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Kurzzusammenfassung 

Die Verwendung von Sonnenstrahlung für die Entfernung von organischen Schadstoffen 

aus Wässern hat das Potential, als erneuerbare Energiequelle fossile Brennstoffe zu 

ersetzen. Die Kopplung der H2-Entwicklung und des Abbaus organischer Schadstoffe 

durch doppelfunktionelle TiO2-Photokatalyse wird häufig als eine der nachhaltigsten und 

umweltfreundlichsten Technologien angesehen. Die niedrigen Quanteneffizienzen, die 

bisher mit TiO2-Photokatalysatoren erzielt wurden, und das Fehlen des grundlegenden 

Verständnisses des Reaktionsmechanismus stellen jedoch große Herausforderungen dar, 

die bewältigt werden müssen, bevor das Potential vollständig ausgeschöpft werden kann. 

Trotz der großen Anzahl von Studien jedes Jahr, die doppelfunktionelle Photokatalyse-

Prozesse für die H2-Produktion aus einfachen Wasserschadstoffen, wie Methanol, 

Formaldehyd und Ameisensäure untersuchen, wurden aromatische Schadstoffe bislang nur 

selten betrachtet. Somit bestehen einige offene Fragen bezüglich der photokatalytischen 

Effizienzen und des Reaktionsmechanismus während der Photoreformierung von 

aromatischen Verbindungen.  

In der vorliegenden Arbeit wurde die photokatalytische Reformierung von Naphthalin in 

Wasser unter Verwendung von Photokatalysatoren auf TiO2-Basis unter solarer 

Bestrahlung untersucht. Der Effekt verschiedener kristalliner Phasen von TiO2, nämlich 

Sachtleben Hombikat UV100 (reines Anatas) und Evonik Aeroxid P25 (Mischphase aus 

Anatas und Rutil), wurde unter den gleichen experimentellen Bedingungen bewertet. 

Um den Effekt von Pt-Cokatalysatoren auf die H2-Produktion zu verstehen, wurde Pt in 

unterschiedlichen Mengen auf P25 und UV100 abgeschieden. Beim optimalen 

Beladungsverhältnis von 0.5 Gew.-% zeigte Pt/UV100 im Vergleich zu sämtlichen Pt/P25-

Proben eine höhere photokatalytische Aktivität für die H2-Bildung und die Photooxidation 

von Naphthalin. Die beobachte Abnahme der photokatalytischen Aktivität von P25 nach 

der Platinisierung zeigt, dass Pt-Nanopartikel als Rekombinationszentrum für die 

photogenerierten Ladungsträger fungieren, wie auch durch Elektronenspinresonanz-

Techniken gezeigt wurde. Außerdem wurde beobachtet, dass die Platinisierungsmethode 

die H2-Bildung während der Photoreformierung von Naphthalin über Pt/UV100 stark 

beeinflusst. Die Entwicklung von H2 ist bei Verwendung von Pt/UV100, das durch 

Photoabscheidung hergestellt wurde, um 40 % höher als dasjenige, das durch 

physikalisches Mischen von TiO2 mit Pt-Nanopartikeln hergestellt wurde. Die Analyse der 

Ladungsträgerdynamiken unter Verwendung verschiedener spektroskopischer Techniken 

ergab, dass die starke Metall-Halbleiter-Wechselwirkung, die aus der Photoabscheidung 

resultiert, zu einer Abnahme der Ladungsträgerrekombinationsraten führt, was die 

Geschwindigkeit von photokatalytischen Reaktionen erhöht und die H2-Bildung verbessert.  

Die Analyse der Reaktionszwischenprodukte unter Verwendung einer Kombination aus 

chromatographischen und massenspektroskopischen Techniken zeigt, dass 1- und 2-

Naphthalinol neben anderen hydroxylierten Verbindungen die Hauptreaktionsprodukte der 

Photoreformierung von Naphthalin sind. Darüber hinaus wurde festgestellt, dass die 

Anreicherung dieser Zwischenprodukte im photokatalytischen System neben dem 
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ungleichen Massengleichgewicht zwischen den Halbreaktionen der Hauptgrund für die 

Hemmung der H2-Bildung und der Photooxidation von Naphthalin ist. 

Mehrere mögliche Wege für den Photoreformierungsmechanismus von Naphthalin, an dem 

verschiedene reaktive Spezies beteiligt sind, wurden getestet. Die Kombination der Spin-

Trapping-Studien mit verschiedenen spektroskopischen Techniken legte nahe, dass die 

Löcher eine wichtige Rolle bei der Naphthalin-Oxidation spielen. 

Isotopenmarkierungsstudien zeigten, dass Gittersauerstoffatome nicht in die 

Photooxidationsprodukte eingebaut wurden und die photogenerierten Elektronen Protonen, 

die hauptsächlich aus Wasser stammen, zu molekularem Wasserstoff reduzieren, während 

Wasser (aber nicht Naphthalin) am geschwindigkeitsbestimmenden Schritt der Reaktion 

beteiligt zu sein scheint.  

 

Stichworte: TiO2-Photokatalyse, Naphthalin, H2-Bildung, Wasserspaltung, 

Reaktionsmechanismus, solarer Brennstoff, Photoreformierung. 
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Abstract 

The exploitation of solar radiation in the remediation of organic water pollutants has the 

potential to be a sustainable energy source to replace fossil fuel. Conceptually, coupling H2 

evolution and the degradation of organic pollutants through dual-functional TiO2 

photocatalysis has been frequently nominated as one of the most sustainable and 

environmentally friendly technologies. However, the low quantum efficiencies achieved so 

far by using TiO2 photocatalysts, and the lack of a fundamental understanding of the 

reaction mechanism represent big challenges that need to be overcome before their potential 

can be fully realized. Despite the large number of studies every year that utilize the dual 

functional photocatalysis processes for the H2 production from simple water pollutants such 

as methanol, formaldehyde, and formic acid, aromatic pollutants, however, have been 

rarely considered. Thus, several open questions regarding the photocatalytic efficiencies 

and the reaction mechanism during the photoreforming of aromatic compounds still exist. 

In the presented work, the photocatalytic reforming of naphthalene in water has been 

investigated employing TiO2-based photocatalysts under solar irradiation. The effect of 

different crystalline phases of TiO2, namely Sachtleben Hombikat UV100 (pure anatase) 

and Evonik Aeroxide P25 (mixed phase of anatase and rutile), were assessed under the 

same experimental conditions.  

In order to understand the effect of Pt co-catalysts on H2 production, different fraction ratios 

were deposited on P25 and UV100. At the optimum loading ratio, 0.5 wt.% Pt-UV100 

exhibited the higher photocatalytic activity toward the H2 formation and photooxidation of 

naphthalene comparing to all Pt-P25 samples. The observed decrease of the photocatalytic 

activity of the P25 after the platinization indicates that Pt nanoparticles act as a 

recombination center for the photogenerated charge carriers as revealed by electron 

paramagnetic spectroscopy techniques. Besides that, it has been found that the platinization 

method strongly affects the H2 formation during the photoreforming of naphthalene over 

Pt-UV100. The evolution of H2 is 40 % higher when using Pt-UV100 that was prepared by 

the photodeposition method than that prepared by the physical mixing of TiO2 with Pt 

nanoparticles. The analysis of the charge carrier dynamics employing different 

spectroscopic techniques revealed that the strong metal-semiconductor interaction resulting 

from the photodeposition process leads to a significant decrease in the charge carrier 

recombination rates, which increases the rate of the photocatalytic reactions and enhances 

the H2 formation.  

The analysis of the reaction intermediates employing a combination of chromatographic, 

and mass spectroscopic techniques reveals that 1- and 2-naphthalenol, among other 

hydroxylated compounds, are the main reaction products during the photoreforming of 

naphthalene. Moreover, the accumulation of these intermediates in the photocatalytic 

system was found to be the main reason for the inhibition of the H2 formation and the 

photooxidation of naphthalene, besides, the unequal mass balance between the half 

reactions.   

Several possible pathways for the photoreforming mechanism of naphthalene involving 

different reactive species has been tested. Combining the spin trapping studies with 
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different spectroscopic techniques suggested that the holes play the significant role in 

naphthalene oxidation. Isotopic labeling studies showed that lattice oxygen atoms were not 

incorporated into the photooxidation products, and the photogenerated electrons reduced 

the proton originating mainly from water to molecular hydrogen, whereas, water (but not 

naphthalene) appears to be involved in the rate-determining step of the reaction. 

 

Keywords: TiO2 photocatalysis, naphthalene, H2 formation, water splitting, reaction 

mechanism, solar fuel, photoreforming. 
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1Chapter One: Introduction  

1.1 Background 

Nowadays, a steady increase in population, paired with rapid urbanization, 

industrialization, and advanced economic development placed immense strain on fossil fuel 

consumption, water resources, and the environment. Indeed, fossil fuels are accounted for 

84% of the world’s primary energy consumption in 2019 1. Although, the corona pandemic 

pushed down global energy demand by 6% in 2020, the consumption of global energy is 

expected to increase about 2-fold by 2050 relative to the last century. Apparently, the 

energy demand will be met mainly from fossil fuels, which will consequently be 

accompanied by the increase in greenhouse gas emissions to the atmosphere, global 

warming, and environmental pollution 2.  

Moreover, the exponential use of the planet's resources such as the water reservoir, and the 

consequential pollution of the environment are other problems accompanied by the energy 

demand. Human activities have contaminated different natural resources of water, since 

about 80% of all industrial effluents and municipal wastewater is discharged into the 

environment without any treatment.  In this context, water pollution with a wide range of 

persistent organic pollutants such as aromatic compounds is considered the foremost 

challenge and poses great risks and threats to the environment and human health. Polycyclic 

aromatic hydrocarbons (PAHs) are one example of these pollutants. These compounds, 

mainly produced by industrial activities and incomplete combustion of fossil fuels, are 

ubiquitously found in the environment and have a great tendency to bioaccumulate, forming 

a broad range of deleterious health effects 3, 4. 

Several calls and warnings regarding the necessity of the economic usage of water are 

released regularly since freshwater resources are limited. This year, the first paragraph 

written in the United Nations World Water Development Report 20215 is: “What is water 

worth? There is no easy answer to this deceptively simple question. On the one hand, water 

is infinitely valuable – without it, life would not exist. On the other, water is taken for 

granted – it is wasted every single day”. Currently, about 26% of the world's population 

lives in areas suffering from freshwater scarcity, while in 2050, this deficit will extend to 

about 57% 6. Corona pandemic and climate change, however, will worsen the situation by 

2030 5. Thus, problems derived from climate change and the spreading of a wide range of 
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pollutants being present in the environment and wastewater urgently demand the scientific 

community to focus their concern to develop sustainable and new environmentally friendly 

technologies. 

Consequently, sustainable development has become one of the most important strategies 

worldwide. Several countries have developed a sustainable path for their energy supply. 

EU has already set its sustainable path to reduce 60% of greenhouse gas emissions by 2050 

via transition to renewable energy technologies to achieve continual growth and avoid 

catastrophic climate change 7. From the practical point of view, investment in technology 

promoted the development of renewable energy technologies in different sectors. In 2019, 

renewable energy achieved a wide and fast growth rate of about 3.7% in comparison to 

other resources. Wind power and solar photovoltaic power are the leaders of this 

achievement, however, wind power growth is the largest 1.  

Given this, solar light represents a huge untapped potential. It has the capability to be an 

environmentally clean and economically viable sustainable energy. Achieving a fully 

sustainable energy production system based on sunlight involves the development of 

multiple and diverse technologies. Since the oil crisis in 1970, molecular hydrogen is being 

considered the future key energy vector 8. H2 possesses the highest gravimetric gross 

calorific value among all fuels (142 MJ kg−1), and it burns cleanly yielding only pure    

water 9. Although the "hydrogen economy" is a reasonable approach and compelling vision, 

practical technological advancements are still the missing key to open this barrier to reality. 

As solar light is the most abundant clean and renewable energy source, as well, the water 

is a naturally renewable resource, their combining, and conversion to molecular hydrogen 

have been accounted as the most viable solution for the development of a low carbon 

emission economy, in order to counter the increased energy demand and the environmental 

problems of fossil fuels 10. Among several methods to produce H2, solar hydrogen 

production from water splitting can offer the right renewable and green energy vector.  

Since the discovery of the photoelectrochemical splitting of water to H2 and O2 by 

Fujishima and Honda in the 1970s, photocatalysis has received huge attention. The 

photocatalytic production of molecular hydrogen (H2) in a solar-driven process is a 

promising strategy to store sunlight as chemical energy via photoinduced reduction of  

water 11, 12.  In a photocatalytic system, the reaction that has extremely low kinetics outside 

this system and thermodynamically unfavored (ΔG < 0), is driven by a semiconductor 
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through absorption of photons having suitable energy, i.e., the light energy exceeds the 

energy of the bandgap of the semiconductor 13. These photons induce the excitation of 

electrons from the filled valance band (VB) to the empty conduction band (CB) in the 

photocatalyst, generating electron vacancies in the VB, i.e., the positively charged holes. 

Afterward, both electrons and holes are relaxed to the bottom of the CB and the top of the 

VB, respectively. As mobile entities, the charge carrier species (electrons and holes) could 

recombine or migrate to the surface of the semiconductor, where they can initiate redox 

reactions via interfacial charge transfer 14, 15. The photogenerated holes act as oxidants (+1.0 

to +3.5 V vs. NHE), while the photogenerated electrons are potential reductants (+0.5 to 

−1.5 V vs. NHE) 16.  

Photocatalytic H2 production from water-splitting is an uphill reaction and an energetically 

unfavored process. Thermodynamically, a change in free energy of ΔG0 = 237.2 kJ mol-1 

is associated with the splitting of one mole of H2O to H2 and ½ O2. This value corresponds 

to a potential ΔE° = 1.23 V (Equations 1-1 to 1-3) 17, 18. If the semiconductor will drive this 

reaction, it must absorb photons of energies higher than 1.23 eV (wavelengths ≤ 1000 nm) 

and convert the energy into H2 and O2 12. 

Thus, in the water-splitting reaction, the redox potentials of both H2 and O2 generation 

govern the possible photocatalyst candidate according to the VB and CB positions. The 

potential photocatalyst for H2 production should meet the following thermodynamic 

requirements: (i) energy of the conduction band-edge and the valance band-edge straddle 

the electrochemical potentials E° (H+/H2) and E° (O2/H2O), respectively, i.e., both 

potentials should lie within the photocatalyst bandgap. (ii) the bottom of the CB should be 

more cathodic than the redox potential of (H+/H2), and the top of the VB should be more 

anodic than the redox potential of (O2/H2O) 19, 20. Therefore, from a thermodynamic point 

of view, only a few photocatalysts, e.g., TiO2, are competent to drive the water-splitting 

reaction.  

Hydrogen evolution: 

2 H(aq)
+   +   2 e-  →   H2 (↑)                                                        

E0 = 0 V vs NHE 1-1 

Oxygen evolution: 

2 OH(aq)
−  + 2 h⁺ → ½ O2 (↑) + H2O                                       

E0 = 1.23 V vs NHE    1-2 

Overall water splitting 

H2O → ½ O2 (↑) + H2 (↑)                                                     
E0 = 1.23 V vs NHE 1-3 
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Titanium dioxide has been one of the most widely studied semiconductors in the last decade 

as a potential means for the remediation and mineralization of the organic pollutants present 

in water and air 16, 21, as well as for direct conversion and storage of solar light 22. This is 

related to its high reactivity, hydrophilicity, low cost and availability, physical and chemical 

stability, resistance to photocorrosion, and optimal electronic and optical capacity 14. Since 

the early part of the 20th century, scientists reported the photoactivity of the TiO2 for 

oxidative degradation of organic molecules such as dyes in vacuo and in oxygen 23. From 

that time, a dramatic increase in the TiO2 photocatalysis research had occurred in the 

environmental remediation and solar energy conversion fields, to develop an applied 

technology. However, no real technological applications have been accomplished hitherto, 

due to the drastically low photonic efficiencies 24. Therefore, to realize practical 

applications three major obstacles must be overcome. Firstly, the rapid recombination of 

the photogenerated charge carriers, which strongly limits the photocatalytic efficiency 25. 

Secondly, the poor overlap of the absorption spectrum of TiO2 with the solar emission 

spectrum that results in a small fraction of photons being absorbed, mainly in the UV 

region. And thirdly, the fast backward reaction between the O2 and H2 which strongly 

competes with the splitting of water.  

Numerous strategies have been considered to resolve the above-mentioned handicaps and 

improve the TiO2’s photocatalytic performance, including sensitization with dyes, doping 

with metallic or non-metallic species, surface modification, and coupling with other 

materials 26, 27.  The main two approaches for suppressing the charge carrier recombination 

and the reverse reaction can be achieved by using a specific co-catalyst to form a physical 

separation between the electron and hole on the surface of the photocatalyst. In addition, 

using a sacrificial electron donor (SED) leads to push the oxidation half-reaction to achieve 

acceptable efficiencies 11, 12. By using sacrificial organic molecules such as alcohols, 

organic acids, and hydrocarbons as electron donors, the holes are scavenged by these 

molecules and the recombination of the charge carrier can be greatly reduced. Furthermore, 

since O2 is not produced by using these sacrificial agents, the back reaction with H2 to 

produce water is suppressed, thus, increasing the H2 formation 28. Indeed, to sustain the 

H2 production, the continuous addition of these electron donors is required since they are 

consumed in the photocatalytic reaction. However, even in the presence of a sacrificial 

electron donor that should promote the H2 formation, the quantum efficiency for H2 
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production over pristine TiO2 is still negligible, due to the large overpotential for the reduction 

of protons 29, 30. 

Surface decoration with metals (especially Pt, Au, Ag, Cu) is known to greatly improve the 

efficiency of H2 production 31, 32. According to the Schottky barrier model, such 

enhancement is attributed to the transfer of the photogenerated holes to the surface and the 

simultaneous migration of the electrons into the metal nanoparticles induced by the electric 

field in the space charge layer 33. Amongst the metals that facilitate electron capture, Pt has 

been reported extensively as the most effective one. Concomitantly, Pt is considered an 

excellent catalyst in dehydrogenation, oxidation in thermal catalysis, and hydrogenation 

processes 34. However, many structural factors seem to affect the activity of the resulting 

platinized TiO2, such as size, dispersion, chemical state of Pt deposits, the interaction 

between the metal and the support, and the preparation method 27, 35, 36. 

Moreover, as a hybrid field, dual-functional photocatalysis is a combination of different 

photocatalytic fields for 2-fold purposes achieved in a single step 37. The coupling of H2 

evolution and photocatalytic degradation of organic pollutants yielding CO2 can be 

achieved in the so-called photoreforming process (Figure 1-1) 13, 20, 22, 38. Such a technique 

has a great advantage as it can benefit from solar light and treat wastewater.  In the 

photocatalytic reforming process, the photogenerated holes in the valence band can oxidize 

adsorbed organic substrates (electron donors), whereas the conduction band electrons, 

trapped by Pt nanoparticles on the surface of the photocatalyst, can reduce the protons 

(electron acceptor) to molecular hydrogen 37.  

Although the dual-functional heterogeneous photocatalysis nanotechnology opens up a 

novel platform to simultaneously remove wastewater pollutants and produce molecular 

hydrogen, most of the previous studies dealing with the development of this technology 

have focused on photoreforming of simple organic compounds like methanol, ethanol, 

formaldehyde, formic acid, etc., as model pollutants. However, in reality, the water and 

wastewater pollutants consist of a wide range of organic pollutants from different sources 

such as aliphatic hydrocarbons, phenols, chlorophenols, and chlorobenzenes, pesticides, 

herbicides, semivolatile organic compounds, dioxins, PAHs, etc. These compounds, in 

particular PAHs, have been frequently detected in groundwater and wastewater. Among 

the different PAHs, naphthalene is a particularly noxious member due to its relatively large 

solubility in water, which leads to increased bioavailability and ultimately to adverse effects 
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in the environment and on human health. Despite the large number of studies that 

considered the photocatalysis processes for the removal of PAHs in aerobic conditions 

(where the reduction half-reaction is the conversion of molecular oxygen to the superoxide 

radical anion) 39, 40, no reports on the remediation of PAHs with the simultaneous 

production of H2 were found in the literature. 

 

Figure 1-1: Common applications of semiconductor photocatalysis for environmental remediation 

and water splitting (the green dashed line represents the dual-functional photocatalysis for 

simultaneous water treatment and energy recovery). Production of hydrogen by the photogenerated 

electrons (i) and oxygen by the photogenerated holes (iii) during water cleavage, takes place under 

anaerobic conditions. Oxidation of organic compounds takes place in the presence of O2 with the 

participation of photo-generated holes (iv) and 𝑂2
•⁻(ii), producing CO2 and H2O. The photo-

reforming process combines the H2 production (i) and oxidation of organic compound (iv) under 

anaerobic conditions. Adapted with permission from reference 38. Copyright 2016 Elsevier B.V. 

1.2 The Objectives of this Thesis 

The production of molecular hydrogen from renewable energy sources such as water and 

sunlight by photocatalytic processes represents a sustainable pathway to green energy as 

well as eco-friendly methods of degrading organic pollutants. However, the low 

photocatalytic efficiency and the lack of a detailed mechanistic understanding of the 

photocatalytic reactions are the main problems that hinder the industrialization of this 

technology. 
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This PhD thesis is devoted to investigate and evaluate the photocatalytic reforming of the 

smallest PAH compound, i.e., naphthalene under simulated solar irradiation. Although 

there is a wide range of potential candidate semiconductors that can be used to conduct this 

study, it is preferable and advisable to choose the widely studied photocatalyst to take the 

advantage of the vast amount of knowledge available in the scientific literature. TiO2 is by 

far the most extensively studied photocatalyst. Since it is well acknowledged that the phase 

composition has a crucial impact on the photocatalytic activity of the TiO2 materials, the 

most active commercial TiO2 types, i.e., Sachtleben Hombikat UV100 (pure anatase) and 

Evonik Aeroxide P25 (mixed phase of anatase and rutile), were used in this study. By 

considering that the photocatalytic reforming of the PAHs was not reported previously in 

the literature, one of the goals of this PhD thesis is to provide the scientific community with 

comparable values for this reaction. Therefore, the performances of the studied 

“naphthalene/TiO2” systems were evaluated in terms of calculating the photonic 

efficiencies of the hydrogen formation and naphthalene conversion under the same 

experimental conditions. 

Despite that several studies had reported the ability of pristine TiO2 to produce molecular 

hydrogen without using a co-catalyst, it is widely accepted that one of the most relevant 

drawbacks of using pristine TiO2 as an active photocatalyst for H2 evolution reaction is the 

fast recombination of the photogenerated electrons and holes. Considering that the surface 

catalytic reaction is a successive step of charge separation, the charge carrier recombination 

process can be controlled by modifying the surface properties of the TiO2 via loading with 

metal co-catalyst such as Pt. In this way, the conduction band electrons initiate the 

reduction reaction of the proton to molecular H2 on the Pt nanoparticles, while the valence 

band holes initiate the oxidation reaction on the surface of the TiO2 (Figure 1-1). In this 

thesis, the effects of the following factors and parameters on the H2 production during the 

photocatalytic reforming of the aromatic compounds were investigated and evaluated:  

i. The type of the TiO2 photocatalyst. 

ii. The platinum loading method. 

iii. The loading ratio of platinum nanoparticles on the surface of TiO2. 

iv. The formation of the organic intermediates. 

In most of the published investigations dealing with the photocatalytic reforming of the 

organic pollutants, the researchers paid their main attention only to the H2 evolution 
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reaction, while poor and non-systematic documentations for the reaction mechanism were 

mostly provided. However, from the point of view of the practical application, insights into 

the detailed mechanistic studies for the kinetic of the charge carrier, as well as, the complete 

photocatalytic reaction for both half redox reactions i.e., “The Complete Story” must be 

provided. In comparison to the relatively simple sacrificial electron donors like methanol, 

naphthalene oxidation involves a large number of steps and generates several oxidation 

intermediates where their involvement in the photocatalytic process may play an undesired 

role; therefore, mechanistic investigations on both the reductive and oxidative half-

reactions are desired. Accordingly, this thesis established and elucidated a systematic 

method to get more insights into the reaction mechanism of the photocatalytic reforming 

of the aromatic compounds. By employing and combining different analytical techniques 

such as HPLC, HPIC, GC-MS, QMS, EPR, and TAS the most possible oxidation half-

reaction for photooxidation of naphthalene, as well the reduction half-reaction for 

molecular hydrogen formation during the photocatalytic reforming of naphthalene were 

proposed and intensively discussed.  

1.3 Thesis Structure 

The topics of this doctoral dissertation are extensively discussed in six chapters comprising 

four peer-reviewed published articles.  

Chapter 1 outlines the shortage of freshwater, the environmental pollution, and the global 

energy issues that necessitated a shift from fossil fuels to green renewable alternatives to 

decrease the environmental pollution resulted from such use of fossil fuels. Moreover, it 

presented the basic principle of TiO2 photocatalysis for generating renewable energy, i.e., 

H2 production from the water splitting, and the different limitations that hinder such 

technology are also discussed. Subsequently, the photocatalytic reforming of the organic 

water pollutants was introduced as a potential alternative energy technology for H2 

production and remediation of different widespread organic pollutants, as well, some of 

their major obstacles were highlighted. 

Chapter 2 displays a review article entitled “TiO2 Photocatalysis for the Transformation of 

Aromatic Water Pollutants into Fuels” 41. The first part of this review discussed the 

different classes of water aromatic pollutants, their environmental hazards, and health 

threats. Moreover, an overview on the adopted conventional methods and the proposed 

recent ones for the treatment of these organic pollutants was presented with highlighting 
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some of their advantages and disadvantages. In the next part, the fundamental and 

electronic structure of semiconductor-photocatalyst, the significant parameters affecting its 

performance, and photocatalytic water splitting versus photocatalytic reforming are 

reviewed and discussed. Moreover, TiO2 photocatalysis is also presented in this part, 

emphasizing the photocatalytic properties of its different phases and how to enhance the 

performance of pristine TiO2 by loading of noble metals. Finally, and based on the recent 

research investigations, the current perspective for photocatalytic reforming of aromatic-

based pollutants towards H2 production and water decontamination is reviewed and 

highlighted. 

Chapter 3 includes a research article entitled “Photocatalytic H2 Production from 

Naphthalene by Various TiO2 Photocatalysts: Impact of Pt Loading and Formation of 

Intermediates” 42. In this article, the photocatalytic reforming of the persistent pollutant 

naphthalene was systematically investigated over pristine and platinized TiO2 under 

illumination by solar light simulator.  As a first step to set up the proper conditions for 

evaluating the efficiency of H2 evolution during the removal of naphthalene from an 

aqueous solution, a comparative study between two different commercial TiO2 

photocatalysts, namely, Evonik Aeroxide P25 and Sachtleben Hombikat UV100, was 

performed. Both photocatalysts were loaded with different fractional ratios of platinum 

nanoparticles by the photodeposition method. The different photocatalytic activities 

between the as-prepared Pt-TiO2 and the impact of the co-catalyst Pt nanoparticles on the 

photocatalytic activity has been evaluated based on the kinetics of the charge carrier.  

Moreover, the effect of the intermediate products during the photocatalytic process was 

also investigated. 

Chapter 4 includes a research article entitled “TiO2 Photocatalysis: Impact of the Platinum 

Loading Method on Reductive and Oxidative Half-Reactions” 43. The effect of the 

platinum-loading methods was assessed for the photoreforming reaction of naphthalene. 

Platinized TiO2 (anatase, UV100) was prepared using two alternative methods: 

photodeposition by reduction of PtCl6
2-, and physical mixing of TiO2 with Pt nanoparticles 

synthesized by laser ablation. Full physiochemical characterizations were performed for all 

the samples. The higher photocatalytic activity of the sample prepared by the 

photodeposition method was explained based on the different charge carrier dynamics by 

employing transient absorption spectroscopy and electron paramagnetic spectroscopy 

techniques.  
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Since the photocatalytic reforming mechanism of polyaromatic hydrocarbons (PAHs) had 

not been reported previously in the literature, therefore, as a final step in this study, the 

photoreforming mechanism of the simplest PAH compound, namely, naphthalene has been 

investigated. Chapter 5 includes a research article entitled “Mechanistic Insights into 

Hydrogen Evolution by Photocatalytic Reforming of Naphthalene” 44. As a result of the 

investigations presented in Chapters 3 and 4, the platinized TiO2 (anatase, UV100) prepared 

by loading with the optimum fractional ratio of PtNPs (0.5 wt.%) via the photodeposition 

method was used in this mechanistic study. Naphthalene/Pt-TiO2 suspension was employed 

in different photocatalytic systems to understand the pathways of the half redox reactions 

during the photoreforming of naphthalene. Different chromatographic, spectroscopic, and 

isotopic techniques were used, to give an accurate and comprehensive overview for this 

investigation. 

Finally, Chapter 6 displays a summarizing discussion that correlates the presented results 

in the previous chapters.  
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2Chapter Two: TiO2 Photocatalysis for the 

Transformation of Aromatic Water Pollutants into Fuels 

2.1 Foreword  

This chapter contains the review article “TiO2 Photocatalysis for the Transformation of 

Aromatic Water Pollutants into Fuels” by Osama Al-Madanat, Yamen AlSalka, Wegdan 

Ramadan, and Detlef W. Bahnemann. Reproduced with permission from Catalysts 2021 

(11, 317, DOI: 10.3390/catal11030317). Copyright 2021 MDPI. This chapter aims to 

provide the reader with the recent reports in solar fuel generation, especially the H2 

production during the photocatalytic degradation of different kinds of aromatic water 

pollutants based on heterogeneous TiO2 photocatalysis. The sources and the hazardous 

effects of these organic pollutants were also presented. Great emphasis was paid to the 

fundamental of the TiO2 photocatalysis process, and the adopted strategies for improving 

the TiO2 activity. The key factors affecting the efficiencies of photocatalytic processes were 

also addressed. Besides, the mechanisms of the photocatalytic reforming of some of these 

aromatic pollutants photocatalytic were presented and discussed. 

2.2 Abstract 

The growing world energy consumption with reliance on conventional energy sources and 

the associated environmental pollution are considered the most serious threats faced by 

mankind. Heterogeneous photocatalysis has become one of the most frequently 

investigated technologies, due to its dual functionality, i.e., environmental remediation and 

converting solar energy into chemical energy, especially molecular hydrogen. H2 burns 

cleanly and has the highest gravimetric gross calorific value among all fuels. However, the 

use of a suitable electron donor, in what so-called "photocatalytic reforming", is required 

to achieve acceptable efficiency. This oxidation half-reaction can be exploited to oxidize 

the dissolved organic pollutants, thus, simultaneously improving the water quality. Such 

pollutants would replace other potentially costly electron donors, achieving the dual-

functionality purpose. Since the aromatic compounds are widely spread in the environment, 

they are considered attractive targets to apply this technology. In this review, different 

aspects are highlighted, including the employing of different polymorphs of pristine 

titanium dioxide as photocatalysts in the photocatalytic processes, also improving the 

photocatalytic activity of TiO2 by loading different types of metal co-catalysts, especially 
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platinum nanoparticles, and comparing the effect of various loading methods of such metal 

co-catalysts. Finally, the photocatalytic reforming of aromatic compounds employing TiO2-

based semiconductors is presented. 

Keywords: TiO2, Aromatic compound, PAHs, H2 production, Photocatalytic reforming, 

Water remediation. 

2.3 Introduction 

Water is essential for the existence of all live beings. However, its pollution with organic 

and inorganic compounds remains a threat and poses great risks to the environment and 

human health. The water quality is merely a concept reflecting the kind and quantity of 

contaminants contained in it. Mining and petrochemical industries are instrumental in the 

economical growth of many countries and their products are regarded as privileges to 

modern communities 1. However, the wastes generated from the activities of these 

industries are toxic and carcinogenic 2. Thus, these wastes have been classified as 

‘hazardous’ 3, and there is a constant increase in the pollution concerns associated with 

various petrochemical compounds and their by-products in the form of water, air, and soil 

pollution. Many of these by-products are still extensively employed, especially in the 

chemical, medical, and other industrial fields, as irreplaceable and inevitable raw 

materials 4-7. Aromatic compounds, like benzene, phenol, and chlorobenzene are some of 

the most encountered volatile organic compounds, VOCs. The primary sources of such 

VOCs are originated from a large number of anthropogenic activities such as refinery 

streams, especially from catalytic reforming and cracking, and petroleum refining, 

petrochemical processing, solvent use, and many other industrial activities 8, 9.  Other VOCs 

like methane and chlorofluorocarbons “greenhouse gases” which cause global warming.   

The aromatic ring is the basic constituent of many organic pollutants, such as polyaromatic 

hydrocarbons (PAHs), dyes, pesticides, and pharmaceuticals. Aromatic compounds, such 

as benzene, phenols, and benzoic acid, are the most frequently used model substrates to 

investigate the photocatalytic mechanism and to test the activity of the photocatalysts 10-13. 

Detailed studies have been made on the harm caused by the aromatic compounds, for 

example, the potential relationship between the benzene-related compounds and the risk of 

hematologic cancers, like lymphoid malignancies 14. Also, long-term exposure to a low 

concentration of such compounds could predispose to the development of type 2 diabetes 
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(T2D) and affect human metabolism 15, 16.  Aromatic organic compounds also contribute to 

serious environmental problems such as water pollution, which may result in the demise of 

scarce species, and biological genetic variation which in many cases is an irreversible 

problem 17, 18.  

Semiconductor photocatalysis has been extensively studied in the past 30 years as a 

promising method of environmental cleanup and sterilization. However, an earlier 

description of the photocatalytic properties of some metal oxides was given in 1955 by 

Markham 19, who dealt with ZnO, Sb2O3, and TiO2 and the various types of photochemical 

changes that these oxides could undergo, including the catalyzed oxidation of organic 

compounds under UV irradiation. Later and in 1972 a short note published in Nature by 

Fujishima and Honda 20 demonstrated that water could be photolyzed electrochemically at 

an illuminated TiO2 and Pt electrode combination to yield stoichiometric quantities of H2 

and O2. What followed soon thereafter was a frenzied series of studies in search of the 

photocatalytic materials to produce H2 fuel as part of the beginnings of the hydrogen 

economy. Many semiconductors showed photocatalytic properties like MoS2 21, WO3 
22, 

BiFeO3 
23, Fe2O3 24, and CdTe 25, 26, but only a few of them fulfill the thermodynamic 

requirements for overall water splitting like KTaO3, SrTiO3, TiO2, ZnS and SiC. What 

seems a simple basic function like the excitation of the semiconductor by absorption of 

light results in the formation of the charge carrier, i.e., the valance band holes, ℎ𝑣𝑏
+ , and the 

conduction band electrons, 𝑒𝑐𝑏
− .  However, because of the strong oxidation ability of ℎ𝑣𝑏

+  

and reactive oxygen species like •OH, •OOH, and H2O2, which are formed from the ℎ𝑣𝑏
+  

oxidation of H2O and 𝑒𝑐𝑏
−  reduction of O2, most organic compounds can be oxidized, even 

mineralized to CO2 and H2O in the photocatalytic systems. Due to the challenges that 

remain in achieving overall pure water splitting, the alternative approach is to combine 

light-induced splitting of water and photooxidation of organic substrates into a single 

process in so-called photocatalytic reforming 27. 

TiO2 is one of the most studied photocatalysts, it was greatly debated in many aspects like 

the nature of the oxidative agent (𝑂𝐻• vs ℎ+), the site at which the reaction takes place 

(surface versus bulk solution), how to improve performance, and efficiency of TiO2 

photocatalytic properties. Unfortunately, TiO2 has a relatively large bandgap (3.2 eV) so 

that only UV radiation can activate it, its conduction band is somewhat positive in relation 

to the redox potential for H2 evolution. Clearly, new semiconductor-based nanostructured 

materials are needed that would use lower-energy photons available in the visible spectral 
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region. A strategy developed mostly in the past decade was to push the absorption onset of 

TiO2 toward longer wavelengths ( 387 nm) by doping TiO2 with anions and/or cations (N, 

C, S, F, ..., and metal ions) 28. Despite the many studies carried out with TiO2, no other 

metal oxide has yet been found that might act as an efficient photoanode with conduction 

and valence band edges that straddle the redox potentials of water and many water organic 

pollutants.  

In the first part of this review, we discuss the different classes of aromatic organic 

hydrocarbons pollutants with an emphasis on their chemical, structural, and physical 

properties. Their environmental hazards, health threats, and their ability to leak into the 

different components of the environment especially the aquatic environment are also 

discussed. In the following parts of this review, we provide the reader with an overview of 

the conventional methods adopted for the treatment of organic pollutants against the recent 

methods used and the new trends to be evaluated and debated. The fundamental and 

electronic structure of semiconductor-photocatalyst, the significant parameters affecting its 

performance, and photocatalytic water splitting versus photocatalytic reforming are 

reviewed in detail. The next part of this review is dedicated to TiO2, which is one of the 

most widely studied semiconductors, with emphasis on the photocatalytic properties of its 

different phases and how to enhance the performance of pristine TiO2 by the loading of 

noble metals. Finally, and based on the recent research investigations, the current 

perspective for photocatalytic reforming of aromatic-based pollutants towards H2 

production and water decontamination is reviewed and highlighted. 

2.4 Aromatic Hydrocarbons as Water Pollutants 

Many pollutants discarded into the environment contain non-degradable substances like 

heavy metals and organic pollutants 29-31. The persistent organic pollutants such as 

Pesticides 32, aromatic organic compounds (OCs) 33, 34, semi-volatile organic compounds 

(SVOCs) 35-37, and organic dyes 38, 39 are gaining great environmental concerns due to their 

impacts on health and environment. These compounds have grasped much attention due to 

their carcinogenic potential and ubiquitous presence in the environment, which pose a 

major threat to water reservoirs and the surrounding ecosystem.  

The aromatic organic compounds, such as benzene, toluene, ethylbenzene, and xylenes 

(BTEX), polyaromatic hydrocarbons (PAHs), phenols, and their derivatives are frequently 

detected in different wastewater resources 40. The removal of these organic pollutants is a 
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must to reuse this water since such pollutants can't be eliminated efficiently during 

conventional treatment processes. The reuse of this treated water, especially in irrigation of 

crops, contains great risks due to the transfer of these pollutants to plants, thus, through the 

food chain to living organisms 32, 35. The following subsections provide a brief description 

of the main types of these pollutants. 

2.4.1 Phenols 

Phenolic compounds are a class of organic compounds that consist of a hydroxyl group(s) 

directly bonded to one or more aromatic rings. The phenolic compounds are classified as 

priority pollutants due to their carcinogenic, mutagenic properties, and high toxicity even 

at low concentrations 41. These compounds represent serious threats to human health, e.g., 

skin and eye irritations, anemia, respiratory, and vertigo 42. The Environmental Protection 

Agency (EPA) sets the level standard of phenols in the surface water to less than 1 µg L-1, 

while, the toxicity levels for both humans and aquatic life are usually in the range                  

9–25 mg L-1 41. Phenols are one of the main intermediates for household and industrial 

productions of cleaners, dyes, pesticides, herbicides, paint, pharmaceuticals, 

petrochemicals, cooking operations, resin manufacturing, plastics, pulp, paper, and wood 

products 33, 42. They are usually detected in the wastewater effluents in very high 

concentrations up to thousands of mg L-1 43.  

The first member of this category of organic compounds is phenol with the chemical 

formula of C6H5OH. All other members of the group are derivatives of phenol 44. 

Chlorophenols are the largest group and most spread group of phenols. They are formed in 

the environment by chlorination of mono and polyaromatic compounds present in soil and 

water 42. Moreover, the reaction of hypochlorite with phenolic acids during the treatments 

and disinfection processes leads to the formation of such chlorinated compounds.  

Chlorinated phenols e.g., 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and 

pentachlorophenol (Chart 2-1), are listed by the US-EPA as priority organic pollutants 45, 46.  

 

Chart 2-1: The most common priority pollutants chlorinated phenols. 
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2.4.2 Polyaromatic Hydrocarbons 

Another kind of organic pollutants that causes water contamination is the PAHs, which are 

classified as hazardous persistent environmental pollutants 47. They are a group of over 100 

different organic compounds containing two or more fused aromatic benzene rings 

connected linearly, angularly, or in a cluster arrangement 48, 49. PAHs are found naturally 

and released into the environment by anthropogenic sources. The incomplete combustion 

of wood, coal, oil, gas, garbage, and other organic substances, pyrosynthesis or pyrolysis 

of hydrocarbons (petrogenesis), and the leakage of crude oil and refined petroleum products 

are considered the main sources of the PAHs 47, 50, 51. The surface runoff from roads is 

another major source of the PAHs in the aquatic system 52, 53. Surface-active compounds 

and humic substances increase the solubility of PAHs several times. Huang and Buekens 54 

reported the formation of the PAHs under insufficient combustion conditions of the 

aliphatic fuels. Under these conditions, carbon containing-compounds are not oxidized 

completely to carbon dioxide, rather, hydrocarbon fragments that are generated during 

incomplete combustion interact with each other to yield complex polycyclic structures.  

Many other resources for the PAHs 49, 53 are shown in Figure 2-1.  

 

Figure 2-1: Different sources of PAHs generation. 

PAHs have low aqueous solubility and are considered lipophilic organic compounds that 

are widely distributed in the environment and characterized by their high toxicity, 

genotoxicity, and carcinogenicity 49, 55. Table 2-1 shows the physicochemical properties of 

16 compounds of the PAHs that have been listed as priority pollutants by the United States 

Environmental Protection Agency 50, 56.  
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Table 2-1: Physiochemical properties of the 16 US-EPA PAHs 53, 72, 73. 

Compound Name 
Chemical 

structure 

C
h

em
ic

al
 

F
o

rm
u

la
 

n
u

m
b

er
 o

f 

ri
n
g

s 

M
o
le

cu
la

r 

W
ei

g
h

t 

(g
\m

o
l)

 

 

M
el

ti
n
g

 

P
o

in
t 

(º
C

) 

B
o

il
in

g
 

P
o

in
t 

(º
C

) 

A
q

u
eo

u
s 

so
lu

b
il

it
y
 

(m
g

/l
) 

V
ap

o
r 

p
re

ss
u

re
 

(P
a)

 

L
o
g

 

K
o

w
 

Naphthalene  C10H8 2 128.17 80.26 218 31 1.0x102 3.37 

Acenaphthene 

 

C12H10 3 154.21 93.4 279 3.8 3.0x10-1 3.92 

Acenaphthylene 
 

C12H8 3 152.19 92-93 
265-

275 
16 9.0x10-1 4.00 

Fluorene  C13H10 3 166.22 
116-

117 
295 1.9 9.0x10-2 4.18 

Anthracene  C14H10 3 178.23 218 
340-

342 
0.045 1.0x10-3 4.54 

Phenanthrene  C14H10 3 178.23 100 340 1.1 2.0x10-2 4.57 

Fluoranthene  C16H10 4 202.25 110.8 375 0.26 1.2x10-3 5.22 

Pyrene  C16H10 4 202.25 156 
393-

404 
0.13 6.0x10-4 5.18 

Benzo[a]anthracene  C20H12 4 228.29 158 438 0.011 2.8x10-5 5.91 

Chrysene 
 

C18H12 4 228.29 254 448 0.006 5.7x10-7 5.91 

Benzo[b]fluoranthene 

 

C20H12 5 252.31 168.3 
No 

data 
0.0015 - 5.80 

Benzo[k]fluoranthene 
 

C20H12 5 252.31 215.7 480 0.0008 5.2x10-8 6.00 

Benzo[a]pyrene 
 

C20H12 5 252.31 
179-

179.3 
495 0.0038 7.0x10-7 5.91 

Dibenzo[a,h]anthracene 

 

C22H14 6 278.35 262 
No 

data 
0.0006 

3.7x10-

10 
6.75 

Benzo[ghi]perylene 

 

C22H12 6 276.33 273 550 
0.0002

6 
1.4x10-8 6.50 

Indeno[1,2,3-cd]pyrene 

 

C22H12 6 276.33 163.6 530 
0.0001

9 
- 6.50 
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PAHs of two and three aromatic rings, e.g., naphthalene and anthracene, are known as low 

molecular weight (LMW). Those compounds possess higher solubility in water and higher 

volatility than that of the high molecular weight (HMW) PAHs 57. In fact, higher 

concentrations of the LMW PAHs have been reported in wastewater influent and effluent 

comparing to the HMW PAHs, which can be related to their higher water solubility 35, 40, 58-61. 

Naphthalene (C10H8) is the simplest form of PAHs and possesses higher volatility besides 

its higher solubility in water (31.7 mg l-1 at 25 °C) compared to other PAH compounds. 

Naphthalene is widely used in industry as an intermediate in the production of pesticides, 

phthalic anhydride, dyes, resins, and surfactants 62, 63. Moreover, it is found in many 

consumer products like mothballs and some insect repellent products that are used to kill 

moths in airtight spaces, and to repel vertebrate pests in attics and wall voids spaces 64. In 

general, naphthalene was found the most ubiquitous and abundant PAH in wastewater with 

concentrations ranged between ng L-1 to µg L-1 47, 59-61, 65, 66.  

2.4.3 Organic Dyes 

Dyes are colored substances that have an affinity for the substrate to which they are being 

applied.  They have colors due to their absorption of light at a certain wavelength in the 

visible range. Due to their high molar extinction coefficients, a small amount of dye in an 

aqueous solution can produce a vivid color 67, 68. Synthetic dyes possess very different 

chemical and physical properties. Azo, anthraquinone, xanthene, indigoid, 

triphenylmethane, and phthalocyanine derivatives are the most frequent chemical classes 

of dyes employed in the industry (Chart 2-2) 67-71.  

Synthetic organic dyes are introduced in the aquatic environment 74, 75 because of their 

extensive usage in printing, paint, and textile industries. These compounds are 

characterized especially by their non-reactivity, long-lasting coloring, and highly stable 

structures 74. Besides their carcinogenic effect, many dyes affect human life such as 

dysfunction of the central nervous system (CNS), kidney, reproductive system, brain, and 

liver 74, 76, 77. Wastewaters from textile and other dyes industrial processes contain large 

quantities of these organic pollutants, which are difficult to degrade during the standard 

biological methods and resist aerobic degradation. Moreover, Due to their high solubility 

in water, the removal of the dyes from wastewater through conventional methods is very 

difficult and ineffective 71, 78.  Degradation of certain types of dye produces more hazardous 
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pollutants than the dye itself. For example, under anaerobic conditions, organic dyes such 

as Azo-dye can be reduced to potentially carcinogenic aromatic amine 68, 79. 

 

Chart 2-2: The chemical structure of some common synthetic dyes. 

2.5 Methods of Treatment 

As outlined beforehand, toxic organic pollutants are widespread in the environment, thus, 

it is highly recommended to eliminate or reduce the concentration of such pollutants in the 

aquatic environment to safe levels 53, 80-83. Numerous conventional treatment processes 

have been applied and tested for wastewater treatment such as adsorption, coagulation, 

precipitation, biodegradation, ozonation, electrochemical oxidation, and advanced 

oxidation processes 43, 47, 83-88. Besides that, combining some of these processes, such as the 

biological-physical or chemical processes, has been successfully applied in many 

wastewater treatments plants 89-92. Although many of these processes have been considered 

effective and efficient for removing a wide spectrum of organic pollutants from the 

wastewater, however, each process has disadvantages that limit the large-scale application, 

e.g.,  small capacity, high costs, pH-dependency, limited recyclability, high-energy 

requirements, incomplete pollutant removal, and generation of toxic secondary materials 

(Table 2-2) 87, 93-96. 

