

scattered photons, and Pt is the rate of transmitted photons (Einstein s−1).  

The irradiation measurements were carried out using the fibre optic spectrometer StellarNet 

EPP2000-25 and applying the equations given in Chapter 5, the Pa values were determined.  

A calculation sample is given below considering a hydrogen production rate of 0.2494 

μmol/cm3 h using 1.0wt% Pd-TiO2, a photocatalyst concentration of 1.0 g/L, Ethanol at 

2.0 v/v%, pH=4 ± 0.05, UV Light, gas phase volume in the reactor of 5716 cm3 and Pa= 

2.57E-06 Einstein/s. 

QYH =
2 ∗ (0.2494x10−6mol/cm3 h)  ∗ (5716 cm3) ∗ (6.022x1023photon/mol H2) ∗ (1h/3600s)

2.57x1017photon/s
 

%QYH = 30.8% 
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