 

 

  

 

  
 



                                                              Chapter Two: TiO2 Photocatalysis for the Transformation of 

Aromatic Water Pollutants into Fuels 

24 

 

Table 2-2: Different removal techniques used for wastewater treatment and their advantage(s) 

and disadvantage(s).  

Removal 

techniques 
Advantage(s) Disadvantage(s) 

a) Coagulation • The additive coagulants easily 

settled with the suspended particle. 

• Rapid and efficient for insoluble 

contaminants. 

• Low-cost operation. 

• pH monitoring of the effluent. 

• The dissolved organic pollutants are not 

completely removed. 

• Formation of sludge and secondary 

pollutants. 

b) Electrochemical 

oxidation 

• Recycling of valuable metals. 

• Increases biodegradability. 

• Not require auxiliary chemicals or 

high temperatures. 

• Required pre-filtration; formation of 

sludge. 

• High initial cost of the equipment. 

• Low selectivity and low reaction rates. 

c) Biological 

process 

• Simple, economically attractive. 

• Ecologically favorable process. 

• Poor decolorization. 

• Formed uncontrolled degradation 

products. 

• High capital and operational cost. 

• the secondary sludge problems. 

d) Adsorption • Cost-effective and simple method. 

• The most profitable process and 

more efficient than the 

conventional methods (i.e., 

precipitation, solvent extraction, 

membrane filtration, etc.). 

• Removes the pollutants from one phase 

(aqueous) to another (solid matrix). 

• Expensive regeneration process 

especially if the pollutants are strongly 

bound to the adsorbents. 

e) Chemical 

precipitation 

• Adapted to high pollutant loads. 

• Simple equipment and  processes. 

• Chemical consumption. 

• High sludge production. 

f) Advanced oxidation processes (AOP) 

I. Ozonation • Powerful oxidation technique for 

a large number of pollutants. 

• Complex technology. 

• High capital/operational cost. 

• High electric consumption. 

II. UV • An effective method that typically 

does not produce harmful by-

products. 

• low efficiency when the wastewater 

contains a high number of particulates that 

absorb UV light. 

III. UV/H2O2 • An effective technique in the 

oxidation and mineralization of 

most organic pollutants. 

• Ease formation of ●OH radicals. 

• Less effective, when the wastewater has 

high absorbance. 

• High operational cost. 

IV. O3/UV/H2O2 • Most effective process due to the 

fast generation of ●OH radicals. 

• Can treat a wide variety of 

contaminants. 

• Needs to compete with high turbidity, 

solid particles, and heavy metal ions in the 

aqueous stream. 

• High operational cost. 

V. Fenton reaction • Simple process. 

• Easy availability of chemicals. 

• Production of iron sludge waste, bringing 

logistical problems with handling. 

VI. Photo-Fenton 

reaction 

• Reduction of sludge iron waste 

compared to the original Fenton 

reaction. 

• Effective and fast degradation. 

• Requires a controlled pH medium for 

better performance. 

VII. Heterogeneous 

photocatalysis 

• Long-term stability at high 

temperature. 

• Resistance to attrition. 

• Low-cost and environmentally 

benign treatment technology. 

• formation a   harmful byproduct to the 

environment. 

• Requires efficient catalysts that can 

absorb a wide range of light. 
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Among many developed and examined methods for eliminating the persistent organic 

pollutants from the environment (especially aquatic environment), advanced oxidation 

processes (AOPs) are the most promising techniques. They are also the most studied and 

the best environmental-friendly techniques for removing these pollutants. These processes 

are based on the formation of in-situ highly reductive or oxidative free radicals, e.g., 

hydroxyl radicals (●OH), at sufficient concentration to effectively mineralize the hazardous 

organic compounds and decontaminate water under ambient conditions 95, 97. 

Several AOP techniques have been explored to decompose the organic pollutants in the 

water resources by chemical oxidation or reduction such as ozonation, H2O2 photolysis, 

Fenton process, photo-Fenton process, and heterogeneous photocatalysis 97-100. Scheme 2-1 

shows the types and the general classification of the AOP 100.  

 

Scheme 2-1: General classification of the AOP. Adapted with permission from reference  100. 

By far, heterogeneous photocatalysis has gained the most attention as one of the most 

realistic and viable solutions due to its ability to clean-up a wide range of environmental 

pollutants besides the use of low-cost and chemical stable photocatalysts 101-108. This 

promising approach relies on the excitation of a semiconductor with suitable light, e.g., the 

sunlight, to drive different redox reactions. Heterogeneous photocatalysis is a process that 

includes a large variety of reactions such as oxidation, dehydrogenation, water splitting 

(reduction, H2 production; oxidation, O2 production), organic synthesis, photoreduction, 

metal deposition, hydrogen production, gaseous pollutant removal, and water purification 109. 
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Photocatalysis is a sustainable and economical technology that can exploit the 

inexhaustibly abundant clean energy of the sun 104, 109, 110. The use of an efficient 

nanoparticulate semiconductor is required for the detoxification of the wastewater via 

photocatalysis, which has the potential to degrade the toxic substances in the water like 

contaminants and microorganisms 111-113. Due to their narrow bandgap and distinct 

electronic structure (unoccupied conduction band and occupied valence band) 20, 114, 115, 

various kinds of photocatalysts, including TiO2, Gr-TiO2, CdS, SnO2, WO3, SiO2, ZnO, Nb2O3, 

Fe2O3, have been studied to degrade a variety of organic and inorganic pollutants 102, 115-117. 

Nowadays, the photooxidation of organic pollutants based on TiO2 nanomaterials is still 

gain huge attention. Several recent studies have shown the effective role of TiO2 in 

oxidizing and mineralizing a wide range of hazardous organic contaminants 118, 119, such as 

alcohol 120, 121, organic acids 122, aromatic hydrocarbons 104, phenols 123, dyes 124, 

pharmaceuticals 125, 126, and pesticides 126. The photocatalytic oxidation of organic 

pollutants proceeds either by the direct attack of the photogenerated holes or via the attack 

of the highly reactive hydroxyl radicals generated at the surface of the photocatalyst 110. 

The photocatalytically generated ●OH radicals can abstract hydrogen atoms from the 

organic molecules, causing a chain of reactions toward lower molecular intermediates and 

may end up in the complete mineralization of the pollutants 127. 

Another major field in photocatalysis includes light-driven water splitting into H2 and O2 128. 

H2 is regarded as the most recommended replacement for fossil fuels since its energy cycle 

is free of pollutants and greenhouse gases 105, 129, 130. Achieving dual-functional 

photocatalysis, i.e., the photocatalytic degradation of organic pollutants and the 

simultaneous production of hydrogen gas is an added value of this technique 131. 

Unfortunately, as will be discussed in the following sections, different operational 

conditions should be applied for each process to achieve its optimal reaction yield 11. 

2.6 Semiconductor-Based Heterogeneous Photocatalysis 

A photocatalytic system is thermodynamically defined as a system, in which a reaction with 

ΔG < 0 is driven through the photon absorption by a suitable material, i.e., the light energy 

is exploited to drive a reaction having extremely low kinetics outside this system 132. The 

photons are absorbed by such a system to generate accordingly charge carriers, i.e., 

electrons and holes, which induce a redox reaction. The semiconductors could be the light-

absorbing materials in heterogeneous systems and they are then known as photocatalysts 133. 
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Thus, heterogeneous photocatalysis depends on the distinctive properties of powdered 

semiconductor materials in harvesting incident light, generating charge carriers, and 

subsequently initiating surface reactions. This may provide a simple means for 

environmental remediation and photochemical energy conversion into fuels 134, 135. 

2.6.1 The Electronic Structure of a Semiconductor-Photocatalyst 

The band model based on the concept of molecular orbitals can be used to explain the 

electronic structure of a semiconductor. The electronic orbitals merge and split into two 

bands, i.e., the valence band (VB) and the conduction band (CB). VB and CB of a 

semiconductor are formed from the highest occupied molecular orbitals (HOMO) and the 

lowest unoccupied molecular orbitals (LUMO), respectively 136. At 0 K, the VB is the lower 

band that is completely filled with electrons, while the CB is the higher band that is empty 137. 

The difference in energy between the highest energy level in the VB and the lowest energy 

level in the CB creates a region known as the energy bandgap (Eg) 138. The interaction 

between the electronic orbitals, forming the band structure of a semiconductor is shown in 

Figure 2-2. 

 

Figure 2-2: Band structure of a semiconductor as an interaction of atomic orbitals, adapted from 

reference 144. Copyright 1997 Elsevier B.V. 

 Interestingly, the Eg values for semiconductors are sufficiently small that the electrons 

promotion from the VB to the CB can be initiated through an energy transfer to those 

materials 132. The light energy that is higher or equal to Eg induces the excitation of 

electrons from the VB to occupy partially filled states in the CB generating an electron 

vacancy in the VB, which is known as the positively charged hole 139. This hole is 
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considered as a mobile entity since it can be filled by another electron creating a vacancy 

in the space where it has been transferred from 140. The electrons in the CB are, likewise, 

mobile entities having often higher mobility than those of the holes (e.g., for Si, µn(electrons) 

= 1500 cm2 V-1 s-1 > µp(holes) = 450 cm2 V-1 s-1 141). Electrons have consequently a higher 

diffusion coefficient than holes, however, the trapping of the electrons leads to a decrease 

in their mobilities 142. The e−/h+ species migrate then to the surface of the semiconductor, 

where they can react with the adsorbed molecules. The photogenerated holes act as oxidants 

(+1.0 to +3.5 V vs. NHE), while the photogenerated electrons are potential reductants (+0.5 

to −1.5 V vs. NHE) 143.  

Semiconductor photocatalysis is considered, from this point of view, as a multi-step 

process, which is illustrated in Figure 2-3. Such a process is initiated by the photoexcitation 

with electromagnetic radiation equal to or exceeding Eg (1), the separation of the charge 

carrier pairs (2), the diffusion of e−/h+ species within the material towards the surface, and 

the surface charge transfer for the reduction of adsorbed electron acceptors (3) and the 

oxidation of adsorbed electron donors (4), respectively 145, 146. Accordingly, the photo-

induced electrons and holes should migrate to reach the surface of the material and react 

with adsorbed chemical species via surface charge transfer 144. Therefore, the Eg of a 

semiconductor is the minimum thermodynamic requirement for photocatalysis 147.  

 

Figure 2-3: Pathways of the photogenerated charge carriers in a semiconductor photocatalyst. 

Adapted with permission from reference 149. Copyright 2013 John Wiley and Sons. 

One of the other main limitations of semiconductor photocatalysis is the recombination of 

the photogenerated charge carriers, dissipating the absorbed energy as heat 138 and affecting 

negatively the lifetime of the electrons and holes 144. This undesired recombination 
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occurred either indirectly, i.e., via surface defects (5), or directly, i.e., by band-to-band 

recombination (6). Such phenomena are highly reliant on the crystal structure of the 

semiconductor. To enhance effectively the redox reactions while minimizing recombination, 

the photogenerated charge carriers must migrate to the liquid junction through the solid and 

must react with adsorbed species directly at the semiconductor surface 148.  

2.6.2 Photocatalytic Water-Splitting vs. Photocatalytic Reforming 

Photocatalytic H2 production from water-splitting is accomplished under ambient operating 

conditions and consists of two half-reactions as shown in Equations 2-1 and 2-2, i.e., the 

reduction of proton and the 4‐electron oxidation of water, respectively 150. A change in free 

energy of ΔG0 = 237.2 kJ mol-1 is associated with the splitting of one H2O molecule to 

H2 and ½ O2, which equals to ΔE° = 1.23 V according to the Nernst equation 151. Thus, the 

semiconductor should absorb photon energy of more than 1.23 eV (wavelengths shorter 

than 1000 nm) to drive the water-splitting photoreaction. The semiconductor can use their 

photogenerated electrons/holes to convert the photon energy into H2 and O2 when the 

energy of the conduction band-edge and the valance band-edge straddle the electrochemical 

potentials E° (H+/H2) and E° (O2/H2O), respectively 150 (Figure 2-4).  

 

Figure 2-4: Photocatalytic water-splitting at the surface of an irradiated semiconductor, reprinted 

from reference 159. Copyright 2010 American Chemical Society. 

2 H(aq)
+   +   2 e-  →   H2 (↑)                                    E0 = 0 V vs NHE 2-1 

H2O → ½ O2 (↑) + 2 H(aq)
+  + 2 e-                          E0 = 1.23 V vs NHE 2-2 
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Accordingly, the thermodynamic requirement for the water-splitting is more cathodic and 

more anodic energy levels of the CB bottom and VB top of a photocatalyst compared to 

the standard electrode potential of (H+/H2) and (O2/H2O), respectively 152, 153. Therefore, 

from a thermodynamic point of view, only a few photocatalysts, e.g., TiO2, are proficient 

to drive the water-splitting reaction. However, the efficiencies of heterogeneous 

photocatalytic water-splitting remain relatively low due to many reasons outlined in the 

next sections. 

As a hybrid field, dual-functional photocatalysis is a combination of different 

photocatalytic fields for 2-fold purposes achieved in a single step 130. The coupling of H2 

evolution and photocatalytic degradation of organic pollutants yielding CO2 can be 

achieved in the so-called photoreforming process 38, 132, 153-156. Such a technique has a great 

advantage as it can benefit from solar light and treat wastewater, meanwhile, the evolved 

CO2 can be consumed by natural photosynthesis 157.  In the photocatalytic reforming 

process, the photogenerated holes in the valence band can oxidize adsorbed organic 

substrates (electron donors or sacrificial reagents), whereas the photogenerated electrons in 

the conduction band can reduce the protons (electron acceptor) to H2 104, 105, 130, 158. Such an 

adsorbed organic substrate can react irreversibly with the photogenerated holes, minimizing 

the undesired electron/hole recombination 150. 

Despite the fact that H2 can be formed simultaneously with other processes, e.g., the organic 

synthesis of organic compounds 160, 161, however, such processes should not be considered 

as a dual function process 130. The reforming process can be considered as a dual function 

photocatalysis process only when some requirements have been met: (i) H2 is mainly 

derived from the reduction of water and (ii) target organic molecules are pollutants or they 

are oxidized to synthesize other value-added products like aldehyde, organic acid, and 

imine 130, 162. Consequently, photocatalytic reforming is an intermediate process between 

photocatalytic water-splitting and the photocatalytic oxidation of organic pollutants as 

shown in Figure 2-5. 

Organic substrates are generally stronger reducing agents than water, hence, a less positive 

potential is necessary to oxidize these compounds. Accordingly, the energetic separation 

of the redox half-reactions in photoreforming is narrower compared to that of the overall 

water splitting 163. As O2 is not produced in these systems, the back reaction to produce 

water is suppressed, avoiding a subsequent gas separation stage 164. A wide range of organic 
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compounds such as alcohols, organic acids, and hydrocarbons had proven activity as 

electron donors for photocatalytic H2 production 101, 104, 105, 131, 150, 165-167. The evolution of 

H2 and its kinetic reactions pathway is dependent on the concentration and the nature of the 

organic substrate 168, 169.  

 

Figure 2-5: Dual-function photocatalysis process. Reprinted with permission from reference 158. 

Copyright 2018 American Chemical Society. 

2.6.3 Titanium dioxide (TiO2) as a photocatalyst 

Titanium dioxide has been one of the most widely studied semiconductors in the last decade 

for various photocatalytic applications 170. This is related to its high reactivity, 

hydrophilicity, low cost and availability, physical and chemical stability, resistance to 

photocorrosion, and optimal electronic and optical capacity 97, 111, 139. TiO2 is a transition-

metal oxide semiconductor composed of Ti4+ atoms and six O2− coordinated together to 

form a TiO6 octahedron 171. Like other transition metal oxides, TiO2 is often 

nonstoichiometric with oxygen vacancies (Ov) as predominant defects at the near-

atmospheric oxygen pressure, granting it the properties of an intrinsic n-type 

semiconductor 172. The oxygen vacancies (Ov) at the surface of n-type TiO2 appear as extra 

unpaired electrons in the CB 164, 173, which act as donor-like states. This creates an 

accumulation layer in the surface, resulting in a downward band bending 174.  

The photocatalytic activity of TiO2 is highly related to its charge carrier dynamics. The 

electron/hole pairs are generated within a few femtoseconds upon irradiation and they can 

recombine easily either in the bulk or at the surface. However, other charge carriers escape 

recombination and migrate to the surface, where they might be trapped before the interfacial 



                                                              Chapter Two: TiO2 Photocatalysis for the Transformation of 

Aromatic Water Pollutants into Fuels 

32 

 

charge transfer in redox reactions 175. Figure 2-6 (a) and Equations (2-3) to (2-6) 

demonstrate the potential fates of charge carriers upon the irradiation of TiO2, while Figure 

2-6 (b) reports the time scale of each process 143, 176.  

 

Figure 2-6: The possible charge carrier pathways on irradiated TiO2. Reprinted with permission 

from reference 175. Copyright 2019 Elsevier B.V. 

Serpone et al. found that in the absence of scavengers, more than 90% of the initially formed 

charge carriers recombine rapidly within 10 ns upon the irradiation of TiO2 in aqueous 

media. Such high recombination results in less than 10% quantum yields of photooxidation 177.  

On the other hand, the photogenerated charge carriers can be trapped either in the bulk or 

at the surface as trapped holes and trapped electrons, with the surface trapping being 

preferred for the subsequent interfacial charge transfer reactions 178. Yoshihara et al. 

showed in their Transient Absorption Spectroscopy study that both trapped holes and 

electrons are found to be localized at the surface of photoexcited TiO2 particles, while free 

electrons are distributed in the bulk 179. Howe and Gratzel demonstrated in their EPR 

studies on irradiated TiO2 that the photogenerated electrons are localized in the d orbitals 

of Ti4+ while the photogenerated holes are trapped at the lattice oxygen atoms, forming 

EPR-active paramagnetic centers, i.e., Ti3+ and O●–, respectively 180, 181. Simultaneously, 

upon the generation, separation, and transport of charge carriers in TiO2, e–/h+ pairs might 

participate in redox reactions via interfacial charge carrier transfer. In aqueous media, water 

layers adsorb, physically and chemically, on the TiO2 surface creating a TiO2/H2O 

interface 182. The photogenerated holes can react on the surface either with hydroxyl groups 

or with H2O resulting in the formation of hydroxyl radicals, ●OH. Therefore, not only h+ is 
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produced by the photoexcitation of TiO2 but also hydroxyl radicals can be formed on 

hydrated TiO2 surfaces. 

Photogeneration of the charge carriers:  

TiO2  + hv → TiO2 (e−
CB / h+

VB) 2-3 

Trapping of the charge carriers:  

e−
CB  +  ≡TiIVOH →  ≡TiIIIOH (shallow trapping) 2-4a 

e−
CB  +  ≡TiIV  →  ≡TiIII (deep trapping) 2-4b 

hVB
+  +  ≡TiIVOH  →  [TiIVO•H]+ + (h+

tr) 2-4c 

Recombination of the charge carriers:  

e−
CB +  [TiIVO•H]+ →  TiIVOH 2-5a 

h+
tr  +  ≡TiIIIOH  →  TiIVOH 2-5b 

h+
tr   +   TiIII  →   TiIV 2-5c 

Interfacial charge transfer to the acceptor (A) or donor (D) adsorbed on the 

surface: 
 

≡TiIIIOH  +  A  →  ≡TiIVOH  +  A•− 2-6a 

[TiIVO•H]+  +  D  →  ≡TiIVOH  +  D•+ 2-6b 

TiO2 has three main crystal phases: anatase, rutile, and brookite. While anatase and rutile 

exhibit the same tetragonal crystal structures, brookite has an orthorhombic crystal 

structure. These three polymorphs have also different Eg values, i.e., 3.2 eV, 3.0 eV, and 

3.3 eV for anatase, rutile, and brookite, respectively 30. Anatase has been generally 

considered as the most active phase of the three TiO2 polymorphs for photocatalytic 

applications 183, 184.  

Anatase and rutile TiO2 have shown differences in their respective charge carrier 

recombination kinetics 185, 186. Using transient absorption spectroscopy, Sachs et al. 185 

compare the ultrafast charge carrier kinetics for anatase and rutile in dense and 

nanostructured TiO2 films. They found that bulk rather than surface recombination was the 

key determinant of charge carrier lifetime. They also monitored that recombination was 

dependent on the crystal phase. Rutile shows faster recombination than anatase, which is 

consistent with the doping density (n-type doping due to oxygen vacancies) in rutile being 

higher than in anatase. Besides, Wang et al. 187 investigated anatase and rutile TiO2 with 

photoluminescence spectroscopy under weak excitation conditions. Anatase showed a 
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visible emission, while a NIR emission was reported in rutile, however, both emission 

spectra exhibited long lifetimes up to milliseconds. They explained that the NIR 

luminescence band in rutile TiO2 was due to the recombination of trapped electrons with 

free holes. Hence, trap states in TiO2 may play a very important role in the photocatalysis 

processes. The depth of trap states in rutile TiO2 is much deeper than that in anatase TiO2, 

which has shallowed-trapped electrons in addition to a higher number of free electrons as 

shown in Figure 2-7 (a and b). On the other hand, Durrant et al. 188 employed transient 

absorption spectroscopy (TAS) to investigate the kinetic of photocatalysis in anatase and 

rutile TiO2 films. Although rutile exhibited 10 times slower recombination kinetics than 

anatase, mesoporous anatase film was around 30 times more efficient than mesoporous 

rutile film in the photocatalysis of the “intelligent ink” model system. They found also that 

in the presence of alcohols, faster and irreversible hole scavenging was achieved on anatase 

than in the case of rutile, resulting in the creation of long-lived electrons (τ ≈ 0.7 s). The 

authors explained the lower activity of rutile to the deficiency of rutile holes to drive 

efficient and irreversible alcohol oxidation rather than to the differences in recombination 

kinetics.  

 

Figure 2-7: Tapping and recombination of photogenerated charge carriers in anatase (a) and rutile 

(b), reprinted with permission from reference 175. Copyright 2019 Elsevier B.V. 

Choi et al. 189 compared the recombination kinetics in anatase and rutile using time‐resolved 

diffuse reflectance (TDR) spectroscopy. They demonstrated that during the 355 nm laser 

excitation, the time‐resolved decay at 550 nm was slower in anatase than rutile as shown 

in Figure 2-8 (a). This results in a longer lifetime of photogenerated charge carriers with 

subsequent higher ROS generation in anatase. The authors observed also the generation 

and the diffusion of ●OH from the illuminated TiO2 surface to the solution bulk using a 

single‐molecule detection method. They found that only anatase generates mobile ●OH 
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radicals, therefore, the photocatalytic oxidation on rutile is limited to adsorbed 

species. Schindler and Kunst 190 studied the excess charge carrier kinetics in anatase and 

rutile TiO2 powders using the time-resolved microwave conductivity (TRMC) method. 

Figure 2-8 (b) shows the transient change of the reflected microwave power after excitation 

by a 20-ns laser pulse at 266 nm. The photoconductivity in anatase decays very slowly 

compared to rutile powder. They demonstrated that this signal can be attributed to excess 

electrons in the CB because of the n-doping characteristics and the larger electron mobility 

compared to the hole mobility. Therefore, the short electron lifetime in rutile could be due 

to a higher recombination rate, while in anatase fast trapping of the minority charge carriers 

(holes) may take place. This would decrease the availability of holes for recombination and 

reduce the recombination probability, leading to a longer lifetime in anatase. 

 

Figure 2-8: (a) Time‐resolved diffuse reflectance spectroscopy measurements with normalized 

absorbance at 550 nm during the 355 nm laser excitation (1.5 mJ pulse−1) of aqueous suspensions 

of anatase and rutile TiO2 in water. Adapted with permission from reference 189. Copyright 2013 

John Wiley and Sons. (b) Photoconductivity of TiO2 powders after a laser flash excitation at 266 

nm with energies of 0.5 and 1 mJ cm-2 for anatase and rutile, respectively. Adapted with permission 

from reference 190. Copyright 1990 American Chemical Society. 

The development of TiO2 materials has led to mixed-phase titania photocatalysts. One 

example is P25-TiO2, which is a mixture of anatase and rutile (75:25). Due to its higher 

activity, anatase is conventionally considered to be the active component in P25, with rutile 

serving as an electron sink. Some reports showed that such mixed-phase titania has slower 

rates of charge carrier recombination, higher photo-efficiencies, and lower energy light 

activation 191. Knorr et al. 186 studied the room-temperature photoluminescence spectra of 

nanocrystalline TiO2 in the anatase and rutile phases and mixed-phase films. They showed 

that the photoluminescence of anatase results from at least two spatially isolated trap-state 

distributions, i.e., trapped electrons and trapped holes, which are, respectively, about 

0.7−1.6 eV and 1.8−2.5 eV below the conduction band edge. The signal of trapped electrons 
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was largely quenched in P25 and the presence of hole scavengers. The authors, hence, 

concluded a bidirectional electron transport between anatase and rutile phases in P25, with 

solvents having a strong impact on the competition for electrons between the two phases.  

Additional recombination or trapping in the rutile part decreases the lifetime of electrons 

compared to pure anatase, but it would be much longer than in pure rutile due to the deep 

trapping of the holes in the anatase part. On the other hand, Hurum et al. 191 studied the 

charge separation characteristics of P25 by EPR spectroscopy. They showed, as presented 

in Figure 2-9, that the visible light irradiation of rutile produced charge carriers, which are 

stabilized through electron transfer to lower energetic trapping sites in the lattice of anatase. 

The authors suggested that the morphology of nanoclusters P25 consists of small rutile 

crystallites interwoven with anatase crystallites. The transition points between these two 

phases permit a rapid electron transfer from rutile to anatase. Hence, rutile in P25 acts as 

an antenna to extend the photoactivity into visible wavelengths and the structural 

arrangement creates catalytic “hot spots” at the rutile−anatase interface. 

 

Figure 2-9: (a) Conventional model of P25 activity where charge separation occurs on anatase 

while rutile acts as electrons sink. (b) Proposed model of a rutile antenna and subsequent charge 

separation. Adapted with permission from reference 191. Copyright 1990 American Chemical 

Society. 

Using the time-resolved microwave conductivity (TRMC) method, Schindler and Kunst 190 

found that the transient photoconductivity in P25 was rather more like the decay behavior 

observed in anatase than that in rutile shown in Figure 2-8 (b). They expected that in the 

mixed powder, fast recombination like in rutile for the electron-hole pairs created in the 
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rutile part. Nevertheless, the deep trapping of holes in the anatase part would prevent the 

transfer of holes to the rutile part for the electron-hole pairs created in the anatase part.  

2.6.4 Enhancing the Performance of Pristine TiO2 

As discussed above, although pristine TiO2 exhibits advantages, some limitations are also 

presented. The main drawbacks to using pristine TiO2 as an active photocatalyst are the 

lack of visible light activation, the fast recombination of the photogenerated electrons and 

holes, the relatively low charge carrier mobility.  

Various attempts have been made to improve the capability to exploit visible photons for 

the TiO2 photocatalytic process. Doping with transition metal ions is one approach that has 

been extensively employed, especially the incorporation of Fe3+ into the TiO2 matrix 164. 

This has been proven as a promising method to create additional states in the bandgap and, 

consequently, to an increase in the absorption of the visible light 102. It can introduce also 

electron capture centers, resulting in a decrease in electron/hole recombination centers 164. 

Compared to pristine TiO2, Fe-doped TiO2 has enhanced light-harvesting; however, 

controversial results on its photocatalytic activity have been reported 102. Choi et al. 192 studied 

the photocatalytic oxidation of chloroform using TiO2 doped with 21 transition metal ions 

and discovered that the doping with Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and Rn3+ cations is 

beneficial. Moreover, nonmetal doping has been widely studied, especially with N, C, F, 

B, and other elements having an atomic radius similar to that of the O atom. Among them, 

nitrogen has attracted much attention. Asahi et al. 193, for example, showed that nitrogen-

doped TiO2 exhibits enhanced visible light absorption and photocatalytic activity. Other 

strategies are the use of noble metals (e.g., Pt, Au, Pd, Rh, Ni, Cu, and Ag) as a cocatalyst 

to decrease the recombination of the charge carriers and provide additional active sites for 

H2 evolution 102. We will focus in the next sections on the modification of pristine TiO2 

with noble-metal co-catalysts, particularly platinum nanoparticles, due to their higher 

catalytic performance driving the reduction reaction of protons 104, hence, increasing the 

photocatalytic reforming of organic compounds. 

The energy of the photogenerated electrons in the conduction band for both rutile 

(ECB = −0.11 V at pH 0) and anatase (ECB = −0.32 V at pH 0) 145 is sufficient to form H2 by 

reducing water. However, pristine TiO2 has been reported as an inactive photocatalyst for 

H2 production because of the fast recombination of charge carriers and the inability to 

reduce protons to H2 due to the higher overpotential for hydrogen evolution reaction (0.05 
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V) 194. Hence, even in the presence of an electron donor, pristine TiO2 has shown an 

inability to catalyze the hydrogen evolution reaction 131. TAS data revealed that the 

generated electrons are trapped as blue Ti3+ ions instead of reducing H+ upon the 

consumption of holes by the electron donor 105, 195. Consequently, it is highly recommended 

to modify pristine TiO2 with an appropriate co-catalyst, which can effectively catalyze the 

cathodic H2 evolution reaction. One successful strategy is the surface modification with 

noble metal nanoparticles, e.g., Pt and Au NPs. Noble-metal-modified TiO2 photocatalysts 

have been widely studied in the literature, in which the noble-metal NPs act as Hydrogen 

Evolution Reaction (HER) catalysts. 

HER on metallic platinum, as an example, induces via the Volmer reaction, in which H•
ads 

atoms are produced when the accumulated electrons in Pt transfer to the proton adsorbed 

H+
ads and H2Oads, respectively, as described in Equations. (2-7a) and (2-7b) 196. The reaction 

proceeds afterward through two possible pathways, either the Heyrovsky reaction 

(Equation 2-7c) or the Tafel reaction (Equation 2-7d), in which H•
ads react with H+

ads or/and 

the direct recombination of two H•
ads with each other, respectively 155. Figure 2-10 

illustrates the two-electron transfer reaction that occurs on the metal surface in acidic 

solutions. HER on Pt has been shown to exhibit pseudo-first-order kinetics, which indicates 

that the rate-determining step of the HER is the Volmer reaction 197. Rabani et al. 197 have 

presented a linear increase in e-
TiO2 decay rate while increasing H+ concentration at a given 

Pt concentration, suggesting that H2 is most likely generated by reduction of H+ rather than 

the reduction of H2O. They have also highlighted that the presence of Pt is vital for 

reactions 2-7a and 2-7b to occur. 

 

Figure 2-10: The possible mechanisms of HER on the catalyst surface in acidic solutions. The (*) 

refers to the active sites of the catalyst, H* refers to the adsorbed H• atom at the active site of the 

catalyst. Reprinted with permission from reference 198. 
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H+
ads (Pt)  + e-(Pt)  →  H•

ads (Pt) 2-7a 

H2Oads(Pt)  + e-(Pt)  →  H•
ads (Pt) + OH- 2-7b 

H•
ads (Pt) + e-(Pt) + H+

ads (Pt)  + e-(Pt)  →  H2(g) 2-7c 

H•
ads (Pt) + H•

ads (Pt) →  H2(g) 2-7d 

It has been widely accepted that enhancement of the activity through the modification of 

TiO2 with noble-metal NPS is due to a better charge separation according to the Schottky 

barrier model. Noble-metal NPs have higher Fermi level energy, i.e., 5.65 eV and 5.10 eV 

for Pt and Au, respectively 199 compared to that of TiO2, i.e., 4.2 eV 200. Therefore, 

photogenerated electrons can transfer from TiO2 to the metal NPs through the interface 

until a thermodynamic equilibrium is achieved 110 as shown in Figure 2-11 (a-d).  

 

Figure 2-11: A Schottky barrier formed by a metal of higher work function contacting an n-type 

semiconductor. (a) Metal workfunction M and Fermi energy EFM. (b) Semiconductor work function 

S, electron affinity X and band structure with a bandgap between Ec and Ev and Fermi energy EFS. 

(c) Charge at the metal/semiconductor (M/S) junction. (d) Idealized equilibrium band diagram for 

the M/S junction. i is the energy barrier to the flow of electrons (black dots) from the 

semiconductor to the metal, while B is the Schottky barrier height for the electron flow in the 

opposite direction. W is the extension of the depletion layer. Reprinted with permission from 

reference 201. Copyright 2015 Elsevier B.V.  

Schottky barrier B defines as the barrier against the flow of electrons from the metal to 

the n-type semiconductor, i.e., TiO2 201. During the irradiation, this thermodynamic 
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equilibrium will be unsettled, permitting the photogenerated electrons to continuously flow 

from the CB of TiO2 to the metal NPs 110, 202. It has been generally recognized that such a 

Schottky barrier smooths electron trapping by the metal, providing better charge separation. 

The trapped electrons have, therefore, a longer lifetime to promote the reduction 

reactions 203, 204. Correlations between photocatalytic H2 evolution rates and metal work 

functions have been thoroughly established 105, 205, 206. However, EPR experiments for 

irradiated Pt/TiO2 revealed simultaneously signals for the Ti3+ centers, which confirms that 

the photogenerated electrons are not transferred completely to the Pt NPs, rather a certain 

number of them are trapped as Ti3+ ions in TiO2 105, 110, 181.Scavenging the photogenerated 

electrons from TiO2 by the noble-metal NPs is essential but is not the only factor that 

enhances the HER. According to the Sabatier principle 207, an ideal catalyst for (HER) is 

characterized by its optimal binding energy with adsorbed atomic hydrogen (H•
ads). This 

binding energy should be neither too strong nor too weak. On the one hand, the active sites 

for the HER reaction can be blocked and the desorption of H2 becomes rate-limiting in the 

case of a strong binding. On the other hand, proton reduction is rate-limiting in the case of 

weak binding energy with H•
ads 208. Consequently, a volcano-type dependence between 

HER rates and metal-H•
ads bond strength has been proposed 209, in which platinum provides 

the best activity to drive the HER as shown in Figure 2-12.  

 

Figure 2-12: Exchange current densities, log(i0), on monometallic surfaces plotted as a function of 

the calculated hydrogen binding energy. Reprinted with permission from reference 211. Copyright 

2013 from the Royal Society of Chemistry. 

In conclusion, Pt/TiO2 has been demonstrated to exhibit the highest photocatalytic activity 

towards H2 production compared to other metal-loaded TiO2 105, 155, 210, such as Au/TiO2. 
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This has been explained by the highest work function of Pt that enhances electrons 

“sinking” properties, the lowest overpotential for H2 formation, and the optimal binding 

energy adsorbing atomic hydrogen. 

2.6.5 Effect of the Loading Method on H2 Production 

As discussed in section 2.6.4, surface decoration of metal (e.g., Au, Ag, Cu, and especially 

Pt) on TiO2 nanoparticles is an outstanding technique to revamp the electronic properties 

of TiO2 without affecting its original crystallinity, thus, enhance the photocatalytic activity 

and enrich the H2 production efficiency 212, 213. Different co-catalyst loading methods 

“techniques” have been successfully applied 38, 214, 215, however, the structure and the 

properties of the co-catalyst were found to play a critical role in achieving superior 

photocatalytic activity 216. It has been reported that many structural factors affect the 

activity of the platinized TiO2, such as the size of Pt NPs 213, 217, 218, their dispersion of Pt 

NPs 219, 220, the interaction between the metal and the support 221-223, and the chemical state 

of Pt deposits 220, 224. Nevertheless, all these factors can be optimized by using proper 

preparation methods 210, 214, 220, 225, 226.  

The most commonly adopted techniques for the loading of Pt nanoparticles on the surface 

of TiO2 include photodeposition 104, 105, 131, 167, 210, 227, deposition-precipitation 210, chemical 

reduction 212, 228, impregnation 227, electrode-position 229, and physical mixing 210. Some of 

these methods require adding a reducing agent, such as NaBH4, to reduce the metal ions to 

metal particles. However, the weak adhering of the metal nanoparticles to the 

semiconductor surface, the larger size of the metal nanoparticles, and the nucleation of 

isolated metal nanoparticles in the electrolyte are the main problems associated with such 

methods. Such a poor interaction between the metal nanoparticles and the semiconductor 

surface negatively affects the electron transfer to the metal, increasing the electron/hole 

recombination rate 212, 230, 231. On the other hand, some techniques need elevated 

temperatures or an applied bias, and a longer preparation period 128, 210, 214, 232, 233. 

Photocatalytic hydrogen production over Eosin Y-sensitized Pt-loaded TiO2–ZrO2 mixed 

oxide photocatalysts was investigated under visible light irradiation by Sreethawong and 

Yoshikawab 234. The authors prepared the platinized material by using two different 

methods, i.e., single-step sol-gel (SSSG) and photochemical deposition (PCD). At the 

optimum loading ratio (0.5 wt%) of Pt, the authors found that the platinized photocatalyst 

prepared by the PCD method exhibited a higher H2 production rate of 2.37 mL/h g 
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comparing to 1.42 mL/h g to that prepared by the SSSG method. They attributed the 

difference in the photocatalytic activity to the different oxidation states of Pt in both 

samples. The loaded Pt nanoparticles synthesized by the SSSG method were partly in the 

oxide form, whereas those prepared via the PCD method consisted of particles in their 

metallic form having better-dispersion on the surface of the semiconductor. Accordingly, 

the latter provided an efficient charge carrier separation at the interfacial contact between 

the photochemical-deposited Pt nanoparticles and the TiO2–ZrO2.  

Alternatively, the photodeposition method is the most adopted and recommended technique 

among other loading methods to prepare Pt/TiO2 128, 214. The interest of the scientific 

community with the photodeposition method has greatly expanded since 1978 when 

Kraeutler and Bernhard employed this technique to synthesize well-dispersed Pt 

nanoparticles on TiO2 to use this composite in the photocatalytic decomposition of acetic 

acid to methane 214, 235. Many beneficial features can be controlled during the 

photodeposition method such as well-defining of co-catalyst nanoparticles, preparing facet-

engineered nanoparticles, geometrical distributing of nanoparticles, controlling the size and 

the oxidation state of the deposited nanoparticles. During the photodeposition process, the 

metal ions are reduced by the conduction band photogenerated electrons, which leads to a 

uniform dispersion of the metal nanoparticles on the photocatalyst surface and avoids the 

self-nucleation of metal particles in the solution 236.  

Several structural properties contribute to the photoactivity of the loaded photocatalyst, 

such as aggregation, Pt-assisted network formation, and Pt dispersion. Wang et al. 222 

studied a 1 w% platinization of colloidal TiO2 by two methods, i.e., the photodeposition 

and the mixing with colloidal Pt prepared by chemical reduction of Pt4+. The authors found 

that during the photocatalytic oxidation of methanol, the quantum yields of HCHO 

formation increased by 70% and 50%, for the photocatalyst prepared by photodeposition 

and mixing, respectively. They showed, additionally, that in a deoxygenated system, the 

platinized-TiO2 prepared by photodeposition method was more efficient for photocatalytic 

H2 and HCHO formation than the other platinized sample prepared by physical mixing 

during the reforming of CH3OH. The authors explained that Pt clusters on the TiO2 surface 

were formed via the photodeposition process, while, Pt particles were surrounded by TiO2 

particles by mixing colloidal Pt with colloidal TiO2, as shown in Figure 2-13. Therefore, 

the better activity of the former attributed to the better dispersity and the stronger contact 

between the Pt particles with the TiO2 surface.  
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Moreover, the deposition of Pt on the surface of TiO2 enhances the optical property of the 

Pt-TiO2. Chen et al. 237 reported that the deposition of Pt on TiO2 surface via the 

photodeposition method promoted the optical absorption property of the prepared material 

to the visible region of light. The authors attributed this enhancement to the formation of 

Ti+3 due to the reduction of the Ti+4 during the photodeposition of the Pt. Similarly, F. Li 

and X. Li 224 found that the deposition of Pt nanoparticles on the TiO2 surface enhanced the 

photocatalytic activity due to the formation of a defect energy level near the valance band 

of TiO2, as a result of the TiIII formation in the lattice. The authors attributed the formation 

of TiIII to the interaction between Pt and TiO2 during the photoreduction process. 

 

Figure 2-13: Models of Pt-TiO2 formed by (a) photodeposition of Pt, and (b)physical mixing of 

colloidal Pt and TiO2. Reprinted with permission from reference 222. Copyright 2004 American 

Chemical Society. 

Despite many reports have shown that the photodeposition technique produces a high active 

photocatalyst system 210, 212, several reports of the metal/semiconductor prepared with other 

techniques have claimed the contrary 213, 225, 238, thus, no general conclusion could be 

deduced. Apparently, the shape and the nature of Pt NPs besides their interaction with the 

support are expected to be different by the various platinization methods, which results in 

diverse photocatalytic behaviors. 

2.7 Photocatalytic Reforming of Aromatic Compounds 

Aromatic compounds such as phenols, dyes, and PAHs are important industrial chemicals 

due to their wide usage. Therefore, the development of novel and simple processes is 

desired to remove these compounds from the environment from the viewpoint of “green 

chemistry” 239.  Several investigations of photooxidation of such pollutants have been 

carried out by using TiO2 and Pt/TiO2 photocatalysts in the presence of molecular 

oxygen 113, 117, 124, 240-246. 
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Due to the low efficiency of overall photocatalytic water-splitting, the photoreforming of 

the organic compounds has shown significantly higher rates and longer-term stability of H2 

production. Therefore, a huge number of photocatalytic reforming studies have been 

reported. However, simple organic compounds like methanol (the most studied), ethanol, 

formaldehyde, …, and formic acid have been mostly used as model pollutants. In this 

section, we will focus on the reported investigations that using aromatic compounds like 

benzene, phenols, dyes, and PAHs as electron donors (hole scavengers), especially over 

modified TiO2 materials for the same goal. 

As mentioned in section 2.6.2, surface-modified TiO2 and other semiconductors like Cu2O, 

WO3, have been widely used as photocatalysts for the photooxidation and the reforming of 

the hazardous organic pollutants found in wastewater 38, 105, 130, 247. Upon the total 

mineralization, the photoreforming process is demonstrated by the following 

stoichiometrical reaction (Equation 2-8) 248. 

CxHyOz + (2x − z) H2O → x CO2 + (2x − z + y 2⁄ ) H2                                            2 − 8  

2.7.1 Monoaromatic and Phenolic-Based Compounds 

Benzene is considered a toxic and carcinogenic pollutant. It naturally exists in the 

environment and artificially made the human through a wide range of products such as 

plastics, paints, mucilage, rubber, and gasoline. It was confirmed that exposure to benzene 

for a high level or long-time results in several ailments like drowsiness, nausea, headache, 

lightheadedness, dizziness, and cancers. Therefore, it was classified in Category A as a 

carcinogenic compound by the Environmental Protection Agency.  

Hashimoto et al. 247 investigated the photocatalytic H2 production from different solutions 

of aliphatic and aromatic compounds using Pt-TiO2 photocatalyst. Assisted by light energy 

and in the presence of the photocatalyst, both types of hydrocarbons produced H2 by 

reacting with water at room temperature. The maximum H2 formation was obtained at a 

30:1 ratio between the water/benzene mixtures while increasing the benzene ratio decreased 

the H2 formation. The authors have claimed that water is the main source of H2 since no H2 

was detected upon the use of pure benzene in the presence of the Pt-TiO2 under irradiation. 

Comparing to the water-alcohol mixture, the authors observed that H2 and CO2 are 

produced at an early stage of irradiation, and the aromatic hydrocarbons produced a higher 

CO2 amount than their corresponding derivatives like phenol, hydroquinone, and catechol. 

Therefore, they suggested a higher reactivity of the aromatic hydrocarbons comparing to 
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the hydroxylated aromatic compounds. The authors, hence, proposed that the direct 

oxidation of benzene by photogenerated holes is the main reaction pathway, followed by 

the ring-opening producing the corresponding organic acid that decomposes via photo-

Kolb reaction (Path C in Scheme 2-2). The authors have excluded phenol and catechol as 

the main intermediates in this path since benzene swiftly oxidized to muconic acid, whose 

reactivity is larger than that of benzene itself.  

Many other investigations have documented the H2 formation during the photocatalytic 

transformation of benzene, however, they have mainly discussed the H2 formation as a 

secondary product. Such reports focused on other purposes, such as the mechanistic studies 

of the photocatalytic reaction 12, 13, 249-251 and the chemical synthesis 162, 250, 252, rather than 

the transformation of the aromatic water pollutants into fuels H2.  

 

Scheme 2-2: Reaction scheme of photocatalytic oxidation of benzene in water. Adapted with 

permission from reference 247. Copyright 1984 American Chemical Society. 

On the other hand, phenolic compounds - as we mentioned previously - are one of the most 

abundant aromatic pollutants in wastewater. Few research groups reported the 

transformation of these kinds of pollutants into fuels. In 2008, Choi et al. 253 reported the 

photocatalytic degradation of 4-chlorophenol and bisphenol A on the surface of bare TiO2 

(P25), F-TiO2, Pt/TiO2, and F-TiO2/Pt under anoxic conditions. The authors found that F-

TiO2/Pt exhibited the highest photocatalytic activity towards the conversion of these 

compounds compared to the other materials. They attributed this activity to the unique 

synergic effect of two different surface species, i.e., fluoride and platinum, on the photo-

induced charge transfer process. Such an effect inhibits the charge recombination on F–

TiO2/Pt as shown in Scheme 2-3. However, the mineralization of these aromatic 
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compounds could not be achieved for all photocatalysts, since the total organic carbon 

content in the suspensions remained unaltered during the irradiation. Nevertheless, the 

authors did not discuss the possibility of molecular hydrogen formation in anoxic 

conditions, and they ignored it in their reaction mechanism. 

 

Scheme 2-3: Photo-induced charge transfer/recombination processes occurring on (a) bare TiO2, 

(b) Pt/TiO2, and (c) F–TiO2/Pt in the presence of 4-CP and the absence of O2. Reprinted with 

permission from reference 253. Copyright 2008 Royal Society of Chemistry. 

Two years after, the same research group presented similar results, taking into account the 

simultaneous production of H2 during the photooxidation of such organic compounds 248. 

Interestingly, the authors found that the % photonic efficiencies for H2 formation during 

the photooxidation of the simple organic compounds, i.e., dichloroacetic acid and N-

nitrosodimethyl amine were found 0.122 and 0.139, respectively over Pt/TiO2. These 

values were higher than those reported for F-TiO2/Pt, i.e., 0.046 and 0.1, respectively. In 

contrast, using other aromatic compounds, i.e., hydroquinone, 4-chlorophenol, 4-

chlorobenzoic acid, and bisphenol, higher % photonic efficiencies for H2 were achieved 

over F-TiO2/Pt (0.094, 0.116, 0.249, 0.334, respectively) than those over Pt/TiO2 (0.052, 

0.003, 0.002, 0.044, respectively). The authors reported, additionally, a complete TOC 

removal in the 4-chlorophenol / F-TiO2/Pt suspension after 8-hour irradiation. 

It is well known that the adsorption of the photodegraded organic intermediates to the 

photocatalyst surface and the insufficient management of the photo-generated charge 

carrier inhibits the H2 evolution reaction and/or the photocatalytic degradation of the 
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organic pollutants in the dual-functional photocatalysis process 38, 104, 254. To this end, Kim 

et al., 11 studied the enhancement of the dual-functional photocatalysis process by 

modifying titania photocatalysts with fluoride or phosphate beside the deposition of 

different metals, i.e., Pt, Pd, Au, Ag, Cu, or Ni. The authors found that the dual-function 

photocatalysis worked only when both the anion and the metal coexisted on the surface of 

TiO2, whereas TiO2 modified with a single surface component such as F–TiO2, P–TiO2, or 

M/TiO2 was inactive under the same experimental condition (Figure 2-14 a). Almost 

similar dual-functional photocatalysis activities were reported for F–TiO2/Pt and P–

TiO2/Pt, however, the synergistic effect greatly depended on the kind of deposited metal 

and the pH (Figure 2-14 a and b). F–TiO2/Pt was found to be active in the acidic pH region 

since its activity gradually decreased with increasing pH. In contrast, P–TiO2/Pt exhibited 

a consistent activity over a wide range of pH, due to the strong chemical bonding of 

phosphates on TiO2. Therefore, they suggested that P–TiO2/Pt could be more appropriate 

for practical dual-functional applications (Figure 2-14 c). The authors claimed that the 

modification of the TiO2 surface with fluorides or phosphates with the deposition of metal 

act synergistically to reduce the charge recombination and enhance the interfacial electron 

transfer which enhancing the photocatalytic activity. 

 

Figure 2-14: (a) Production of H2 with the simultaneous degradation of 4-CP in the suspension of 

M/TiO2 and F–TiO2/M (M= Pt, Pd, Au, Ag, Cu, and Ni), (b) Production of H2 in the suspension of 

bare TiO2, F–TiO2, P– TiO2, Pt/TiO2, F–TiO2/Pt, and P–TiO2/Pt with 4-CP, and (c) effect of pH on 

the production of H2. Adapted with permission from reference 11. Copyright 2012 Royal Society of 

Chemistry. 
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Furthermore, the enhancement of the dual-functional photocatalytic process toward the 

simultaneous H2 formation and 4-chlorophenol degradation was achieved by designing a 

ternary components photocatalyst 156. Cr2O3/Rh/SrTiO3 was prepared by covering the Rh 

nanoparticles on the surface of SrTiO3 with a thin barrier layer of Cr2O3 to selectively 

control and maximize the dual-functional photocatalytic activity. Under the same 

experimental condition, the as-prepared Cr2O3/Rh/SrTiO3 photocatalyst exhibited a higher 

activity towards H2 production and 4-chlorophenol degradation than that of F-TiO2/Pt and 

was unaffected by the pH change from the acidic medium to neutral medium (Figure 2-15). 

 

Figure 2-15: Comparison of the initial photocatalytic H2 production rate between 

Cr2O3/Rh/SrTiO3 and F-TiO2/Pt photocatalytic systems in the presence of 4-CP. Reprinted from 

reference 156. Published by the Royal Society of Chemistry. 

According to the authors, the better photocatalytic behavior of Cr2O3/Rh/SrTiO3 can be 

related to two features. Firstly, the Cr2O3 barrier layer selectively allows the conduction 

band electrons to be consumed by protons, hindering their transfer to O2 or other electron 

acceptors. Secondly, the valance band holes are utilized to oxidize both the 4-chlorophenol 

and H2O (to O2), since the in-situ generated O2 simultaneously and immediately consumed 

in the oxidation reaction to help in the mineralization of the organic pollutants, as shown 

in Scheme 2-4. 
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Scheme 2-4: Schematic illustrations of photocatalytic reaction mechanisms occurring on the 

surface of Cr2O3/Rh/SrTiO3. Reprinted from reference 156. Published by the Royal Society of 

Chemistry. 

Cho et al. 255 modified the TiO2 surface by adding the graphene oxide (GO) as a ternary 

component besides the modification with F and Pt to enhance the dual-functional 

photocatalytic activity. Pt/GO/TiO2–F showed 1.7 and 3.8 times higher H2 production than 

Pt/TiO2–F and Pt/GO/TiO2, respectively, during the photocatalytic degradation of 4-

chlorophenol. Since the GO attracts electrons, the interfacial electron transfer was 

facilitated by the direct contact between GO and the TiO2 surface, while holes are kept in 

TiO2. Such an electron transfer to GO reduces the possibility of recombination of 

photogenerated charge carriers and extends the lifetime of charge carriers. Moreover, as 

the work function of Pt is higher than that of GO, i.e., 5.64 and 4.42 eV, respectively, the 

transfer of photogenerated electrons from GO to Pt is energetically favorable, which 

enhances the H2 production. On the other hand, F ions replace the surface hydroxyl groups 

on the TiO2 surface which act as the main hole trap sites. This in turn reduces hole-trapping 

efficiency and hinders the chemisorption of organic substrates, thus, prevents the direct 

attack of the organic molecules by the trapped hole. Since the electrons are trapped by Pt, 

the preferred path of holes is to react with H2O to generate unbound ●OH radicals that can 

diffuse out from the surface and react with the organic molecules in the medium. The 

authors explained that such a ternary hybrid system retards the recombination of the charge 

carrier and enhances both the H2 production and 4-chlorophenol degradation, as shown in 

Scheme 2-5. 

Recently, many efforts have been made to use visible-light active dual-functional 

photocatalysts. For example, the 2D Black phosphorous/2D carbon nitride (2D BP/2D 
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C3N4) was synthesized and employed for efficient H2 evolution with the simultaneous 

photodegradation of bisphenol A pollutant (BPA) 256.  

 

Scheme 2-5: Schematic illustrations of interfacial charge transfer and recombination occurring on 

(a) bare TiO2, (b) Pt/TiO2–F, (c) GO/TiO2, and (d) Pt/GO/TiO2–F in the absence of O2. Reprinted 

with permission from reference  255. Copyright 2015 Elsevier B.V.  

The H2 evolution rate and the BPA removal over 2D C3N4 nanosheets were found to be 

~45 µmol h-1 g-1 and 43%, respectively. Upon the introduction of 2D BP, both the H2 

production rate and the simultaneous BPA removal were improved. The optimum ratio of 

5% 2D BP exhibits an H2 evolution rate of 259.04 μmol h−1 g−1 and BPA removal rate of 

88% with an external quantum efficiency of 0.56% at 420 nm (Figure 2-16 (a)). The authors 

attributed the high efficiency of this material to the intimate electronic interaction between 

2D BP and 2D C3N4, besides the excellent charge mobility between the two composites. 

 

Figure 2-16: (a) Production of H2 with simultaneous degradation in the presence of BPA over 2D 

C3N4 coupled with different amounts of 2D BP. Reprinted with permission from reference 256. 

Copyright 2019 Elsevier B.V. (b) Illustration for the Photocatalytic Mechanism over the 

3%CDs/10%CdS/GCN Catalyst under Visible-Light Irradiation. Reprinted with permission from 

reference 257 . Copyright 2018 Royal Society of Chemistry. 
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Another effort was exerted towards the development of new materials possessing optical 

properties in the visible light region. Jiang et al. 257 prepared a photocatalyst consists of 

carbon quantum dots/CdS quantum dots/g-C3N4 (CDs/CdS/GCN) photocatalyst composite. 

The photocatalytic activity of this material under visible-light illumination was evaluated 

for concurrent H2 production and the decomposition of typical wastewater pollutants like 

p-chlorophenol (4-NP), bisphenol A (BPA), and tetracycline (TTC). The 

3%CDs/10%CdS/GCN photocatalyst exhibited the best photocatalytic efficiency under the 

visible-light irradiation for H2 evolution from water splitting in an aqueous solution 

containing organic pollutants (Figure 2-16 (b)). The addition of 4-NP decreased the 

photocatalytic H2 evolution rate compared with the pure water system, due to the 

consumption of some photogenerated electrons in the degradation of 4-NP. Although the 

photocatalytic degradation rate of 4-NP was higher than those of BPA and TTC, the 

H2 evolution rate increased with the addition of BPA or TTC. The authors have explained 

such a result by the consumption of all photogenerated electrons to split water for 

H2 production. 

On the other hand, some reports have shown the inability to use phenol as a sacrificial 

reagent in the dual functional photocatalytic processes. Mogyorósi et al. 258 investigated the 

photocatalytic H2 production and the decomposition of various organics using 1% Pt-, Au- 

and Ag-deposited on the surface of Degussa P25 photocatalysts. The photocatalytic 

decomposition of oxalic acid and formic acid was increased upon the deposition of noble 

metals compared to that of the bare photocatalyst. However, in phenol containing system, 

the authors reported a decrease in the decomposition activity, indicating that the noble 

metals block the active sites on the surface of the photocatalyst. On the other hand, they 

practically reported no H2 production over the bare and the modified P25 in the presence 

of phenol as a sacrificial reagent. While a very high quantum yield for H2 production over 

Pt–TiO2 photocatalyst was reported in the presence of oxalic and formic acids. They have 

concluded that O2 was a requirement for the photooxidation of phenol in presence of any 

photocatalysts since no decomposition was detected in its absence. Hence, the inhibition of 

phenol photooxidation in anoxic conditions negatively affects the ability of H2 production. 

2.7.2 Dyes and Polyaromatic-Based Pollutants. 

A wide variety of photocatalysts were designed to achieve the goal of the dual-functional 

photocatalysis technology; simultaneous H2 production and wastewater purification by the 

degradation of the persistent dyes 38, 39, 189, 259-262. The production of hydrogen with a 
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simultaneous degradation of Azo-dye solution (commercial name Acid Orange 7; AO7) 

using the well-known photocatalyst Pt/TiO2 suspensions was examined by Patsoura 261 

under UV–vis light. The authors have investigated the effect of the dye concentration, the 

pH, and the temperature on the H2 production rate. Besides, the effect of the Pt loading ratio 

on the H2 formation rate was thermodynamically investigated through the dynamic of the 

charge carrier during the reaction. In the absence of the Azo-dye and after the deposition 

of Pt (0.5 wt.%) on the TiO2 surface, the H2 production rate increased to a maximum during 

the irradiation before dropping to a very low steady-state rate value comparable to those 

obtained over bare TiO2. Although, it is well known that bare TiO2 is inactive for the H2 

production due to the driving force for this reaction is small and the presence of a large 

overpotential for the H2 evolution 263, the authors attributed such activity to the presence of 

i) metal or organic impurities in the semiconductor, ii) partially reduced titania species, iii) 

small size semiconductor particles that exhibit a higher efficiency in photocatalytic 

reactions. The authors also reported an improvement in the H2 formation during the photo-

induced water splitting reaction over Pt/TiO2 by increasing the pH and the temperature. 

Interestingly, the presence of a small quantity of Azo-dye in the reaction medium 

significantly enhanced the H2 formation rate, which depends on dye concentration, solution 

pH, and to a lesser extent to the solution temperature. They found that using a higher dye 

concentration resulted in increasing H2 formation over a longer reaction period. However, 

afterward, the formation rate was decreased to a steady-state value comparable to that 

obtained in the absence of the Azo-dye. The authors have attributed this decrease to the 

complete mineralization of the AO7 by-products in the reaction solution, due to their 

oxidation by consuming the photogenerated oxygen from the surface of the photocatalyst.  

Moreover, in the same study, the authors examined if the beneficial effect of the presence 

of AO7 on the rate of H2 production is general phenomena, another two different Azo-dyes, 

namely Basic Blue 41 and Basic Red 46 have been tested at neutral pH solution. Similar 

behavior to the addition of AO7 was observed for the other Azo-dyes. The H2 formation 

rate increases during the first few hours of irradiation and then progressively drops to 

steady-state values similar to those obtained for pure water.  

The authors have also highlighted a very important point in this study. The adsorption of 

the reaction intermediates on Pt, which cannot be effectively removed under the experiment 

conditions, leads to retarding the H2 evolution. This behavior had been observed in many 

similar photocatalytic systems dealing with the TiO2 and aromatic compounds 104, 167, 247, 250.  
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On the other hand, increasing pH from 4 to 10 resulted in a significant increase in the 

maximum formation rate from 0.28 to 0.67 μmol/min, which was related to the enhanced 

kinetics of dye degradation with increasing the solution pH. According to these authors, 

this enhancement indicating that the rate of H2 production is limited by the rate of 

consumption of photogenerated O2.  Therefore, they conclude that the azo-dye acts as a 

sacrificial agent that rapidly remove the photogenerated holes and consume the 

photogenerated oxygen. This suppresses electron-hole and O2–H2 recombination, 

enhancing the H2 production until complete degradation of the dye to CO2 and inorganic 

ions. 

The modification of the TiO2 in a way that increases the adsorption of the organic molecules 

on its surface is considered one of the methods that enhance the photocatalytic activity 

since the direct hole transfer to the organic molecules is dominant 264, 265. Bifunctional TiO2 

photocatalysts have been developed by Kim et al. 266 through the modification of the surface 

of TiO2 with two different components, platinum, and Nafion (Pt/TiO2/Nf). The 

simultaneous H2 production and rhodamine B (RhB) degradation was successfully 

achieved using Pt/TiO2/Nf under visible light (𝜆 > 420 nm). Pt/TiO2/Nf exhibited high 

activity for H2 production in the presence of RhB as a photosensitizer and organic dye 

pollutant, besides EDTA as an electron donor. However, the modification with only one 

component, i.e., Pt or Nf, resulted in a negligible activity for H2 production under the same 

experimental conditions. According to the authors, the negative charge of the Nafion layer 

improves the adsorption of cationic RhB and pulls protons to the surface of TiO2 through 

electrostatic attraction, enhancing the RhB photooxidation. Simultaneously, these protons 

are reduced to H2 on the deposited Pt that acts as an electron sink and a temporary electron 

reservoir for the reduction half-reaction. The authors found that RhB was not degraded in 

the absence of EDTA, which is involved in the reaction mechanism by converting the RhB 

to 𝑁-deethylation. In this dual-functional photocatalytic system, a 20 𝜇M (0.6 𝜇mol) of 

RhB approximately produced 70 𝜇mol of H2, while the RhB and its intermediates were 

completely removed over 12 h period.  

Polycyclic aromatic hydrocarbons (PAHs) are a kind of semi-volatile persistent aromatic 

pollutants 267. These compounds are frequently detected in different types of wastewater 58, 267. 

As for many other pollutants, advanced oxidative processes based on photocatalysis have 

often been reported for the removal of PAHs 268, 269. Although several studies have explored 

their photocatalytic degradation in anoxic conditions 268, 270, 271, however, very limited 
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reports on the remediation of PAHs with simultaneous H2 production had been documented 

in the literature 104, 167. On the other hand, several reports on the simplest aromatic 

compound benzene have proved its ability to act as a sacrificial electron donor (hole 

scavenger) to photo-catalyze molecular hydrogen 247, 250, 251. Bahnemann's research group 

has considered this shortage in the literature and spotted the light on employing these 

compounds as sacrificial electron donors (SEDs) in the dual-functional photocatalysis 

system 104, 167, 272.  

The hydrogen production with the simultaneous degradation of the simplest PAH 

compounds naphthalene based on Pt/TiO2 has been investigated by the Bahnemann 

research group 167.  In this study, two different commercial TiO2 photocatalysts, Aeroxide 

P25 (ATiO2) and Sachtleben Hombikat UV100 (HTiO2) were loaded with different 

fractional ratios of Pt nanoparticles using the photodeposition method. The aim was to 

evaluate the role of the loaded Pt on hydrogen production and the simultaneous degradation 

of naphthalene. The 0.5 wt% Pt was found to be the optimum loading ratio on the surface 

of HTiO2, which increased the conversion of naphthalene from 71% for bare HTiO2 to 82% 

and produces 6 µmol of H2 (Figure 2-17). However, the authors found that using a higher 

Pt content than the optimal platinization ratio inhibited both processes, the H2 formation, 

and naphthalene photooxidation. On the other hand, they claimed that loading ATiO2 with 

the Pt nanoparticles regardless of the platinization ratio decreased naphthalene conversion, 

while no dependency between the Pt ratio and the H2 formation rate was found since all the 

platinized ATiO2 materials showed a similar H2 formation of around 3 µmol.  

 

Figure 2-17: Naphthalene conversion in the presence of TiO2-based photocatalysts loaded with 

different % of Pt nanoparticles. Reprinted with permission from reference 167. 
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Based on the EPR technique, the authors concluded that the Pt NPs on ATiO2 acted as 

recombination centers for the photogenerated charge carrier. They have additionally related 

the decreases of H2 formation rate and naphthalene conversion during the photocatalytic 

process to the deactivation of the photocatalyst due to adsorption of the formed 

intermediates on the surface of the photocatalyst. Interestingly, the authors demonstrated 

that the reforming of PAHs over the Pt-HTiO2 exhibits higher photonic efficiencies than 

that of their corresponding hydroxylated compounds, such as 1 and 2-naphthols. 

In another study, the effect of the co-catalyst loading methods on the physicochemical 

properties of the dual-functional photocatalyst was studied by the same research group 272. 

Anatase TiO2 (Sachtleben Hombikat UV100) was loaded with Pt nanoparticles using two 

alternative methods: photodeposition by reduction of PtCl6
2- (PtPD-TiO2) and physical 

mixing of TiO2 with Pt nanoparticles synthesized by laser ablation (PtLA-TiO2). Both as-

prepared materials were fully characterized, and their photocatalytic activities were 

evaluated for the photoreforming of naphthalene and methanol. Over both photocatalysts, 

the authors reported a huge difference in H2 formation between the two-electron donors, 

which can be related to the different nature of the organic compounds. Methanol reacts 

swiftly with the photogenerated holes, while the reaction of naphthalene involved multi-

complicated steps. On the other hand, PtPD-TiO2 exhibited better photocatalytic activity 

toward naphthalene oxidation and H2 formation compared to PtLA-TiO2. Based on the 

transient absorption spectroscopy and the electron paramagnetic spectroscopy techniques, 

the higher activity of PtPD-TiO2 was related to the better charge carrier transfer between the 

TiO2 and the loaded Pt nanoparticles. The authors explained these results by the better 

dispersion of Pt nanoparticles and their strong interaction with the surface of TiO2. 

The mechanism of the dual-functional photocatalysis process for molecular hydrogen 

formation concurrent with naphthalene degradation over Pt-TiO2 (Hombikat UV100) has 

been investigated 104. The authors reported photonic efficiencies of 0.33% and 0.970% for 

naphthalene conversion and H2 formation, respectively, under simulated sunlight. After 4h 

irradiation, the authors were able to determine the formed organic by-products in the system 

by the mean of GC-MS, HPLC-UV, and HPIC techniques. Moreover, through the spin-

trapping experiments, they evinced that only the photogenerated holes play the main role 

in the photooxidation of naphthalene, while, the isotopic labeling analyses showed that the 

evolved H2 originated mainly from water. According to these results, the authors suggested 
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the following mechanism for hydroxylation of naphthalene (Equations 2-9 to 2-15), while 

the total mineralization mechanism was shown in Scheme 2-6.  
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Scheme 2-6: Proposed mechanism for the photocatalytic reforming of naphthalene over Pt-UV100 

under simulated sunlight. Note: Compounds inside the dashed square were not detected during the 

by-products identification. Reprinted with permission from reference 104. Copyright 2020 Royal 

Society of Chemistry. 
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2.8 Conclusions 

The increase in the quantity and quality of pollutants associated with industrial progress 

and population growth makes it necessary to match this increase with efficient and 

sustainable ways to treat it. Hence, the urge to develop new materials or to modify and/or 

enhance the performance of some existing materials. There is no doubt that abundance and 

low cost are advantages that every semiconductor must meet for their application in large-

scale photocatalytic systems. These two properties turned TiO2 into an attractive material 

in this field. Attractive enough to devote large scientific efforts to overcome its main 

limitations: fast charge carrier recombination rates and a relatively large bandgap (3.2 eV) 

so that only UV radiation can activate it. However, the adopted strategies to improve TiO2 

performance and make it more appealing for large-scale applications, some of these 

strategies are discussed in this review, are and to large extent working and seem promising. 

However, miniaturizing or synthesizing in the nanoscale is not the only way to achieve high 

efficiency. The fast recombination of the photogenerated charges could be significantly 

reduced by the loading of co-catalyst which is normally noble metal nanoparticles. The 

high cost of the noble metals and their limited availability make them a not idealistic choice. 

One more time, cost-effectiveness comes into play but this time as a limiting factor.  The 

search for co-catalysts that demonstrate high efficiency combined with cost efficiency is a 

challenging issue in photocatalysis. The wide scale of chemical and physical properties of 

both pollutants and semiconductors could anticipate the use of oxide-oxide or metal-oxide 

hetero nanostructures to create new properties that achieve higher performance and 

enhanced ability to remove, reform, or degrade pollutants. Not to mention that 

heterostructures could demonstrate the same function as a catalyst and cocatalyst without 

the resolve to high-cost noble metals which could be a working strategy with enormous 

numbers of materials. Finally, despite a large amount of photocatalytic reforming studies, 

there is a huge deficiency in the investigation of the photocatalytic reforming of aromatic-

based pollutants, especially the PAHs. Such pollutants have shown the ability for 

photocatalytic oxidation in the oxygen atmosphere; however, few reports have been 

published that deal with the H2 production based on their photoreforming. Hence, this 

research line can be a rich area for further future investigation.  
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3Chapter Three: Photocatalytic H2 Production from 

Naphthalene by Various TiO2 Photocatalysts: Impact of 

Pt Loading and Formation of Intermediates 

3.1 Foreword  

Heterogeneous photocatalysis had been extensively studied for solar fuel production with 

simultaneous degradation of the organic pollutants. Several challenging issues still limit 

the achievement of dual-purpose photocatalysis technology. The study presented in this 

chapter is considered the basic building block for understanding the photocatalytic process 

of naphthalene under inert conditions. This chapter contains the article “Photocatalytic H2 

Production from Naphthalene by Various TiO2 Photocatalysts: Impact of Pt Loading and 

Formation of Intermediates” by Osama Al-Madanat, Yamen AlSalka, Ralf Dillert, and 

Detlef W. Bahnemann. Reproduced with permission from Catalysts 2021 (11, 1, 107, DOI: 

10.3390/catal11010107). Copyright 2021 MDPI. Herein, a series of naphthalene 

photocatalytic reforming experiments employing different systems of bare and platinized 

(0.5, 1.0, 5.0  wt%) Aeroxide P25 and Hombikat UV100 photocatalysts were performed to 

determine the best conditions for this reaction. The optimum Pt loading ratio on the surface 

of both photocatalysts was determined. Moreover, the electron paramagnetic resonance 

technique was employed to evaluate and understand the electron transfer process from the 

TiO2 to Pt nanoparticles, in order to explain the different photocatalytic activities between 

the pristine and platinized P25/UV100, as well as, Pt-P25 and Pt-UV100. Besides that, the 

effect of the platinum nanoparticles and the formed organic intermediates on the H2 

formation and naphthalene conversion were also discussed.  

3.2 Abstract 

This work presents a comparative study of the efficiency of two commercial TiO2 

photocatalysts, Aeroxide P25 (ATiO2) and Sachtleben Hombikat UV100 (HTiO2), in H2 

production from an aqueous solution of naphthalene. The TiO2 photocatalysts were 

platinized by the photodeposition method varying the platinum content of the suspension 

to 0.5, 1.0, and 5.0 wt%. A full physicochemical characterization for these materials was 

performed, showing no structural effects from the deposition method, and confirming a 

well dispersion of nanosized-Pt0 particles on the surface of both photocatalysts. Pristine 

ATiO2 shows around 14% higher photocatalytic fractional conversion of naphthalene than 
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pristine HTiO2 after 240 min of irradiation, while both materials exhibit negligible activity 

for H2 formation. The 0.5 wt% Pt- HTiO2 increases the photocatalytic fractional conversion 

of naphthalene from 71% to 82 % and produces 6 µmol of H2. However, using a higher Pt 

content than the optimal platinization ratio of 0.5 wt% dramatically inhibits both processes. 

On the other hand, regardless of the fractional ratio of Pt, the platinization of ATiO2 results 

in a decrease in the fractional conversion of naphthalene by 4 % to 33 % of the pristine 

value. Although the presence of Pt islands on the surface of the ATiO2 is essential for the 

H2 evolution, no dependency between the Pt ratio and the H2 formation rate was observed 

since all the platinized materials show a similar H2 formation of around 3 µmol. Based on 

the EPR results, the higher photocatalytic activity of the Pt-HTiO2 is attributed to the 

efficient charge carrier separation and its larger surface area. The recyclability test confirms 

that the inhibition of the photocatalytic process is related to the deactivation of the 

photocatalyst surface by the adsorption of the photoformed intermediates. A strong 

relationship between the photocatalytic activity and the kind of the aromatic compounds 

was observed. The H2 evolution and the photooxidation of the aromatic hydrocarbons 

exhibit higher photonic efficiencies than that of their corresponding hydroxylated 

compounds over the Pt-HTiO2. 

Keywords: naphthalene; photoreforming; Hombikat UV100; Aeroxide P25; H2 

production; EPR; charge carrier; Pt/TiO2 

3.3 Introduction 

Achieving a fully sustainable energy system for the future involves the development of 

multiple and diverse technologies. One of these systems is the renewable energy carriers, 

such as molecular hydrogen (H2), which possesses advantageous properties compared to 

petroleum and other fossil-derived fuels 1. It has the highest gravimetric heating density 

among all fuels, i.e. a heating value (HHV) of 142 MJ kg−1 2, and it burns cleanly producing 

pure water 3. The development of new, clean, and efficient technologies for H2 production 

from renewable resources has gained increasing attention. Undoubtedly, efficient large-

scale H2 production from industrial wastewaters containing organic matter can contribute 

to the implementation of an H2 economy 4, 5. 

Industrial effluents are often rich in persistent organic pollutants, such as polycyclic 

aromatic hydrocarbons (PAHs). PAHs originate chiefly from anthropogenic processes, 

especially from incomplete combustion of fossil fuels and from accidental spillages of 
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crude oil and refined fuels. The U.S. Environmental Protection Agency (EPA) classified 

PAHs as priority pollutants, due to their known human toxicity potential and their 

ubiquitous occurrence in the environment 6, 7. Among other PAHs, naphthalene is the most 

widespread PAH in the effluent streams of the petroleum and coal industries, which is 

definitely related to its relative higher water solubility in comparison to other PAHs 8. Over 

the years, processes have been developed for the removal of PAHs from contaminated 

waters including the ultrasonic process 9, adsorption 7, biodegradation 10, pulse 

radiolysis 11, and heterogeneous photocatalysis 7. To date, TiO2 has proven its efficacy in 

the photocatalytic oxidation of various PAHs and especially in the remediation of 

naphthalene 12. 

However, the development of methods for the conversion of these pollutants into chemical 

energy in the form of molecular hydrogen is a more attractive solution. In particular, solar 

photocatalysis is regarded as a promising and eco-friendly strategy for PAHs environmental 

remediation 7. Solar photocatalytic reforming of organic pollutants contained in 

wastewaters under anaerobic conditions may be a viable alternative to other renewable 

hydrogen technologies. Hydrogen production from wastewater is a rapidly growing field 

combining water decontamination and transformation of the chemical energy stored in 

pollutants to molecular hydrogen and carbon dioxide. Although photocatalytic aerobic 

oxidation has already proven to be an effective process for the naphthalene removal from 

aqueous solutions 7, 12, 13, to our knowledge, very limited studies have been performed to 

investigate the photocatalytic oxidation of naphthalene under anaerobic conditions 14. 

Heterogeneous photocatalysis, particularly TiO2-based photocatalysis stands out amongst 

the most encouraging impetuses due to its high photo-reactivity, high photo-stability, low 

cost, and non-toxicity 15, 16.  However, the major drawbacks of TiO2 are the inability of 

visible light absorption and the fast recombination of photoexcited electron/hole (e⁠−/h⁠+) 

pair 17. Aromatic hydrocarbon compounds have been rarely used in photocatalysis as 

sacrificial agents to enhance the H2 production from the water splitting in the absence of 

O2 4, 14, 18, 19. Nevertheless, the consumption of the photo-generated holes by these agents 

results in the accumulation of photo-generated electrons on the TiO2 surface. Loading the 

surface of TiO2 with noble metals, in particular, platinum (Pt) nanoparticles, plays an 

essential role in enhancing the photocatalytic conversion process 4, 20. Interestingly, Pt 

nanoparticles on the surface of TiO2 act as electron acceptors for the accumulated electrons, 
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enhancing the formation of molecular hydrogen by reducing the overpotential of proton 

reduction 4, 21, 22.  

In our previous study 14, the mechanistic pathways of the photoreforming of naphthalene 

on anatase TiO2 were in-depth investigated by a novel feasible approach. However, in this 

study, we studied the effect of different parameters on the H2 production by reforming of 

naphthalene in an aqueous medium under simulated solar light.  Two different commercial 

TiO2, Aeroxide P25 and Hombikat UV 100 have been used.  These TiO2 photocatalysts 

were platinized using a photodeposition method by varying the platinum content of the 

suspension. The difference in their activities was evaluated through the study of the charge 

carrier separation, H2 production, and naphthalene conversion during the photocatalytic 

process. Moreover, the effect of the intermediate products during the photocatalytic process 

was also investigated. 

3.4 Results and Discussion 

3.4.1 Photocatalysts Characterization 

The ICP-OES measurements in Table 1 show the actual content of Pt in TiO2 samples. The 

results indicate an actual Pt content of all samples being approximately 10% lower than the 

nominal value. However, the values for each set of Pt percentage (0.50, 1.0, and 5.0 wt%) 

are nearly the same for different types of catalysts, and within the experimental error. 

Table 3-1: Actual loaded Pt nanoparticles percentage, BET surface area, and crystallite size for 

the pristine and as-prepared platinized TiO2. 

Photocatalyst 
Measured Pt 

wt% 

BET Surface Area 

g m-2 

Crystallite Size a 

nm 

HTiO2 (UV100) - 295 ± 3 8.0 ± 0.7 

0.5 wt% Pt-HTiO2 0.46 ± 0.02 290 ± 2 8.4 ± 1.1 

1.0 wt% Pt-HTiO2 0.88 ± 0.03 287 ± 2 8.9 ± 2.8 

5.0 wt% Pt-HTiO2 4.75 ± 0.07 278 ± 2 9.2 ± 2.1 

ATiO2 (P25) - 52.3 ± 0.8 17.5 ± 6.3 

0.5 wt% Pt-ATiO2 0.45± 0.05 50.0 ± 0.2 18.5 ± 4.7 

1.0 wt% Pt-ATiO2 0.90 ± 0.05 48.0 ± 0.3 19.3 ± 5.5 

5.0 wt% Pt-ATiO2 4.50 ± 0.10 43.8 ± 1.2 20.6 ± 6.1 

a The values are calculated based on the Scherrer equation. 
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The specific surface area (BET) values in Table 3-1 indicate that the pristine HTiO2 

possesses a larger specific surface area of 300 m2 g-1, compared to 52 m2 g-1 for the pristine 

ATiO2, which is in good agreement with previous literature reports 23, 24. Apparently, the 

loading of platinum on the surface of both pristine photocatalysts slightly decreases the 

surface area by (5.0 - 10) %, which is consistent with the low loading amounts of platinum 

on the TiO2 surface.  

Figure 3-1 shows the XRD profiles of the pristine and platinized HTiO2 and ATiO2, 

respectively. The diffraction patterns and peak positions of the modified and unmodified 

ATiO2 (Figure 3-1a) possess well-defined characteristic peaks corresponding to a mixture 

of anatase-rutile phases (JCPDS card No. 21-1272 and 21-1276, respectively). The 

intensity ratio between 101 (anatase) and 110 (rutile) main diffraction peaks is around 

84:16, respectively. On the other hand, Figure 3-1b shows that pristine and platinized 

HTiO2 samples fit pretty well with the XRD patterns of pure anatase TiO2, which is in good 

agreement with JCPDS card No. 21-1272. The broadness of the HTiO2 diffraction pattern 

peaks indicates less crystallinity and smaller average crystallite sizes (Table 3-1), which is 

in agreement with the high observed specific surface areas for the TiO2 24, 25. Mean 

crystallite sizes were calculated from the main diffraction peaks based on the Scherrer 

equation 26.  

  

Figure 3-1: XRD patterns of pristine and different percentages of Pt loaded on (a) ATiO2 and (b) 

HTiO2 surfaces.  A and R stand for anatase and rutile phases, respectively. The red lines at the 

bottom represent the Pt reference. 

As revealed from Figure 3-1 and Table 3-1, the loading of Pt nanoparticles does not 

significantly change the XRD pattern position or features for all Pt-TiO2 samples, 

indicating that the preparation method did not significantly change the phase content and 

the crystallinity of the TiO2. Notably, the deposition of Pt did not generate any typical Pt 
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diffraction peaks, which might result from the uniform distribution and the low loading 

amount of Pt 27. However, in the 5.0 wt% Pt-loaded samples, two weak and broad peaks 

around 39.8° and 46.2° corresponding to 111 and 200 fcc platinum metal, respectively, 

have been observed. 

The DR UV–vis spectra of pristine and platinized ATiO2 and HTiO2 samples were 

converted to their corresponding Tauc plots and shown in Figure 3-2. All the tested powders 

exhibit a similar optical bandgap of ~3.0 eV for ATiO2 anatase-rutile polymorph (Figure 3-2a) 

and ~3.2 eV for the ATiO2 anatase polymorph (Figure 3-2b) 28. The absorption spectra for 

Pt-TiO2 samples indicate that the photodeposition method does not induce a substantial 

variation of the bandgap energy, however, a slight shift to the visible light region has been 

observed, due to the color change and high absorption of platinum clusters in the visible 

region 29.  This optical characteristic of Pt-TiO2 indicated that Pt nanoparticles do not 

exhibit localized surface plasmon absorption in the visible region, which can be attributed 

to a damping effect caused by d–d interband transitions 27. 

  

Figure 3-2: Normalized diffuse reflectance spectra (Tauc plot vs. photon energy) of pristine and 

platinized samples for (a) ATiO2 and (b) HTiO2. 

The morphologies of the synthesized samples were investigated by high-resolution 

transmission electron microscopy (HRTEM). The micrographs of Figure 3-3 show the 

morphology of ATiO2 and HTiO2 photocatalysts before and after loading the Pt 

nanoparticles using the photodeposition method. The noticeable difference between the 

morphologies of ATiO2 (Figure 3-3 a) and HTiO2 (Figure 3-3 d) is related to the difference 

in their phase contents. HTiO2 is pure anatase, while ATiO2 contains also a rutile phase that 

possesses a larger crystallite size, altering the agglomeration abilities. As shown in Figure 

3-3 (a-c) and (d-f), the loading of Pt nanoparticles does not have any significant effect on 

the particle size or shape of both materials. Pt-HTiO2 shows highly agglomerated small 
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sub-particles, producing a higher specific surface area compared to Pt-ATiO2. The 

nanoscale TiO2 samples show sizes with different diameters of about 20-25 nm for Pt-

ATiO2 vs. 5-10 nm for Pt-HTiO2, which is in agreement with the XDR results. Moreover, 

Figure 3-3 (c and f) show that the Pt nanoparticles are well dispersed over the whole oxide 

surface in both samples. The average grain size of Pt nanoparticles (Figure 3-3 g and h) 

formed during the photodeposition method was estimated from 100 metal deposits to be 

3.4 ± 0.7 nm and 2.1 ± 0.5 nm for ATiO2 and HTiO2, respectively. 

 

Figure 3-3: High-resolution transmission electron micrographs (HR-TEM) of pristine ATiO2 (a), 

1.0 wt% Pt-ATiO2 (b, c), pristine HTiO2 (d), and 1.0 wt% Pt-HTiO2 (e, f). Pt particle diameter 

distribution images for 1.0 wt% Pt-ATiO2 (g) and 1.0 wt% Pt-HTiO2 (h). 

3.4.2 Photocatalytic Reforming of Naphthalene 

In this study, the same experimental conditions have been used to test the reforming of 

aqueous naphthalene solution employing different types of bare TiO2 and platinized TiO2 

photocatalysts. It is worth to mention that no formation of molecular hydrogen was detected 

in the absence of light, or photocatalyst. Moreover, no activity for the H2 evolution was 

observed during the illumination of pristine and platinized TiO2 in the absence of 

naphthalene. This can be assigned to the fast recombination of the photogenerated charge 

carriers in the absence of a suitable hole scavenger, i.e., naphthalene, and the presence of 

an overpotential in the production of H2 on the surfaces of the pristine photocatalysts 22.  
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Figure 3-4 presents the photocatalytic hydrogen evolution over two different commercial 

TiO2 photocatalysts, ATiO2 and HTiO2, in their pristine forms and after their loading with 

different amounts of platinum NPs (0.5, 1.0, and 5.0 wt%). As depicted in Figure 3-4 (a) 

and (b), in the presence of naphthalene, both pristine photocatalysts are not efficient for 

photocatalyzed H2, due to the higher overpotential of proton reduction 20 and to the 

insufficient transfer capacities of the photogenerated electrons to the absorbed species due 

to their trapping on the surface of TiO2 as Ti3+ sites.  

  

Figure 3-4:  Comparison of molecular hydrogen formation during light-induced reforming of 

naphthalene in the presence of pristine TiO2 and 0.5, 1.0, and 5.0 wt% Pt-TiO2. (a) HTiO2 and (b) 

ATiO2 after 240-minute illumination using simulated solar light. Photocatalyst mass concentration, 

1 g L-1; 156 µM aqueous solution of naphthalene. 

The presence of platinum NPs on the surface of both TiO2 photocatalysts activates the 

reaction of molecular hydrogen formation by reduces the overpotential for its formation, 

and due to the formation of Schottky junction at the interfaces of a Pt–TiO2 composite, 

which reduces the rate of the charge carrier recombination 30. Interestingly, Pt-HTiO2 

shows higher activity for H2 production compared to Pt-ATiO2 for all platinization ratios. 

Increasing the platinum deposition ratio on the surface of HTiO2 from 0.5 to 1.0 wt% has 

no significant effect on the formation rate of molecular hydrogen. However, the 5.0 wt%. 

platinization ratio showed around 40 % lower activity. On the other hand, the different Pt 

loading ratios on ATiO2 revealed in the formation of the same amounts of molecular 

hydrogen, indicating the independence of the Pt content on the activity in the case of ATiO2. 

Moreover, it is well known that the H2 production is strongly dependent on the co-catalyst 

loading method, particle size, dispersion, and the oxidation state 33. Since the same 

platinization method has been used and the TEM and XRD results confirm a well dispersion 

of Pt0 NPs on the surfaces of both photocatalysts, we can exclude any effect of these factors. 
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Besides, the larger particle size of Pt on the surface of ATiO2 could imply a smaller surface 

area of the co-catalyst comparing to that for Pt-HTiO2, which could decrease the H2 

formation rate 34. If this is the case, we should observe an increase in the H2 formation by 

increasing the Pt ratio from 0.5 to 1.0 wt% which compensates for this effect. However, 

this factor is excluded also, since the H2 formation is almost the same.  

On the other hand, we showed that upon increasing the fractional ratio of loaded Pt from 

1.0 wt% to 5.0 wt%, the H2 formation is reduced by 50%. The excessive loading amount 

of Pt on the surface of TiO2 results in an increase of the opacity and, consequently, the light 

scattering of the suspension. This phenomenon reduces the number of photons absorbed by 

the TiO2 particles and, thus, the number of charge carriers, thereby lowering the 

photocatalytic activity 35. Besides, the decrease of the photocatalytic activity of the 5.0 wt% 

Pt-HTiO2 can be attributed to the formation of dense larger islands. In fact, the growth of 

Pt nanocrystals under a high concentration of Pt precursor would be readily accelerated to 

form thicker and large Pt islands during the photodeposition process 36, 37. These dense 

islands negatively affect H2 formation due to the weak charge distribution between the 

platinum layers and the semiconductor 37. Chen et al. 38 demonstrated that the charge 

redistribution occurs at the interfacial region between TiO2 and the first Pt layer while the 

charge depletion/accumulation becomes negligible beyond the third layer. 

Concomitantly, the photocatalytic oxidation of naphthalene solution in the absence of 

molecular oxygen (inert condition) was investigated employing the previous photocatalysts 

under the same experimental conditions. While the photolysis of naphthalene decreased its 

initial concentration by ~33 %, the use of photocatalyst enhanced the conversion ratio to 

70 % - 85 % over pristine and platinized photocatalysts as shown in Figure 3-5. Pristine 

ATiO2 exhibited higher photocatalytic performance for naphthalene conversion than did 

the pristine HTiO2. This observation was expected, and it could be mainly ascribed to the 

fact that the recombination rate of the photoexcited electron/hole (e⁠−/h⁠+) pair in pristine 

HTiO2 is faster. 

Anatase TiO2 is generally reported as the most photochemically active phase of titania 39. 

Compared to rutile, the anatase phase exhibits a 10-fold greater rate of hole trapping 40, 

which decreases the recombination rates of electron-hole pairs. Recently, by the means of 

combining theory and experiment, Scanlon and co-workers 41 suggested that the electron 

affinity of anatase is higher than that of rutile, leading to favor transfer the photogenerated 
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electrons from rutile to anatase.  This behavior has been previously suggested by Hurum et 

al. 42 who reported that Degussa P25 as a mixed phase of titania composed of small 

nanocrystallites of rutile dispersed within an anatase matrix possesses a higher activity than 

both pure phases. They affirmed that rutile acts as an antenna to extend the photoactivity 

into visible wavelengths and the stabilization of charge separation activates the catalyst, 

suppresses the recombination, and enhancing the photocatalytic activity. 

 

Figure 3-5: Naphthalene conversion in the presence of different photocatalysts. Conditions: 

[Naphthalene] = 0.156mM, [catalyst] = 1 g L-1, V = 15 ml, T = 25 °C, 240 min illumination under 

simulated solar light ( I0 = 3.31 × 10–4 mol m–2 s–1). 

Moreover, since the photocatalytic activity of the TiO2 depends on its bulk and surface 

properties, it was suggested that the higher crystallinity leads to higher photocatalytic 

activity by reduces the charge carrier recombination 43. Considering that TiO2 photocatalyst 

exhibit either a high crystallinity and a low surface area or versa vise 44. The XRD and TEM 

results in Figure 3-1 and Figure 3-3 shown that HTiO2 consists of small particles (8 nm) 

with very low crystallinity than ATiO2. Thus, the low surface area of the P25 should be 

accompanied by higher crystallinity, which enhancing the photocatalytic efficiency. 

Interestingly, loading platinum NPs on the surface of TiO2 has two different behaviors 

related to the nature of the photocatalyst. Figure 5 shows that the photocatalytic conversion 

of naphthalene was decreased by increasing the platinum loaded ratio on ATiO2. In fact, 

increasing the platinum nanoparticles' content on the surface of pristine TiO2 reduces the 

number of available active sites which plays a crucial role in the photooxidation of organic 

compounds 45. This result is in good agreement with the work of Sun et al.46 reporting that 
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loading Degussa P25 with Pt resulted in a decrease of phenol decomposition and total 

carbon removal rates. The decrease of ATiO2 activity after platinization suggests that Pt 

acts as a recombination center for the charge carrier. For such titania nanoparticles in 

aqueous media, Pt would not increase the efficiency of the charge carrier separation more 

than the separation already existing due to the presence of two mixed phases.  A recent 

report by Benz et al. 47 demonstrated that upon the trapping of the photogenerated electrons 

by the Pt islands on the surface of P25 in the absence of O2, Pt acts more as a recombination 

center regardless of its deposit ratio.  

On contrary, the loading of platinum islands on the surface of HTiO2 with a very small 

fraction (0.5 and 1.0 wt%) enhances the efficiency of the photocatalytic oxidation of 

naphthalene (Figure 3-5) compared to the use of pristine HTiO2. Sun et al. 46 reported that 

the rates of phenol decomposition and the total carbon removal rose by a maximum factor 

of 1.5 when Hombikat TiO2 was loaded with 1.0 wt% Pt. However, our data, as well as 

other reports 46, 48, show that an optimum content of Pt (0.5 – 1.0 wt%.) on the surface of 

HTiO2 should be considered, otherwise, increasing the Pt content reduces the efficiency of 

the photocatalytic process. In fact, the presence of hole scavengers (like naphthalene) can 

change the original equilibrium between the photogenerated holes and electrons. Platinum 

nanoparticles on the surface of TiO2 act as electron scavengers, withdrawing the 

photogenerated holes out of the bulk TiO2 because the formed Schottky barrier at Pt/TiO2 

interface serves as an efficient electron trap preventing the charge carrier recombination. 

This will enhance the charge carrier separation and prolong the lifespan of the 

photogenerated electrons 49. However, increasing the Pt loading more than the optimum 

value leads to make the space charge layer very narrow and the penetration depth of light 

exceeds the space charge layer. Thus, platinum nanoparticles can act as recombination 

centers, where the electron-hole pairs recombination process will be favorable 48, 50. A 

more in-depth investigation of the Pt nanoparticles' effect on the dynamic charge carriers 

will be provided in section 3.4.5.  

In our previous report, we paid attention to the products generated from the photocatalytic 

reforming of naphthalene discussing their formation pathways by using different 

chromatographic techniques and isotopic substitution studies 14. The hydroxylation of the 

aromatic ring was found to be the principal process in the photocatalytic reforming of 

naphthalene, which mainly produces 1-naphthalenol and 2-naphthalenol among other 

hydroxylated by-products. The possible pathway explaining the formation of the two 
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naphthalenol’s and molecular hydrogen is shown in Equations 3-1 to 3-7. The reforming of 

naphthalene is initiated by the excitation of the TiO2, generating electrons and holes 

(Equation 3-1), which either recombine or react with species present in the surrounding 

electrolyte. Naphthalene’s oxidation occurs by a direct hole transfer, or indirectly via its 

reaction with a surface trapped hole (−OHS
∙ ) by single electron transfer producing a 

naphthalene cation radical (Equation 3-2). This carbocation radical reacts with water to 

form an OH adduct (Equations 3-3 and 3-4), which is subsequently oxidized by another 

hole forming naphthalen-1-ol or naphthalen-2-ol (Equation 3-5). On the other hand, the 

accumulated photogenerated electrons in the Pt nanoparticles reduce the adsorbed protons 

to hydrogen atoms (Equation 3-6), which upon dimerization yields H2 (Equation 3-7). 

 3-1 

 
3-2 

 

3-3 

 
3-4 

 
3-5 

 3-6 

 3-7 

In this context, we report in Figure 3-6 the detected amounts of these naphthalenols 

remaining in the reaction medium after 4 h of irradiation in the presence of all the 

synthesized Pt-TiO2. Figure 3-6. shows that the accumulated amounts of 1-naphthalenol 

and 2-naphthalenol increased with increasing the Pt ratio on the surface of the different 

TiO2 materials (ATiO2 and HTiO2). Platinization of the pristine TiO2 enhance the formation 

of the naphthalenols products. While the relationship between the Pt content and the 

formation of naphthalenols is well established, there is an independency between their 

formation and the nature of TiO2 when the same loading ratio was used. 



Chapter Three: Photocatalytic H2 Production from Naphthalene by Various TiO2                             

Photocatalysts: Impact of Pt Loading and Formation of Intermediates 

91 

 

 

Figure 3-6: Photocatalytic formation of 1-naphthol and 2-naphthol during the reforming of 

naphthalene in aqueous suspensions of HTiO2 and ATiO2 loaded with various amounts of Pt. 

Figures 3-4 and 3-6 confirm that the disappearance of the parent molecule naphthalene is 

accompanied by the formation of 1-naphthalenol and 2-naphthalenol besides the 

continuous formation of H2. In such a photocatalytic system, the lower detected amount of 

these by-products that accompanied with higher conversion of the mother compound 

should be an indication for increasing the formation rate of the H2 (Equation 3-8). However, 

this is not the case here, since we observed that all the synthesized Pt-ATiO2 photocatalysts 

showed different photocatalytic activities towards the photooxidation of naphthalene and 

the formation of naphthalenols with almost the same amounts of evolved H2. If we consider 

Equation 3-9 and the percentage of the total amount of naphthalenols to the converted 

naphthalene that is reported in Table 3-2, one can conclude that the formed amounts of H2 

for all the synthesis materials does not exceed 10-25% compared to the theoretical one. 

Thus, the concurrent decrease of the photocatalytic activity with the accumulation of the 

naphthalenols in the photocatalytic system by increasing the Pt ratio indicates the formation 

of other products. Such products can be strongly adsorbed on the surface of the 

photocatalysts and inhibiting the formation of H2. It is reported that the photocatalytic 

oxidation of the aromatic compounds is initiated by the hydroxylation process producing 

different hydroxylated compounds as main products. This process is sometimes considered 

as the rate-determining step in the whole photocatalytic reaction under aerobic 51-53 and 

anaerobic conditions 19, 54. The strong adsorption of the surface phenoxy species and the 

coupling products on the available active sites 16, 55-57, deactivates the surface of the 

photocatalyst and negatively affects both redox half photocatalytic reactions. This can be 
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experimentally inferred by the decrease in the H2 evolution rate after 30 min of irradiation 

with the simultaneous change in the photocatalyst color from light gray to faint brown. 

However, the color change is more pronounced in the case of Pt-ATiO2, which can be 

reflected in the higher adsorbed amount of these products. 

 

3-8 

 

3-9 

Table 3-2. Selectivity of total naphthalenols formation over different Pt-TiO2 photocatalysts. 

 Photocatalyst HTiO2 ATiO2 

Property 
   0.5 

wt% Pt 

   1.0 

wt% Pt 

   5.0 

wt% Pt 

   0.5 

wt% Pt 

   1.0 

wt% Pt 

   5.0 

wt% Pt 

Total naphthalenols 

selectivity % 

22.4  

± 1.3 

34.7   

± 2.4 

46.2   

± 8.5 

21.3   

± 1.2 

27.3   

± 2.4 

45.1  

± 4.4 

3.4.3 Stability of Pt Deposit 

The recyclability of the photocatalyst can provide a good indication that there is no 

relationship between the leaching of the co-catalyst and the decreasing of the photocatalytic 

activity during the reforming of naphthalene. Therefore, three consecutive recycling runs 

on the 0.5 wt% Pt-HTiO2 were performed. The used photocatalyst was collected, irradiated 

in the presence of molecular oxygen for 60 min to remove the adsorbed organic compounds, 

washed with water, centrifugated, and then finally dried at 100◦C for 24 h. 

As observed in Figure 3-7 (a, b), the reused photocatalyst exhibits good photocatalytic 

performance and stability over three cycles. Compared to the fresh photocatalyst, the 

naphthalene conversion efficiency remained almost the same, and a very slight decrease in 

molecular hydrogen formation was observed, which is considered within the experimental 

error.  

Furthermore, in order to check whether metal leaching takes place during the photocatalytic 

process, the Pt content in the Pt-HTiO2 was analyzed after each photocatalytic cycle by 

means of the ICP-OES technique. The amount was found 20-25 % lower than the original 

Pt ratio, mainly after the first cycle. In summary, one can conclude that 0.5 wt% Pt-UV100 
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is recyclable and stable. Therefore, the inhibition of H2 formation and the naphthalene 

conversion during the photocatalytic process is not related to the leaching of the co-catalyst 

from the photocatalyst surface. These results support our hypothesis of the formation of 

stable photoformed products, which deactivate the photocatalyst surface. 

  

Figure 3-7: Ct/Co for naphthalene conversion (a) and molecular hydrogen formation (b) during the 

photocatalytic reforming of naphthalene using recycled 0.5 wt% Pt-HTiO2 photocatalyst. 

Conditions: [Naphthalene] = 0.156mM, [catalyst] = 0.5 g L-1, T = 25 °C, 240-minute illumination 

under simulated solar light. 

Moreover, since the decrease of the Pt content during the recyclability experiments is not 

affecting the H2 formation and the conversion of naphthalene. Thus, another important 

aspect can be concluded from these results:  the 0.5 wt% of Pt loaded on HTiO2 might not 

be the optimum loaded ratio. Although many previous studies have reported that 0.5 wt% 

is the optimum ratio of loaded Pt on the TiO2 
44, other reports have shown different values 

either higher 48 or lower 19, 20 than 0.5 wt% Pt. Therefore, a further investigation in the range 

lower than 0.5 wt. % is required to avoid an excess of the valuable Pt metal, thus, decreasing 

the cost of this photocatalyst in case of its practical application. 

3.4.4 Effect of Naphthalene Oxidation Products on the H2 Evolution 

It is widely accepted that the formation of the by-products presumably causing inhibition 

of H2 production during the photocatalytic reforming of the organic compounds 57, 58. We 

examine the validity of this hypothesis by performing different photocatalytic experiments 

using naphthalene, 1-naphthalenol, and 2-naphthalenol under the same experimental 

conditions. The photooxidation profiles of the three compounds as a function of irradiation 

time are shown in Figure 3-8 (a). Apparently, the photooxidation of naphthalene is higher 

than that for both naphthalenol compounds. After 240 min of illumination, the conversion 

of naphthalene, naphthalen-1-ol, and naphthalen-2-ol were found to be 75 %, 63 %, and 
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52%, respectively. All the tested compounds showed a faster conversion rate in the initial 

stage of the reaction, which is attributed to the abundant availability of active sites on the 

surface of TiO2 59. In this stage, naphthalene shows the longest period (60 min) with the 

faster conversion rate, while, the shorted period (15 min) with the slowest rate was observed 

for naphthalen-2-ol. The initial photonic efficiencies of the photooxidation of these 

compounds after 60 min of illumination were found to be 0.14 ± 0.01 %, 0.1 ± 0.02 %, and 

0.08 ± 0.01 % for naphthalene, naphthalen-1-ol, and naphthalen-2-ol, respectively. A 

noticeable inhibition in the conversion rates was recorded after the first rapid period to 

reach a steady-state stage after 120 min. This behavior has been observed by King et al. 60, 

who reported that the initial stage was found to be the most rapid photodegradation rate for 

PAH removal in the presence and the absence of the photocatalyst.  

On the other hand, a similar trend was observed for the photocatalytic H2 formation profile 

shown in Figure 3-8 b. Naphthalene exhibits a two-fold higher formation amount of H2 

after irradiation for 240 min. One more time, the faster formation rate was observed during 

the first stage of the reaction, i.e during the first 60 min. Afterward, all the tested 

compounds exhibit almost a similar formation rate. The initial photonic efficiencies for the 

H2 evolution in the first stage was found to be 0.51 ± 0.02 %, 0.28 ± 0.03 %, and 0.18 ± 

0.02 % for naphthalene, naphthalen-1-ol, and naphthalen-2-ol, respectively. 

  

Figure 3-8: Photooxidation (a) and molecular hydrogen formation (b) during the photocatalytic 

reforming of naphthalene, naphthalen-1-ol, and naphthalen-2-ol as a function of illumination time. 

Conditions: [Naphthalene] = 2.1 µmol, [naphthalenols] = 2.1 µmol, [catalyst] = 1 g L-1 1.0 wt% 

Pt-HTiO2, T = 25 °C, illumination under simulated solar light. 

We reported previously that naphthalene is oxidized into CO2, H2, and other by-products, 

such as naphthalenols, coupling, and hydroxylated compounds 14. At the beginning of the 

photocatalyst process, the concentrations of these organic products are very low in the 
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system. Naphthalene is efficiently oxidized on the clean surface of the TiO2 since there is 

no competition from these products to the surface of the photocatalyst. However, during 

the reaction, the formed intermediates are accumulated in the system and subsequently 

oxidized to other more polar compounds such as polyhydroxylated, quinones, and organic 

acid products 14, 61, 62. Such products have higher polarity comparing to naphthalene, 

therefore they can strongly adsorb to the surface of the photocatalyst, blocking the active 

sites on the catalyst surface. In general, the degradation of these compounds leaves 

recalcitrant carbonaceous residues on the photocatalyst surface as a result of incomplete 

degradation 63, 64, especially in the absence of O2, which decreasing the photocatalytic 

activity of the TiO2.  

In this respect, it is noteworthy that the adsorption of the organic molecules is a very 

important factor in the photocatalytic process, however, in some cases, the strong 

adsorption of the organic compounds or intermediates may act as poison for the catalyst 

surface, which enhances the charge carrier recombination. The strong multilayer adsorption 

of organic molecules around the catalyst particles could lead to the excitation of these 

compounds by absorbing a significant amount of solar light rather than the photocatalyst. 

This could limit the interaction between the incoming light and the photocatalyst in the case 

of the indirect photooxidation mechanism, which reduces the photocatalytic efficiency 65, 66. 

In our case, the lack of naphthalen-2-ol photooxidation after less than 30 min of irradiation 

can be related to the adsorption of stable photoformed products on the surface of the 

photocatalyst that hinders the photocatalytic process. The photocatalytic degradation of     

2-naphthol was investigated by Qourzal et al. 67 with and without replenishing the O2 in the 

system and was found to be 100% and 58%, respectively. Our results suggest that the 

different kinds of organic pollutants have a significant influence on the photocatalytic 

H2 production and the simultaneous photocatalytic degradation of the organic pollutant. In 

our case, the differences in the photonic efficiencies of the photooxidation and H2 evolution 

can be related to the different photocatalytic behavior of these compounds. According to 

Denny et al. 68, increasing the number of hydroxyl groups in aliphatic compounds increases 

mineralization, however, this effect was not evident for the hydroxylated aromatic 

compounds. On the other hand, many reports have been shown that the photoreforming of 

aromatic hydrocarbons is more reactive than hydroxylated aromatic compounds 18. Since 

the photocatalytic reforming of naphthalene is more efficient than both naphthalenols 

compounds under the same experimental conditions, our results thus confirm this 
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hypothesis. Therefore, based on the presented results, we can conclude that the 

photocatalytic process is highly dependent on the nature of the organic compound. 

3.4.5 EPR Study 

EPR spectroscopy is a suitable technique for studying charge carrier separation to predict 

the photocatalytic activity of different photocatalysts. All the EPR analyses (Figure 3-9) 

were carried out on 1.0 wt% Pt-ATiO2 and 1.0 wt% Pt-HTiO2 in the N2 atmosphere to avoid 

the contribution from any other electron scavenger, i.e molecular oxygen. Thus, to 

investigate the effect of the photocatalyst nature and the loaded PtNPs on the 

photogenerated electron and hole paramagnetic species, the signals from both 

photocatalysts were acquired before and after UV-Vis irradiation. Very weak signals 

observed for both catalysts in the dark can be related to formed oxygen vacancies during 

preparation. While under illumination, both photocatalysts exhibit two major features, i.e., 

the signals from the surface trapped holes at g > 2.000, and the signals from the trapping of 

electrons at g < 2.00, as shown in Figure 3-9 (a) and (b) 69, 70.  

  

Figure 3-9:  EPR spectra measured at 77 K in N2 atmosphere for (a) 1.0 wt% Pt-HTiO2, and (b) 

1.0 wt% Pt-ATiO2 in dark (dash line) and light (solid line). (c) The photogenerated signals for 1.0 

wt% Pt-HTiO2 (black line) and 1.0 wt% Pt-ATiO2 (red line) in the presence of N2-naphthalene 

vapor under illumination. 
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Irradiation of the platinized TiO2 samples by the light of higher energy than the respective 

bandgap, lead to the formation the e─ - h+ pair,  as shown in Equation 3-1. Both e─ and 

h+ can be trapped on the surface or interior of the lattice. The conduction band electrons 

can be trapped on the Pt islands and Ti+4 ions. In the second case, they form a paramagnetic 

TiⅢ in the bulk or the surface 71, 72. On another hand, the valance band trapped holes can be 

located on O ─2 as a O⦁ ─ either in the surface or subsurface 70, 72. Shapovalov et al. 73 

suggested that the holes can be delocalized over at least two surface oxygen atoms, and can 

be transferred between surface oxygen atoms and adsorbed species, thus, both ⦁OH and 

O⦁ ─ species can be formed. 

The hole trapping site in Figure 3-9(a) at g-tensor components gx = 2.004, gy = 2.015, and 

gz = 2.019, represent the fingerprint of anatase oxygen site, while the small-signal at 𝗀⟂ = 

1.992 and the shoulder at 𝗀‖ = 1.965 are assigned for the anatase lattice trapping electron 

site as Ti+3 70, 74. On other hand, the trapped holes signals of Pt-ATiO2 in Figure 3-9b at g-

tensor components gx = 2.003, gy = 2.019, and gz = 2.026 are not sufficiently resolved, 

which is considered a combination of trapped oxygen sites from anatase and rutile. 

However, the lattice trapped electron's EPR signals are well resolved. The Ti+3 signal from  

anatase can be observed clearly at the same g-tensor components assigned in Figure 3-9a, 

while the remaining signals at 𝗀⟂ = 1.980 and 𝗀‖ = 1.945 are characteristics for Ti+3 sites 

for trapped electrons in the rutile lattice 69, 74.  

Figure 3-9 (a, b) clearly shows around 20 % higher relative intensity of trapped holes in Pt-

HTiO2 (determined by double integration of the corresponding signal 75) than those in Pt-

ATiO2. On the other hand, Pt-ATiO2 exhibits the strongest electron signals at both Ti+3 

sites. Since no hole scavenger was used, the increase in the Ti3+ EPR signals can be a 

monitor of a potential increase in the charge carrier recombination during the photocatalytic 

processes, since the trapped electrons in the lattice will recombine with the photogenerated 

holes. These results indicate that Pt-HTiO2 yields a better electron transfer to Pt islands 

than Pt-ATiO2. Thus, an efficient charge carrier separation in the case of Pt-HTiO2 is 

expected, which inhibits the electron-hole recombination and increases the photocatalytic 

efficiency.  

Moreover, to investigate the different mechanisms of generating organic radicals by the 

photogenerated holes, experiments were performed in the presence of naphthalene as a hole 

scavenger. Upon the irradiation of both platinized TiO2 samples, the photogenerated holes 
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react with naphthalene, forming the naphthalene radical cation via single-electron transfer 

(Equation 3-2) 14.  

The EPR spectra in Figure 3-9c show that both photocatalysts generate similar signals 

having g-tensor components gx = 2.002, gy = 2.006, related to the formation of naphthalene 

radical cation 42, which formed as a result of the reaction between naphthalene and the 

photogenerated holes. Pt-HTiO2 produces a relatively higher intense signal of such organic 

radicals and a stronger signal of the trapped electrons (Ti+3) compared to both signals 

produced from Pt-ATiO2. This could be attributed to the higher amount of the tapped holes 

that are available to react with the adsorb naphthalene, due to the efficient charge carrier 

separation in the Pt-HTiO2 photocatalyst. Interestingly, unlike Pt-HTiO2, the intensity of 

the trapped electrons produced from Pt-ATiO2 (Ti+3 anatase and rutile) does not change 

upon the introduction of naphthalene as a hole scavenger. The higher intensity of the 

formed organic radicals in Pt-HTiO2 would be accompanied by a higher amount of the 

photogenerated electrons, which can be partially collected by PtNPs on the surface of Pt-

HTiO2 to catalyze the reduction of H+ ions to H2, while the remaining electrons can be 

trapped as Ti+3.   

Furthermore, the Ti(lattice)
+3  signals intensity in Pt-ATiO2 is relatively low than the 

respective signal intensity in Pt-HTiO2. This can be related to the rapid transfer of the 

photogenerated electrons from the ATiO2 to the Pt islands. If so, we should observe a 

relatively higher signal from formed organic radicals. However, a relatively lower signal 

was observed, which can be attributed to faster recombination between photogenerated 

electrons and holes, results in a decrease in the amounts of evolved H2 during the reforming 

of naphthalene. According to Sun et al. 46, the interfacial contact between the two phases 

(rutile and anatase) in Pt-TiO2 (P25) leads to the band bending, which increases the anatase 

conduction band energy within the space charge layer. Therefore, prohibiting the 

photogenerated electrons from migrating from anatase to rutile. On the other hand, the 

valance band bending results in the migration of the holes from the anatase to the rutile 

valance band 41.  However, since the mobility and diffusivity of the electrons, as well as the 

electron flux in the rutile phase, is very low compared to anatase, the electrons flux from 

anatase to rutile, if happened, is negligible 41, 46. Therefore, trapped holes are accumulated 

in rutile particles, and electrons are left in the anatase, where oxidation and reduction 

mainly take place, respectively. However, the slow movement of the rutile electrons 

enhanced the probability of the electron−hole recombination, decreasing the rutile's 
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activity. Hence, it is suggested that the formed charge carriers in the rutile phase of P25 do 

not improve the photoactivity a lot, instead, it plays a role of charge carrier separation and 

provides sites for oxidation 76. 

3.5 Experimental  

3.5.1 Materials 

Titanium dioxide, Aeroxide P25 (ATiO2) consist of anatase/rutile mixture was supplied 

from Evonik Corporation, USA. and Hombikat UV100 (HTiO2) pure anatase phase was 

supplied by Sachtleben Chemie GmbH. Naphthalene (≥ 99.0%), naphthalen-1-ol (97%), 

naphthalen-2-ol (99%), and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, 99.9%) were 

purchased from Sigma-Aldrich. Methanol HPLC gradient grade was purchased from Carl-

Roth. All chemicals were used as received without any further purification, and their 

solutions were prepared with deionized water obtained from a Millipore Mill-Q system 

(18.2 MΩ.cm, 25 ⁰C).  

3.5.2 Preparation of the Pt-TiO2 Photocatalysts. 

Platinum-loaded TiO2 samples were prepared by a photodeposition method according to 

our previous report 14. A 1.5 g of the commercially available TiO2 (UV100 or P25) was 

dispersed into 150 mL of 10% aqueous methanol solution with the desired amount of 

platinum precursor (H2PtCl6, 0.1 M) corresponding to obtain 0.5, 1.0, and 5.0 wt% of Pt-

TiO2 nanoparticles. The suspension stirred for 1 h and then purging for another 1 h with 

argon. Afterward, it was top illuminated for 4 h with UV(A) light employing a Philips 

CLEO lamp inside a climatic chamber at 18˚C. The solid was then collected by 

centrifugation, repeatedly washed one time with methanol, fourth with distilled water, and 

finally dried at 100 ˚C for 24 h. 

3.5.3 Photocatalytic Experiments  

The photocatalytic activity of the Pt-ATiO2 and Pt- HTiO2 were evaluated through the 

photocatalytic reforming of naphthalene, carried out in a batch mode using 20 mL glass 

vials tightly closed with a crimp cap and silicon septum. Due to the experiment limitation, 

the evaporation, and lower solubility of naphthalene during the preparation step 8, a fresh, 

saturated deaerated stock solution from it was prepared before each photocatalytic 

experiment. The estimated concentration of this solution is about 2.44 × 10–4 mol L–1 at 25 ˚C, 

while, the specific concentration was determined by using the HPLC-UV technique. 
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In a typical experiment, 15 mg of the photocatalyst powder was suspended in a specific 

amount of deionized water. The vials were closed with the crimp septum and purged with 

argon for 30 min. Afterward, the desired volume from the naphthalene stock solution was 

injected inside the 15 mL-reaction vials using a pre-purged (with argon gas) needle syringe 

to have a final concentration of 20 mg L-1 (1.56 × 10–4 mol L–1 at 25 ˚C). Finally, the vials 

were left in the dark inside an orbital shaker for 1 h to reach the equilibrium adsorption. 

The orbital shaker was placed at a 30 cm distance below a 1000 W xenon lamp (Hönle UV 

Technology, Sol 1200) equipped with a filter to simulate the solar light. The temperature 

of the vials was controlled at 25 ± 2 ˚C by using a water bath. It is worth to mention that 

the reported concentrations of naphthalene in wastewater range between ng L-1 to µg L-1 77, 78, 

which are considered very low concentrations compared to those that were used in the 

photocatalytic experiments. Such a higher concentration was used to ensure proper 

repeatability in all experiments and to avoid the problem of naphthalene evaporation. 

Furthermore, almost a complete removal of naphthalene was observed by using a 

concentration lower than 20 ppm 79, which will prevent a logical and practical comparison 

between the performance of both photocatalysts. 

 The photon flux density was measured from the spectral irradiance of the lamp in the 

wavelength range between 320 - 380 nm and was found to be   I0= 3.31 x 10-4 mol m-2 s-1. 

The photonic efficiencies were calculated based on Equations 3-10 26.  

ξ =
degradation or formation rate (mol s−1)

photon flux (mol  m2  s−1)
=  

NAhc VΔC

IλAΔt
                             3-10 

where V is the suspension volume (0.015 l), ΔC/Δt is the formation rate (mol s-1), A is the 

illuminated area (6.60 x 10-4 m2), I is the light intensity (Wm-2), λ is the corresponding 

wavelength (m), NA is the Avogadro’s constant (6.023 x 1023 mol-1), h is the Planck constant 

(6.636 x 10-34 W s2) and c is the velocity of light (3.00 x 108 m s-1).  

To quantify the photocatalytically evolved H2, a 50 μL gas sample was periodically taken 

from the reaction headspace using a Valco gas-tight sampling syringe and injected into a 

Shimadzu 8A gas chromatograph (GC). The GC was equipped with a thermal conductivity 

detector (TCD) and a stainless- molecular sieve 5A GC column (Sigma-Aldrich, USA). 

The temperatures of the column, injector port, and TCD detector were maintained at 80°C, 

120°C, and 120°C, respectively. 
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The concentration of naphthalene before and after the experiment was quantified using 

Merck L 6200A (Hitachi) High-Performance Liquid Chromatography (HPLC) system 

equipped with a Nucleosil 120 C18 (250 mm × 4.0 mm × 5.0 µm) column and a UV-VIS 

detector operated at 276 nm. The column temperature was maintained at 30 ºC. The mobile 

phase was a mixture of methanol (A) and water (B) with a gradient mode [ initial (40% A: 

60% B); 17 min (85% A: 15% B) and hold for 4 min; 2 min (95% A: 5% B) and hold for 4 

min; and finally, 1 min (40% A: 60% B) and hold for 3 min]. The flow rate was 1.0 mL 

min-1 and the injection volume was 50 µl. The total run time was 32 min. A 1 mL from 

each reaction vial was taken at the end of the experiment, filtrated through 0.2 µm PTFE 

syringe filters to remove the TiO2 particles, and then injected immediately in the HPLC to 

avoid the loss of naphthalene from the solution.  

3.5.4 Catalyst Characterization  

The synthesized photocatalysts were characterized by X-ray diffraction analysis (XRD) 

patterns using Bruker D8 Advance diffractometer (Bruker AXS GmbH) with a Bragg-

Brentano geometry employing Cu Ka radiation (λ=1.54060 Å). The patterns were recorded 

in the 2θ range between 10° and 80° in steps of 0.039°. Brunauer – Emmett – Teller (BET) 

specific surface areas were measured by a FlowSorb II 2300 instrument equipped with a 

Micromeritics AutoMate 23. Prior to the measurements, all the synthesized platinized TiO2 

samples were pre-degassed in a vacuum at 150 °C for 1 h. The specific surface area was 

measured in triplicates and determined through single-point standard BET surface area 

measurements. Diffuse reflectance (DR) UV-vis spectra were recorded with a Varian Cary 

100 Bio Spectrophotometer (Agilent), equipped with a diffuse reflectance accessory. 

BaSO4 was used as a baseline and blank for measuring the wavelength range from 200 to 

800 nm. The actual percentage of Pt nanoparticles on the TiO2 surface was determined by 

using Inductively coupled plasma - optical emission spectrometry (ICP-OES, Varian 715-

ES, Varian). A 20 to 30 mg of the Pt-TiO2 samples were digested at 150 ºC for 3h in 5.00 

mL aqua regia (3:1 HCl/HNO3 mixture) until the acid nearly evaporated. Afterward, the 

digested samples re-dissolved in 10.00 mL of 3% HNO3 and filtrated through a filter paper. 

The eluent was stored at 4 ºC prior to the analysis. The 3% HNO3 was used as a blank for 

all the analyses. The results are summarized in Table 3-1. Transmission Electron 

Microscopy (TEM) measurements were carried out on a Tecnai G2 F20 TMP (FEI) with 

an acceleration voltage of 200 kV field emission gun (FEG). The powdered specimen was 

dry fixed on a holey carbon film supported by a Cu grid.  
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3.5.5 EPR in Situ Experiments 

Electron paramagnetic resonance (EPR) spin trapping technique was applied to study the 

dynamic of the charge carrier by monitoring the formation of paramagnetic intermediates 

upon irradiation of different platinized TiO2 materials in situ using an X-band EPR 

MiniScope MS400 (Magnettech GmbH, Berlin, Germany) spectrometer. The experiments 

were carried out at 77 K using liquid nitrogen. The solid materials were charged inside an 

EPR quartz tube (260 mm × 4.0 mm × 0.5 mm), purged once with N2, and other with N2-

naphthalene vapor mixture for 30 min each for separate measurements. The instrument was 

operated at 9.43 GHz field modulation and equipped with a UV spot-light (LC8, 

Hamamatsu, 200 W super-quiet mercury-xenon lamp). The acquisition parameters were as 

follows: center field: 337.07 mT, sweep time 30 s, range 30 mT, number of points: 4096, 

number of scans: 1, modulation amplitude: 0.15 mT, power: 10 mW, and gain: 5.  

3.6 Conclusions 

In summary, the presented results show that Pt-HTiO2 exhibits a higher photocatalytic 

activity for H2 evolution than Pt-ATiO2 during the photoreforming of the naphthalene. 

However, both platinized photocatalysts show a similar activity towards the photooxidation 

of naphthalene. The 0.5 wt% fractional ratio of Pt nanoparticles on the surface of the HTiO2 

shows the higher photocatalytic activity toward the naphthalene conversion and H2 

evolution, while no relation was found between the H2 evolution and the Pt content on the 

ATiO2. In the presence of the hole scavenger naphthalene, Pt nanoparticles on the surface 

of HTiO2 act as electron scavengers, enhancing hydrogen production rates, while on the 

surface of ATiO2 they act as recombination centers for the photogenerated charge carrier. 

The photoreforming of naphthalene over Pt-HTiO2 resulted in higher amounts of H2 and 

conversion compared to their corresponding intermediates, naphthalen-1-ol and 

naphthalen-2-ol. The inhibition of the H2 formation and naphthalene conversion rates 

during the photocatalysis process is ascribed to the adsorption of the formed intermediates 

on the surface of the TiO2. Although this technique is considered as a promising process 

for hydrogen evolution in addition to the degradation of naphthalene, however, for the very 

low concentrations in real wastewater, other cheaper traditional removal techniques can be 

used. 
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4Chapter Four: TiO2 Photocatalysis: Impact of the 

Platinum Loading Method on Reductive and Oxidative 

Half-Reactions  

4.1 Foreword  

The photocatalytic H2 evolution reaction on the surface of the Pt-TiO2 is driven by the 

capability of the Pt nanoparticles to scavenge the photogenerated electrons from the 

conduction band of the TiO2 to act as cathodic sites for the reduction of the adsorbed 

protons. The trapping ability of Platinum nanoparticles in Pt-TiO2 / organic pollutant-water 

systems is influenced by many structural factors, such as the Pt particle size, dispersion 

over the TiO2 support, chemical state of Pt deposits, and the interaction between the metal 

and the support. In fact, these factors can be controlled and optimized by using a suitable 

preparation method. A fundamental understanding of the impact of these factors on the 

photocatalytic process still requires considerable investigation.  

This chapter contains the article “TiO2 Photocatalysis: Impact of the Platinum Loading 

Method on Reductive and Oxidative Half-Reactions” by Osama Al-Madanat, Mariano 

Curti, Carsten Günnemann, Yamen AlSalka, Ralf Dillert, and Detlef W. Bahnemann. 

Reproduced with permission from Catalysis Today 2021, 380, 3-15,                                        

(DOI: 10.1016/j.cattod.2021.07.013). Copyright 2021 Elsevier B.V. 

In the previous chapter, the effects of different types of Pt-TiO2 on the H2 production by 

reforming of naphthalene were deeply investigated. In order to enhance the naphthalene 

photoreforming process, herein, platinum-loaded anatase TiO2 photocatalysts were 

prepared using the photodeposition method and physical mixing of TiO2 with Pt 

nanoparticles synthesized by laser ablation. Different analytical techniques were used to 

fully characterize both materials. The results of the photocatalytic experiments showed that 

the photodeposition method produced a higher active Pt-TiO2 material. Although the 

smaller average Pt particle size in Pt-TiO2 that was prepared by the photodeposition method 

could positively influence its properties, however, based on the transient absorption 

spectroscopy (TAS), and the electron paramagnetic resonance (EPR) experiments, it was 

found that the main factor governing the high activity of this material is the formation of a 

strong interaction between the Pt nanoparticles and the TiO2 surface. 
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4.2 Abstract 

Environmental pollution and shortage of energy resources are considered as the most 

serious threats faced by mankind. Heterogeneous photocatalysis has become one of the 

most frequently investigated technologies, thanks to its dual ability to convert solar energy 

into chemical energy and to perform environmental remediation. However, the low 

quantum efficiencies achieved so far by using TiO2 photocatalysts represent a big challenge 

that needs to be overcome before their potential can be fully realized. Among other 

possibilities, the loading of noble metals (e.g. platinum) is a proven strategy to enhance the 

activity towards both, the photooxidation of organic pollutants and the evolution of 

molecular hydrogen via water reduction. However, the method in which Pt/TiO2 is prepared 

appears to play a crucial role in tuning the photocatalytic activity.  

In this work, platinum-loaded anatase TiO2 photocatalysts were prepared using two 

alternative methods: photodeposition by reduction of PtCl6
2- and physical mixing of TiO2 

with Pt nanoparticles synthesized by laser ablation. The effect of the Pt deposition method 

was evaluated for the photoreforming reaction of two organic substrates: naphthalene, and 

methanol. To explain the different activities, a full physicochemical characterization was 

performed for these samples, applying inductively coupled plasma - optical emission 

spectrometry (ICP-OES), X-ray diffraction (XRD), high resolution-transmission electron 

microscopy (HR-TEM), diffuse reflectance (DR) UV-vis spectroscopy, and Brunauer, 

Emmett and Teller adsorption (BET) methods. Moreover, the charge carrier dynamics in 

pristine and platinized TiO2 were investigated by transient absorption spectroscopy (TAS), 

and by the electron paramagnetic resonance (EPR) technique, respectively. 

The photodeposition of Pt leads to a significant decrease in the charge carrier recombination 

rates, which in turn led to an increased rate of the photocatalytic reactions. This effect was 

mainly attributed to the strong metal-semiconductor interaction resulting from the 

photodeposition process, aided by the preferential deposition on crystalline facets with 

strong reducing properties. 

Keywords: Polycyclic aromatic hydrocarbons, preparation method, charge carrier 

dynamics, photoreforming, titania, H2 production.  
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4.3 Introduction 

Photocatalytic water splitting as a source for hydrogen (H2) production is one of the most 

promising technologies for solar energy conversion and storage 1, 2. As a clean, 

inexhaustible, and renewable natural resource, solar energy emerges as the main option to 

overcome the dwindling energy resources and environmental deterioration 1, 3. Contrarily 

to fossil fuels, the photocatalytic production of hydrogen over semiconductor nanomaterials 

(e.g., TiO2, WO3, CdS) leads to a minimal environmental impact, with no atmospheric 

pollutants or particulates emitted during the production itself or the subsequent combustion 

of H2 4, 5.  

Among the various photocatalytic materials 6, 7, titanium dioxide is the most widely studied 

for water splitting reactions and environmental purification, because of its exceptional 

physicochemical characteristics, high oxidative power, and good photocatalytic 

performance in a wide range of reactions 8-11. However, the quantum efficiency of these 

processes remains extremely low 12, and therefore to reach practical applications three 

major obstacles must be overcome. Firstly, the rapid recombination of photogenerated 

charge carriers strongly limits the photocatalytic efficiency 5. Secondly, the poor overlap 

of the absorption spectrum of TiO2 with the solar emission spectrum results in a small 

fraction of photons being absorbed, mainly in the UV region. And thirdly, even in the 

presence of a sacrificial electron donor that promotes its formation, the quantum efficiency 

for H2 production is negligible over pristine TiO2, due to the large overpotential for the 

reduction of protons 1, 13.  

Numerous strategies have been considered to improve the TiO2’s photocatalytic 

performance, including sensitization with dyes, doping with metallic or non-metallic 

species, surface modification, and coupling with other materials 2, 14.  Surface decoration 

with metals (especially Pt, Au, Ag, Cu) is able to simultaneously enhance charge carrier 

separation and to reduce the overpotential for H2 evolution, which is known to greatly 

improve the H2 production efficiency 9, 15, 16. According to the Schottky barrier model, such 

enhancement is attributed to the transfer of the photogenerated holes to the surface and the 

simultaneous migration of the electrons into the metal nanoparticles induced by the electric 

field in the space charge layer 3, 11. Amongst the metals that facilitate electron capture, Pt 

has been reported extensively as the most effective. Concomitantly, Pt is considered an 

excellent catalyst in dehydrogenation, oxidation in thermal catalysis, and hydrogenation 
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processes 17. However, many structural factors seem to affect the activity of the resulting 

platinized TiO2, such as size 15, 18, dispersion 19, chemical state of Pt deposits 11, 19, the 

interaction between the metal and the support 20, 21, and the preparation method 14, 19, 22, 23. 

The most commonly adopted methods for the deposition of co-catalyst nanoparticles 

include photodeposition 10, 22, 24, deposition-precipitation 22, chemical reduction 9, 17, 

impregnation 24, and physical mixing 22, with photodeposition being the most commonly 

used 2, 14. Although one reason is that it tends to result in the most active materials, other 

beneficial features include the possibility of creating well-defined co-catalyst 

nanoparticles, with control over their geometrical distribution, size, and oxidation state, 

without the need for elevated temperatures or applied bias as other methods require 1, 2, 12, 14, 22.  

Despite the positive features of the photodeposition technique, however, there is no clear 

consensus on why and when it results in high-performing materials. To shed light on this 

topic, herein we have prepared Pt-TiO2 with two different methods: the classical 

photodeposition method, and the physical mixing method, where the Pt nanoparticles with 

a controlled shape and oxidation state were prepared via laser ablation. To differentiate 

their properties for both, the reductive and the oxidative photocatalytic half-reaction, we 

investigated the photoreforming of both naphthalene and methanol. Finally, by combining 

an extensive characterization of the materials with EPR and transient absorption 

spectroscopy, we offer a plausible explanation of the differences in the activity of the 

materials. 

4.4 Experimental Section 

4.4.1 Materials 

Titanium dioxide (TiO2, Hombikat UV100) was supplied by Sachtleben Chemie GmbH. 

Methanol (ROTISOLV® HPLC Gradient Grade, ≥ 99.9%) was supplied by Carl Roth 

GmbH, Germany.  Naphthalene (≥ 99%), naphthalen-1-ol (97%), naphthalen-2-ol (99%), 

and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, 99.9%) were purchased from Sigma-

Aldrich. All reagents were used as received. All solutions were prepared with deionized 

water obtained from a Millipore Mill-Q system (18.2 MΩ cm, 25 ⁰C). Platinum 

nanoparticles (Pt NPs) were produced by Particular GmbH, Germany, using the pulsed 

laser ablation technique in deionized water, with high purity (99.99%) Pt plate as a target.  
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4.4.2 Preparation of the Photocatalysts 

Platinum-loaded TiO2 samples with a nominal 0.5% wt Pt fraction were prepared by two 

alternative methods. First, to prepare samples with the photodeposition method (PtPD-

TiO2), the TiO2 powder (2.0 g) was dispersed in 200 mL of a 10% aqueous methanol 

solution with a 0.26 mmol L-1 concentration in the platinum precursor (H2PtCl6). The 

suspension was stirred for 1 h prior to its purging for 1 h with argon. Afterward, the 

suspension was illuminated for 4 h with UV(A) light employing a Philips CLEO 15W lamp 

inside a climatic chamber to maintain the temperature at 18°C. The solid was separated by 

centrifugation, washed once with methanol and four times with distilled water, and finally 

dried at 100 °C for 24 h.  

The synthesis procedure for platinum-loaded TiO2 samples in which Pt NPs were prepared 

by laser ablation (PtLA-TiO2) has been described by Marzun et al. 20. Briefly, after the 

preparation of the Pt nanoparticles colloid, the largest particles were separated by 

centrifugation (cut-off < 10 nm). After centrifugation, the Pt concentration in the colloid 

was determined by using ICP-OES. For the preparation of samples with nominal loadings 

of 0.5 and 1 wt%, the corresponding mass of the TiO2 powder was mixed with the required 

volume of the Pt colloid and continuously stirred for one hour. Afterward, the platinum-

loaded TiO2 was recovered by centrifugation and dried at 70 ºC overnight. 

4.4.3 Photocatalysts Characterization 

The actual loading of Pt NPs on the prepared photocatalysts was determined by using 

inductively coupled plasma - optical emission spectrometry (ICP-OES, Varian 715-ES, 

Varian). To this end, a mass of 20 to 30 mg of the Pt-TiO2 samples was digested in 5.0 mL 

of aqua regia (3:1 HCl/HNO3 mixture) at 150 ºC for 3h, avoiding the complete evaporation. 

The digested samples were then diluted to 10.0 mL with 3% HNO3, filtered, and the 

supernatant was stored at 4 ºC prior to the analysis. Brunauer – Emmett – Teller (BET) 

specific surface areas were measured by a FlowSorb II 2300 instrument equipped with a 

Micromeritics AutoMate 23. All samples were pre-degassed in a vacuum at 150 °C for 1 h 

prior to the measurements. The specific surface areas were determined by means of single-

point standard BET surface area measurements and measured by triplicate. X-ray 

diffraction (XRD) patterns were registered on a Bruker D8 Advance diffractometer (Bruker 

AXS GmbH) with a Bragg-Brentano geometry using Cu Ka radiation (λ=1.54060 Å). The 

patterns were recorded in the 2θ range between 10° and 80° in steps of 0.039°. Diffuse 

reflectance (DR) UV-vis spectra were recorded with a Varian Cary 100 Bio 
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Spectrophotometer (Agilent), equipped with a diffuse reflectance accessory. BaSO4 was 

used as a baseline and blank for measuring the wavelength range from 200 to 800 nm. 

Transmission Electron Microscopy (TEM) measurements were carried out on a JEOL JEM-

2100F field-emission instrument, which was equipped with an EDX spectrometer of the 

type Oxford Instruments INCA-200 with an acceleration voltage of 200 kV from a field 

emission gun (FEG). The powdered specimen was dry-fixed (i.e. without using any solvent) 

on a holey carbon film supported by a Cu grid (Quantifoil, Multi A).  

4.4.4 Transient Absorption Spectroscopy 

The transient absorption spectroscopy (TAS) measurements were carried out in diffuse 

reflectance mode by means of an Applied Photophysics equipment employing an LKS80 

nanosecond Laser Flash Photolysis Spectrometer with a pulsed Nd:YAG laser (Quantel, 

Brilliant B). Prior to the measurements, the powdered samples (contained in quartz 

cuvettes) were purged with N2 or a mixture of nitrogen and methanol for 30 min. Excitation 

was performed at a wavelength of 355 nm with a pulse duration of 6 ns, with an average 

energy per pulse of 5 mJ cm-2. The obtained transient signal, ∆J, was detected upon 

measuring the absorbance value, Abs, of the reflected light before (J0) and after the laser 

excitation (J) according to Equation 4-1. The transient signals were recorded up to 10 µs 

for each wavelength in the 660 to 400 nm range, at 20 nm steps.  

∆𝐽 = 1 − 10−Abs =
J0 − J

J0
                                                                                                 4 − 1 

4.4.5 Electron Paramagnetic Resonance  

The electron paramagnetic resonance (EPR) technique was conducted in situ for pristine 

and platinized TiO2 in order to detect and monitor the formation of the paramagnetic sites 

formed upon irradiation. The experiments were carried out at 77 K using liquid nitrogen. 

The equipment is an X-band EPR MiniScope MS400 (Magnettech GmbH, Germany) 

spectrometer operating at 9.43 GHz field modulation and equipped with a UV spot-light 

(LC8, Hamamatsu, 200 W super-quiet mercury-xenon lamp). The acquisition parameters 

were as follows: center field: 337.0 mT, field range 30 mT, sweep time 30 s, number of 

points: 4096, number of scans: 1, smooth 0.1 s, modulation amplitude: 0.15 mT, power: 

10 mW, and gain: 5. The EPR signal was quantified by double integration of the signal, 

considered proportional to the amount of trapped charge carriers 25. 
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4.4.6 Photocatalytic Studies and Analytical Procedures 

The photocatalytic activity of the synthesized platinized TiO2 was evaluated through the 

photocatalytic reforming of two different compounds, naphthalene, and methanol.  In the 

first case, the experiments were carried out in batch mode, using 20 mL glass vials tightly 

closed with crimp caps and silicone septa. In a typical experiment, 15 mg of the 

photocatalyst powder was suspended in ca. 6 mL of deionized water inside a vial. The vial 

was then closed and purged with argon for 30 min. Afterward, the necessary volume from 

a deaerated stock naphthalene solution (2.44 × 10–4 mol L–1) was injected inside the vial 

using a pre-purged syringe, to reach a final 1.00 × 10–4 mol L–1 (12.8 ppm) naphthalene 

concentration and a suspension volume of 15 mL. To establish the adsorption equilibrium, 

the vials were horizontally fixed and shook in the dark for 1 h inside an orbital shaker. 

Afterward, the orbital shaker was placed at a 30 cm distance below a solar simulator 

consisting of a 1000 W xenon lamp (Hönle UV Technology, Sol 1200) equipped with a 

filter to mimic the emission profile of sunlight. The temperature of the vials was maintained 

at 25 ± 2 °C using a water bath. Photon flux density was determined by measuring the 

lamp irradiance in the wavelength range between 320 and 380 nm and was found to be 

I0 = 3.31 × 10–4 mol m–2 s–1. Ignoring light losses due to reflection and scattering, 2.18 × 

10–7 mol of photons entered the irradiated suspension per second. The photonic efficiencies 

were calculated based on Equations S4-1 and S4-2. 

The concentration of naphthalene and its by-products were determined and monitored 

during the experiment by high-performance liquid chromatography (HPLC). HPLC 

analyses were performed using a Merck L 6200A (Hitachi) equipped with a UV-vis 

detector (Ecom system) operating at 276 nm. The column was a Nucleosil 120 C18 (250 

mm × 4.0 mm × 5.0 µm), and the temperature was kept at 30 °C. The oven temperature 

was 30 ºC and the mobile phase was a mixture of methanol (A) and water (B) with a 

gradient mode as following: initial (40% A: 60% B); 17 min (85% A: 15% B) and hold for 

4 min; 2 min (95% A: 5% B) and hold for 4 min; and finally, 1 min (40% A: 60% B) and 

hold for 3 min. The flow rate was 1.0 mL min-1 and the injection volume was 50 µl, while 

the total run time was 32 min. Molecular hydrogen formation during the photo-induced 

degradation of naphthalene was quantified by using gas chromatography, with a Shimadzu 

GC-8A with thermal conductivity detector (GC-TCD), equipped with a stainless-steel 

molecular sieve 5A GC column (Sigma-Aldrich, USA). The temperatures of the column, 

TCD detector, and the injection port were kept at 80, 120, and 80 °C, respectively. A 50 μL 
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gas sample was periodically taken from the headspace using a Valco gas-tight sampling 

syringe and injected into the GC.  

For the photoreforming of methanol, 50 mg of platinized TiO2 was suspended in 50 mL of 

a 10% (v/v) aqueous methanol solution inside a 65 mL cylindrical air-tight reactor with a 

quartz window (area = 5.03 × 10–4 m–2). The reactor was connected to a HIDEN HPR-20 

QIC gas analyzer equipped with a quadrupole mass spectrometer (QMS), to identify the 

evolved gases during the photocatalytic experiments. A continuous argon flow of 5 mL 

min-1 carried the headspace into the QMS system. In all experiments, the reaction 

suspension was purged with argon in the dark for 2 h to remove the dissolved O2, and the 

temperature was maintained at 25 ºC. Illumination was performed with an Osram XBO 

1000-Watt xenon arc lamp as a solar simulator (𝐼𝑜
320−385= 1.55 × 10–4 mol m–2 s–1). The 

amounts of formaldehyde and formic acid produced at the end of the irradiation period were 

determined by the Nash method 26 and High-Performance Ion Chromatography (HPIC) 

using a Dionex ICS-1000, respectively. The HPIC was equipped with a conductivity 

detector and an electro-regenerator suppressor. The temperature of the conductivity cell 

was kept constant at 35 ◦C during the analysis period. The column was an anion exchange 

resin (IonPac AS9-HC, L × I.D. 250 mm × 2 mm) and the sample eluted at a flow rate 0.3 

mL min-1 with a mixture of alkaline solutions of 8 × 10−3 mol L-1 Na2CO3 and 1.5 × 10−3 

mol L-1 NaHCO3 for 90 min. Blank experiments showed no detectable gases evolution in 

the absence of either CH3OH, irradiation, or PtPD-TiO2 and PtLA-TiO2 photocatalysts. 

Moreover, no signals for the formation of CH2O or HCOOH were detected in the gas phase 

during all the photocatalytic experiments. The quantification of the QMS signals of H2 and 

CO2 was carried out by calibrating the QMS with standard argon-diluted H2 and 

CO2 (Linde Gas, Germany). The original signals of evolved gases during the experiments 

are shown in Figure S4-1 (a and b), while their integration is shown in the figures within 

the main text. 

4.5 Results and Discussion 

4.5.1 Photocatalysts Characterization 

As a starting point in our analysis of the platinum deposition method, we performed a 

general characterization of samples prepared by two approaches: photodeposition from a 

Pt precursor, and physical mixing of TiO2 with Pt NPs prepared by laser ablation. The X-

ray diffraction (XRD) patterns of both types of samples, together with that of pristine TiO2, 
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are shown in Figure 4-1. The three patterns display similar features, characteristic of 

nanocrystalline anatase TiO2 photocatalysts, with broad reflections at the expected 

positions. This indicates small average crystallite sizes (Table 4-1) calculated from the main 

diffraction peak (101) based on the Scherrer equation. The loading of Pt at a 0.5 wt% 

fraction does not significantly change the patterns, showing that both preparation methods 

do not modify the phase or crystallite of TiO2. Moreover, no reflections attributable to Pt 

were observed, as expected from its low mass fraction. 

 

Figure 4-1: Normalized XRD pattern of (a) pristine TiO2 (blue), (b) 0.5 w% PtLA-TiO2 (red), and 

(c) 0.5 w% PtPD-TiO2 (black). The red lines in the bottom represent the anatase reference. 

Table 4-1: BET surface area and actual loaded Pt nanoparticles percentage for pristine and 

platinized TiO2  

Photocatalyst 
Measured fraction of Pt 

wt% 

BET surface area 

g m-2 

Average crystallite size a 

nm 
TiO2 (UV100) - 300 ± 3 8.1 ± 0.7 

0.5 wt% PtPD-TiO2 0.46 ± 0.02 286 ± 2 8.4 ± 1.4 

0.5 wt% PtLA-TiO2 0.43 ± 0.01 289 ± 3 8.2 ± 0.9 

1.0 wt% PtLA-TiO2 0.88 ± 0.03 283 ± 2 8.5 ± 1.2 

 a. The values are calculated based on the Scherrer equation. 

To confirm the presence of Pt NPs, and to determine their concentration, we performed 

ICP-OES after digesting the samples in aqua regia. The obtained values, shown in Table 4-1, 

indicate that the actual Pt content is slightly lower (~10%) than the nominal value for both 

employed methods. Within the experimental error, the values are the same irrespective of 

the preparation method. Moreover, as the nominal value is doubled, we observe that the 

measured Pt content increases in a similar trend. 
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Complementarily, we have determined the specific surface area of the samples through the 

BET method (Table 4-1). The TiO2 material employed here, in pristine form, possesses a 

large specific surface area of 300 m2 g-1. This is consistent with the small crystallite size 

observed in XRD (Figure 4-1). The loading of platinum by the two methods leads to a 

decrease of around 5% in the specific surface area. We attribute this reduction to the surface 

coverage caused by the loading of Pt, noting that its small magnitude is consistent with the 

Pt fractions. A similar effect was reported by Sun et al. 27 during the platinization of 

Hombikat UV100 TiO2. These authors observed an inverse proportional relation 

between the Pt fractional ratio and the surface area, which was explained by the 

agglomeration and clustering that occurred during the preparation process. 

The diffuse reflectance UV–vis spectra of pristine and Pt-TiO2 samples, transformed with 

the Kubelka – Munk function, are shown in Figure 4-2. All three spectra exhibit an 

absorption onset at 390 nm, in agreement with the optical band gap of 3.2 eV for the anatase 

TiO2 polymorph 8. Neither the photodeposition nor the physical mixing method induces a 

substantial variation of the bandgap. However, the PtPD-TiO2 photocatalyst displays a small 

absorption increase in the visible region, as commonly observed in similar systems 28. 

 

Figure 4-2: Normalized diffuse reflectance spectra (Kubelka–Munk function vs. wavelength) of 

pristine TiO2 (blue line), 0.5 w% PtLA-TiO2 (red), and 0.5 w% PtPD-TiO2 (black). 

We investigated the morphology of the Pt-TiO2 samples prepared by the two methods by 

high-resolution transmission electron microscopy (HRTEM)-based energy-dispersive X-

ray spectroscopy (EDXS) analysis. The micrographs of Figure 4-3 (a),(d) show the 

morphology of the TiO2 nanoparticles, which display similar features irrespective of the Pt 

loading method.  The crystallite diameters are in the range of 5-10 nm, while the selected 
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area electron diffraction (SAED) patterns (Figure S4-2) are consistent with the anatase 

phase. EDXS analysis confirms the homogeneous chemical composition with respect to 

titanium, oxygen, and platinum (Figure S4-3). Moreover, DF-HRTEM (Figure 4-3 (b, e)) 

and HAADF-STEM (Figure S4-4) elemental mapping images demonstrate highly 

dispersed Pt NPs over the oxide surface in both samples. However, a more uniform 

distribution was observed in the PtPD-TiO2 catalyst. While this sample contains small Pt 

islands (Figure 4-3 a), suggesting a thin Pt layer on the surface of the TiO2, spherical and 

larger Pt particles are observed on the surface of PtLA-TiO2. The average particle size of Pt 

NPs formed during the photodeposition and laser ablation methods are estimated as 1.5 ± 

0.6 nm and 2.6 ± 2.2 nm for a 100 deposit count (Figure 4-3 c,f), respectively. Moreover, 

EELS analysis confirms that the Pt particles formed by the laser ablation method are 

metallic Pt0 (Figure S4-5). By analogy with previous reports, we also expect the 

photodeposited sample to result in Pt0 nanoparticles 29-31. 

 

Figure 4-3. High-resolution transmission electron micrographs, high-angle annular dark-field- 

scanning transmission electron micrographs (HAADF-STEM), and particle diameter distribution 

images for PtPD-TiO2 (a, b, and c) and PtLA-TiO2 (d, e, and f), respectively. 

4.5.2 Photocatalytic Activity 

To evaluate the effectiveness of the prepared Pt-TiO2 samples we analyzed the 

photocatalytic reforming of two different sacrificial agents: methanol and naphthalene. This 

selection is based on the significantly different properties that they exhibit: while methanol 

strongly adsorbs on the TiO2 surface 9, 32, naphthalene interacts weakly with the surface of 

the TiO2 through the formation of Ti+4‧‧‧π-electron and/or OH(surface)‧‧‧π-electron type of 

complexes 33. Furthermore, naphthalene’s oxidation is rather inefficient and involves a 
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large number of steps 10, while methanol acts as a swift hole scavenger and is promptly 

mineralized. Moreover, its first oxidation step yields the hydroxymethyl radical, •CH2OH, 

which readily injects an electron into the conduction band of TiO2 4. This effect, known as 

current doubling, does not occur with naphthalene 10. 

Methanol is considered a good sacrificial electron donor. The main products of its 

reforming are acetaldehyde (HCHO), formic acid (HCOOH), and carbon dioxide (CO2) 

from the oxidative pathway, and H2 from the reduction side, as illustrated in Equations 4-1 

to 4-10 and described in previous studies 4, 21. In order to perform a long-term investigation, 

we employ here a high initial methanol concentration, to avoid its depletion and thus keep 

it as the majority donor species during the entire experiment.       

 
4-1 

 4-2 

 
4-3 

 
4-4 

 
4-5 

 
4-6 

 
4-7 

 
4-8 

 
4-9 

 
4-10 

The overall methanol decomposition reaction  

 
4-11 

Figure 4-4 (a) shows the detected amounts of acetaldehyde and formic acid after 20 h of 

irradiation over each photocatalyst. Although acetaldehyde is readily oxidized to formic 

acid over TiO2 (Equations 4-4 to 4-6), the higher concentration of methanol largely prevents 

this process by scavenging most holes, and thus the detected [acetaldehyde]:[formic acid] 

ratios are ~40 for pristine TiO2 and  ~80 for both platinized samples. Likewise, the time 

profiles for the formation of CO2 (Figure 4-4 (b)) showed that both platinized 

photocatalysts formed relatively small amounts, while CO2 formation was negligible in the 
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case of pristine TiO2. However, both figures show that the PtPD-TiO2 sample displays 

markedly faster oxidation kinetics for methanol than PtLA-TiO2, producing approximately 

3-fold higher amounts of acetaldehyde, formic acid, and CO2 over the same time period. 

Looking at the production of H2 (Figure 4-4 (c)), pristine TiO2 formed a negligible amount 

in the absence of methanol. As discussed by Bahnemann et al. 34, H2 is formed in substantial 

yields only in the presence of a co-catalyst such as Pt and a hole scavenger. Comparing the 

platinized materials, PtPD-TiO2 displays a significantly better activity than PtLA-TiO2. After 

1 h illumination the photonic efficiencies for H2 evolution are 15.6 % ± 0.3 % and 6.1 % ± 

0.2 % for PtPD-TiO2 and PtLA-TiO2, respectively. A much lower value of 4.5 % was reported 

by Kandiel et al. 4 for the H2 formation after 1.5 h during the reforming of methanol over 

Pt-TiO2 prepared by the photodeposition method.  

A good comparison can be drawn with the work of Wang et al. 21, who modified self-

prepared colloidal TiO2 with PtNPs by either the photodeposition or the physical mixing of 

colloidal Pt and TiO2. They found that Pt-TiO2 prepared by the photodeposition method is 

more efficient for photocatalytic oxidation of CH3OH to HCHO. Similarly, it can be 

concluded here that platinization of the TiO2 surface by the photodeposition technique 

provides a reliable procedure to improve the efficacy of the TiO2, outperforming other 

preparation methods. 

It is noteworthy that these experiments, performed over a relatively long period of time 

(>20 h), show no indication of an eventual decrease of the photocatalytic activity of either 

material, thus evincing their stability. 

In addition, we note that the larger particle size of the Pt islands in PtLA-TiO2 (Figure 4-3) 

may imply a smaller surface area of the co-catalyst. Therefore, to compensate for this effect, 

we have also considered for these reactions PtLA-TiO2 samples with a nominal Pt loading 

of 1.0 wt%, often considered the optimal value 14, 17, 22. However, as shown in Figure S4-6 

(a and b), this only results in a small increase in the production rate of each product, still 

far away from those observed for (0.5%) PtPD-TiO2. 

Complementarily, we performed similar experiments with the hole scavenger naphthalene. 

In our previous report 10 we studied thoroughly the mechanism of photoreforming of 

naphthalene using the PtPD-TiO2 photocatalyst. All by-products resulting from this process 

were also identified by using different chromatographic techniques, showing 
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that naphthalen-1-ol and naphthalen-2-ol are the major products of naphthalene 

photooxidation, according to Equations 4-12 to 4-17. 

 

  

Figure 4-4. Amount of products from the photocatalytic reforming of 50 ml aqueous suspensions of 

2.5 mol L-1 methanol following 20 h of illumination over different photocatalysts. (a) the total 

amount of HCHO (red column) and HCOOH (black column), (b) and (c) evolved amounts of CO2 

and H2, respectively 

 
4-12 

 

4-13 

 

4-14 

 

4-15 
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4-16 

 
4-17 

Figure 4-5 (a) shows the time profile for the naphthalene concentration during its 

photocatalytic reforming in the presence of pristine TiO2, PtPD-TiO2, and PtLA-TiO2. The 

photonic efficiencies, calculated from the initial (1 h) removal rates, are 0.04 % ± 0.01 %, 

0.12 % ± 0.01 %, and 0.11 % ± 0.01 %, respectively. Platinization of the TiO2 resulted in 

an enhancement of the photocatalytic efficiency. However, in contrast with the methanol 

case, the preparation method has a minor effect on the photooxidation efficiency of 

naphthalene, with the PtPD-TiO2 sample performing slightly better. On the other hand, both 

platinized samples achieve a ~90 % removal compared to ~ 60 % for pristine TiO2 after 4h 

of irradiation.  

  

  

Figure 4-5: Kinetic profiles for (a) photooxidation of naphthalene, (b and c) formation of by-

products during the reforming of naphthalene, and (d) production of H2. Conditions: reaction 

volume, 15 mL; initial naphthalene concentration: 100 µmol L-1; photocatalyst mass concentration 

1 g L-1; T = 25 °C; illumination with simulated solar light. 

The main by-products of naphthalene photooxidation are naphthalen-1-ol and 

naphthalen-2-ol 10, and we show the time profiles of their concentrations in Figure 4-5 (b 
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and c). Pristine TiO2 showed a linear increase in the formation of both by-products with a 

higher selectivity for naphthalene-1-ol. The accumulation of both products in the system 

can be related to the inefficient photooxidation of naphthalene on the surface of pristine 

TiO2 compared to the modified one. On the other hand, the overall shape of the kinetic 

profiles is similar for both platinized photocatalysts, with a fast accumulation in the first 25 

minutes followed by a stabilization in the concentration of both naphthalene-1-ol and 

naphthalene-2-ol. The main difference is that, for the reaction over PtPD-TiO2, 

naphthalenols concentrations reach maxima, and slowly decrease afterward, following the 

typical pattern of a reaction intermediate due to their increasingly faster consumption and 

slower production rates.  The PtLA-TiO2 sample displays slightly slower kinetics, with the 

concentration of both products still increasing after 4 h illumination.  

The modification of the TiO2 surface with platinum nanoparticles does not only promote 

the photooxidation of naphthalene but also enables H2 evolution. Accordingly, the main 

difference between both platinized photocatalysts is observed in the reductive half-reaction. 

After 4 h of illumination, the amount of evolved H2 is 40 % higher when using PtPD-TiO2 

than with PtLA-TiO2, as shown in Figure 4-5 (d). The photonic efficiencies, calculated from 

the initial formation rates after 1 h, are 0.79 % ± 0.01 % and 0.60 % ± 0.02 %, respectively, 

which are within the typical ranges for heterogeneous photocatalytic processes 35.  

4.5.3 EPR Investigation 

Electronic paramagnetic resonance (EPR) spectroscopy is a powerful and sensitive 

technique to investigate charge carrier separation. Irradiation of anatase TiO2 with photons 

of energy higher than 3.2 eV leads to the formation of electron-hole (𝑒─ −  ℎ+ ) pairs, as 

shown in Equation 4-1. Both 𝑒─ and ℎ+ are subsequently trapped either on the surface or in 

the bulk of the particles. Photogenerated electrons form paramagnetic TiⅢ 36, 37 (Equations 

4-18 and 4-19), while holes are thought to be trapped in oxygen atoms, i.e. forming  O⦁ ─ 

either in surface or subsurface positions (Equation 4-20) 37, 38.  

 
4-18 

 
4-19 

 
4-20 
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Importantly, these species can be detected by EPR at liquid nitrogen temperatures (77 K), 

which allows studying the effect of the loaded PtNPs on the 𝑒─ −  ℎ+  populations under 

irradiation conditions. For each sample, the signals were acquired before and after 

irradiation, after purging with either N2 or N2 - methanol. No significant signals were 

detected before irradiation in all samples (Figure S4-7). Upon irradiation, however, two 

groups of signals were registered in all cases (Figure S4-7), as is typical for hydrated 

anatase 38, 39 (Figure S4-8). The region with 𝘨-tensor components > 2.000 (𝘨𝑥 = 2.004,      

𝘨𝑦 = 2.015, and 𝘨𝑧 = 2.019) is attributed to trapped holes on or near the surface, while 

signals with 𝘨 values < 2.000 are assigned to trapped electrons in the bulk, Ti(bk)
III  (𝘨‖=1.992 

and 𝘨⟂=1.961) and on the surface, Ti(surf)
III  (𝘨‖=1.961 and 𝘨⟂=1.94~1.93)37, 39, 40.  

Figure 4-6 (a) shows a comparison of the EPR signals for TiO2, PtLA-TiO2, and PtPD-TiO2 

after irradiation for 7 min under an inert atmosphere. The relative intensities of the electron 

and hole signals (determined by double integration 41) show a clear and opposite trend: 

while pristine TiO2 displays the strongest 𝑒─  signal and the weakest ℎ+ signal, the opposite 

is observed for PtPD-TiO2, with the remaining sample (PtLA-TiO2) showing an intermediate 

behavior.   

 

  

Figure 4-6. The photogenerated EPR signals of the trapped electrons and holes for pristine TiO2, 

PtPD-TiO2, and PtPD-TiO2 at 77 K in (a) N2 and (b) methanol conditions. Irradiation time: 7 minutes. 
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This result indicates that PtPD-TiO2
 yields an efficient electron transfer to Pt 9, diminishing 

the number of paramagnetic Ti(III) centers, and, consequently, reducing the recombination 

rate (evinced as an increase in the signals related to holes). In comparison, the PtLA-TiO2 

sample shows a similar effect, although with a smaller magnitude (Figures S4-9). These 

results also evidence that not all the photogenerated electrons migrate to the Pt islands, with 

a significant number remaining trapped in the TiO2 particles 5 (Figures S4-7 a and S4-9 a). 

In the presence of methanol (Figure 4-6 (b)), its reaction with holes gives rise to the latter’s 

disappearance and the formation of the triplet signal of the ⦁CH2OH radical (𝘨𝑥 obscured 

by the TiⅢ signal, 𝘨𝑦 = 2.004, and 𝘨𝑧 = 2.018) 42, 43. Simultaneously, stronger signals of 

the trapped electrons were recorded, attributed to the current doubling effect 43, 44 caused 

by the injection of electrons of the ⦁CH2OH radical into TiO2’s conduction band.  As a 

consequence of the greater number of electrons available from current doubling, the signal 

of trapped electrons increases in the three samples in comparison with the experiments in 

the absence of methanol (cf. Figure 4-6 (a) and Figure S4-9). On the other hand, the relative 

intensities of the electron signals follow the same pattern in both conditions, with TiO2 

showing the strongest signal and PtPD-TiO2 the weakest, confirming the rapid electron 

transfer to Pt in the latter sample.  

In agreement with the photocatalytic experiments, this indicates that the photodeposition 

method yields samples which exhibit a better charge carrier separation than the physical 

mixing one. 

4.5.4 Transient Absorption Spectroscopy 

To analyze the charge carrier dynamics of pristine and platinized TiO2 we employed diffuse 

reflectance transient absorption spectroscopy. Our measurements were performed in the 

wavelength range between 400 and 660 nm, where both trapped holes and electrons inTiO2-

based materials contribute signals to the transient absorption 5, 45-48. In general, 

photogenerated holes exhibit a transient absorption in the range 430 – 550 nm, while 

trapped electrons do so at around 650 nm 46-50. In particular, Bahnemann et al. 51 reported 

that in the absence of any hole scavenger, Pt-TiO2 sols exhibit a broad absorption band with 

a maximum at 475 nm immediately after the laser pulse. The authors attributed this 

absorption to the positive holes that are trapped on the surface of the colloidal particles. 

The broadness of the band is related to the multiple possible electronic transitions from the 

valence band to the O-  trap and/or from the trap into the conduction band. On the other 
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hand, flashing a TiO2 suspension that contained polyvinyl alcohol as a hole scavenger 

produces a broad absorption spectrum in the visible region, with a maximum at 630 nm 

attributed to long-lived photogenerated electrons. The shape of the absorption spectrum, as 

well as the lifetime of these long-lived electrons, depend strongly on the preparation method 

of the colloid. 

Figure 4-7 (a) shows the transient absorption signals recorded at 520 nm for all studied 

materials in an inert atmosphere. We observe that the signal intensity right after the 

excitation is lower in the platinized samples. However, the decay rates of the transient 

signals for the platinized samples are slower than that for pristine TiO2, which can be seen 

clearly in the inset Figure 4-7 (a). This can be attributed to the deceleration of the 

recombination process as a result of the migration of photogenerated electrons to the Pt 

islands 45.  

A comparison between PtPD-TiO2 and PtLA-TiO2 shows that the initial intensity upon 

excitation is significantly higher in the former. This may be related not to a higher number 

of photogenerated charge carriers (because both materials show similar absorptions), but 

rather to a higher survival rate at the initial sampling time (i.e. after the first tens of 

nanoseconds). To perform a meaningful comparison, both decay curves were fitted 

employing second-order reaction kinetics, assuming bimolecular recombination of the 

electron-hole pairs 46, 49. The rate constant (k, s-1) for PtPD-TiO2 and PtLA-TiO2 are (7.03×105 

± 0.23×105 s-1) and (2.07×107 ± 0.76×107 s-1), respectively. The lower rate constant 

displayed by PtPD-TiO2 indicates a slower recombination rate and increased lifespan of the 

electron-hole pairs, in agreement with the photocatalytic and EPR experiments 47, 48.  

  

Figure 4-7. (a) Transient absorption signals observed at 520 nm in N2 atmosphere for pristine and 

platinized TiO2, and (b) Transient absorption spectra measured for PtLA-TiO2 (●, red line) and PtPD-

TiO2 (■, black line) under N2 atmosphere at 218 ns following the laser pulse. 
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Figure 4-7 (b) shows the transient absorption spectra for PtPD-TiO2 and PtLA-TiO2 in the N2 

atmosphere at 218 ns after the excitation with the laser pulse. Both materials exhibit a 

featureless, broad transient absorption. A broad absorption maximum is observed around 

520 nm for PtPD-TiO2. This suggests, unlike PtLA-TiO2, a high number of holes trapped in 

the surface of PtPD-TiO2 45, aided by the electron transfer to Pt. This observation is, again, 

in agreement with the EPR and the photocatalytic experiments results. 

On the other hand, the addition of methanol shows an unexpected effect. Figure 4-8 shows 

the time profiles for the absorption at 660 nm, ascribed to photogenerated electrons. After a 

fast decay during the first 100 ns following excitation, all signals increase over time, 

approaching constant values towards 8 µs. This build-up of the transient is observed over 

the whole studied wavelength (400 – 660 nm).  

 

Figure 4-8. Transient absorption signals observed at 660 nm in N2-methanol vapor atmosphere for 

pristine and platinized TiO2. 

The initial decay is ascribed to the reaction of the photogenerated holes with the adsorbed 

methanol that occurs during the laser flash. The slow build-up is attributed to the formation 

of Ti+3 as a result of the reaction of Ti+4 ions with photogenerated electrons formed by the 

laser excitation and from the current doubling effect that occurs after holes react with 

methanol to produce α-hydroxyl radicals (Equations 4-1 to 4-3), which in turn inject an 

electron into TiO2  4, 32, 34, 50. Since the fractional ratio of Pt is very low on the surface of 

the TiO2, which is not enough to accept all the electrons, a part of these electrons will react 

with any an electron acceptor in the system like Ti+3 leading to such observation. Similar 

behavior has been observed by Bahnemann et al. 34 for flash photolysis experiments on a 
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TiO2 sol in presence of tetranitromethane (C(NO2)4, as electron scavenger) and thiocyanate 

(as a hole scavenger). A rapid build-up for the absorption signal at 500 nm was observed 

immediately after the flash-photolysis, related to the reaction of the photogenerated 

electrons with the C(NO2)4 34. 

 Although we expected that the PtPD-TiO2 sample would display smaller signals related to 

electrons due to their migration to the Pt islands, it actually displays the stronger signals 

within the 8 µs window here studied.  This indicates that (i)- under conditions of a high 

density of photogenerated electrons (due to current doubling and due to the relatively high 

intensity of the laser pulse), a significant number of them remain on the TiO2 particles 28; 

and (ii)- that even under this conditions, the PtPD-TiO2 sample still seems to yield a lower 

recombination rate, as evidenced by the higher number of trapped electrons. 

4.5.5 Comparison of the Deposition Methods 

It is generally accepted that the incorporation of PtNPs on the surface of TiO2 leads to an 

improvement in its photocatalytic activity through the formation of a Schottky barrier that 

induces electron transfer to Pt, thus enhancing charge carrier separation and partially 

inhibiting their recombination 2, 11, 19, 52. In fact, PtNPs have been attributed to the ability to 

extend the lifetime of trapped holes from picoseconds to the millisecond time scale 5, 53. 

Hence, our TAS experiments have been evincing this hypothesis, since we observed a 

slower transient signal decay for the Pt-TiO2 photocatalysts. An elegant demonstration in a 

related system was done by Jakob et al. 54 who first formed (blue-colored) Ti(III) ions by 

irradiating TiO2 particles in the absence of electron acceptors, and then showed their 

discoloration by bringing them into contact with gold nanoparticles. Our EPR results 

(Figure 4-6 and Figure S4-9) agree with these observations: in comparison with pristine 

TiO2, the loading of Pt using either method results in a decrease of the signals related to 

Ti(III), and an increase of the signals related to trapped holes. Similar experiments were 

done by Anpo and Takeuchi, 55 who observed a strong decrease in the Ti(III) signals in the 

presence of Pt. Our comparison between PtPD-TiO2 and PtLA-TiO2 evinces a stronger charge 

transfer effect in the former, which is consistent with the photocatalytic experiments that 

show an overall better performance by these samples. Moreover, regardless of the 

platinization method, both platinized samples displayed an enhanced photooxidation 

efficiency of both naphthalene and methanol in comparison with pristine TiO2. For 

instance, the removal of naphthalene after 4 h increased from 60 % in presence of pristine 

TiO2 to ~90 % in the case of both platinized samples. Added to that, the accumulation of 
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naphthalenols in the pristine TiO2 system evinces an ineffective photocatalytic process 

which can be related to the fast charge carrier recombination. Similarly, no CO2 evolution 

was observed during the photooxidation of methanol over pristine TiO2, whilst electron 

transfer to the Pt islands in platinized TiO2 increased the lifetime of electron-hole pairs and 

thus allowed much faster methanol mineralization.  

Although a full mass balance is outside the scope of this work, it is informative to compare 

the apparent stoichiometries. On the basis of the detected amounts of methanol’s 

photooxidation products (CH2O, HCOOH, and CO2, Figure 4-4) and assuming that these 

are the only oxidative products, we can calculate the expected amount of  H2 from 

Equations 4-11, 4-21, and 4-22. Both in the case of PtPD-TiO2 and PtLA-TiO2, we observed 

a lower amount to that expected, with observed:expected ratios of ~ 0.2 and ~0.1, 

respectively. On one hand, this suggests that there are reductive reactions that are 

unaccounted for in the mechanism, but most importantly, it highlights the better selectivity 

for H2 production for the PtPD-TiO2 sample. 

We performed a similar calculation for the naphthalene case. By neglecting the quantities 

of other undetectable products, the expected quantities of evolved H2 were calculated from 

the quantity of photooxidized naphthalene, corrected by subtracting the formed amounts of 

naphthalenols and adsorbed naphthalene. The observed:expected ratio of H2 formation was 

found to be ~0.5 and ~0.3 for the PtPD-TiO2 and PtLA-TiO2 samples, respectively. Thus, in 

a similar fashion to the methanol case, the ratios are considerably lower than one, but show 

a better selectivity for H2 production in the PtPD-TiO2 sample.  

 
4-21 

 
4-22 

As mentioned above, the small ratios can be related to the formation of other reductive 

products. Generally speaking, the reduction potential of the TiO2 conduction band (-0.5 V 

vs NHE at pH 7) 10 is suitable for the reduction of different kinds of organic compounds 56. 

A recent report from Walenta et al. 57 shows that CO forms on the surface of Pt-TiO2 during 

the reforming of methanol, while Kandiel et al. 4 have observed the formation of 1,2-

ethanediol as a byproduct. Several research groups reported as well the formation of other 

reductive products during the photocatalytic reforming of different alcohols 14, 18, 22. In 

addition, the reduction of CO2 during the photocatalytic process (to products like CH4, CO, 

CH3OH, CH2O, and HCOOH 58, 59) could be another source for consuming the 
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photogenerated electrons, which could also explain the relatively low formation of the CO2 

during the reforming of methanol.  

In case of naphthalene, although the oxidative reactions (Figure 4-5 a and b) seem very 

similar in efficiency for the two photocatalysts, the production of H2 is significantly more 

efficient for PtPD-TiO2. This could be related to the competition with other reductive 

reactions. 

 It has been shown that reductive reactions over Pt-TiO2 during the photoreforming of 

naphthalene lead to the formation of long-chain aliphatic alcohols and coupling products 10. 

Similarly, it has been reported that cyclohexanol forms during the photocatalytic reforming 

of benzene on Pt-TiO2 60. It is also possible that the reduction of these compounds is not 

direct but instead takes place via the hydrogen atoms adsorbed on Pt that formed upon the 

reduction of H2O / H+ 34, 60, 61. In either case, the consumption of these species ultimately 

leads to a deviation in the stoichiometry from the expected H2 quantities. 

A second benefit of using Pt is related to the high overpotential for hydrogen evolution over 

pristine TiO2, which makes the presence of a co-catalyst a necessity for the reforming of 

organic compounds 13. The photoreforming of both naphthalene and methanol, as studied 

here, confirms this notion: no hydrogen production was detected over pristine TiO2.  

Despite its ubiquity in photocatalytic studies, the optimization of the Pt deposition 

methodology over TiO2 remains largely empirical 14, with the photodeposition (PD) method 

usually 9, 22 (but not always 15, 23, 52) displaying the best activity. An oft-cited reason for the 

appropriateness of the PD method is that it exclusively yields Pt0 islands 14. In the present 

case, although we do observe an improved activity for PtPD-TiO2 in comparison with PtLA-

TiO2, the oxidation state in the latter is shown to be Pt0 as well (Figure S4-5), so we can 

exclude it as a significant effect. 

A further aspect that is thought to influence the activity of Pt as a co-catalyst is the particle 

size. From the geometrical point of view, it could be envisioned that smaller particles could 

lead to larger specific surface areas. Moreover, based on DFT+U calculations, Wang et al.62 

proposed that quasi two-Pt-layer particles, corresponding to ∼1 nm size, are the optimal for 

photocatalytic hydrogen evolution over anatase (101) due to a good balance between its 

electron transfer and surface catalysis capabilities. In the present case the measured particle 

sizes are only moderately different (1.5 ± 0.6 nm and  2.6 ± 2.2 nm respectively for PtPD-

TiO2 and PtLA-TiO2, Figure 4-3), so we do not expect a strong effect from the surface area, 
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as illustrated by the methanol-reforming experiments using 1.0 wt% PtLA-TiO2 (Figure S4-

6). Although a size-dependent difference in the (photo-) catalytic properties of the resulting 

Pt-TiO2 composites cannot be excluded, we note that the EPR experiments performed under 

inert conditions (i.e. in the absence of catalytic processes) display a marked decrease 

(increase) in the number of trapped electrons (holes) for PtPD-TiO2 compared to PtLA-TiO2, 

and thus we believe that the main factor behind its improved activity is not the properties 

of the Pt islands per se. Instead, an enhanced charge separation caused by electron transfer 

to Pt seems more important. 

It is important to highlight that, in contrast with macroscopic crystals, nanocrystalline TiO2 

powders display a complex distribution of exposed facets. In particular, although often 

assumed to be composed mainly of (101) and (001) facets, surfaces of anatase nanoparticles 

have been shown to display large fractions of (100) or (111) facets 63. In addition, both 

computational modeling 64 and experimental studies 65 have shown that some surfaces are 

more adept than others for each hemi-reaction; in other words, while electrons seem to 

migrate to (101) facets, they avoid (001) facets, favoring reductions in the former and 

oxidation reactions in the latter. When preparing PtLA-TiO2, it is expected that the Pt NPs 

physically bind to TiO2 homogenously across all surfaces. A similar situation can be 

envisioned for the initial step of the photodeposition method, where the Pt precursor (here, 

H2PtCl6) may adsorb uniformly. However, once photodeposition starts, the precursor 

reduction (and Pt0 deposition) will preferentially occur on those facets that facilitate 

electron transfer. This means that once formed, Pt islands will be in close contact with 

surfaces that have a strong tendency to give up electrons. On the contrary, since Pt0 in PtLA-

TiO2 is deposited non-specifically, a significant fraction of the islands may end up in 

contact with surfaces avoided by the photogenerated electrons, thus leading to an 

underutilization of the co-catalyst. 

It worth considering as well the clear differences in the photocatalytic efficiency observed 

for naphthalene and methanol. When comparing both platinized photocatalysts, we noticed 

low and very similar values of the photonic efficiencies for the reductive and oxidative 

processes during the reforming of naphthalene. In contrast, the photoreforming of methanol 

led to much higher efficiencies and clearly different behaviors between samples. In 

heterogeneous photocatalysis, the strength of the organic molecules’ adsorption on the 

photocatalyst surface plays an important role, because the photogenerated oxidizing species 

may not migrate far from their formation centers 66, 67, and because it may fundamentally 
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change the hole-transfer mechanism 68. Therefore, the weak adsorption of naphthalene 

leads to a slow photooxidation rate. Moreover, we should note here that the observed time-

dependent decrease in naphthalene concentration does not mean that these amounts are 

mineralized, but instead, they are mostly transformed into secondary pollutants, 

especially hydroxylated compounds 10, 69. We reported previously that the photocatalytic 

mineralization of naphthalene occurs by a multi-step process which forms a variety of by-

products 10. Many of these compounds adsorb strongly on the TiO2 surface and poison it 69, 

and thus, decrease the photocatalytic activity. According to Hykrdová et al. 70, the 

formation of such compounds generates charge-transfer complexes with TiO2, which 

reverse the charge transfer direction and increase the charge carrier recombination rate. All 

in all, this results in a situation where charge carriers are short-lived irrespective of the 

presence of Pt, and thus it can be argued that, given the relatively low irradiances employed 

here, the photon absorption frequency per nanoparticle is much slower than recombination. 

On the other hand, methanol is well known as an efficient hole scavenger 4, 5, and leads to 

the formation of hydroxymethyl radicals that ultimately inject an electron to the conduction 

band of the TiO2, yielding formaldehyde (Equations 4-1 to 4-3). The result is that electrons 

are very long-lived, and there is a non-negligible probability of a photon exciting a 

nanoparticle that contains a photogenerated electron. Under such conditions, the presence 

of Pt becomes critical, since it provides a sink for photogenerated electrons that allows them 

to avoid recombination. 

Leaving aside the differences in photocatalytic activity, there are some practical differences 

in the deposition methods as well. The photodeposition method benefits from greater 

preparation simplicity, since in principle the equipment necessary for the subsequent 

photocatalytic reaction is sufficient to implement it. On the other hand, the Pt NPs used 

here for the physical mixing method, prepared by laser ablation, require specific equipment. 

On the positive side, the fact that these nanoparticles can be easily prepared in large 

quantities and pure form allows for detailed characterization analyses that are not possible 

with the photodeposited materials which required much more treatment. 

4.6 Conclusions 

We evaluated here the photocatalytic efficiency of platinized TiO2 (Pt-TiO2) samples for 

the photoreforming of two organic compounds: naphthalene and methanol. The main focus 

was on the preparation method of Pt-TiO2: either by the commonly used photodeposition 
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method (PD), or by physical mixing with Pt nanoparticles prepared by laser ablation (LA).  

PtPD-TiO2 exhibited a higher activity than PtLA-TiO2 in the photooxidation of the organic 

compounds, and in turn, both platinized samples outperformed pristine TiO2. A similar 

trend was observed for H2 production, except that in this case, the pristine sample was 

unable to show any evolution. This observation is readily explained by recalling that the Pt 

islands strongly decrease the overpotential of H2 evolution. 

Complementary, electron paramagnetic resonance, and transient absorption spectroscopy 

measurements evinced that the interfacial transfer and trapping of photogenerated charges 

carrier are greatly influenced by the deposition of Pt and the method to do so. The amount 

of trapped photogenerated holes follow the order PtPD-TiO2 > PtLA-TiO2 > pristine TiO2, 

while trapped photogenerated electrons show the opposite trend. This highlights the 

capability of the Pt deposits in PtPD-TiO2 to act as an electron sink and reduce 

recombination. 

Although the smaller average Pt particle size in PtPD-TiO2 could positively influence its 

properties, based on the EPR and TAS experiments in the absence of electron or hole 

scavengers we propose that the main factor governing its high activity is the formation of 

a strong interaction between the Pt nanoparticles and the TiO2 surface. This is maybe aided 

by the selective photodeposition of Pt nanoparticles on crystalline facets with a high 

tendency for electron transfer.  

An important observation is that the magnitude of the enhancement generated by the 

photodeposition of Pt is highly dependent on the organic compound to be photoreformed. 

While the difference in activity between samples was relatively small for naphthalene, 

significantly different behaviors were observed for methanol. We ascribe this fact to the 

current-doubling effect of methanol, which largely increases the average number of 

photogenerated electrons per particle, and thus benefits more from the electron-capturing 

capabilities of Pt. 
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4.7 Supporting Information 

4.7.1 Photonic Efficiency Determination 

The photonic efficiencies ξ was calculated on the basis of equation (S1), where ΔC/Δt is 

the degradation (naphthalene) or formation (hydrogen) rate in units of mol s-1, A is the 

illuminated area; for photocatalytic reforming of naphthalene is 6.60 × 10-4 m-2, and 

5.03 × 10-4 m-2 for photoreforming of methanol, and Iₒ the photon flux density in the 

wavelength range between 320 nm and 380 nm. 

ξ =
degradation or formation initial rate (mol s−1)

photon flux  (mol  s−1)
=

ΔC

Δt

1

Iₒ A
                      S4 − 1 

The photon flux density 𝐼0 was determined from equation (S4-2), where I is the light 

intensity (W m-2), λ is the corresponding wavelength (m), NA is Avogadro’s constant   

(6.022 × 1023 mol-1), h is Planck’s constant (6.636 x 10-34 W s2) and c is the speed of light 

(3.00 × 108 m s-1). 

I0 =
I λ

NA h C
                                                                                                                      S4 − 2 

4.7.2 Photocatalytic Reforming of Methanol  

  

Figure S4-1. Photocatalytic H2 (a) and CO2 (b) evolution over PtPD-TiO2 (black) and PtLA-TiO2 

(red) from 2.5M CH3OH solution: 1.0 g L-1 photocatalyst, 50 mL suspensions, T = 25 °C, light 

intensity I250-I450 =30 mWcm-2, and irradiation with an Osram XBO 1000-Watt xenon arc lamp as 

a solar simulator. 
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4.7.3 Transmission Electron Microscopy (TEM)  

 

Figure S4-2. TEM images with the SAED patterns show the anatase phase for (a) PtPD-TiO2 and 

(b) PtLA-TiO2 nanoparticles. 
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Figure S4-3. Energy dispersive X-ray spectroscopy (EDXS) of (a) PtPD-TiO2 and (b) PtLA-TiO2 

nanoparticles  
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Figure S4-4. HAADF-STEM elemental mapping images of (a) PtPD-TiO2 and (b) PtLA-TiO2 

nanoparticles  

 

Figure S4-5. HAADF-STEM, SAED, and EELS analysis of Pt nanoparticles suspension produced 

by laser ablation method. Platinum M4,5 ionization edge (2202 eV) is out of spectral range. 
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4.7.4 Photocatalytic Reforming of Methanol over 1.0 wt% PtLA-TiO2 

 

 

 

Figure S4-6. Amount of products from the photocatalytic reforming of 50 mL aqueous suspensions 

of 2.5 mol L-1 methanol following 20 h of illumination over 1.0 wt% PtLA-TiO2 photocatalyst. (a) 

the total amount of HCHO (red column) and HCOOH (black column), (b) evolved amounts of H2 

and CO2. 
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4.7.5 EPR Investigation 

 

 

Figure S4-7. EPR spectra of pristine TiO2, PtLA-TiO2, and PtPD-TiO2 samples in N2 atmosphere (a) 

and N2- methanol (b) atmospheres at different illumination interval time. 

 

Figure S4-8. Typical in situ EPR signal of illuminated Pt-TiO2 (anatase) under N2 condition at 77 K. 
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Figure S4-9. Growth of the ESR signal intensity of the trapped (a) holes in N2 atmosphere and (b) 

electrons in N2-methanol atmosphere, on pristine TiO2 (  , blue), PtPD-TiO2 (■, black) and PtLA-TiO2 

(●, red) during illumination, recorded at 77 K. 
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5Chapter Five: Mechanistic Insights into Hydrogen 

Evolution by Photocatalytic Reforming of Naphthalene 

5.1 Foreword 

Yet, several kinds of photocatalytic materials are synthesized and studied for their potential 

application in H2 formation, as well as the degradation of organic pollutants. Although the 

photocatalytic activity of these materials for a wide range of organic pollutants had been 

reported in the literature, it was rarely concerned to investigate and interpret the 

photocatalytic mechanisms of these compounds with a clear and precise scientific 

approach. 

Following the chapter 3 and 4, it was found that the H2 formation and naphthalene 

degradation are greatly enhanced in the presence of Pt-TiO2. The experimental results 

presented in those chapters showing that: i) Hombikat UV100 is more active than Aeroxide 

P25; ii) a 0.5 wt% Pt ratio seems to be optimal for the reaction under investigation, and iii) 

the Pt-UV100 that was prepared by the photodeposition method exhibited a higher activity 

than the one prepared by the physical mixing method. Since photocatalyst optimization was 

studied previously, the main aim of this chapter is to investigate and elucidate the proposed 

mechanism and the possible pathways for photocatalytic oxidation of naphthalene and the 

H2 formation under anaerobic conditions employing exclusively 0.5 wt% Pt-UV100 

photocatalyst.  

This chapter contains the article “Mechanistic Insights into Hydrogen Evolution by 

Photocatalytic Reforming of Naphthalene” by Osama Al-Madanat, Yamen AlSalka, 

Mariano Curti, Ralf Dillert, and Detlef W. Bahnemann. Reproduced with permission from 

ACS Catalysis 2020, 10 (13), 7398-7412 (DOI: 10.1021/acscatal.0c01713). Copyright 2020 

American Chemical Society. Within the frames of this chapter, after analyzing and 

discussing the kinetic profiles of the photocatalytic H2 formation and naphthalene 

oxidation, a deep analysis for the formed products was performed to determine the fate of 

naphthalene after its reaction with the photogenerated holes. It was found that the 

hydroxylation of the aromatic ring is the main path for the degradation of naphthalene. 

Different pathways for the photocatalytic oxidation of naphthalene were proposed on the 

basis of the possible reactive species that can be formed during the excitation of the Pt-

TiO2, i.e., free and trapped holes, free hydroxyl radical, and bridging oxygen radicals at the 
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TiO2 surface. By performing several photocatalytic experiments employing: different 

scavengers, Ti18O2, EPR-spin trapping technique, deuterium water, and naphthalene, the 

mechanism of the most proper pathway for the photocatalytic reforming of naphthalene 

was proposed. 

5.2 Abstract  

Heterogeneous photocatalysis has been widely considered, amongst other applications, for 

environmental remediation and hydrogen production. While these applications have been 

traditionally seen as well separated areas, recent examples have highlighted the possibility 

of coupling them. Here we demonstrate the simultaneous production of H2 and naphthalene 

removal from aqueous solutions with (unoptimized) photonic efficiencies of 0.97% and 

0.33%, respectively, over Pt-TiO2 under simulated sunlight. Photocatalytic and spin 

trapping experiments in the presence of hydroxyl radical and hole scavengers evinced that 

only the photogenerated holes play a significant role in the oxidation of naphthalene. 

Isotopic labeling analyses showed that the evolved H2 isotopologues match those of the 

solvent, and that deuterated water (but not deuterated naphthalene) decreases the reaction 

rate, suggesting its involvement in the rate-determining step. Moreover, the use of Ti18O2 

does not lead to the significant formation of 18O-enriched CO2, suggesting that water is the 

source of the oxygen atoms. Ultimately, by considering the stable and transient reaction 

intermediates, we propose a plausible reaction pathway. Our work illustrates that 

environmental remediation can be effectively coupled to solar fuel production, providing a 

double purpose to photocatalytic reactions, while the mechanistic insights will be of utility 

for the further development of this strategy. 

Keywords: Polycyclic aromatic hydrocarbons, persistent organic pollutants, 

photoreforming, titania, H2 production, EPR, isotopic study, reaction mechanism 

5.3 Introduction 

Achieving a fully sustainable energy production system based on sunlight involves the 

development of multiple and diverse technologies. Although solar light represents a huge 

untapped potential, it is intermittent in nature, making the use of energy vectors an 

unavoidable requirement 1. In this regard, the photocatalytic production of molecular 

hydrogen (H2) in the solar-driven process is a promising strategy to store sunlight as 

chemical energy via photoinduced reduction of water 2, 3. As an energy vector, H2 possesses 

the highest gravimetric gross calorific value among all fuels (142 MJ kg−1), and burns 
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cleanly yielding only pure water 4. Nonetheless, its photocatalytic production commonly 

requires the use of a sacrificial electron donor (SED) to push the oxidation half-reaction 

and achieve acceptable efficiencies2, 3, in a process commonly called photocatalytic 

reforming of the SED. This entails, however, the consumption of compounds that may have 

a significant cost with respect to that of the produced H2.  

Lanterna and Scaiano have recently illustrated an interesting alternative 5. These authors 

utilized water samples from Canadian rivers to perform a photocatalytic reaction where 

both the reduction and oxidation half-reactions were purposeful: while water was reduced 

to form H2, the accompanying half-reaction was exploited to oxidize dissolved pollutants, 

thus simultaneously improving the water quality. This strategy increases the H2 production 

efficiency with respect to pure water, avoids the use of potentially costly SEDs, and 

achieves the above-mentioned two-fold purpose. Another attractive dual-purpose system 

was described by Horiuchi et al. 6 combining solar H2 production with a plant factory. The 

use of plant biomass as SEDs aids the photocatalytic H2 production, while the emitted CO2 

is useful for plant growth. 

Industrial effluents are an attractive target to apply this approach. Although they commonly 

carry a broad range of pollutants, a particularly troublesome group is that of persistent 

organic pollutants such as polycyclic aromatic hydrocarbons (PAHs). These compounds, 

mainly distributed by the incomplete combustion of fossil fuels and by accidental oil spills, 

are ubiquitously found in the environment, have a great tendency to bioaccumulate, and, 

importantly, present a broad range of deleterious health effects 7, 8. Among the different 

PAHs, naphthalene is a particularly noxious member due to its relatively large solubility in 

water, which leads to increased bioavailability and ultimately to adverse effects in the 

environment and human health. 

As for many other pollutants, oxidative processes based on photocatalysis have often been 

considered for the removal of PAHs. Nevertheless, while several studies have explored 

their photocatalytic oxidation in aerobic conditions (where the reduction half-reaction is 

the conversion of molecular oxygen to the superoxide radical anion) 9-13, there are no 

reports on the remediation of PAHs with the simultaneous production of H2. At the same 

time, reports on simpler aromatic compounds such as benzene and its derivatives have 

indeed shown that coupling their photocatalytic degradation to H2 production could be a 

viable strategy 14-16. In comparison to relatively simpler SEDs like methanol, however, the 
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involvement of the oxidation intermediates may play an important and undesired role 17; to 

unravel these, mechanistic investigations on both the reductive and oxidative half-reactions 

are desired 18. 

In the present study, we report the investigation of the removal of naphthalene concurrently 

with the H2 production reaction, using a platinized TiO2 photocatalyst under anaerobic 

irradiation with simulated sunlight. Moreover, we delve into the underlying mechanism and 

possible degradation pathways by monitoring the formation of organic intermediates, 

performing isotopic substitution experiments, and studying the reaction in the presence of 

active species scavengers and spin traps. 

5.4 Experimental Section 

5.4.1 Raw Materials 

The commercial titanium dioxide (TiO2) Hombikat UV100 was supplied by Sachtleben 

Chemie GmbH. Naphthalene (≥ 99%), naphthalen-1-ol (97%), naphthalen-2-ol (99%), 1,1'-

binaphthalene (97%), naphthalene-1,4-dione (97%), 1,2,3,4-tetrahydro-1-naphthalenone 

(97%), 3,4-dihydronaphthalen-1(2H)-one (97%), 5-hydroxynaphthalene-1,4-dione (97%), 

dimethyl phthalate (99%), diethyl phthalate (99%), potassium iodide (99.5%), deuterium 

oxide (D2O, 99.9 atom % D), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%), and 

chloroplatinic acid hexahydrate (H2PtCl6·6H2O, 99.9%) were purchased from Sigma-

Aldrich. Methanol (HPLC grade), acetone (GC grade), dichloromethane (GC grade), and 

ethyl acetate (GC grade) were purchased from Carl-Roth. All reagents were used as 

received without any further purification. All solutions were prepared with deionized water 

obtained from a Millipore Mill-Q system (18.2 MΩ cm, 25 ⁰C).  

5.4.2 Preparation and Characterization of the Photocatalysts 

Platinum-loaded TiO2 samples were prepared by a photodeposition method following the 

procedure of Melvin et al. 19. The TiO2 powder (1.5 g) was dispersed in 150 mL of a 10% 

aqueous methanol solution with 3.86 mL of 0.01M platinum precursor (H2PtCl6) and stirred 

for 1 h prior to its purging for 1 h with argon. The obtained suspension was then illuminated 

for 4 h with UV(A) light employing a Philips CLEO 15W lamp inside a climatic chamber 

with an adjusted temperature of 18°C. The solid was then collected by centrifugation, 

washed once with methanol and four times with distilled water, and finally dried at 100 °C 

for 24 h. Ti18O2 was kindly provided by Dr. Juan Felipe Montoya and synthesized according 

to a previously reported procedure 20. The synthesized Ti18O2 was mixed with the proper 
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volume of a platinum nanoparticles suspension prepared by laser ablation and kindly 

provided by Particular GmbH, Germany. Then it was stirred for 1h, and finally dried 

overnight to prepare 0.5 wt% Pt-Ti18O2. 

The synthesized platinized TiO2 and pristine UV100 photocatalysts were characterized with 

the Brunauer–Emmett–Teller technique (Table S5-1), X-ray diffraction (XRD) (Figure S5-1), 

transmission electron microscopy (TEM) (Figure S5-2), and electron paramagnetic 

resonance spectroscopy (EPR) (Figure S5-3). A detailed discussion of the physicochemical 

characterization can be found in the supplementary information file. 

5.4.3 Sample Preparation and Photocatalytic Experiments  

Due to the low solubility of naphthalene in water (2.44 × 10-4 mol L-1 at 25 °C 21) and its 

high vapor pressure, special care was taken to prepare deaerated solutions of known 

concentrations, as summarized in Scheme S5-1. As a first step, a stock saturated and the 

deaerated solution was prepared in deionized water. In brief, 0.100 g of naphthalene was 

introduced in a double-jacket two-necked container with airtight screw caps, containing 

200 mL of Milli-Q water. The mixture was purged with a gentle stream of argon for 1 h at 

room temperature. The temperature was then maintained at 40 °C by using a thermostatic 

water bath with continuous magnetic stirring for 2 h to increase the solubility of 

naphthalene (4.30 × 10-4 mol L-1 at 40 °C 21). Subsequently, the temperature was decreased 

and maintained at 25 °C with continuous stirring for 4 h. Afterward, the stirring was 

stopped, and the solution was left for 2 h to settle the undissolved naphthalene crystals. 

This procedure results in a solution with an estimated concentration of 2.44 × 10-4 mol L-1 

(31ppm); the exact value was determined via HPLC-UV. 

The photocatalytic experiments were carried out in batch mode. The photocatalytic H2 

evolution experiments were performed in 20 mL glass vials tightly closed with crimp caps 

and silicone septa. In a typical experiment, 15 mg of the photocatalyst powder was 

suspended in ca. ~9.5 mL of deionized water inside a vial. The vial was then closed with 

the crimp septum and purged with argon for 30 min. Afterward, the necessary volume from 

the stock naphthalene solution was injected inside the vial by using a pre-purged (with 

argon) needle and syringe, in order to reach a final 1.56 × 10-4 mol L-1 (20 ppm) naphthalene 

concentration. The total reaction volume was 15.0 mL, with a photocatalyst mass 

concentration of 1.0 g L-1. Finally, the vials were horizontally fixed inside an orbital shaker 

and left in the dark for 1 h to establish the adsorption equilibrium. Afterward, the orbital 
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shaker was placed at a 30 cm distance below a solar simulator consisting of a 1000 W xenon 

lamp (Hönle UV Technology, Sol 1200) equipped with a filter to mimic the emission 

profile of sunlight. The temperature of the vials was maintained at 25 ± 2 °C by using a 

water bath. From the measurement of the lamp irradiance in the wavelength range between 

320 nm and 380 nm at the irradiated area, the photon flux density was found to be                  

I0= 3.31 × 10-4 mol m-2 s-1. Ignoring light losses due to reflection and scattering, 2.18 × 10-7 

mole of photons entered the irradiated suspension per second. 

The photocatalytic experiments in the presence of scavengers were performed under the 

same conditions, using a 20 mmol L-1 concentration of either potassium iodide (KI) as the 

hole scavenger or tert-butyl alcohol (TBA) as the hydroxyl radical scavenger. For the 

radical trapping experiments, the necessary amount of the spin trapping agent 5,5-dimethyl-

1-pyrroline N-oxide (DMPO, Aldrich) to achieve a 20 mmol L-1 final concentration was 

also added. The suspensions were then transferred under an argon stream to a small quartz 

flat cell cuvette (FZK 160-7x0.3, Magnettech GmbH, Germany) designed for EPR analysis. 

The samples were irradiated at room temperature (~ 25 °C) directly in the EPR spectrometer 

microwave cavity, and the spectra were recorded before and during irradiation. 

Identical experimental conditions were used for intermediates identification. However, a 

250 mL borosilicate reactor was chosen to perform these experiments in a higher volume 

of the reaction suspension, to guarantee a detectable amount of these intermediates. All the 

photocatalytic tests were done by triplicate, yielding relative standard deviations (RSD) 

between 4% and 8%. 

5.4.4 Mineralization Measurements 

The extent of naphthalene mineralization was monitored by total organic carbon (TOC) 

measurements, using a Shimadzu TOC-5000A analyzer. Different concentrations of 

standard potassium hydrogen phthalate and sodium bicarbonate solutions were used for the 

calibration of the instruments before the analyses. The initial concentration was measured 

after the equilibrium adsorption of the naphthalene on the Pt-TiO2 surface for 1h, and 

afterward, the TOC was recorded at regular intervals. All samples were filtrated with 

syringe filters (0.2 µm) and immediately analyzed, to minimize the volatilization of 

naphthalene. 

A HIDEN HPR-20 QIC gas analyzer equipped with a quadrupole mass spectrometer 

(QMS) was used to identify the evolved gases during the photocatalytic tests. The 
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experiments were carried out in a 65 mL cylindrical air-tight reactor with a quartz window. 

A continuous flow of 5 mL min-1 of argon carried the headspace into the QMS system. In 

all experiments, the aqueous suspension volume was 50 mL, while the temperature was 

kept constant at 25 ± 1 °C. Blank experiments showed no detectable gases evolution in the 

absence of either light, the photocatalyst or naphthalene. The same setup was employed for 

the isotopic substitution experiments. In this case, however, irradiation was performed in 

the vials in an identical way to the photocatalytic experiments, and then the headspace was 

swept into the QMS using a 0.75 mL min-1 argon flow. The quantitative of the evolved 

gases was done by calibrating the QMS with standard argon-diluted H2 (Linde Gas, 

Germany) and D2 (Sigma-Aldrich). 

5.4.5 Extraction Procedures  

To ensure the complete extraction of stable intermediates, two complementary approaches 

were employed. In the liquid-liquid procedure, the irradiated suspension (250 mL) was 

transferred to a 500 mL separatory funnel and extracted with three 25 mL aliquots of 

dichloromethane. The organic layer was passed through a 0.45 mm filter paper containing 

anhydrous sodium sulfate to remove the TiO2 particles and water. Finally, the organic layer 

was concentrated to 1 mL using a gentle stream of nitrogen. 

In the solid-phase extraction procedure, the irradiated suspension was immediately filtered 

through 0.2 µm PTFE syringe filters to remove the TiO2 particles, then transferred to a 

brown glass bottle. The extraction was performed within 24 hours to avoid any losses or 

degradation of the by-products, using packed cartridges (OASIS HLB, 6 mL/500 mg, from 

Waters® Ireland). The cartridges were connected to a solid-phase extraction apparatus 

(Supelco, USA) and preconditioned with 6 mL of methanol, 6 mL of ethyl acetate and 6 

mL of acidified deionized water (pH 2.0) at a flow rate of 1 mL min-1. Then a sample’s 

aliquot of 200 mL (pH adjusted to 2.0 with 1 M HCl) was loaded into the cartridge and 

passed through it at a 3-4 mL min-1 rate. Subsequently, the cartridge was pre-dried under 

low pressure for 5 min to remove the excess of water. Finally, the retained analytes were 

eluted using three 4 mL aliquots of ethyl acetate at a flow rate of 1 mL min-1. The collected 

extract was passed through anhydrous sodium sulfate to remove any remaining water and 

then concentrated to around 0.5 mL using a gentle stream of nitrogen. 
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5.4.6 Analytical Methods 

High-Performance Liquid Chromatography (HPLC) analyses were performed using an 

Ecom system equipped with a UV-vis detector operating at 276 nm and a Knauer Vertex 

Plus column packed with Eurospher II 100-5 C18 A material (length × inner diameter 150 

mm × 4 mm with precolumn). The oven temperature was 30 °C and the mobile phase was 

a mixture of methanol and water. Different elution programs were applied for naphthalene 

and intermediates identification as described in Table S5-2. 

The formation of short-chain organic acids was monitored via High-Performance Ion 

Chromatography (HPIC), using a Dionex ICS-1000 equipped with a conductivity detector 

and an electro-regenerator suppressor. The column was an anion exchange resin (IonPac 

AS9-HC, L × I.D. 250 mm × 2 mm) and the eluent was a mixture of alkaline solutions of 

8 × 10−3 mol L-1 Na2CO3 and 1.5 × 10−3 mol L-1 NaHCO3 with a flow rate of 0.3 mL min-1. 

The temperature of the conductivity cell was kept constant at 35 ◦C during the analysis 

period (90 min). 

Gas chromatography with thermal conductivity detection (GC-TCD) was used to quantify 

the photocatalytically evolved H2. For this purpose, a 50 μL gas sample was periodically 

taken from the headspace over the suspension using a Valco gas-tight sampling syringe 

equipped with a push-button valve. The gas sample was then injected into the injection port 

of a Shimadzu GC-8A, equipped with a stainless-steel molecular sieve 5A GC column 

(Sigma-Aldrich, USA). The temperature of the injection port and the TCD detector was 

maintained at 120 °C, while the column temperature was fixed at 80 °C.  

The extracted reaction intermediates were analyzed by GC-MS using a GCMS-QP5050 

(Shimadzu) coupled with AOC-5000 Plus autosampler and a capillary Agilent DB-5ms 

column (L × I.D. × film thickness 30 m × 0.1 µm × 0.32 mm). The carrier gas was helium 

at a constant flow of 1.25 ml min-1. The oven temperature was programmed at 70 °C for 3 

min, followed by a raise to 180 °C at a rate of 10 °C min-1, held for 2 min, and then a final 

raise at a rate of 20 °C min-1 to 315 °C and held for 10 min. The injection port and the 

interface temperatures were set at 250 °C and 280 °C, respectively. The mass spectrometer 

was operated in the positive electron impact mode with ionization energy of 70 eV; the 

detection was performed in scan mode and peaks were identified according to the NIST 

library. 
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5.4.7 EPR in Situ Experiments 

The electron paramagnetic resonance (EPR) spin-trapping technique was applied to detect 

and monitor the formation of paramagnetic intermediates. Such intermediates were 

detected upon in situ irradiation using an X-band EPR MiniScope MS400 (Magnettech 

GmbH, Germany) spectrometer operating at a 9.51 GHz field and equipped with a UV spot-

light (LC8, Hamamatsu, 200 W super-quiet mercury-xenon lamp). The acquisition 

parameters were as follows: center field: 335.4086 mT, sweep time 15 s, number of points: 

4096, number of scans: 1, modulation amplitude: 0.2 mT, power: 10 mW, gain: 5. The EPR 

spectra simulations were carried out using EasySpin 22.  

5.4.8 Transient Absorption Spectroscopy 

The transient absorption spectroscopy (TAS) measurements were carried out in diffuse 

reflectance mode by means of an Applied Photophysics equipment, employing an LKS80 

nanosecond Laser Flash Photolysis Spectrometer with a pulsed Nd:YAG laser (Quantel, 

Brilliant B). Samples were measured as aqueous slurries inside flat quartz cells. Prior to the 

measurements, the samples were purged with argon for 30 min. The excitation wavelength 

was 355 nm, with an average energy per pulse of 6 mJ cm-2. The obtained transient signal 

is detected upon measuring the change in reflectance (∆𝐽) before (J0) and after the laser 

excitation (J), according to Equation 5-1.  

∆𝐽 =
𝐽0−𝐽

𝐽0
                                  5-1 

5.5 Results and Discussion 

5.5.1 Naphthalene Degradation and Photoreforming 

We start our analysis by considering the requirements for the photocatalytic production of 

H2 over bare and platinized Hombikat UV100 TiO2 (from here on, UV100 or Pt-UV100, 

respectively). First, as expected from the known lack of water splitting activity of bare   

TiO2 
23, no H2 is evolved in the absence of naphthalene. Similarly, there is no H2 production 

in the absence of either light or a photocatalyst. However, the naphthalene concentration 

moderately decreases under irradiation in the absence of the photocatalyst (32% after 4 h), 

possibly due to the photolysis of the probe compound 13. The direct photolysis of PAHs has 

been reported previously 13, 24, and it is considered as one possible method for eliminating 

these compounds from the environment 25. For the photolysis to occur the absorption 

spectra of the organic molecules must overlap with the emission spectra of the source. In 

the present case only, a limited overlap occurs in the range 300-315nm (Figure S5-4), which 
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results in relatively slow photolysis of naphthalene. It has been reported that, upon 

irradiation, naphthalene undergoes oxidation to its radical cation 24, 25, which reacts with 

water or O2 to mainly yield naphthol, quinone, and aldehyde 26. The detection of by-

products in our system proved unsuccessful, most likely due to the low concentration and 

the sequential photooxidation of these products 27 in our system. The estimated photonic 

efficiency for the direct photolysis of naphthalene after 4 h irradiation is 2.3 × 10-3 %. This 

value is low compared to that reported by Vialaton et al. 28 of 2.5 × 10-1 % for the photolysis 

of naphthalene under aerobic conditions at 313 nm irradiation. On the other hand, the 

absorption coefficient of TiO2 is much higher in the range of the light source emission, and 

thus we expect that, when TiO2 and naphthalene are both presents, most light is absorbed 

by TiO2, significantly decreasing the photolysis rate. 

The degradation of naphthalene is greatly enhanced in the presence of UV100 and Pt-

UV100 (Figure 5-1). After irradiating the aqueous suspension for 4 h, the naphthalene 

concentration decreases by 71% and 86%, respectively. However, we only observe H2 

evolution in the presence of Pt-UV100. The lack of H2 evolution over bare TiO2 is a known 

issue, ascribed to the high overpotential for this reaction on the TiO2 surface 29. In the 

present case, whilst photogenerated holes in TiO2 may be consumed by naphthalene, the 

absence of molecular oxygen as the electron acceptor necessitates that the accompanying 

electrons either reduce one of the organic species present in the system or accumulate in 

the form of trivalent titanium (Ti3+) inside the photocatalyst 30. 

 

Figure 5-1: Kinetic profiles for the photocatalytic degradation of naphthalene and molecular 

hydrogen evolution over UV100 and Pt-UV100. Conditions: batch reactor, reaction volume = 15 

mL; [Naphthalene] = 156 µmol L-1; [catalyst] = 1 g L-1; T = 25 °C; illumination under simulated 

solar light. Lines are guides for the eye. 
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Regarding the choice of the photocatalyst, we exclusively employ here the pure-anatase 

Hombikat UV100, either bare or loaded with 0.5 wt% of platinum (prepared by 

photodeposition). Although the photocatalyst optimization is out of the scope of this study, 

we mention that this selection is not arbitrary but is based on experimental results showing 

that i) UV100 is more active than Aeroxide P25; ii) the photodeposition method of Pt on 

TiO2 surface results in a higher activity than other deposition methods such as physical 

mixing of titania with Pt nanoparticles, and iii) a 0.5 wt% Pt loading seems to be optimal 

for the reaction under investigation. We show the detailed characterization of UV100 and 

Pt-UV100 in the Supporting Information. 

The analysis of the kinetic profiles reveals some interesting features. As shown in         

Figure 5-1, during the prior dark period around 14% of the initial naphthalene amount 

adsorbs on the surface of the photocatalysts. Although the compound is not expected to 

strongly interact with the TiO2 surface, it is apparent that the high specific surface area of 

UV100 results in significant adsorption 31. The adsorption kinetics of naphthalene on the 

surface of 0.5 w% Pt-UV100 are shown in Figure S5-5. We observe that the adsorption 

equilibrium is attained within 1h. The adsorbed amount at the equilibrium corresponds to 

a coverage of around 0.05 molecule nm-2. A similar value for naphthalene on the surface 

TiO2 (anatase) has been reported by Mahmoodi and Sargolzaei, with the difference that the 

dynamic equilibrium was established after 5 min in that case 32. The adsorption of aromatic 

compounds on the TiO2 surface was studied by Nagao and Suda 33, who suggested that the 

adsorption involves the formation of Ti+4‧‧‧π-electron and/or OH(surface)‧‧‧π-electron type 

complexes.  

Upon irradiation, we observe a rapid decrease of the naphthalene amount in the presence 

of both photocatalysts during the first 30 min of illumination. This decrease is found to be 

accompanied by rapid H2 evolution only in the presence of Pt-UV100. After this initial 30 

min period, the changes in the amounts of naphthalene, as well as evolved H2, became 

significantly slower, suggesting the depredation of accumulated intermediates at the 

photocatalyst surface and the competition of naphthalene and intermediates for the holes 

during the photocatalytic process. This hypothesis of poisoning the photocatalyst surface is 

supported by the observation of a color change of the photocatalyst from light gray to brown 

after 1 h of illumination (Figure S5-6). This observation is in agreement with previous 

reports which have shown that the photocatalytic degradation of naphthalene and other 

aromatic compounds may yield intermediates, likely of polymeric nature, that deactivate 
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the catalyst surface 34, 35. Additionally, we performed recycling experiments by collecting 

the photocatalyst and irradiating it in the presence of molecular oxygen for 1 h to remove 

the adsorbed organic compounds (Figure S5-6) for overcoming possible poisoning 

problems. 

As illustrated in Figure 5-1, the loading of platinum nanoparticles on TiO2 not only enables 

the evolution of H2 possibly through the reduction of the overpotential for the electron 

transfer to the proton 36, but also promotes the degradation of naphthalene. We ascribe this 

observation to the charge separation effect caused by the Schottky barrier between TiO2 

and platinum, which results in a lower recombination rate of the photogenerated electron-

hole pairs 37, 38. On another hand, the reduction of the adsorbed protons on the surface of 

the TiO2 by depletion of the photogenerated electrons could be another factor for enhancing 

the photocatalytic activity of the Pt/TiO2 and lessening the charge carrier recombination. 

Since the reduced protons (i.e., hydrogen atoms) migrate to the Pt islands to combine 

yielding H2 molecules, the degradation of the naphthalene is enhanced on the positively 

charged TiO2 surface 39. Similarly, Sun et al.40 have reported that the rates of light-induced 

phenol decomposition and total carbon removal increased by a factor of 1.5 when UV100 

was loaded with 1 wt% Pt.  

From the photocatalytic naphthalene reforming experiments over Pt-UV100, we 

determined the initial (< 30 min) photonic efficiencies, ξ, to be (0.97 ± 0.06) % for H2 

formation (3.8 µmol / 30 min) and (0.33 ± 0.01) % for naphthalene degradation (1.3 µmol 

/ 30 min) after correction by subtracting the quantity of adsorbed naphthalene. The 

employed equations are detailed in the Supporting Information section. These are typical 

values for photocatalytic processes 41, although much lower than those reported, for 

instance, for the photocatalytic reforming of methanol over Pt-UV100 (between 20 and 30 

%) 42. Methanol, however, gives rise to current-doubling effects, that in conjunction with 

its well-known hole scavenging properties results in a highly efficient H2 evolution.  

We observe a considerably higher ξ for H2 production than for naphthalene degradation. 

This suggests that H2 is not only produced in association with the direct oxidation of 

naphthalene but also with the oxidation of organic intermediates, as will be discussed 

below. The 30 min period in which the ξ was determined is long enough to reach a 

significant conversion for naphthalene accompanied by the formation of reaction 

intermediates. 
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Besides the disappearance of naphthalene, it is of high importance for practical applications 

to evaluate the extent of complete mineralization of the reactant yielding CO2 and H2O. 

Therefore, we monitored the concentration of the total organic carbon (TOC) being present 

in the aqueous solution after the removal of the photocatalyst Pt-UV100. The TOC data 

points in Figure 5-2 showed a gradual decline to around 55 % after 4 h of irradiation.  

 

Figure 5-2. Kinetic profile for the relative amount of total organic carbon (TOC) during the 

photocatalytic reforming of naphthalene over Pt-UV100.  

As mentioned above, the concentration of naphthalene decreases by 86 % in the same 

period of time, pointing to the formation of stable intermediates. By converting the amount 

of naphthalene to organic carbon, TOCN, during the photocatalytic process in presence of 

the Pt-UV100 and subtracting its curve from that of measured TOC, we estimate the kinetic 

profile of all organic intermediates (Figure 5-2). This curve follows the expected profile for 

reaction intermediates, reaching a maximum at around 30 min and then progressively 

decreasing. We have identified these intermediates by various analytical techniques and 

describe the results in Section 3.2, together with a plausible reaction pathway. We note, 

however, that a decrease in the TOC amount could possibly reflect the adsorption of the 

by-products on the TiO2 surface, instead of mineralization.  

To rule out this possibility, we performed in-line monitoring of the reaction atmosphere by 

means of the quadrupole mass spectrometry (QMS) technique. Blank experiments showed 

no detectable evolution of gases in the absence of either irradiation, the photocatalyst, or 

naphthalene. Additionally, no significant signals were detected for the formation of CO, 

CH4, and other small alkanes and alkenes. We show the time course of the QMS signals for 

H2 and CO2 which are proportional to the amount of produced gases in Figure S5-7. We 
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note here that experimental limitations (namely, significant evaporation of naphthalene) 

prevent us from quantifying the absolute amounts of generated CO2 and H2. The following 

description is thus only qualitative. The observation of a CO2 signal indeed indicates that 

complete mineralization of the reactant occurs. After a very short initial delay, CO2 

formation shows an increasing rate over time during the analyzed period. Contrarily, after 

a fast-initial growth, the H2 QMS signal shows a marked decrease in its formation rate, in 

accordance with the results of Figure 5-1. On the other hand, the loss of naphthalene due 

to its large vapor pressure during these experimental runs, which were performed in an 

open system, prevents us to perform a direct comparison between the evolved amount of 

CO2 and the decrease in the TOC. However, the brownish color of the recovered 

photocatalyst and its disappearance during the irradiation in the presence of O2 could 

indicate that at least part of the TOC decrease is related to the adsorption of by-products on 

the TiO2 surface. 

5.5.2 Identification of Intermediates  

We investigated the intermediates formed during the photocatalytic reforming of 

naphthalene over Pt-UV100 using a combination of chromatographic techniques. Firstly, 

we employed liquid-liquid and solid-liquid extraction procedures followed by gas 

chromatography-mass spectrometry (GC-MS) to obtain an overview of the stable 

intermediates. The identified by-products are shown in Chart 5-1 while the details of their 

detection (retention times, molecular ion peaks, and mass fragmentation patterns) are listed 

in Table S5-3. Among these compounds, we found that naphthalen-1-ol and naphthalen-2-

ol are the main constituents after 4 h of irradiation (0.25 ± 0.01 and 0.13 ± 0.01 µmol, 

respectively). In contrast, we detected naphthalene-1,4-dione in a lower amount (0.030 ± 

0.003 µmol), and only traces of the remaining compounds. Complementarily, we also 

analyzed the samples for short-chain organic acids using high-performance ion 

chromatography (HPIC). From these analyses, we determined the presence of formic acid 

and acetic acid in low concentrations (0.051 ± 0.008 and 0.029 ± 0.005 µmol, respectively). 

 Although these are, to the best of our knowledge, the first results concerning the 

photoreforming of naphthalene, we can perform a meaningful comparison with the 

intermediates previously observed during its aerobic photocatalytic oxidation, summarized 

in Table S5-4. Although there is some degree of coincidence, it is revealing that in the 

present case most detected intermediates correspond to earlier stages of the degradation 

process. This is consistent with the poisoning effect discussed above, that may limit the 
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extent of mineralization under anaerobic conditions. Similarly, we find short-chain acids, 

produced from ring cleavage reactions 10, 12, 43 in very low concentrations. 

 
 

 

naphthalen-1-ol (A) naphthalen-2-ol (B) naphthalene-1,4-diol (C) 

   

naphthalene-1,4-dione (D) dialkyl phthalate (E) 
5-hydroxynaphthalene-1,4-

dione (F) 

 

 

 

1,2,3,4-tetrahydro-1-

naphthalenol (G) 
1,1'-binaphthalene (H) 

3,4-dihydronaphthalen-

1(2H)-one (I) 

Chart 5-1: Detectable intermediates during the photocatalytic reforming of naphthalene using      

Pt-UV100. 

Considering that naphthalen-1-ol and naphthalen-2-ol are the main detected intermediates, 

we now focus on the time dependence of their concentrations, as monitored by high-

performance liquid chromatography (HPLC). The kinetic profiles, shown in Figure 5-3, 

closely match the degradation of naphthalene (Figure 5-1) with a high formation rate during 

the first 30 min, and a significant retarding at longer times. The detected amounts, however, 

are considerably smaller than those expected from the complete conversion of naphthalene. 

While, around 1.5 μmol of naphthalene was degraded after 4 h, only a combined amount 

of 0.39 μmol of naphthalen-1-ol and naphthalen-2-ol was formed. In the first stage of the 

reaction (Figure 5-3), the formation rate of these naphthalenols is larger than the rate of 

their consumption, thus, increased their amount in the medium.  
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Figure 5-3. Kinetic profile for the formation of naphthalen-1-ol and naphthalen-2-ol during the 

photocatalytic reforming of naphthalene over Pt-UV100.  

Subsequently, in the second stage, the formed amount becomes almost constant as both 

rates nearly equivalent. This may suggest the formation of a relatively large quantity of 

unidentified intermediates, consistent with the hypothesis of polymeric species poisoning 

the TiO2 particles 14, or alternatively strong adsorption of the naphthalenols over Pt-UV100. 

Regarding the latter, Mills et al. have suggested that the structurally similar phenol and 4-

chlorophenol may indeed show strong binding to TiO2 
44. 

A further interesting observation is that the concentration ratio of naphthalen-1-ol to 

naphthalen-2-ol is not unity but instead ranges from 1.7 to 2 throughout the reaction. We 

find a plausible explanation for this behavior on the basis of Dewar’s molecular orbital 

theory 45 and the adsorption of naphthalene on the surface of the TiO2. Briefly, this theory 

predicts that the difference in the activation energy of two related aromatic substitution 

reactions is mainly determined by the difference in the so-called localization energies of 

the extended π-systems. Of relevance here, the localization energies have been quantified 

in the form of Dewar’s reactivity numbers; a lower reactivity number corresponds to a 

faster aromatic substitution reaction, and vice versa. The reported values for the 1- and 2- 

positions in naphthalene are 1.81 and 2.12, respectively. Moreover, as determined from 

near edge x-ray absorption spectroscopy (NEXAFS), naphthalene molecules adsorb on the 

surface of rutile (110) in a flat-lying geometry with tilt angles about 24°, at relatively high 

altitudes that reach 3–4 Å from the substrate surface 46. Matsuura et al. 47 demonstrated that 

position 1 on the naphthalene molecule is more reactive for removing an electron than that 

of position 2 due to the higher charge density in this position. Thus, hydroxylation at 

position 1 results in a more stable product than hydroxylation at position 2, which has been 
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confirmed by Hückel-McLachlan molecular orbital calculations by Steenken 48 and 

experimentally by Hykrdova et al. 34 who reported the preferred formation of       

naphthalen-1-ol in the TiO2 (heterogeneous) and Fe+3 (homogenous) systems. This 

becomes congruent with Dewar’s reactivity numbers hypothesis and thus explains the 

preferential formation of naphthalen-1-ol. Considering these results, it can be concluded 

that the interaction of the naphthalene molecules with the TiO2 surface does not 

significantly change its electronic distribution in naphthalene. Hence, the electronic density 

at the carbon atoms (C1 > C2 > C9,10) of the naphthalene molecule governs the position of 

hydroxylation 34. 

Although the mechanism for the formation of naphthalen-1-ol and naphthalen-2-ol will be 

discussed in section 5.5.4, we mention here that the overall reaction is given by         

Equation 5-2. Consequently, the expected H2 to naphthalenols ratio is 1:1, thus being at 

odds with our observation of a >10:1 ratio, as deduced from Figure 5-1 and Figure 5-3. 

This discrepancy can be explained from two perspectives. On the one hand, there may be 

parallel channels by which naphthalene is degraded. One such example is given by 

Equation 5-3, that results in one of the detected intermediates, 1,1'-binaphthalene, and the 

formation of hydrogen. Additionally, the kinetic profile of naphthalenols in Figure 5-3 not 

only reflects their formation rate but also their simultaneous consumption rate by a 

photoreforming reaction, skewing the ratio towards higher H2 values. This is illustrated by 

Equations 5-4 and 5-5, that result in the formation of two equivalents of H2 via the 

successive transformation of naphthalene-1-ol into two of the detected intermediates, 

napthalen-1,4-diol, and naphthalene-1,4-dione. Moreover, the strong binding of the 

naphthalenols to the TiO2 surface could also explain their low observed amounts. 

 

5-2 

 

5-3 

 

 

5-4 
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5-5 

5.5.3 Mechanistic Study 

5.5.3.1 Participation of the TiO2 Surface as a Source of Oxygen Atoms 

Recently, besides photogenerated holes and hydroxyl radicals as active species in 

photocatalytic processes, the role of bridging oxygen radicals at the TiO2 surface (Os) has 

been discussed 14, 49, 50. Holes could be trapped by bridging oxygen atoms on the TiO2 

surface (≡Ti-Os-Ti≡) to produce the active species oxygen radical (≡Ti-Os
•  Ti≡), which 

ultimately can be incorporated into the reaction products, creating oxygen vacancies that 

are subsequently healed by water. Therefore, isotope labeling is a useful strategy to evaluate 

such mechanism, e.g. by using mass spectroscopy to monitor the isotopic composition of 

the evolved species. As we demonstrated in section 5.5.1, CO2 was one of the final products 

during the photocatalytic reforming of naphthalene. Thus, if the bridging oxygens are the 

oxygen source for hydroxylation of naphthalene, in this case, we expect that the isotopic 

composition of the evolved CO2 should (partially) reflect that of TiO2. To investigate the 

participation of bridging oxygens, we performed the reaction over isotopically labeled Pt-

Ti18O2 and monitored different CO2 isotopologues before and during the illumination by 

means of QMS.  

Figure 5-4 illustrates the time evolution of the QMS signals of different CO2 isotopologues 

and their fragments during the photocatalytic reforming of naphthalene over Pt-Ti18O2. 

Before illumination, no changes in the background signals were observed for one hour, i.e., 

no catalytic reaction occurred between naphthalene and Pt-Ti18O2 in the absence of light. 

Upon irradiation, only the signal of C16O2 (m/z = 44) significantly increased, indicating the 

photocatalytic mineralization of naphthalene without the incorporation of oxygen atoms 

from the lattice. However, it should also be mentioned that oxides readily undergo lattice 

oxygen exchange with gaseous O2, not only under UV irradiation but in dark conditions as 

well 51. The absence of 18O-labelled CO2 was also observed in batch reactor experiments 

where we increased the catalyst mass concentration 5-fold, collected the evolved gases in 

the headspace of the reaction vial and analyzed them via injection to the QMS to increase 

sensitivity.  
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Figure 5-4. QMS signals for isotopologues of CO, CO2, and O2 from the reforming of naphthalene 

over Pt-Ti18O2. Experimental conditions: reaction volume: 5 mL; [Naphthalene] = 230 µmol L-1, 

light intensity I250-I450 =30 mWcm-2, [catalyst] = 2 g L-1, T = 25 °C, and irradiation with an Osram 

XBO 1000-Watt xenon arc lamp as a solar simulator 

Civis and co-workers 52 studied the photocatalytic decomposition of formic acid on the 

surface of Ti18O2 by the means of Fourier-transform infrared absorption spectroscopy, and 

found that the process does not lead to the evolution of either C16O18O nor C18O2. On the 

contrary, Montoya and co-workers 20, 50 did observe C16O18O evolution during the 

photocatalytic oxidation of benzene over Ti18O2 in anaerobic conditions. Although we 

investigated the same kind of organic compounds, namely aromatic hydrocarbons, we 

believe that naphthalene could be photocatalytically oxidized by a different mechanism. 

This can be argued from several angles, first, we observe a significant production of 1,1'-

binaphthalene, which cannot be accounted for by the bridging oxygen mechanism. Second, 

the one-electron standard redox potentials for the oxidation of benzene and naphthalene in 

acetonitrile are 2.65 and 1.85 V vs. NHE respectively 53. Thus, neglecting the slight 

variation in aqueous solution, the one-electron oxidation of naphthalene by its direct 

reaction with holes (valence band potential: 2.68 V vs. NHE at pH 7) 54 is 

thermodynamically favored with respect to the same reaction for benzene. Hence, as long 

as the reaction does not fall into the Marcus inverted region, it will be significantly faster. 

The observation by Fox et al. of increasing photocatalytic oxidation rates for substituted 

naphthalenes as the exergonicity increased supports this notion 55. Accordingly, abstraction 

of an electron from naphthalene by the valance band hole, which has a more positive 

potential, is likely to take place. And third, as shown in Figure 5-1 naphthalene adsorbed 

significantly on the TiO2 surface, unlike benzene 56. Indeed, temperature programmed 
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desorption measurements over rutile single crystals have shown a significantly stronger 

binding by naphthalene 46. Notably, the direct-indirect hole transfer model (DT-IT) of 

Salvador et al. 57, proposes that the specific pathway depends on the degree of electronic 

interaction of the dissolved molecules with the semiconductor surface. The relatively strong 

interaction of naphthalene with TiO2 leads us to conjecture that, although both mechanisms 

may be operative, in contrast with benzene, the direct transfer of holes to naphthalene is 

favored with respect to the indirect, bridging oxygen mediated transfer 56. Therefore, 

according to what we presented above; we propose that naphthalenols are the product of 

naphthyl radical cation formation followed by its reaction with water. More experimental 

evidences supporting this argument will be presented in the following sections. 

5.5.3.2 Scavengers and Electron Paramagnetic Resonance (EPR) Spin-Trapping 

Technique 

 To determine the involvement of different active species in the photoreforming of 

naphthalene, we performed the reaction in the presence of two scavengers: potassium 

iodide (KI), which acts as a hole scavenger 58, and 2-methylpropan-2-ol ((CH3)3COH, 

TBA), a known hydroxyl radical (˙OH) scavenger 59. As shown in Figure 5-5 (a), the 

photocatalytic conversion of naphthalene is completely inhibited in the presence of KI, with 

a degradation rate identical to that of the photolytic process. 

 In contrast, the addition of TBA does not appreciably affect the photocatalytic process, 

yielding a kinetic profile virtually identical to that in the absence of scavengers. These 

results suggest that free hydroxyl radicals (˙OHfree) present, have a minor contribution in 

the process. In contrast, the use of a hole scavenger leads to a halt in the photocatalytic 

process, confirming that naphthalene’s disappearance is initiated by an oxidative half-

reaction. Miller and Olejnik 25, as well as Beltran et al.60, showed that neither TBA nor 

bicarbonate ions, respectively, affect the degradation rate of different PAH compounds in 

the presence of hydroxyl radicals in homogeneous systems. Therefore, they concluded that 

the photooxidation of these compounds was initiated via the formation of a radical cation, 

without involving free hydroxyl radicals. Accordingly, our results are in good agreement 

with their findings, despite the difference between both types of systems.  



Chapter Five: Mechanistic Insights into Hydrogen Evolution                                                                          

by Photocatalytic Reforming of Naphthalene 

169 

 

 

Figure 5-5. Kinetic profiles for the disappearance of naphthalene (a), the formation of naphthalen-

1-ol (b), and the formation of naphthalen-2-ol (c) during the photocatalytic reforming of 

naphthalene in the presence of different scavengers over Pt-UV100. [catalyst] = 1 g L-1; 156 µmol 

L-1 aqueous solution of naphthalene; 20 mmol/L of KI and TBA; UV illumination. The initial 

amount of naphthalene for all reactions was considered after 1 h dark adsorption. Lines are guides 

for the eye. 

Complementarily, we monitored the formation of naphthalen-1-ol and naphthalen-2-ol 

during these experiments, as shown in Figure 5-5 (b) and (c). Their kinetic profiles are 

consistent with those of naphthalene degradation: while the addition of TBA does not 
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significantly affect the formation of naphthalenols, the addition of KI hinders naphthalene 

degradation almost completely due to the consumption of holes by this scavenger, 

highlighting their role in the photoreforming process. This result is not only important from 

the mechanistic point of view, but also for potential applications, since the simultaneous 

presence of hole-scavenging species in industrial effluents may completely inhibit 

naphthalene reforming.  

The involvement of ˙OHfree in photocatalytic reactions is the subject of a long-standing 

debate. Salvador has provided strong arguments against the oxidative formation of ˙OHfree 

on the grounds of thermodynamic and kinetic arguments, stating that their observation in 

photocatalytic systems must respond to the reduction of molecular oxygen 61. However, 

recent works have challenged this idea, suggesting that the irradiation of anatase TiO2 does 

lead to the formation of ˙OHfree, although this is not the case for the rutile polymorph 62. We 

thus employed electron paramagnetic resonance (EPR) spectroscopy to obtain additional 

insights regarding the role of ˙OHfree in our system. To this end, we performed in-situ 

naphthalene photoreforming experiments in the presence of either TBA or KI, and the spin 

trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO). As expected, under dark conditions no 

radicals are detected. Upon irradiation, however, the tested samples under all conditions 

lead to the appearance of a signal attributable to the DMPO-OH adduct (four lines with 

relative intensities of 1:2:2:1), Figure 5-6.  

The simulation of the EPR spectrum (Figure S5-8) yields the spin Hamiltonian parameters 

aN = 1.453 mT, aH = 1.494 mT and g = 2.0059, in accordance with previously reported 

values for this adduct 63, 64. Notably, we observe the production of the ˙OH adduct in the 

absence of molecular oxygen, providing evidence in favor of their formation from the 

oxidation of water 65. Additionally, we could detect neither organic radicals nor their 

DMPO adducts, likely due to a relatively low concentration of naphthalene and its 

intermediate radicals inside the EPR cell, together with a large multiplicity for the hyperfine 

splitting of the adducts. A similar conclusion was reached by Steenken et al. 48 who could 

not detect any signal from organic radicals during the reaction of naphthalene (and some of 

its derivatives) with both ˙OH and SO4˙ in aqueous solution, both in the presence and the 

absence of spin trapping agents. 
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Figure 5-6. EPR spectra were recorded during the photocatalytic reforming of naphthalene after 

15 seconds in the presence of DMPO, DMPO- TBA, and DMPO-KI. [catalyst] = 1 g/L; 156 µmol/L 

aqueous solution of naphthalene; 20 mmol/L of KI and TBA; irradiation using UV(A); microwave 

frequency: 9.51 GHz. 

By performing the same experiment (i.e., aqueous DMPO with Pt-UV100) either in the 

absence or presence of naphthalene, we obtained similar signals (Figure S9), showing that, 

under these conditions, naphthalene is not a strong ˙OH scavenger. In the presence of TBA, 

however, the adduct signal shows a decrease of 35 % (Figure 5-6) and vanished within 90 

sec comparing to more than 240 sec in its absence (Figure S5-10), confirming 

TBA’s ˙OH scavenging properties. Nevertheless, this lower quantity of available ˙OH 

radicals does not impact on naphthalene’s degradation (Figure 5-5), providing evidence 

against a degradation mechanism initiated by the attack of ˙OHfree.  

The addition of KI to the system, on the other hand, practically nullifies the adduct 

formation, as could be expected from the efficient hole consumption by this scavenger. 

Regarding the role of holes, although we can confirm their importance, we cannot 

distinguish between a direct hole (h+) transfer to naphthalene or its indirect oxidation via 

surface-trapped holes (−OHS
∙ ). 

Moreover, by means of an electrochemical degradation process, Li and Goel 66 showed that 

naphthalene degradation was not affected by the presence of acetone and methanol as an 
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˙OH competitor, suggesting that naphthalene degradation occurred as a result of direct 

electron transfer. Thus, they excluded the indirect oxidation via the ˙OH. We applied a 

simple model by Luo et al. 67 to determine the Gibbs free energy (ΔG°) for the single 

electron transfer reaction from benzene, naphthalene, and anthracene to ˙OH to produce the 

corresponding radical cation and hydroxide ions. The calculated values are +24.6, +1.7, 

and -21.5 kcal mol-1, respectively. It is thus apparent that by increasing the number of 

aromatic rings in the organic compound the reaction becomes more spontaneous. Hence, 

naphthalene has a higher tendency to react with ˙OH forming a radical cation, rather than 

an adduct, as is the case for benzene. 

5.5.3.3 Diffuse Reflectance Transient Absorption Spectroscopy  

To evaluate the formation of short-lived species during the reaction, we turned to diffuse 

reflectance transient absorption spectroscopy. Figure 5-7 shows the spectra obtained 300 

ns after the laser excitation (355 nm, 6 mJ pulse-1) of anaerobic Pt-TiO2 slurries in the 

presence of (a) a (1:1) water/acetonitrile mixture and (b) naphthalene in the same solvent.  

 

Figure 5-7. Diffuse reflectance transient absorption spectroscopy spectra obtained 300 ns after the 

laser excitation (355 nm, 6 mJ pulse-1) of anaerobic Pt-TiO2 slurries in the presence of (a) a (1:1) 

water/acetonitrile mixture and (b) naphthalene (NP) in the same solvent. 

In the absence of naphthalene, excitation of Pt-TiO2 leads to a relatively featureless 

transient spectrum, slightly increasing at short wavelengths. Since Pt acts as an electron 

sink, this signal can be readily attributed to trapped holes, with an absorption maximum 

reported at around 430 nm 68. On the contrary, in the presence of naphthalene, we could 

identify at least two distinct bands: a very broad one between 540 and 670 nm, and a narrow 
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band at 685 nm. Since in this case, where both a hole scavenger (naphthalene) and an 

electron scavenger (Pt nanoparticles) are present, these bands can be ascribed to transient 

species related to naphthalene. Indeed, an absorption band at 685 nm has been attributed to 

the naphthalene radical cation in homogeneous photolysis experiments 48, 69. Moreover, due 

to its high reactivity, the radical cation can readily react with a second naphthalene 

molecule, giving rise to a naphthalene dimer radical cation which shows an absorption 

centered at 580 nm 69. In addition, we also note that electronic interactions between 

polyaromatic radical cations and the TiO2 surface have been attributed to the occurrence of 

new absorption bands, red-shifted with respect to the free species 70. Taking this into 

consideration, we attribute the broad transient spectrum of Figure 5-7 to a convolution of 

the signals of the free naphthalene radical cation, the radical cation of its dimer, and the 

same ions interacting with the TiO2 surface.  

5.5.3.4 Origin of the Evolved Molecular Hydrogen 

In order to identify the origin of the evolved H2, we performed isotopic substitution studies 

on the photoreforming of naphthalene, using in-line monitoring of H2, HD, and D2 via 

quadrupole mass spectrometry (QMS), as shown in Figure S5-11.  

The first evident effect of replacing H2O by D2O is a progressive decrease in the total 

amount of evolved gases as the D2O fraction increases Figure 5-8.  

 

Figure 5-8. Isotopic distribution of the evolved gases (H2, and D2) from the photocatalytic 

reforming of aqueous naphthalene and deuterated naphthalene over Pt-UV100 employing D2O and 

H2O. Conditions: reaction volume, 15 mL; [Naphthalene] = 235 µmol L-1; [catalyst] = 1 g L-1; T 

= 25 °C; illumination with simulated solar light. 
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Considering the two extreme cases, pure H2O and pure D2O, the ratio between the amounts 

of evolved gases after 4h is ~1.3. Although we observed a smaller effect, similar behavior 

has been observed for the photocatalytic reforming of formaldehyde 71 and benzene 14 over 

platinized TiO2 and interpreted on the basis of a hindered production of ˙OH radicals when 

using D2O, which limited the rate of the reaction. In the present case, however, we rule out 

that these radicals play an important role in naphthalene’s decomposition (Figure 5-6). In 

our interpretation, therefore, the observed kinetic isotope effect responds to a rate-

determining step related to proton reduction 72, 73, although further experiments are 

necessary to ascertain this hypothesis.  

With respect to the identity of the evolved gases, it is remarkable that neither H2 nor HD 

are detected when using 100% D2O. We note that similar results have been previously 

interpreted as proof that water (and not the SED) is the source of H2 in the photocatalytic 

reforming of methanol 23. However, proton exchange reactions in aqueous media are 

extremely fast, and thus it is also possible that the hydrogen atoms originate from the 

sacrificial donor. Since the solvent’s isotopic species are present in an overwhelming 

majority, the exchange reaction could mask the real origin of the atoms. On the other hand, 

recent reports have shown that in some photocatalytic systems the production of H2 from 

SEDs can be sufficiently fast and spatially localized to avoid proton exchange, leading to 

isotopic compositions of the gases matching those of the sacrificial donor 74. From our 

analysis, we can conclude that such effects are not operative in the present system.  

In the experiments performed with intermediate fractions of H2O and D2O (Figure S5-12), 

we observe, as expected from these arguments, a mixture of gases that approximately 

follows the isotopic composition of the solvent. The distributions, however, are skewed 

towards protium-rich gases (i.e. primarily H2, and in second term HD), due to the above-

mentioned preferential protium reduction. A clear illustration of this effect is given by the 

50% H2O – 50% D2O composition, which yields H2 and HD in almost a similar amount, 

but no D2. 

Additionally, we studied the effect of using fully deuterated naphthalene, Figure 5-8. In 

agreement with the previous experiments, the ratio between the amounts of evolved gases 

after 4h is 1.4. The photoreforming of deuterated naphthalene in H2O leads to the exclusive 

formation of H2. In D2O, obviously, only D2 is formed. Interestingly, the total amount of 

evolved gases in both solvents coincides, within experimental error, with the amounts 
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observed using non-deuterated naphthalene. This suggests that, in contrast with water, 

hydrogen abstraction from naphthalene is not involved in the rate-determining step of the 

reaction. Similar conclusions have been drawn for the photocatalytic reforming of aqueous 

benzene over platinized TiO2 
14.  

5.5.4 Mechanism of the Photocatalytic Reforming of Naphthalene  

We now unify the acquired knowledge into a plausible mechanism for the photocatalytic 

reforming of naphthalene, summarized in Scheme 5-1. Considering that naphthalene only 

absorbs light of wavelengths shorter than 315 nm (Figure S5-4) 9, the use of simulated 

sunlight leads to the exclusive excitation of TiO2, with the concomitant generation of 

electron-hole pairs (Equation 5-6). From the EPR experiments and the associated 

photocatalytic runs in the presence of scavengers, we postulate that ˙OHfree radicals do not 

play an important role in the initial reaction of naphthalene. Naphthalene’s degradation, 

thus, is initiated either by a direct hole transfer or indirectly via its reaction with surface 

trapped holes (−OHS
∙ ). This reaction can in principle follow two pathways: either a single 

electron transfer (SET) leading to the production of a radical cation (Equation 5-7), or a 

hydrogen abstraction reaction, leading to a naphthyl radical (Equation 5-8). If the latter 

were to occur, however, we would expect a strong effect from the presence of ˙OHfree, since 

they would promptly react with the naphthyl radicals to yield naphthalenol (Equation 5-9). 

Instead, we propose the formation of the naphthalene radical cation (Equation 5-7), as we 

supported by the transient absorption spectroscopy experiments. This carbocation radical 

swiftly reacts with water to form an OH adduct (Equation 5-10) 75, 76, in coincidence with 

the reported reactions of benzene with both persulfate and Pt-TiO2 in aqueous media 77, 78. 

The adduct itself reacts in either a further oxidation step (Equation 5-11), or a hydrogen 

abstraction by a hydrogen atom via a special type of “current doubling” (Equation 5-12) to 

form (as exemplified) naphthalen-1-ol (A), or naphthalene-2-ol (B). In this stage, we 

excluded the current doubling mechanism from either the naphthalene radical cation or the 

naphthalene radical for several reasons. The large difference between the oxidation 

potential of single electron transfer (1.85 V vs NHE) for naphthalene comparing with the 

conduction band ( -0.5 V vs NHE) 79 of the TiO2 does not allow the naphthyl radical cation 

to inject its unpaired electron in the conduction band of the TiO2. Moreover, the ionization 

energy of the naphthalene radical cation is much larger than that for naphthalene (around 

8.0 eV 80), which requires a much higher potential to transfer the unpaired electron 81. This 

is in line with the observations of Hykaway et al. 82 who reported that naphthalene did not 
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show any current doubling effect during its oxidation to a carbocation radical on the surface 

of the TiO2 electrode.  

Moreover, by using isotopically labeled TiO2 we conclude that the surface oxygen atoms 

are not incorporated in the naphthalenols, thus leaving water as the source of oxygen in the 

products. We note that this mechanism is conceptually equivalent to that proposed by 

Yoshida et al. 14 for the photocatalytic reforming of benzene, although we consider here the 

TiO2 surface only implicitly.  

The only non-oxygenated intermediated we observed during the photooxidation of 

naphthalene over Pt-UV100 is 1,1'-binaphthalene (H). Its formation can be explained by 

the coupling of two naphthyl radical cations accompanied by proton release              

(Equation 5-13), or of one radical cation with the mother compound (Equation 5-14) The 

equivalent compound biphenyl has previously been observed in the anaerobic 

photocatalytic oxidation of benzene by Hashimoto et al. 77. Thus, the formation of this 

compound supports the SET mechanism. 

The naphthalenols are susceptible to be further oxidized, by a similar mechanism, to 

different diols, of which we only observed naphthalene-1,4-diol (C) in significant amounts. 

In turn, the diols can be readily oxidized to form the respective naphthoquinones, such as 

the detected naphthalene-1,4-dione (D). A new hydroxylation step yields another of the 

detected intermediates, 5-hydroxynaphthalene-1,4-dione (F) 12. Alternatively, D can after 

successive oxidation steps, undergo a ring cleavage reaction to produce phthalic acid (K), 

which upon alkylation with alkyl radicals (•R) can produce the detected dialkylphthalates 

(E). The formation of the esters could be aided by the production of carboxylate radicals in 

the first step of the photo-Kolbe reaction 83, and their subsequent coupling with alkyl 

radicals (Equations 5-15 and 5-16)  84. In fact, Zhang et al. 11 found that phthalate esters are 

the main intermediates during the photooxidation of phenanthrene over TiO2 suspensions. 

Moreover, this reaction has been reported in the literature during the degradation of 

different PAHs in homogeneous systems 85, 86. The ring-opening reactions and further 

oxidations eventually lead to short-chain carboxylic acids, of which we observed formic 

and acetic acids. Their decarboxylation via a photo-Kolbe reaction 87 can thus be the source 

of the alkyl radicals. 

As noted above, we detected the 1,4-diol (C), but not the 1,2- isomer. The reactivity of such 

diols is however very high. In the case of the anaerobic degradation of benzene, it has been 
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reported that the equivalent diol undergoes a rapid ring cleavage reaction to yield muconic 

acid, which upon successive oxidation yields CO2 
77. We thus interpret the absence of the 

1,2-diol as proof of its high reactivity, instead of its lack of formation. A similar argument 

applies to naphthalene-1,2-dione (J). 
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5-9 

 

5-10 

 

5-11 
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5-13 

 

5-14 

Looking at the reductive side, the photogenerated electrons have a strong tendency to 

accumulate in the platinum particles. Once there, they can reduce protons to hydrogen 

atoms (Equation 17), which, upon dimerization, form H2 (Equation 18). Notably, although 

the successive oxidation of naphthalene may yield protons (e.g. Equations 10 and 11), the 
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fast exchange reaction with water (Equation 19) implies that the origin of the protons that 

eventually are reduced may be indistinguishable.  

In the same way, as the organic intermediates can compete with naphthalene for holes, they 

can also compete for the photogenerated electrons. This explains the observation of 

partially reduced compounds, such as 1,2,3,4-tetrahydro-1-naphthalenol (G) and 1,2,3,4-

tetrahydro-1-naphthalenone (I). Additionally, the reduction may not be direct, but rather 

related to the hydrogen atoms produced by Equation 12. For instance, Yoshida et al. have 

shown their direct involvement in the photoreforming of benzene 14. 

 
5-15 
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Scheme 5-1 Proposed mechanism for the photocatalytic reforming of naphthalene over Pt-UV100 

under simulated sunlight. Note: Compounds inside dashed square were not detected during the by-

product’s identification. 



                                                                 Chapter Five: Mechanistic Insights into Hydrogen Evolution                                                                          

by Photocatalytic Reforming of Naphthalene 

180 

 

5.6 Conclusions 

We have studied the photocatalytic degradation of naphthalene, the most abundant 

polycyclic aromatic hydrocarbon in water, coupled with the production of molecular 

hydrogen, a potential energy vector for a sunlight-based economy. Although the 

photocatalyst TiO2 initiates the degradation of naphthalene in anaerobic conditions under 

simulated sunlight irradiation, the evolution of molecular hydrogen requires the presence 

of a platinum co-catalyst. By applying a combination of chromatographic and mass 

spectroscopic techniques, we have performed close monitoring of the stable reaction 

intermediates, finding that 1- and 2-naphthalenol, acetic acid, and formic acid are the ones 

present in largest concentrations in the solution, while H2 and CO2 are the only gaseous 

products. Many possible pathways for photoinduced reforming of naphthalene involving 

different reactive species on the surface of photoexcited Pt/TiO2 have been tested. The use 

of Ti18O2 did not lead to a significant evolution of 18O-enriched CO2, suggesting that lattice 

oxygen atoms are not incorporated into this product. In addition, experiments using 

solvents with variable H2O - D2O compositions and deuterated naphthalene led to an 

isotopic composition of the evolved hydrogen matching those of the solvent, and not that 

of naphthalene. By analyzing the reaction rates, we further determined that water (but not 

naphthalene) appears to be involved in the rate-determining step of the reaction. 

Furthermore, by performing photocatalytic experiments in the presence of a hole and 

hydroxyl radical scavengers, we determined that only the former plays a significant role in 

the oxidation of naphthalene. Complementary spin trapping experiments using electron 

paramagnetic resonance spectroscopy confirm this notion. Moreover, transient absorption 

spectroscopy allowed us to detect the radical cations of naphthalene and its dimer as short-

lived species in the nanosecond time scale, in addition to their interaction with the Pt/TiO2 

surface. On the basis of the results, the most probable reaction route is the formation of 

naphthalene radical cation via SET from naphthalene, scavenging the photogenerated hole 

in the Pt/TiO2 surface. This carbocation radical swiftly reacts with water to form an OH 

adduct which furtherly oxidized by another hole to produce the hydroxylated naphthalene. 

Concomitantly, the photogenerated electrons reduced the proton originated mainly from 

water to molecular hydrogen. 
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5.7 Supporting Information 

5.7.1 Material Characterization 

5.7.1.1 BET Surface Area 

Brunauer – Emmett – Teller (BET) specific surface areas were measured by a FlowSorb II 

2300 instrument equipped with a Micromeritics AutoMate 23. All the studied samples 

(pristine and platinized TiO2) were pre-degassed in a vacuum at 150 °C for 1 h. The specific 

surface area was measured in triplicates and determined by means of single-point standard 

BET surface area measurements. 

The results are summarized in Table S5-1. Pristine UV100 possess a large specific surface 

area, close to 300 m2 g-1. While the deposition of platinum leads to a slight decrease, it is 

only of 2.8%, a figure consistent with its small loading on the TiO2 surface.  

Table S5-1. BET surface area measurement for pristine Hombikat TiO2 (UV100) and 0.5 wt% Pt-

UV100 

Catalyst UV100 0.5 wt% Pt-UV100 

Average Specific surface area (n=3) 

m2 g-1 
295.0 286.6 

Standard deviation 1.2 1.6 

5.7.1.2 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) patterns were registered on a Bruker D8 Advance diffractometer 

(Bruker AXS GmbH) with a Bragg-Brentano geometry using Cu Ka radiation (λ=1.54060 

Å). The patterns were recorded in the 2θ range between 10° and 80° in steps of 0.039°. The 

obtained diffraction data were compared with reference patterns for anatase TiO2 in the 

ICDD database (black lines). 

Figure S5-1 shows the obtained patterns for UV100 and Pt-UV100.  They show similar 

features, with all reflections corresponding exclusively to the anatase phase of TiO2. 

Furthermore, the broadness of such reflections indicates small average crystallite sizes, in 

agreement with the high observed specific surface areas. The deposition of Pt does not 

significantly change the XRD pattern. 
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Figure S5-1. XRD patterns of pristine UV100 and 0.5 wt% Pt-UV100 

5.7.1.3 Transmission Electron Microscopy (TEM)  

Transmission Electron Microscopy (TEM) measurements were carried out on a JEOL JEM-

2100F field-emission instrument, which was equipped with an EDX spectrometer of the 

type Oxford Instruments INCA-200 with an acceleration voltage of 200 kV from a field 

emission gun (FEG). The powdered specimen was dry-fixed (i.e. without using any solvent) 

on a holey carbon film supported by a Cu grid (Quantifoil, Multi A).  

As shown in Figure S5-2, the nanoscaled TiO2 material shows agglomerates in the µm 

range, and crystalline domains with diameters of about 5-10 nm, inconsistency with the 

XRD results. The Pt nanoparticles on the surface of UV100 show sizes of about 1-3 nm. 

  

 

Figure S2. TEM images of 0.5 wt% Pt-UV100 nanoparticles at different magnifications. 
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5.7.1.4 Electron Paramagnetic Resonance (EPR) Technique 

The electron paramagnetic resonance (EPR) technique was conducted in situ for pristine 

and platinized TiO2 in order to detect and monitor the formation of the paramagnetic sites 

formed upon irradiation. The experiments were carried out at 77 K using liquid nitrogen. 

The equipment is an X-band EPR MiniScope MS400 (Magnettech GmbH, Germany) 

spectrometer operating at 9.51 GHz field modulation and equipped with a UV spot-light 

(LC8, Hamamatsu, 200 W super-quiet mercury-xenon lamp). The acquisition parameters 

were as follows: center field: 335.4086 mT, sweep time 15 s, number of points: 4096, 

number of scans: 1, modulation amplitude: 0.2 mT, power: 10 mW, gain: 5. The 

photocatalysts were contained in a clean quartz tube and degassed for 1h using a gentle 

stream of N2 gas prior the experiment. As shown in Figure S5-3, no EPR signal was 

detected in dark conditions for pristine UV100, while a small signal at g = 2.004 was 

detected for Pt-UV100 attributed to oxygen vacancies that formed during its synthesis88, 89. 

While, after illumination for 15 min significant signals were detected for trapped electrons 

and holes 90-93 in both catalysts. Remarkably, the signal intensity of trapped holes in Pt-

UV100 was found to be higher than that for UV100. Double integration of the hole signals 

show that Pt-UV100 exhibits a ~20% higher amount of trapped holes compared to UV100. 

While, the signal intensity of trapped electrons (Ti+3) in UV100 was found to be two-fold 

higher than that for Pt/UV100. Platinum nanoparticles on the surface of UV100 act as 

electron sinks, decreasing the recombination process 93 and thus enhancing signals 

attributed to holes. 

 

Figure S5-3. In situ EPR spectra for pristine and Pt/UV100 in the dark (black and green, 

respectively), and after 15 min illumination (red and blue, respectively). 
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5.7.2 Sample Preparation and Photocatalytic Experiments  

5.7.2.1 Samples Preparation 

 

Scheme S5-1. Stock solution preparation (A), and sample preparation for the photocatalytic H2 

evolution and naphthalene oxidation experiments (B). 

5.7.2.2 Photonic Efficiency Determination 

The determination of the photonic efficiencies ξ was carried out on the basis of Equation 

(S5-1), where ΔC/Δt is the degradation (naphthalene) or formation (hydrogen) rate in units 

of mol s-1, A is the illuminated area (6.60 × 10-4 m2), and Iₒ the photon flux density, equal 

to 3.31 × 10-4 mol m-2 s-1 in the wavelength range between 320 nm and 380 nm. 

ξ =
degradation or formation initial rate (mol s−1)

photon flux  (mol  s−1)
=

ΔC

Δt

1

Iₒ A
                        S5 − 1 

The photon flux density I0 was determined from Equation (S5-2), where I is the light 

intensity (W m-2), λ is the corresponding wavelength (m), NA is Avogadro’s constant (6.022 

× 1023 mol-1), h is Planck’s constant (6.636 x 10-34 W s2) and c is the speed of light (3.00 x 

108 m s-1). 

I0 =
I λ

NA h C
                                                                                                                        S5 − 2 
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5.7.2.3 Initial Photonic Efficiencies, ξ, for Naphthalene Degradation:  

Time (min) Naphthalene amount (µmol) 

Initial conc. before ads. 2.26 

0 (after ads.) 1.92 

30 0.639 

 

Δ amount of naphthalene after 30 min = 1.92 – 0.639 = 1.28 µmol. 

%ξ =
degradation or formation initial rate (mol s−1)

photon flux  (mol  s−1)
∗ 100%  

= (
1.28 x10−6 mol

1800 s
(

1

3.31 x10−4 mol m−2 s−1 ∗   6.60x10−4 m2
)) ∗ 100% 

% ξ = 0.33 

 

5.7.2.4 Naphthalene Absorption and Solar Simulator Emission Spectra 

 

Figure S5-4. UV−vis absorption spectra for a 156 µmol L-1 naphthalene solution (black line) and 

solar irradiance spectral (red line). 
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5.7.2.5 Dark Adsorption 

The adsorption experiments were carried out in a borosilicate air-tight reactor, while the 

temperature was kept constant at 25 ± 1 °C. In a typical experiment, 100 mg of the 

photocatalyst powder was suspended in 100 mL of naphthalene solution (156 µmol L-1). 

Afterward, the suspension was mixed at low speed using a magnetic stirring, and the 

concentration of naphthalene was monitored at regular intervals using the HPLC. All 

samples were filtrated with syringe filters (0.2 µm) and immediately analyzed, to minimize 

the volatilization of naphthalene. However, we should note that the equilibrium amount of 

naphthalene in the gas phase did not consider in this experiment. 

 

Figure S5-5. Adsorption kinetics of naphthalene on the surface of 0.5 w% Pt-UV100. Conditions: 

double jacket reactor, reaction volume = 100 mL; [Naphthalene] = 156 µmol L-1; [catalyst] = 1 g 

L-1; T = 25 °C. Lines are guides for the eye. 

5.7.2.6 Photocatalyst Reusability 

As detailed in the main text, the photocatalytic degradation of naphthalene in anaerobic 

conditions leads to the formation of colored intermediates. Figure S5-6 shows the color of 

a suspension after irradiation for 4 h, which has turned to a brown color due to the formation 

of such intermediates. Interestingly, by irradiating for 1 h under aerobic conditions these 

intermediates can be promptly removed, turning the suspension color back to white. the 

reused photocatalyst exhibits photocatalytic performance and stability over three cycles. 

Compared to the fresh photocatalyst, the naphthalene conversion efficiency and molecular 

hydrogen formation remained almost the same (~90%). 
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Figure S5-6: Photography of a reaction vial used for the photocatalytic degradation of 

naphthalene, (a) after irradiation for 4 h under anaerobic conditions (left), and (b) a picture of the 

same sample after the subsequent irradiation in aerobic conditions for 1 h (right). 

5.7.3 Analytical Methods 

Table S5-2. Conditions for the HPLC separations. 

Naphthalene identification By-products identification 

Time Methanol Water Flow rate Time Methanol Water Flow rate 

min % % mL min-1 min % % mL min-1 
Initial 70 30 1.00 Initial 10 90 0.8 

6.00 70 30 1.00 20 65 30 0.8 

- - - - 30 65 30 0.8 

- - - - 35 95 5 1.00 

- - - - 40 10 90 0.8 

5.7.4 Photocatalytic CO2 and H2 Evolution During the Reforming of Naphthalene 

using Quadrupole Mass Spectroscopy. 

The photocatalytic reforming of the naphthalene has been carried out using a quadrupole 

mass spectrometer (QMS) for gas analysis (Hiden HPR-20), to figure out the mineralization 

of naphthalene.   Figure S5-7 shows the QMS signal for Photocatalytic CO2 (blue) and H2 

(red) evolution.  Both H2 and CO2 signals are immediately produced upon illumination. 

After a very short initial delay, CO2 formation shows an increasing rate over time during 

the analyzed period. Contrarily, after a fast-initial growth, the H2 signal shows a marked 

decrease in its formation rate, in accordance with the results of Figure 5-1 in the main 

article. The differing behaviors can be explained by considering that, while H2 can be 

readily produced from naphthalene, the formation of CO2 implies its mineralization, for 

which several oxidation steps are needed. Consequently, CO2 formation will benefit from 
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the accumulation and successive oxidation of organic intermediates, and thus its formation 

rate is expected to be delayed with respect to that of H2, causing a longer period in which 

its formation rate increases. Similar behavior has been reported for the reforming of short-

chain alcohols over platinized TiO2 94. 

 

Figure S5-7: QMS signal for photocatalytic CO2 (black) and H2 (red) evolution from the reforming 

of naphthalene over Pt-UV100 employing an. Experimental conditions: double jacket reactor with 

quartz window, [Naphthalene] = 156 µmol L-1, light intensity I250-I450 =30 mWcm-2, [catalyst] = 1 

g L-1, T = 25 °C, and irradiation with an Osram XBO 1000-Watt xenon arc lamp as a solar 

simulator. 

5.7.5 Intermediates Identification 

Table S5-3. Retention time and ions peaks for the detected compounds by GC-MS during the 

photocatalytic reforming of naphthalene over 0.5 wt% Pt-UV100. 

# 
Retention 

time / min 
Name Ion peaks 

1 5.175 Naphthalene 64, 75, 101, 102, 128 

2 7.642 1,2,3,4-tetrahydro-1-naphthalenone 105, 115, 129, 120, 130, 134 

3 7.917 3,4-dihydronaphthalen-1(2H)-one 90, 118, 131, 146 

4 8.442 Naphthalene-1,4-dione 76, 102, 104, 130, 158 

5 8.900 Dimethylphthalate 76, 90, 104, 118, 132, 163 

6 9.417 Naphthalene-1,4-diol 104, 131, 160 

7 9.717 Naphthalen-1-ol 72, 89, 101, 115, 116, 144 

8 9.875 Naphthalen-2-ol 72, 89, 101, 115, 144 

9 10.692 Diethylphthalate 
93, 104, 105, 121, 132, 149, 176, 177, 

222 

10 13.983 5-hydroxynaphthalene-1,4-dione 92, 118, 120, 146, 174 

11 18.658 1,1'-binaphthalene 
113, 126, 150, 226, 239, 250, 252, 

253, 254 
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Table S5-4: Identified intermediates during the photocatalytic oxidation of naphthalene in the 

presence of molecular oxygen from previous studies. Compounds highlighted in bold are those also 

found in the present study (in the absence of oxygen). 

Catalyst 
Light 

source 
Intermediate Ref. 

TiO2 UV 

Naphthalen-1-ol, naphthalen-2-ol, x-hydroxynaphthalene-1,4-

dione, naphthalene-1,4-dione, coumarin, 1,2-

benzenedicarboxaldehyde, phthalic acid, 2,3-dihydro-2,3-epoxy-

1,4-naphthalenedione, (E)-2-(3-oxoprop-1-en-1-yl)benzaldehyde, 

and (Z)-2-(3-oxoprop-1-en-1-yl)benzaldehyde. 

12 

WO3–

MWCNT 
570 W Xe Naphthalen-1-ol, naphthalene-1,4-dione, and phthalic acid. 95 

TiO2 UV 

Naphthalen-1-ol, naphthalen-2-ol, 5-hydroxynaphthalene-1,4-

dione, Phthalide, Cinnamaldehyde, naphthalene-1,4-dione, 1,2-

benzenedicarboxaldehyde, and 2-carboxycinnamaldehyde. 

96 

Q-TiO2 125 W Hg 

Naphthalen-1-ol, naphthalen-2-ol, naphthalene-1,2-dione, 

naphthalene-1,4-dione, and 2-(3-oxoprop-1-en-1-

yl)benzaldehyde 

34 

TiO2 UV 
Naphthalen-1-ol, 1,2-benzenedicarboxaldehyde, 2H-chromen-2-

one, and 2-hydroxynaphthalene-1,4-dione. 
97 

GO-

Ag3PO4 
300 W Xe 

Naphthalen-1-ol, naphthalene-1,4-diol, naphthalene-1,4-dione, 

phthalic acid, and dialkyl ester. 
98 

p-Co3O4/n-

Bi2O2CO3 
500W Xe 

Naphthalen-1-ol, naphthalene-1,4-dione, phthalic acid, 2-

hydroxybenzaldehyde, hydroquinone, acetic acid, oxalic acid, 

2,3-dihydroxybenzaldehyde, and methanol. 

10 

5.7.6 Mechanistic Study 

5.7.6.1 EPR Spectra 

 

Figure S5-8: Experimental (black) and simulated (red) EPR spectra measured after 15 sec of 

continuous irradiation in the presence of the spin trapping agent DMPO. Catalyst mass 

concentration, 1 mg mL-1; naphthalene concentration, 156 µmol L-1; DMPO concentration, 20 mM. 

The simulation represents the EPR signal of the DMPO–OH adduct (aN = 1.453 mT, aH = 1.494 

mT; g = 2.0059) in H2O. 



                                                                 Chapter Five: Mechanistic Insights into Hydrogen Evolution                                                                          

by Photocatalytic Reforming of Naphthalene 

190 

 

 

 

Figure S5-9: EPR spectra measured after 1 min of continuous irradiation in the presence of the 

spin trapping agent DMPO in the presence (solid line, black) and absence (dot line, red) of 

naphthalene. Catalyst mass concentration, 1 mg mL-1; naphthalene concentration, 156 µmol L-1; 

DMPO concentration, 20 µmol L-1,  

 

   

Figure S5-10: EPR spectra recorded during the photocatalytic reforming of naphthalene in the 

presence of (a) DMPO (b) DMPO and TBA, and (c) DMPO and KI. Photocatalyst mass 

concentration, 1 g/L; 156 µmol L-1 aqueous solution of naphthalene; irradiation using UV(A); 

microwave frequency: 9.51 GHz. 
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5.7.6.2 Isotopic Labeling Analyses 

 

Figure S5-11. Quadrupole Mass Spectroscopy (QMS) signals for the photocatalytic H2, HD, and 

D2 formation in different H2O/D2O mixtures over 0.5 wt% Pt-UV100 during the reforming of 

naphthalene. (a) 100% H2O / 0% D2O, (b) 75% H2O / 25% D2O, (c) 50% H2O / 50% D2O, (d) 25% 

H2O / 75% D2O, (e) 0% H2O / 100% D2O. 

 

Figure S5-12: Isotopic distribution of the evolved gases (H2, HD, and D2) from the photocatalytic 

reforming of aqueous naphthalene over Pt-UV100 a) employing different D2O/H2O compositions. 

Conditions: reaction volume, 15 mL; [Naphthalene] = 235 µmol L-1; [catalyst] = 1 g L-1; T = 25 

°C; illumination with simulated solar light. Note: Since the setup was operated at the same 

sensitivity factor for all gases, the observed signals are directly comparable. 
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6Chapter Six: Summarizing Discussion and Conclusions 

6.1 Foreword 

In this thesis, the photocatalytic degradation of a polycyclic aromatic hydrocarbon (PAH) 

in water, coupled with the production of molecular hydrogen as a potential energy vector 

for a sunlight-based economy, was studied employing TiO2-based photocatalysts under 

solar irradiation. Although the photocatalytic degradation of PAHs in water and air has 

been frequently investigated in aerobic conditions, the photocatalytic reforming of these 

compounds yielding molecular hydrogen was investigated for the first time. Naphthalene 

as the simplest PAH compound and frequently detected pollutant in the aquatic 

environment had been chosen as a model compound to perform all the photocatalytic 

experiments.  

This Chapter will begin with discussing the H2 formation and photooxidation of 

naphthalene during its photocatalytic reforming over two different commercial TiO2 

photocatalysts, namely, Evonik Aeroxide P25 and Sachtleben Hombikat UV100, loaded 

with Pt nanoparticles, irradiated by a solar simulator. Hereby, the impact of several factors 

such as the type of TiO2, the platinization method, and intermediates formation on the 

efficiency of the charge carrier transfer, H2 formation, and naphthalene photooxidation will 

be the bases of the discussion. Finally, the most proper proposed mechanism of the 

photoreforming of naphthalene will be elucidated in a systematic and thorough discussion 

based on the results of different chromatographic and spectroscopic techniques. 

6.2 Photocatalytic Reforming of Naphthalene 

The investigation described in Chapter 3 addresses the photoreforming of naphthalene in 

the absence and presence of different commercial types of bare and platinized TiO2 

photocatalysts. As mentioned previously in that chapter, different types of TiO2 exhibit 

different photocatalytic activities. Thus, the catalysts not only have to be used and 

optimized for their activity but they must also be investigated for which reactions or 

substrates they are most suitable.  This step, indeed, is the basic building block for 

understanding the photocatalytic process of naphthalene under inert conditions. To this end, 

the most reported active commercial types of TiO2, namely, Evonik Aeroxide P25 (84% 

anatase: 16% rutile, specific surface area of 52 m2 g−1) and Sachtleben Hombikat UV100 

(100% anatase, specific surface area of 300 m2 g−1), were employed for evaluating the H2 
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production during photooxidation of an aqueous solution of naphthalene under the same 

experimental conditions. Both pristine photocatalysts were loaded with different fractional 

ratios of platinum nanoparticles (PtNPs) via the photodeposition method.  

6.2.1 H2 Evolution 

It is generally accepted that bandgap excitation of TiO2 results in the photogeneration of 

charge carriers (Equation 6-1). Both species, the electron and hole, rapidly migrate and are 

trapped to the surface (Equations 6-2 and 6-3) where they recombine (Equations 6-4              

to 6-6) or initiate the oxidation and reduction reactions occurring at the TiO2 / electrolyte 

interface 1, 2. In the presence of a suitable co-catalyst, such as Pt, the electrons migrate from 

the TiO2 surface to the Pt metal site (Equation 6-7).  A part of these electrons is involved 

in the reduction reaction and/or another fraction is trapped on the surface of the TiO2 as 

Ti+3 (Equations 6-8 and 6-9). On the other hand, the holes are trapped firstly inside the TiO2 

nanoparticle and then slowly migrate to the surface where they induce oxidation reactions  

(Equation 6-10) 2. 

 
6-1 

 
6-2 

 
6-3 

 
6-4 

 
6-5 

 
6-6 

 6-7 

 
6-8 

 
6-9 

 
6-10 

Before starting the photocatalytic reforming of naphthalene over the TiO2 materials, the 

requirements for this process were evaluated. Indeed, all pristine and as-prepared platinized 

materials did not show any activity for H2 evolution from naphthalene in the absence of 
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light. The cleavage of water to produce H2 and O2, as well as the decomposition of 

naphthalene over TiO2 requires an input of energy due to the positive Gibbs energy for both 

reactions (Equations 6-11 and 6-12) 3, 4.  

Therefore, to overcome this lack, the energy of light is used, evincing the importance of 

converting light energy into chemical energy. Besides that, no H2 evolution was observed 

during the illumination of pristine and platinized TiO2 in the absence of naphthalene. This 

can be assigned for many reasons: (i) The fast recombination of the photogenerated charge 

carriers in the absence of a suitable hole scavenger, i.e., naphthalene. (ii) The presence of 

an overpotential in the production of H2 on the surfaces of the pristine photocatalysts. (iii)  

The fast backward recombination of H2 and O2 yielding water, which could easily take 

place and compete with the water-splitting 5. In fact, the lack of H2 production during water 

splitting over different types of Pt-TiO2 under UV or visible light illumination has been 

reported previously 6, 7.  Galinska and Walendziewski 8 did not observe any H2 production 

by using Pt-TiO2 under UV illumination without the addition of a sacrificial reagent 8. 

Similarly, Kandiel et al. 7 have been reported that Pt-P25 and Pt-UV100 are inactive to 

photocatalyze H2 evolution from pure water in the absence of methanol.  

Moreover, the naphthalene concentration moderately decreases under irradiation in the 

absence of the photocatalyst (32% after 4 h), possibly due to the photolysis of the 

naphthalene. The direct photolysis of PAHs has been reported previously 9, and it is 

considered as one possible method for eliminating these compounds from the      

environment 10. The estimated photonic efficiency for the direct photolysis of naphthalene 

after 4 h irradiation is 2.3 × 10-3 %. This value is low compared to that reported by Vialaton 

et al. 11 of 2.5 × 10-1 % for the photolysis of naphthalene under aerobic conditions at 313 

nm irradiation, which can be related to the presence of molecular oxygen that enhances the 

photodegradation of the PAHs 9.   

The general stoichiometry of the photocatalytic degradation of naphthalene in the presence 

of molecular oxygen is represented by Equation 6-13. As shown in this equation, typical 

photocatalytic oxidation (mineralization) converts the hydrogen bound to organic carbons 

to hydrogen bound in water since this is the most thermodynamically stable form. It is also 

H2O →  O2  +  H2                                                       ∆𝐺° = 237.2 KJmol−1            6-11 

C10H8  +  20 H2O →  10 CO2  +  23 H2               ∆𝐺° = 575.7 KJmol−1              6-12 
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possible in the absence of O2 to achieve a partial conversion instead of the complete 

mineralization of organic compounds. This reaction which can be driven by solar 

photocatalysis yields H2 from the degradation of naphthalene (Equation 6-14). On the 

surface of the excited TiO2, the adsorbed naphthalene are oxidized by the photogenerated 

holes to CO2 (Equation 6-15), whereas, the present protons are reduced to H2 by the 

photogenerated electrons (Equation 6-16). 

 

6-13 

 

6-14 

 

6-15 

 
6-16 

However, in this study, as can be seen in Figure 6-1, both pristine photocatalysts (UV100 

and P25) had not shown activity for H2 evolution, although the energy of the 

photogenerated electrons in the conduction band of both rutile (ECB = −0.11 V at pH 0) and 

anatase (ECB = −0.32 V at pH 0) 12 is sufficient to form H2 by reducing water.  

 

Figure 6-1: Molecular hydrogen formation (red columns) and naphthalene conversion (black 

square symbols) during light-induced reforming of naphthalene in the presence of pristine and 

platinized TiO2 (P25 and UV100), after 240-minutes of illumination using simulated solar light. 
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Photocatalyst mass concentration, 1 g L-1; volume 15 mL, and 156 µM aqueous solution of 

naphthalene. 

The lack of H2 evolution over bare TiO2 is a known issue, ascribed to the fast recombination 

of charge carriers and the high overpotential for this reaction on the TiO2 surface 6. In the 

present case, whilst the photogenerated holes in TiO2 may be consumed by naphthalene 

(Equation 6-15), the absence of molecular oxygen as the electron acceptor necessitates that 

the accompanying electrons either reduce one of the organic species present in the system 

or they accumulate in the form of trivalent titanium (Ti3+) inside the photocatalyst due to 

their insufficient transfer capacity to an absorbed species 1. Transient absorption 

spectroscopy (TAS) data revealed that the generated electrons were trapped as blue Ti3+ 

ions instead of reducing H+ upon the consumption of holes by the electron donor 6, 13. The 

presence of platinum NPs on the surface of both TiO2 photocatalysts activates the reduction 

of adsorbed protons to molecular hydrogen. The reduction of the overpotential of H2 

evolution and the formation of a Schottky junction at the Pt–TiO2 interface is considered 

the main driving force for this reaction 14.  Considering that, Pt NPs have lower the Fermi 

level compared to that of TiO2. When TiO2 and Pt are connected, photogenerated electrons 

can migrate from TiO2 to the PtNPs through the interface until a thermodynamic 

equilibrium is achieved 1. A Schottky barrier is defined as the barrier against the flow of 

electrons from the metal to the n-type semiconductor, i.e., TiO2. During the irradiation, this 

thermodynamic equilibrium will be disturbed, permitting the photogenerated electrons to 

continuously flow from the CB of TiO2 to the metal NPs 1. Generally, it has been known 

that such a Schottky barrier facilitates electron trapping by the metal, providing better 

charge separation. Thus, the trapped electrons have a longer lifetime to promote the 

reduction reactions of the adsorbed protons to H2 15. It should be noted that                    

Patsoura et al. 16 conducted similar experiments over pristine TiO2 at pH 6 and 10 using an 

azo-dye (Acid Orange 7) as a hole scavenger. Even after 20 h illumination, the authors did 

not observe hydrogen production, although decolorization of the solution was achieved in 

less than 15 min. This indicates the necessity of the presence of a suitable electrocatalyst 

(here: Pt) for the photoinduced H2 production from dye-containing solutions. However, it 

is known that other noble metals, such as Pd, Au, and Ag are suitable hydrogen evolution 

reaction catalysts, too. 

Interestingly, as can be seen in Figure 6-1, after 0.5 wt% platinum deposition on the TiO2 

surface, the photocatalytic activities for H2 evolution increase for all the platinized samples 
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as a result of the improved charge separation efficiency. Pt-UV100 shows higher activity 

for H2 production compared to Pt-P25. The difference in H2 formation between Pt- UV100 

and Pt- P25 could be explained by the enormous variation in the specific surface areas of 

these two catalysts, i.e., 300 m2 g-1 vs. 50 m2 g-1, respectively. The larger the surface area, 

the higher the adsorption of the pollutant molecules due to the higher number of active sites 

(Ti4+) on the TiO2 surface. This leads to a rise in the rate of electron transfer to Pt 

nanoparticles and decreases the internal mass transfer limitation of the pollutant to the 

active sites, thus promoting the H2 formation 7. Kandiel et al. 7 explained the higher H2 

formation rate over Pt-UV100 during the reforming of aqueous methanol solutions to the 

higher BET surface area of UV100 as compared to Pt-P25. However, in general, the 

differences in the photocatalytic activity between the materials depend on various 

properties, such as surface area, particle size, optical properties, crystallinity, structure, and 

many other factors, and cannot be interpreted based on a single property 3. 

The differences in the structure between the UV100 and P25 could be another reason for 

enhancing the UV100 activity. It has been reported that UV100 exhibits a mesoporous 

structure, whereas P25 is completely non-porous. This mesoporous TiO2 structure, 

resulting from the compactly packed nanoparticles, which form a uniform agglomerate, 

enables efficient charge separation through interparticle charge transfer, thus enhancing the 

photocatalytic activity 7, 17.  

A further aspect that is thought to influence the activity of Pt as a co-catalyst is the particle 

size. As shown in Chapter 3, the average grain size of Pt nanoparticles on the surfaces of 

Pt-P25 and Pt-UV100 formed by the photodeposition method was found to be 3.4 ± 0.7 nm 

and 2.1 ± 0.5 nm, respectively. Considering that the mass density of Pt is 21.45 g cm-3, and 

assuming the spherical shape of the Pt particle, the average mass of the Pt particle on the 

surface of P25 and UV100 is 4.41 × 10–19 and 1.04 × 10–19 g, respectively. Therefore, each 

gram of 0.5 wt.% Pt-P25 and 0.5 wt% Pt-UV100 contain 1.13 × 1016 and 4.81 × 1016  Pt 

islands, respectively. From the geometrical point of view, it could be envisioned that 

smaller Pt particles could lead to larger specific surface areas. Moreover, based on DFT+U 

calculations, Wang et al.18 proposed that quasi two-Pt-layer particles, corresponding to ∼1 

nm size, are the optimal for photocatalytic hydrogen evolution over anatase (101) due to a 

good balance between its electron transfer and surface catalysis capabilities. In the present 

case, the smaller Pt particle sizes on the surface of UV100 form a higher surface area of the 
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spread Pt, which increases the probability of electron transfer to the Pt particle, thus, 

increasing the H2 formation. 

6.2.2 Naphthalene Conversion 

It is well known that both reductive and oxidative processes occur simultaneously in a 

photocatalytic system.  As mentioned earlier in Chapter 1, it is very imperative to evaluate 

the fate of both the charge carrier components, i.e., the hole and electron, during the 

photocatalytic reforming process. The previous section had shown that electrons participate 

in the reduction of the protons to molecular hydrogen during the photocatalytic reforming 

of naphthalene over Pt-P25 and Pt-UV100, whereas the photogenerated holes are 

responsible for the most of primary oxidation processes. This section provides more 

information regarding the fate of naphthalene after reaction with the photogenerated holes.  

As can be seen in Figure 6-1, the degradation of naphthalene is greatly enhanced in the 

presence of all the photocatalysts (pristine and platinized P25 and UV100) comparing to 

the photolysis process. After irradiating the aqueous suspension for 4 h, the naphthalene 

concentration decreases by 70% - 86%. Similar results have been reported by Lair et al. 19, 

who found that the conversion of naphthalene is greatly enhanced in the presence of TiO2 

under irradiation, where it increased linearly when increasing the TiO2 loading to reach a 

maximum at about 2.5 gL−1. 

In the presented study, pristine TiO2-P25 exhibited higher photocatalytic performance for 

naphthalene conversion compared to pristine TiO2-UV100. This observation was expected, 

and it could be mainly ascribed to the fact that the recombination rate of the photoexcited 

electron-hole pair in pristine TiO2-UV100 is faster compared to the mixed phases TiO2-

P25 20. Scanlon and co-workers 21 demonstrated that the electron affinity of anatase is 

higher than rutile. Thus, the photogenerated conduction band electrons will flow from rutile 

to anatase due to the existence of a band alignment of ∼0.4 eV between them, which 

significantly lowers the effective bandgap of composite materials, and facilitate an efficient 

electron-hole separation. The authors considered this alignment as a driving force for the 

increased photoactivity. Previously, many investigations have been reported the better 

photoactivity of pristine TiO2-P25 comparing to TiO2-UV100 for photooxidation of 

aromatic compounds such as phenol 22 and 4-chlorophenol 23, and salicylic acid 24 in an 

aqueous medium.  
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Interestingly, loading platinum NPs on the surface of TiO2 has exhibited two different 

behaviors related to the nature of the photocatalysts. As shown in Figure 6-1, loading 

platinum NPs on the surfaces of TiO2-P25 decreased the photooxidation of naphthalene    

(~ 10 %) in comparison to pristine material. In the case of TiO2-UV100, an enhancement 

of naphthalene photooxidation was observed after loading the PtNPs, which is attributed to 

a reduction in the charge carrier recombination. Anatase is generally regarded as the most 

photochemically active phase of titania, presumably due to many reasons e.g., the wide 

bandgap, higher charge carrier mobility, combined effect of lower rates of recombination, 

and higher surface adsorptive capacity. The presence of a small amount of Pt as a co-

catalyst enhances the charge carrier separation through collecting the photogenerated 

electrons and thereby avoiding the electron-hole recombination 18. In the case of Pt-P25, 

the co-catalyst Pt seemly could not increase the efficiency of the charge carrier separation 

more than the separation already exists in the mixed-phases TiO2-P25. The decrease of 

TiO2-P25 activity after platinization suggests that Pt acts as a recombination center for the 

charge carrier, thus, a very small amount of the photogenerated electrons can be involved 

in the H2 formation. The presented results in this thesis are in good agreement with the 

investigation of Sun et al. 22 who reported that loading Degussa P25 with Pt resulted in a 

decrease of phenol conversion and the total carbon removal rates, whereas these rates rise 

by a maximum factor of 1.5 when Hombikat TiO2 was loaded with 1.0 wt% Pt. 

The electron paramagnetic spectroscopy (EPR) investigations for the dynamic of the charge 

carrier in Pt-UV100 and Pt-P25 have supported the photocatalytic results. As can be seen 

clearly in Figure 6-2 a, Pt-UV100 exhibits an approximately 20 % higher amount of trapped 

holes than Pt-P25 in the N2 atmosphere and under irradiation. Whereas Pt-P25 exhibits the 

strongest electron signals at Ti+3 sites. The Ti3+ site is formed from the Ti4+ site at which 

the photogenerated electrons are trapped (Equations 6-8 and 6-9). Since no hole scavenger 

was used, the increase in the Ti3+ signal is related to a higher amount of trapped electrons 

in the lattice of Pt-P25.  

Anpo and Takeuchi 25 have proved the transfer of the photogenerated electrons from TiO2 

to Pt NPs by the mean of electron spin resonance signals of Ti+3. By increasing the 

irradiation time in the absence of the Pt NPs, the Ti+3 signals increased, while their presence 

decreased the amount of Ti+3. These results clearly indicate that the photogenerated 

electrons in the Pt NPs loaded TiO2 quickly migrate from TiO2 to Pt NPs, so that few Ti3+ 

sites could be observed. Thus, the trapped electrons on the Pt NPs enhance the reduction of 
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protons to H2. In the present case, the presence of high trapped electron sites (Ti+3) on the 

surface of Pt-P25 will increase the probability to recombine the trapped electrons with the 

trapped photogenerated holes. On the other hand, the very small signal of Ti3+ and the 

higher amount of trapped holes in the case of Pt-UV100 indicates a better electron transfer 

to Pt islands than Pt-P25. Therefore, an efficient charge carrier separation in the case of Pt-

UV100 is expected, which inhibits the electron-hole recombination and increases the 

photocatalytic efficiency. This hypothesis was proved after the addition of the hole 

scavenger naphthalene to the system. The data presented in Chapter 5 shows that the 

reaction of naphthalene with the photogenerated hole produces a naphthyl radical cation, 

according to Equation 6-17. 

  

Figure 6-2: EPR spectra measured at 77 K under irradiation for Pt-UV100 (black line) and Pt-P25 

(red line) in: (a) N2 atmosphere, and (b) N2-naphthalene vapor under illumination. 

 
6-17 

Although both photocatalysts generate similar EPR signals at g-tensor components gx = 

2.002, and gy = 2.006 (Figure 6-2 b) due to the formation of the naphthalene radical       

cation 20, Pt-UV100 produced a relatively higher intense signal of this organic radical and 

a stronger signal of the trapped electrons (Ti+3) compared to both signals produced from 

Pt-P25. This can be attributed to the higher amount of the trapped holes that are available 

to react with the adsorbed naphthalene. Interestingly, unlike Pt-UV100, the intensity of the 

trapped electrons produced from Pt-P25 (Ti+3 anatase and rutile) did not relatively change 

upon the introduction of naphthalene as a hole scavenger. The higher intensity of the 

formed organic radicals in Pt-UV100 would be accompanied by a higher amount of the 

photogenerated electrons, which can be partially collected by PtNPs on the surface of Pt-
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UV100 to catalyze the reduction of H+ ions to H2, while the remaining electrons can be 

trapped as Ti+3.   

Thus, according to the previously presented results, 0.5 wt% Pt-UV100 had exhibited the 

highest photocatalytic activity under solar radiation toward the H2 formation and 

naphthalene conversion compared to all other pristine and platinized photocatalysts. 

Therefore, this photocatalyst was used to perform further investigations to determine the 

fate of naphthalene after reaction with the photogenerated holes during its photoreforming. 

The analyses of the reaction suspension using a combination of chromatographic 

techniques that were mentioned in Chapter 5, section 5.3.2, have shown that the 

hydroxylation of the aromatic ring was found to be the main process in the photocatalytic 

oxidation of naphthalene. Several hydroxylated compounds had been identified after 4 h of 

irradiation, mainly, naphthalen-1-ol, naphthalen-2-ol, naphthalene-1,4-diol, and 

naphthalene-1,4-dione, etc., besides the formation of the coupling compound 1,1'-

binaphthalene (Equations 6-18 to 6-21) and formic acid and acetic acid in low 

concentrations. Among these compounds, naphthalen-1-ol and naphthalen-2-ol had been 

found to be the main intermediates. On the other hand, the gas-phase analysis showed that 

CO2 and H2 are the only gases produced. It has been reported that such organic compounds 

are formed by the reaction of the aromatic compound with the electrophilic oxygen species 

that are photocatalytically derived from water 26. Several research groups had reported the 

formation of different hydroxylated compounds besides the H2 and CO2 gases during the 

photocatalytic reforming of benzene over titania 27. Yuzawa et al. found that the 

photocatalytic reaction of benzene with water over Pt-TiO2 in an anaerobic system 

produced phenol, biphenol, and cyclohexanol 28. The detection of such hydroxylated 

compounds in the present case reveals that the most detected intermediates correspond to 

earlier stages of the degradation process, which suggests a limited extent of mineralization 

under anaerobic conditions. 

 
6-18 

 

6-19 
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6.2.3 Kinetic of the Photocatalytic Reforming of Naphthalene 

The photocatalytic reforming of naphthalene and as well other multi-carbons compounds 

is complex and involves many reductions and oxidations steps 19. The analysis of the 

detailed kinetic profiles of the photocatalytic reforming of naphthalene over Pt-UV100 

reveals some interesting features. In the present work, the converted amount of naphthalene 

and the H2 evolution vs time did not follow a first-order model, indicating that there is more 

than one limiting step in the reaction mechanism, which is expected considering its several 

intermediates and their different photooxidation processes 29, 30. 

As can be seen in Figure 6-3, the reduction of about 14% of the initial naphthalene amount 

in the dark before the illumination evinces that it can adsorb on the surface of the 

photocatalysts. Although naphthalene is not expected to interact strongly with the TiO2 

surface, apparently the high specific surface area of UV100 results in significant 

adsorption. The adsorbed amount at the equilibrium corresponds to a coverage of about 

0.05 molecule nm-2. A similar value for naphthalene on the surface TiO2 (anatase) was 

reported by Mahmoodi and Sargolzaei, with the difference that the dynamic equilibrium 

was established after 5 min in that case 31. The adsorption of aromatic compounds on the 

TiO2 surface was studied by Nagao and Suda 32, who suggested that the adsorption involves 

the formation of Ti+4‧‧‧π-electron and/or OH(surface)‧‧‧π-electron type complexes. 
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Figure 6-3: Kinetic profiles for the photocatalytic degradation of naphthalene and molecular 

hydrogen evolution over Pt-UV100. Conditions: batch reactor, reaction volume = 15 mL; 

[Naphthalene] = 156 µmol L-1; [catalyst] = 1 g L-1; T = 25 °C; illumination under simulated solar 

light. Lines are guides for the eye. 

Indeed, upon irradiation, the kinetic profiles of the photoreforming of naphthalene (Figure 

6-3) can be divided into two stages: a very rapid decrease in naphthalene amount 

accompanied by rapid H2 evolution in the presence of Pt-UV100 during the first 30 min of 

illumination. The initial photonic efficiencies were 0.97 ± 0.06 % for H2 formation and 0.33 

± 0.01 % for naphthalene degradation. Actually, these values represent around 70% of the 

total H2 formation and naphthalene conversion during 4h of illumination. After this initial 

30 min period, the changes in the amounts of naphthalene, as well as evolved H2, became 

significantly slower. The photonic efficiencies after 4h of illumination were found to be 

0.17 ± 0.03 % for H2 formation and 0.05 ± 0.002 % for naphthalene degradation. The 

accompanying degradation of 4-chlorophenol with H2 formation under the anoxic condition 

exhibited similar behavior, too 33. The authors have observed high rates for H2 evolution 

and 4-chlorophenol conversion over Pt-TiO2 within the first hour, which were highly 

inhibited after this period. In the case of naphthalene in this study, the photonic efficiency 

for H2 formation was found to be higher than those reported for different aromatic 

compounds over Pt-TiO2, such as hydroquinone (0.05%), 4-chlorophenol (0.003%), 4-

chlorobenzoic acid (0.002%), and bisphenol A (0.019%) 34. 

In the second stage, the inhibition of the H2 formation and naphthalene conversion suggests 

the depredation of the holes by the accumulated intermediates at the photocatalyst surface 

and the competition of naphthalene and its intermediates for these holes during the 

photocatalytic process. This hypothesis of “poisoning of the photocatalyst surface” is 

supported by the observation of a color change of the photocatalyst from light gray to brown 

after 1 h of illumination. This observation is in agreement with previous reports which had 
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shown that the photocatalytic degradation of naphthalene and other aromatic compounds 

may yield intermediates, likely of polymeric nature, that deactivate the catalyst surface 35. 

Furthermore, besides the disappearance of naphthalene, it is of high importance to evaluate 

the extent of complete mineralization of the reactant yielding CO2 and H2O. As shown in 

Chapter 5, the total organic carbon (TOC) being present in the aqueous solution showed a 

gradual decline to around 55 % after 4 h of irradiation. Moreover, as shown in Figure 6-3 

above, the amount of naphthalene decreases by 86 % in the same period of time. This 

variance can be ascribed to the formation of stable intermediates adsorbed on the TiO2 

surface, instead of mineralization. 

As mentioned in Chapter 3, the validity of the poisoning of the photocatalyst surface has 

been confirmed by performing different photocatalytic experiments using naphthalene and 

its main products, i.e., 1-naphthalenol, and 2-naphthalenol, under the same experimental 

conditions. As can be seen in Figure 6-4, the kinetic profiles for the photoreforming of 1-

naphthalenol, and 2-naphthalenol have shown a similarity to the naphthalene profile, 

however, higher conversion and H2 formation rates were observed in the naphthalene 

system. After 240 min of illumination, the conversion of naphthalene, naphthalen-1-ol, and 

naphthalen-2-ol were found to be 75%, 63%, and 52%, respectively.  
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Figure 6-4: Photooxidation and molecular hydrogen formation during the photocatalytic reforming 

of naphthalene, naphthalen-1-ol, and naphthalen-2-ol as a function of illumination time. 

Conditions: organic compounds amount = 2.1 µmol, [catalyst] = 1 g L−1 1.0 wt% Pt-HTiO2, T = 

25 °C, illumination under simulated solar light. 

All the tested compounds showed a faster conversion rate at 15 to 30 minutes of 

illumination, afterward, a noticeable inhibition in both rates. The fast rates in the first stages 

can be attributed to the abundant availability of active sites on the surface of TiO2 1. This 

behavior has been observed by King et al. 36, who reported that the initial stage has the most 

rapid photodegradation rate for PAH removal in the presence and the absence of the 

photocatalyst. The initial photonic efficiencies of the H2 formation and photooxidation of 

these compounds after 60 min of illumination were found to be 0.51 ± 0.02 %, and 0.14 ± 

0.01 % for naphthalene, 0.28 ± 0.03 %, and 0.1 ± 0.02 % for naphthalen-1-ol, and 0.18 ± 

0.02 % and 0.08 ± 0.01 % for naphthalen-2-ol, respectively. 

Considering the kinetic profile of naphthalene degradation, at the beginning of the 

photocatalysis process, the concentrations of these organic products are very low in the 

system. Thus, naphthalene is efficiently oxidized on the clean surface of the TiO2 since 

there is no competition from these products on the surface of the photocatalyst. However, 
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during the reaction, the formed intermediates are accumulated in the system and 

subsequently oxidized to other more polar compounds such as polyhydroxylated, quinones, 

and organic acid 37, 38. Such products have a higher polarity comparing to naphthalene. 

Therefore, they can strongly adsorb to the surface of the photocatalyst, blocking the active 

sites on this surface. In general, the degradation of these compounds leaves recalcitrant 

carbonaceous residues on the photocatalyst surface as a result of incomplete degradation 39, 

especially in the absence of O2, which decreases the photocatalytic activity of the TiO2.  

In this respect, it is noteworthy that the adsorption of the organic molecules is a very 

important factor in the photocatalytic process, however, in some cases, the strong 

adsorption of the organic compounds or their intermediates may act as a poison for the 

catalyst surface, which enhances the charge carrier recombination. The strong multilayer 

adsorption of organic molecules around the catalyst particles could limit the interaction 

between the incoming light and the photocatalyst in the case of the indirect photooxidation 

mechanism, which will reduce the photocatalytic efficiency 40. In the presented case, the 

lack of naphthalen-2-ol photooxidation after less than 30 min of irradiation can be related 

to the adsorption of stable photoformed products on the surface of the photocatalyst that 

hinders the photocatalytic process. The photocatalytic degradation of 2-naphthol was 

investigated by Qourzal et al. 41 with and without replenishing the O2 in the system and was 

found to be 100 % and 58 %, respectively. Since the photocatalytic reforming of 

naphthalene is more efficient than the reforming of both naphthalenols compounds under 

the same experimental conditions, this confirms the negative impact of the reaction 

intermediates on the reforming process. 

Furthermore, although the full mass balance of the photocatalytic reforming of naphthalene 

is outside the scope of this work, it is informative to compare the apparent stoichiometries 

of the kinetic profiles of naphthalene photoreforming and the relative amount of TOC 

during its reforming over Pt-TiO2 that were presented in Chapter 5. Considering that 55% 

(11.2 µmol) of TOC is removed from the medium, and neglecting the quantities of the 

adsorbed intermediates on the surface of the photocatalyst, this amount of TOC is 

corresponding to totally mineralized 1.1 µmol of naphthalene. According to Equation 6-14, 

the expected quantities of evolved H2 formed from this amount of naphthalene is 26.4 µmol. 

However, as shown in Figure 6-3 the evolved amount of H2 during the reforming of 

naphthalene was found to be only 5.6 µmol. Thus, the “observed: expected” ratio of H2 

formation was found to be ~0.2, which is considerably lower than one. Accordingly, this 
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ratio suggests that there are reductive reactions that compete with the proton reduction 

which are unaccounted for in the mechanism. In fact, as mentioned in Chapter 5, different 

reduction products have been identified during the analysis of naphthalene intermediates in 

low concentrations, such as 1,2,3,4-tetrahydro-1-naphthalenol, 3,4-dihydronaphthalen-

1(2H)-one, and long chains of aliphatic acids. 

Generally speaking, the reduction potential of the TiO2 conduction band (-0.5 V vs NHE at 

pH 7) 38 is suitable for the reduction of different kinds of organic compounds. A recent 

report from Walenta et al. 42 shows that CO is formed on the surface of Pt-TiO2 during the 

reforming of organic compounds. Moreover, as mentioned in Chapter 5, the photooxidation 

of naphthalene leads to produce different phenoxy and hydroxylated compounds. These 

compounds could be reduced on the TiO2 surface, since their reduction potentials are 

suitable to be reduced by the TiO2. In this context, the reduction potentials of 1-naphthoxyl 

radical, 2-naphthoxyl radical, and 1,4 naphthoquinone were determined to be 0.59 V, 0.69 

V 43, and 0.49 V 44 versus NHE, respectively.  Similarly, it has been reported that 

cyclohexanol is formed during the photocatalytic reforming of benzene on Pt-TiO2 28. It is 

also possible that the reduction of these compounds is not a direct process, but instead, it 

takes place via the hydrogen atoms adsorbed on Pt that are formed upon the reduction of 

H2O / H+ 28, 45. In either case, the consumption of these species ultimately leads to a 

deviation in the stoichiometry from the expected H2 quantities. 

The investigations presented in Chapters 2, 3, and 4 reveal several factors affecting the 

photocatalytic reforming of naphthalene. Actually, the H2 formation, as well as the 

photooxidation rates and the efficiency of the photocatalytic process are highly dependent 

on several parameters that govern the photocatalytic process. Several studies had 

highlighted many factors such as the nature and the concentration of the photocatalyst, the 

concentration of the substrate, nature of the substrate, the by-products formation 4, 16, and 

the structure and the properties of the co-catalyst 14, 46-48. Some of these factors were already 

discussed previously in this Chapter such as the nature of the photocatalyst and the by-

product formation, while in the following sections, the impact of the fractional ratio of Pt 

nanoparticles and its loading methods on the H2 formation during the photooxidation of 

naphthalene is discussed. 
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6.3 Effect of Platinum Ratio in Different Types of Commercial TiO2 

It is well known that the most popular and recommended way to enhance the photoactivity 

of the photocatalyst is the loading of metal co-catalyst. As mentioned in the second section 

of this chapter, the loading of Pt on the surface of the TiO2-P25 and TiO2-UV100 

photocatalyzed the H2 formation during the photoreforming of naphthalene. On the other 

hand, although the photoactivity of the TiO2-UV100 was enhanced after the loading, a 

reduction in the TiO2-P25 photoactivity was observed. To further prove the role of Pt on 

the surface of these catalysts in the photoreforming of naphthalene, different fractional 

ratios of Pt were deposited on the surfaces of materials and employed in the photocatalytic 

process. 

As shown in Chapter 3 section 3.4.2, the increase of the platinum content on the surface of 

TiO2-UV100 over the optimum ratio (0.5–1.0 wt%.) had shown a negative effect on the 

formation rate of molecular hydrogen and naphthalene conversion. In the case of P25, 

naphthalene conversion was also decreased with increasing the Pt content, however, the 

same H2 amount was photocatalyzed over all the platinized P25 materials.  The data 

presented in Chapter 3, as well as other reports 22, 46, show that an optimum content of Pt 

on the surface of TiO2 should be considered, otherwise, increasing the Pt content will 

reduce the efficiency of the photocatalytic process. Actually, the presence of hole 

scavengers (like naphthalene) can change the original equilibrium between the 

photogenerated holes and electrons. Platinum nanoparticles on the surface of TiO2 act as 

electron scavengers, withdrawing the photogenerated holes out of the bulk TiO2. However, 

increasing the Pt loading more than the optimum value makes the space charge layer very 

narrow, and then, the penetration depth of light exceeds the space charge layer. Thus, 

platinum nanoparticles can act as recombination centers, where the electron-hole 

recombination process will be favorable 22, 46.  

Apparently, Pt on the surface of TiO2-P25 is a hot spot for the recombination of the charge 

carriers. The only benefit of Pt NPs on the TiO2-P25 surface is to enable the H2 formation 

by reducing the overpotential of its formation. Benz et al. 49 recently discussed this point. 

They demonstrated that the fate of the charge carriers is strongly affected by the deposition 

of Pt nanoparticles. In the absence of O2, the photogenerated electrons trapped by the Pt 

islands on the surface of P25 will not be consumed by the reduction reactions, but easily 

recombine with the holes in TiO2. In the presented study, regardless of the Pt deposit ratio, 
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its behavior on the surface of P25 may result from the overloading that exceeds the 

optimum ratio.  By increasing the Pt content on the surface of pristine TiO2, the Pt 

nanoparticles themselves will absorb light and consequently blocking it to reach the 

TiO2 surface, thus negatively influencing its photocatalytic activity. Besides, this will 

reduce the number of available active sites which plays a crucial role in the photooxidation 

of organic compounds 50. The effect of this factor can be clearly observed on the Pt-P25 as 

shown in Figure 6-5. The measured BET surface area of pristine P25 and UV100 was found 

to be 52 ± 0.8 m2 g−1 and 295 ± 3 m2 g−1, respectively. The deposition of Pt NPS results in 

a decrease in the surface area, however, a more pronounced effect was observed in the case 

of P25.  

 

Figure 6-5: The relative decrease in the BET surface area of P25 and UV100 after platinization. 

Alkaim et al. studied the H2 formation in the EDTA system using self-prepared TiO2 loaded 

with different ratios (0.1 – 1.0 wt.%) of PtNPs. They found that increasing the Pt content 

from 0.1 wt.% to 0.3 wt.% leads to an increase in the H2 formation rate. Further increase of 

the Pt content resulted in decreasing the H2 formation rate, which was attributed to the fact 

that Pt can act as a recombination site at a high loading ratio, and alteration of the light 

absorption capacity because of the gray coloration of the Pt-loaded TiO2 nanoparticles. A 

similar photocatalytic activity dependency on the content of Pt loading on the surface of 

TiO2 has been reported previously for biomass reforming 51.  

6.4 Impact of the Platinization Method 

As discussed in Chapter 4, surface decoration of TiO2 nanoparticles by metal such as Au, 

Ag, Cu, and especially Pt is an outstanding technique to revamp the electronic properties 
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of TiO2 without affecting its original crystallinity, thus, enhancing the photocatalytic 

activity and enriching the H2 production efficiency 52. Different co-catalyst loading 

methods have been successfully applied 47, however, the structure and the properties of the 

co-catalyst were found to play a critical role in achieving superior photoactivity 53. The   

size 54, dispersion 14, chemical state of Pt deposits 55, and the interaction between the Pt and 

the TiO2 56 seem to affect the activity of the resulting Pt-TiO2. However, all these factors 

can be optimized by using proper preparation methods 46-48. The most commonly adopted 

methods for the deposition of co-catalyst nanoparticles include photodeposition 46, 57, 

deposition-precipitation 46, chemical reduction 52, impregnation 57, and physical mixing 46, 

with photodeposition being the most commonly used 47.  

As mentioned in Chapter 4, 0.5 wt.% Pt-TiO2 (UV100) had been prepared by two different 

methods to differentiate between their impact on both, the reductive and the oxidative 

photocatalytic half-reaction during the reforming of naphthalene. These methods are the 

classical photodeposition method (PtPD-TiO2), and the physical mixing method (PtLA-

TiO2). 

As can be seen in Figure 6-6, both platinized photocatalysts (PtPD-TiO2, PtLA-TiO2) 

exhibited similar kinetic and achieved a ~90 % removal of naphthalene, thus, the 

preparation method has a minor effect on the photooxidation efficiency of naphthalene. The 

main difference between both platinized photocatalysts is observed in the reductive half-

reaction. After 4 h of illumination, the amount of evolved H2 is 40 % higher when using 

PtPD-TiO2 than with PtLA-TiO2. The photonic efficiencies, calculated from the initial 

formation rates after 1 h, are 0.79 % ± 0.01 % and 0.60 % ± 0.02 %, respectively, which 

are within the typical ranges for heterogeneous photocatalytic processes 58. Since the 

difference in the photocatalytic activity between the prepared Pt-TiO2 samples was not 

appropriate to be evaluated through the photooxidation of naphthalene, methanol was used 

as another hole scavenger. This selection is based on the significantly different properties 

that methanol and naphthalene exhibit: while methanol strongly adsorbs on the TiO2 

surface 52, 59, naphthalene -as mentioned before- interacts weakly with the surface of the 

TiO2. Furthermore, total oxidation of naphthalene is rather inefficient and involves a large 

number of reactions 38, while methanol acts as a swift hole scavenger and is promptly 

mineralized. Moreover, its first oxidation step yields the hydroxymethyl radical, ·CH2OH, 

which readily injects an electron into the conduction band of TiO2 60. This effect, known as 

current doubling, does not occur with naphthalene 38. 
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Figure 6-6: Kinetic profiles for photooxidation of naphthalene ( , dash line) and production of 

H2  reforming ( , solid line) during the reforming of naphthalene over PtLA-TiO2 ( , red circle) and 

PtPD-TiO2 ( , black square). Conditions: reaction volume, 15 mL; initial naphthalene 

concentration: 100 µmol L-1; photocatalyst mass concentration 1 g L-1; T = 25 °C; illumination 

with simulated solar light. 

Methanol is considered a good sacrificial electron donor. The main products of its 

reforming are acetaldehyde (HCHO), formic acid (HCOOH), and carbon dioxide (CO2) 

from the oxidative pathway, and H2 from the reduction side (Equations 6-22 to 6-31) 56, 60.  
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The overall methanol decomposition reaction  

 
6-31 

In the presented work, PtPD-TiO2 displays a significantly better activity toward the H2 

formation during the reforming of methanol than PtLA-TiO2. After 1 h illumination the 

photonic efficiencies for H2 evolution are 15.6 % ± 0.3 % and 6.1 % ± 0.2% for PtPD-TiO2 

and PtLA-TiO2, respectively. Looking at the oxidative products, both figures show that the 

PtPD-TiO2 sample displays markedly faster oxidation kinetics for methanol than PtLA-TiO2. 

As shown in Figure 6-7, both half-redox reactions of PtPD-TiO2 producing approximately 

3-fold higher amounts of H2, acetaldehyde, formic acid, over the same time period 

compared to that of PtLA-TiO2. 

  

Figure 6-7: (a) Photocatalytic H2 evolution over PtPD-TiO2 (black) and PtLA-TiO2 (red), and (b) 

total amount of HCHO (red column) and HCOOH (black column)from 10% CH3OH–H2O solution: 

1.0 g L-1 photocatalyst, 50 mL suspensions, T = 25 °C, light intensity I250-I450 =30 mWcm-2,  and 

irradiation with an Osram XBO 1000-Watt xenon arc lamp as a solar simulator.  

The general characterizations presented in Chapter 4, section 4.3.1, did not show any 

fundamental difference between both photocatalysts to interpret and explain the reasons 

behind their different efficiency, especially for H2 production.   Thus, study the dynamic of 

the charge carriers by using EPR and TAS techniques provides useful information 

regarding the efficiency of these materials.  

The in-situ EPR signals of each photocatalyst were acquired before and after irradiation, 

after purging with either N2 or N2-methanol. As can be seen in Figure 6-8, in the N2 

atmosphere, the relative intensities of the electron and hole signals (determined by double 

integration ) show a clear and opposite trend: while PtPD-TiO2 displays the strongest 

ℎ+ signal and the weakest 𝑒─  signal, the opposite is observed for PtLA-TiO2.  
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These results indicate that PtPD-TiO2
 yields an efficient electron transfer to Pt 52, 

diminishing the number of paramagnetic Ti+3 centers reducing the recombination rate 

(evinced by an increase in the signals related to the holes). However, the extrapolated 

results from  Figure 6-8  evidence that not all the photogenerated electrons migrate to the 

Pt islands, but a significant number of these electrons remain trapped in the TiO2 particles 

as Ti3+ ions. The same behavior was observed by Anpo and Takeuchi 25, the TiIII ESR signal 

intensity increase linearly with the illumination time by irradiation of the bare TiO2, while 

almost no change in the intensity with the Pt loaded one, indicating the fast transfer of the 

photogenerated electrons from the TiO2 to the Pt islands. 

  

 

Figure 6-8: Growth of the EPR signal intensity of the trapped (a) holes (b) electrons in N2 

atmosphere, and (c) electrons in N2-methanol atmosphere, PtPD-TiO2 (■, black) and PtLA-TiO2 (●, 

red) during illumination, recorded at 77 K. 

On the other hand, in the presence of the hole scavenger methanol (Figure 6-8), the electron 

signal in PtPD-TiO2 is weaker than PtLA-TiO2, confirming the rapid electron transfer to Pt 

in this sample. In the presence of methanol, its reaction with holes gives rise to the latter’s 

disappearance and formation of a triplet signal of the ⦁CH2OH radical 61. Simultaneously, 

stronger signals of the trapped electrons were recorded, attributed to the current doubling 
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effect 20 caused by the injection of electrons of the ⦁CH2OH radical (Equations 6-23 and 6-

26) into TiO2’s conduction band.  As a consequence of the greater number of electrons 

available from current doubling, the signal of trapped electrons increases in both samples 

in comparison with the experiments in the absence of methanol.  

Furthermore, the analysis of the charge carrier dynamics of both platinized TiO2 materials 

employing TAS results in agreement with the EPR and the photocatalytic experiment 

results. In the N2 atmosphere, a broad absorption maximum is observed around 520 nm for 

PtPD-TiO2, whereas, PtLA-TiO2 material exhibits a featureless, broad transient absorption 

(Figure 6-9 a and b). This suggests that PtPD-TiO2 exhibits a higher number of surface 

trapped holes aided by the electron transfer to Pt than PtLA-TiO2 62. Indeed, the TAS 

measurements were performed in the wavelength range between 400 and 660 nm, where 

both trapped holes and electrons in the TiO2-based materials contribute signals to the 

transient absorption 1, 62-64. The photogenerated holes exhibit a transient absorption in the 

range of 430 – 550 nm, while trapped electrons do so at around 650 nm 63, 64. In particular, 

Bahnemann et al. 13 reported that in the absence of any hole scavenger, Pt-TiO2 sols reveal 

a broad absorption band with a maximum at 475 nm immediately after the laser pulse. The 

authors attributed this absorption to the positive holes that are trapped on the surface of the 

colloidal particles. The broadness of the band is related to the multiple possible electronic 

transitions from the valence band to the O-  trap and/or from the trap into the conduction 

band. The wide range of the detected holes signal in the presented study suggests that the 

holes are delocalized over different trapping sites, most likely near the surface, therefore, 

they are ready for participating in the reactions with the adsorbed organic compound. It is 

well reported that the valence band holes can be rapidly transported to the surface, where 

surface hole trap sites are formed on Ti-OsH and/or Ti-Os-Ti. These surface trapped holes 

(Ti-OsH•+ and/or Ti-Os
•+-Ti) are the main oxidants for any adsorbed electron donor. 
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Figure 6-9: Transient absorption spectra measured for (a) PtPD-TiO2 (■) and (b) PtLA-TiO2 (●) 

under N2 atmosphere at 200 ns (black line), 1 µs (red line), and 8 or 3 µs following the laser pulse. 

Moreover, as shown in Chapter 4 (Figure 4-7), the initial intensity of the TA signals recorded 

at 520 nm upon excitation is significantly higher with a slower decay rate in PtPD-TiO2. The 

lower rate constant (second-order reaction kinetic)  displayed by PtPD-TiO2 (7.03×105 ± 

0.23×105 s-1) comparing to PtLA-TiO2 (2.07×107 ± 0.76×107 s-1) indicates a slower 

recombination rate and increased lifespan of the electron-hole pairs 63, 64. This can also be seen 

clearly in the TA spectra for both materials in Figure 6-9. While PtLA-TiO2 displays the fast 

decay of the hole signal, the opposite is observed for PtPD-TiO2. The signal of the trapped holes 

can be observed after 8 µs of PtPD-TiO2 excitation, however, it was quenched within the first µs 

in PtLA-TiO2. This again evidenced that the charge carrier recombination is slower in PtPD-TiO2. 

On the other hand, in presence of methanol (Figure 6-10), the PtPD-TiO2 sample displays 

stronger absorption signals of electrons at 660 nm. Although it was expected to display smaller 

signals due to their migration to the Pt islands.  This signal attributed to the formation of Ti+3 

as a result of the reaction of Ti+4 ions with the photogenerated electrons formed by the laser 

excitation and also from the current doubling effect that occurs after the hole reaction with 

methanol to produce α-hydroxyl radicals (Equations 6-13 and 6-14), which in turn inject an 

electron into TiO2  45, 59. However, since the fractional ratio of Pt is very low on the surface of 

the TiO2, which is not enough to accept all the electrons, a part of these electrons will react 

with any available electron acceptor in the system like Ti+3 leading to such absorption signal. 

This indicates that (i) under conditions of a high density of photogenerated electrons (due to 

current doubling and due to the relatively high intensity of the laser pulse) a significant number 

of these electrons remain on the TiO2 particles 65, and (ii) that even under these conditions, the 

PtPD-TiO2 sample still seems to yield a lower recombination rate, as evidenced by the higher 

number of trapped electrons.  



Chapter Six: Summarizing Discussion and Conclusion 

 

225 

 

 

Figure 6-10: Transient absorption signals observed at 660 nm in N2 – methanol atmosphere for 

PtLA-TiO2 (●, red line) and PtPD-TiO2 (■, black line) at 3.0 µs following the laser pulse. 

A further aspect that is thought to influence the activity of Pt as a co-catalyst is the 

interaction between the Pt nanoparticles and the TiO2 surface. In contrast with macroscopic 

crystals, nanocrystalline TiO2 powders display a complex distribution of exposed facets. In 

particular, although often assumed to be composed mainly of (101) and (001) facets, 

surfaces of anatase nanoparticles have been shown to display large fractions of (100) or 

(111) facets 66. Besides, both computational modeling 67 and experimental studies 68 have 

shown that some surfaces are more adept than others for each hemi-reaction; in other words, 

while electrons seem to migrate to (101) facets, they avoid (001) facets, favoring reductions 

in the former and oxidation reactions in the latter. When preparing PtLA-TiO2, it is expected 

that the Pt NPs physically bind to TiO2 homogenously across all surfaces. Since Pt0 in PtLA-

TiO2 is deposited non-specifically, a significant fraction of the islands may end up in 

contact with surfaces avoided by the photogenerated electrons, thus leading to an 

underutilization of the co-catalyst. A similar situation can be envisioned for the initial step 

of the photodeposition method, where the Pt precursor (here, H2PtCl6) may adsorb 

uniformly. However, once photodeposition starts, the precursor reduction (and Pt0 

deposition) will preferentially occur on those facets that facilitate electron transfer. This 

means that once formed, Pt islands will be in close contact with the surfaces that have a 

strong tendency to release electrons, thus, enhancing the charge carrier transfer and 

reducing the recombination rate.  
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6.5 Mechanism of Photocatalytic Reforming of Naphthalene 

To this day, the trapped hole's nature is still controversial 27, 69-71. According to Ohtani 72, 

the positive hole is defined as a defect of an electron. Considering that the surface of the 

photocatalyst is covered with water molecules (chemically or physically adsorbed), the hole 

is not only produced by a photoinduced band-to-band transition in solid materials, but also 

it can be a hydroxyl radical which is a one-electron deficient hydroxyl anion 2. In the 

solution, this positive hole, thus, passing through this water layer into the solution as a 

hydroxyl radical or its protonated or deprotonated species (Figure 6-11) 72. 

 

Figure 6-11: Transfer of positive holes from the bulk of a photocatalyst through the interface to an 

aqueous solution phase. Surface-adsorbed and free (hydrated) hydroxyl radicals and their 

derivatives can be a possible form of positive holes.Reprinted with permission from reference 72. 

Copyright 2013 Elsevier B.V. 

Turchi and Ollis 73 proposed four possible mechanisms for the degradation of organic water 

pollutants (RH2) on the TiO2 photocatalyst. All of these mechanisms are based on the attack 

of the organic reactant, however, the reaction of free photogenerated holes with specifically 

adsorbed organic species was not considered. According to those authors: (1) the adsorbed 

OHads
•  at terminal Ti+4 atoms react with adsorbed RH2 (ads); (2) the free OHfree

•  (non-

adsorbed) react with RH2 (ads); (3) the adsorbed OHads
•  react with non-adsorbed RH2 ; and 

(4) OHfree
•  react with dissolved RH2.  

In the mechanism of the photocatalytic reaction, although OH•    has been usually adopted 

as the most important active species in the oxidative half-reaction 69, 74, other reports 

confirmed its limited contribution in the oxidation process 70, 71. Indeed, most of the 
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investigations dealing with the OH•   as the main oxidant in the photocatalytic reactions 

have assumed its involvement in the oxidation mechanism without any reported 

mechanistic evidence 74. However, the detection of hydroxylated reaction products and the 

kinetic isotope effects were considered as evidence to support one or another form of OH•   

as the main oxidative species 73. Recently, besides photogenerated holes and hydroxyl 

radicals as active species in photocatalytic processes, the role of bridging oxygen radicals 

at the TiO2 surface (Os) has been discussed 28, 75. Holes could be trapped by bridging oxygen 

atoms on the TiO2 surface (≡Ti-Os-Ti≡) to produce the active species oxygen radical (≡Ti-

Os
•  Ti≡), which ultimately can be incorporated into the reaction products, creating oxygen 

vacancies that are subsequently healed by water. In fact, isotope labeling of the TiO2 

photocatalyst is a useful strategy to evaluate such a mechanism. Montoya et al.71, 75 

observed C16O18O evolution during the photocatalytic oxidation of benzene over Ti18O2 in 

anaerobic conditions. The authors considered the participation of surface-trapped holes 

(―18OHs
• / ―18Os

• ̶ ) and the incorporation of surface oxygens into the oxidation products 

(C16O18O ) as proof for the main role played by those species in TiO2-assisted 

photocatalytic processes.  

In Chapter 5, the photocatalytic degradation of naphthalene coupled with the production of 

molecular hydrogen was presented. Applying a combination of chromatographic and mass 

spectroscopic techniques showed that the aromatic ring hydroxylation is the main reaction 

of phototransformation “photooxidation” of naphthalene. However, the pathway of 

naphthalene hydroxylation, and what is /are the oxidative species(es) responsible for its 

photooxidation are not clear.  

Thus, many possible pathways for photoinduced reforming of naphthalene, involving 

different reactive species on the surface of photoexcited Pt/TiO2 (Equations 6-1, and 6-32 

to 6-34), have been tested to decide and determine the most likely path, by many different 

mechanistic techniques (Scheme 6-1).  

 
6-32 

 6-33 

 
6-34 
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Scheme 6-1: Possible pathway for initiation of the photocatalytic oxidation of naphthalene. 

As shown in Figure 4-4, Chapter 5, the use of Ti18O2 during the photocatalytic reforming 

of naphthalene did not result in a significant evolution of 18O-enriched CO2 (Scheme 6-1, 

path 1). 

Civis and co-workers 76 studied the photocatalytic decomposition of formic acid on the 

surface of Ti18O2 by the means of Fourier-transform infrared absorption spectroscopy and 

found that the process does not lead to the evolution of either C16O18O or C18O2. On the 

contrary, Montoya and co-workers71, 75 did observe C16O18O evolution during the 

photocatalytic oxidation of benzene over Ti18O2 in anaerobic conditions. Since benzene and 

naphthalene belong to the same kind of organic compounds, namely aromatic 

hydrocarbons, it could be deduced that both of them are photooxidized in the same manner. 

However, naphthalene seems to be photocatalytically oxidized by a different mechanism. 

This can be argued from several angles. First, a significant production of 1,1'-binaphthalene 

was observed (Equation 6-21), which cannot be accounted for by the bridging oxygen 

mechanism. Second, the one-electron standard redox potentials for the oxidation of benzene 

and naphthalene in acetonitrile are 2.65 and 1.85 V vs. NHE respectively 77. Thus, 
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neglecting the slight variation in aqueous solution, the one-electron oxidation of 

naphthalene by its direct reaction with holes (valence band potential: 2.68 V vs. NHE at pH 

7) 78 is thermodynamically favored with respect to the same reaction for benzene. Hence, 

as long as the reaction does not fall into the Marcus inverted region, it will be significantly 

faster. The observation by Fox et al. of increasing photocatalytic oxidation rates for 

substituted naphthalene’s as the exergonicity increased supports this notion 79. 

Accordingly, the abstraction of an electron from naphthalene by the valance band hole, 

which has a more positive potential, is likely to take place. And third, as shown in Figure 

6-3, naphthalene adsorbed significantly on the TiO2 surface, unlike benzene 80. Indeed, 

temperature programmed desorption measurements over rutile single crystals have shown 

a significantly stronger binding by naphthalene 81. Notably, the direct-indirect hole transfer 

model (DT-IT) of Salvador et al 82, proposes that the specific pathway depends on the 

degree of electronic interaction of the dissolved molecules with the semiconductor surface. 

The relatively strong interaction of naphthalene with TiO2 leads us to conjecture that, 

although both mechanisms may be operative, in contrast with benzene, the direct transfer 

of holes to naphthalene is favored with respect to the indirect, bridging oxygen mediated 

transfer 80. 

Furthermore, as shown in Chapter 5, the photocatalytic reforming of naphthalene was 

performed in the presence of the scavengers potassium iodide (KI), and 2-methylpropan-2-

ol ((CH3)3COH, TBA). The iodide ion is an excellent hole scavenger. Once adsorbed on 

the TiO2 it can act as an electron donor and easily capture the photogenerated hole 

(Equations 6-35 and 6-36). While the short aliphatic alcohols, such as TBA, are weakly 

adsorbed to the TiO2 surface in aqueous media, therefore, they are usually used as hydroxyl 

radical (˙OH) quenchers in the bulk (Equations 6-37 and 6-38) 83, 84.  

 
6-35 

 
6-36 

 
6-37 

 
6-38 

The complete inhibition of naphthalene conversion in the presence of KI, reflects the 

importance of the hole. On the other hand, the addition of TBA does not affect the 

photocatalytic process since it yields a virtually identical kinetic profile to naphthalene 
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conversion in the absence of any scavenger, highlighting the limitation role of ˙OHfree in the 

oxidation reaction. The results of these experiments showed that ˙OHfree radicals do not play 

an important role in the initial reaction of naphthalene (Scheme 6-1, path 2). 

Complementarily, the kinetic profiles for the formation of naphthalen-1-ol and    

naphthalen-2-ol during the previous experiments are consistent with those of naphthalene 

degradation: while the addition of TBA does not significantly affect the formation of 

naphthalenols, the addition of KI hinders naphthalene degradation almost completely, 

confirming the limitation of the free hydroxyl radical in the process. Miller and Olejnik 10, 

as well as Beltran et al. 85, showed that neither TBA nor bicarbonate ions, respectively, 

affect the degradation rate of different PAH compounds in the presence of hydroxyl radicals 

in homogeneous systems. Therefore, they concluded that the photooxidation of these 

compounds was initiated via the formation of a radical cation, without involving free 

hydroxyl radicals. Accordingly, the presented results in this study are in good agreement 

with their findings, despite the difference between both types of systems. Although, it is 

not feasible and scientifically insignificant to propose the mechanism of the photocatalytic 

reaction only based on such scavenger experiments, since the hydroxyl radical is involved 

in many forms of trapped holes. However, many previous reports have adopted that 86. 

Alam et al. 87 proposed the mechanism of the photocatalytic degradation of methylene blue 

(MB) dye by adding different scavengers during the photocatalytic process. They observed 

a strong inhibition in MB degradation in the presence of isopropyl alcohol, while, no effects 

were observed by the addition of the EDTA (as a hole quencher), and benzoquinone (BQ) 

(as a quencher of  ˙O2
−). Accordingly, they proposed a photocatalytic reaction mechanism 

assuming that ˙OH is the main reactive species in the system. 

The involvement of ˙OHfree in photocatalytic reactions is the subject of a long-standing 

debate. Recent work for Nosaka has challenged this idea, suggesting that the irradiation of 

anatase TiO2 does lead to the formation of ˙OHfree, although this is not the case for the rutile 

polymorph 88. 

Usually, to obtain additional insights into the role of ˙OHfree in the aqueous photocatalytic 

process, the spin trapping reagents, such as DMPO (5,5-dimethyl-1-pyrroline-N-oxide) 

were used to detect OH radicals 6. As shown in chapter 5, the employing of in-situ spin 

trapping - EPR spectroscopy during the naphthalene photoreforming experiments in the 

presence of either TBA or KI, and DMPO was helpful to obtain additional insights 
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regarding the role of ˙OHfree in our system. Upon irradiation of the tested samples under all 

conditions, a signal attributable to the DMPO-OH adduct was evolved. The production of 

the ˙OH adduct in the absence of molecular oxygen, providing evidence in favor of their 

formation from the oxidation of water 89. In the presence of TBA, however, the adduct 

signal shows a decrease of 35 % and vanished within 90 sec comparing to more than 240 

sec in its absence (naphthalene and DMPO alone), confirming TBA’s ˙OH scavenging 

properties. Nevertheless, this lower quantity of available ˙OH radicals does not impact 

naphthalene’s degradation (as mentioned previously), providing proof against a 

degradation mechanism initiated by the attack of ˙OHfree. The addition of KI to the system, 

on the other hand, practically nullifies the adduct formation, as could be expected from the 

efficient hole consumption by this scavenger. Regarding the role of holes, although these 

results confirm their importance, the direct hole (h+) transfer to naphthalene or its indirect 

oxidation via surface-trapped holes (−OHS
∙ ) can’t be distinguished.  

Moreover, utilizing an electrochemical degradation process, Li and Goel 90 showed that 

naphthalene degradation was not affected by the presence of acetone and methanol as an 

˙OH competitor, suggesting that naphthalene degradation occurred as a result of direct 

electron transfer. Thus, they excluded the indirect oxidation via the ˙OH. As presented in 

Chapter 5, the experimental data were combined with the computational theoretical 

calculations by applying the simple model of Luo et al.91 to determine the Gibbs free energy 

(ΔG°) for the single electron transfer reaction from benzene, naphthalene, and anthracene 

to ˙𝑂𝐻 to produce the corresponding radical cation and hydroxide ions. The calculated 

values were +24.6, +1.7, and -21.5 kcal mol-1, respectively. Thus, it is obvious that by 

increasing the number of aromatic rings in the organic compound the reaction becomes 

more spontaneous. Hence, naphthalene has a higher tendency to react with ˙OH forming a 

radical cation, rather than an adduct, as is the case for benzene. 

To summarize the above discussion in this section, the following paths for the 

photooxidation of naphthalene can be excluded. 

1- The photocatalytic reforming of naphthalene in the presence of Ti18O2 did not result 

in a significant evolution of 18O-enriched CO2, suggesting that lattice oxygen atoms 

are not incorporated into the reaction (Equation 6-39). 

 

6-39 
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2- The EPR experiments and the associated photocatalytic runs in the presence of 

scavengers postulated that ˙OHfree radicals do not play an important role in the initial 

reaction of naphthalene (Equation 6-40). 

 

6-40 

3- Besides that, the generation of naphthyl radical through hydrogen abstracting 

reaction via indirect hole transfer by reaction of naphthalene with surface trapped 

holes (−OHS
∙ ) was excluded also. If this occurs, a strong effect from the presence 

of ˙OHfree should be expected, since they would promptly react with the naphthyl 

radicals to yield naphthalenol, however, the EPR experiment excluded this effect 

(Equation 6-41 and 6-42). 

 

6-41 
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In consequence, the only possible path for naphthalene’s degradation is initiated either by 

a direct hole transfer or indirectly via its reaction with the surface trapped holes (−OHS
∙ ) 

via a single electron transfer (SET) leading to the production of a radical cation (Equation 

6-43). 

 
6-43 

Indeed, applying the transient absorption spectroscopy in the presented investigation in 

chapter 5 confirmed the formation of a naphthalene radical cation. Various methods were 

reported for the production of the radical cations of organic molecules in different media. 

Pulse radiolysis of naphthalene in different solvents produced a transient species which 

was assigned to naphthalene radical cation (NP•+) on the basis of its electronic        

spectrum 92. Besides, different chemical or electrochemical attempts to prepare salts of 

naphthalene radical cation in inert media result exclusively in the formation of the dimer 

cation salts 93.   

The three distinct bands that can be seen in the TA spectra, Figure 5-7, which was obtained 

after the laser excitation of anaerobic Pt-TiO2 slurries (water/acetonitrile) in the presence 
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of naphthalene have been attributed to transient species related to naphthalene, as follows: 

(i) The absorption band at 685 nm has been assigned to the naphthalene radical cation in 

homogeneous photolysis experiments.94. (ii) The absorption centered at 580 nm is related 

to dimer radical cation (NP)2
•+ fomed after the reaction of NP•+ with a second naphthalene 

molecule, as reported by Gschwind et al., 94 and Steenken 95. (iii) Additionally, the 

absorption band at 600 nm has been attributed to the electronic interactions between 

NP•+polyaromatic radical cations and the TiO2 surface, which was observed due to the red-

shifted with respect to the free species 96.  

 

Figure 6-12. Diffuse reflectance transient absorption spectroscopy spectra obtained 300 ns after 

the laser excitation (355 nm, 6 mJ pulse-1) of anaerobic Pt-TiO2 slurries in the presence of (a) a 

(1:1) water/acetonitrile mixture and (b) naphthalene (NP) in the same solvent. 

Moreover, in coincidence with the reported reactions of benzene with both persulfate and 

Pt-TiO2 in aqueous media 27, 97, the formed naphthalene radical cation swiftly reacts with 

water to form an OH adduct (Equation 6-44) 98. The adduct itself reacts in a further 

oxidation step (Equation 6-45) to form (as exemplified) naphthalen-1-ol, or naphthalene-2-ol.  

 

 

6-44 

 

6-45 



                                                                 Chapter Six: Summarizing Discussion and Conclusion 

 

234 

 

As exhibited previously in different parts of this thesis, the photogenerated electrons have 

a strong tendency to accumulate in the platinum particles. Once there, they can reduce 

protons to hydrogen atoms (Equation 6-29), which upon dimerization form H2 

(Equation 6-30).  

However, a question arises: what is the origin of the reduced protons? 

Photocatalytic reforming of naphthalene by using solvents with variable H2O - D2O 

compositions and deuterated naphthalene led to an isotopic composition of the evolved 

hydrogen (H2, HD, and D2 ) matching those of the solvent, and not that of naphthalene. 

While, analyzing the reaction rates revealed that water (but not naphthalene) is apparently 

to be involved in the rate-determining step of the reaction. The first evident effect of 

replacing H2O with D2O is a progressive decrease in the total amount of evolved gases (H2 

and HD) as the D2O fraction increases (Figure 6-13).  

 

Figure 6-13: Isotopic distribution of the evolved gases (H2, HD, and D2) from the photocatalytic 

reforming of aqueous naphthalene over Pt-UV100 a) employing different D2O/H2O compositions. 

Conditions: reaction volume, 15 mL; [Naphthalene] = 235 µmol L-1; [catalyst] = 1 g L-1; T = 25 

°C; illumination with simulated solar light. Note: Since the setup was operated at the same 

sensitivity factor for all gases, the observed signals are directly comparable. 

Remarkably, neither H2 nor HD are detected when using 100% D2O. Similar results have 

been previously interpreted as proof that water (and not the sacrificial electron donor) is 

the source of H2 in the photocatalytic reforming of methanol 5. However, proton exchange 

reactions in aqueous media are extremely fast, and thus it is also possible that the hydrogen 

atoms originate from the sacrificial donor. Since the solvent’s isotopic species are present 

in an overwhelming majority, the exchange reaction could mask the real origin of the atoms. 
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On the other hand, recent reports have shown that in some photocatalytic systems the 

production of H2 from sacrificial electron donors can be sufficiently fast and spatially 

localized to avoid proton exchange, leading to isotopic compositions of the gases matching 

those of the sacrificial donor 99. From our analysis, we can conclude that such effects are 

not operative in the present system.  

Considering the two extreme cases, pure H2O and pure D2O, the ratio between the amounts 

of evolved gases after 4h is ~1.3. Similar behavior has been observed for the photocatalytic 

reforming of formaldehyde 100 and benzene 28 over platinized TiO2 and interpreted on the 

basis of a hindered production of ˙𝑂𝐻 radicals when using D2O, which limits the rate of the 

reaction. In the presented case, however, the effect of these radicals was ruled out since 

they didn’t play an important role in naphthalene’s oxidation as demonstrated previously 

in this section. Post and Hiskey 101, as well as other researchers 102, have reported that the 

D2 overvoltage in D2O at 25 C° was found to be about 50 to 87 mV greater than the H2 

overvoltage in H2O. Therefore, the observed kinetic isotope effect responds to a rate-

determining step related to proton reduction. Additionally, a very close agreement between 

naphthalene and deuterated naphthalene in the ratio between the amounts of evolved gases, 

and the coincides of the total amount of evolved gases in both solvents was observed 

(Figure 6-14). This suggested that, in contrast with water, hydrogen abstraction from 

naphthalene is not involved in the rate-determining step of the reaction. Similar conclusions 

have been drawn for the photoreforming of aqueous benzene over platinized TiO2 
28. 

 

Figure 6-14. Isotopic distribution of the evolved gases (H2, and D2) from the photocatalytic 

reforming of aqueous naphthalene and deuterated naphthalene over Pt-UV100 employing D2O and 

H2O. Conditions: reaction volume, 15 mL; [Naphthalene] = 235 µmol L-1; [catalyst] = 1 g L-1; T 

= 25 °C; illumination with simulated solar light. 
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6.6 Conclusions 

As a general conclusion, the results presented in this thesis provide a better understanding 

of the principle of the photocatalytic degradation of naphthalene, the most abundant 

polycyclic aromatic hydrocarbon in water, coupled with the production of molecular 

hydrogen. Although naphthalene can be slowly degraded (photolysis) in water under 

anaerobic conditions through the simulated sunlight irradiation, the presence of the 

photocatalyst TiO2 enhances the rate of its degradation. However, the evolution of 

molecular hydrogen was not observed in both processes. The evolution of H2 gas after 

platinization of the TiO2 reveals the essential role of the Pt nanoparticles to decrease the 

overpotential of H2 evolution. Despite the higher photocatalytic activity of the pristine P25 

for removal of naphthalene, the 0.5wt.% Pt-UV100 exhibits a higher photocatalytic activity 

toward the H2 formation and naphthalene conversion under solar radiation compared to all 

other pristine and platinized photocatalysts. It is shown in this study that, in the presence 

of the hole scavenger naphthalene, Pt nanoparticles on the surface of UV100 act as electron 

scavengers, which scavenge the photogenerated electrons, thereby retarding the electron-

hole recombination and enhancing hydrogen production rates. On contrary, Pt 

nanoparticles on the surface of P25 act as recombination centers for the photogenerated 

charge carrier leads to decrease the photocatalytic activity.  

Although this study has shown that naphthalene can be efficiently removed from the system 

and producing H2 and CO2 during its photoreforming, however, its hazardous effect was 

not completely eliminated, since it was converted to less harmful compounds, mainly to 1-

naphthalenol, 2- naphthalenol, 1,4-naphthalendione, and other hydroxylated compounds. 

There are, indeed, several factors affecting the H2 formation during the photoreforming of 

naphthalene. The combination of the photocatalytic experiments with chromatographic and 

mass spectroscopic techniques reveals that the inhibition of the H2 formation and 

naphthalene conversion rates during the photocatalysis process is ascribed to the adsorption 

of the high stable photoformed products on the surface of the photocatalyst.  

Electron paramagnetic resonance and transient absorption spectroscopy measurements 

evinced that the interfacial transfer and trapping of photogenerated charges carrier are 

influenced by the deposition of Pt and the method to do so. The deposition of a higher Pt 

content on the TiO2 surface than the optimal ratio (0.5 wt.%) dramatically inhibits the H2 

formation and naphthalene conversion. Complementary, although the higher photocatalytic 
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activity of the Pt-UV100 that was prepared via the photodeposition method compared to 

the one prepared by the physical mixing method could be explained by the formation of 

smaller average Pt particle size that influences its properties. Based on the EPR and TAS 

experiments in the absence of electron or hole scavengers, it was shown in this study that 

the main factor governing the high activity is the formation of a strong interaction between 

the Pt nanoparticles and the TiO2 surface during the photodeposition process. This could 

be aided by the selective photodeposition of Pt nanoparticles on crystalline facets with a 

high tendency for electron transfer. 

Since there are different reactive species that can be formed on the surface of photoexcited 

Pt-TiO2 and involved in the photoinduced reforming of naphthalene, this study elucidates 

a systematic method to get more insight into the most possible reaction mechanism of 

naphthalene reforming among several possible pathways. The use of Ti18O2 did not lead to 

a significant evolution of 18O-enriched CO2, suggesting that lattice oxygen atoms are not 

incorporated into this product. The performing of the photocatalytic and spin trapping 

experiments in the presence of the hole and hydroxyl radical scavengers evinced that free 

hydroxyl radical was not involved in the hydroxylation of naphthalene, whereas only the 

photogenerated holes play a significant role in this process. Moreover, experiments using 

solvents with variable H2O - D2O compositions and deuterated naphthalene led to evolved 

H2 isotopologues which match those of the solvent and not that of naphthalene. The analysis 

of the reaction rates reveals that water (but not naphthalene) appears to be involved in the 

rate-determining step of the reaction. Ultimately, by employing the transient absorption 

spectroscopy, the radical cations of naphthalene and its dimer as short-lived species in the 

nanosecond time scale, in addition to their interaction with the Pt/TiO2 surface was 

detected.  

Based on the results presented in Chapter 5 of this thesis, the most probable reaction route 

is the formation of naphthalene radical cation via SET from naphthalene, scavenging the 

photogenerated hole in the Pt/TiO2 surface. This carbocation radical swiftly reacts with 

water to form an OH adduct which is subsequently oxidized by another hole to produce the 

hydroxylated naphthalene. Concomitantly, the photogenerated electrons reduced the proton 

originating mainly from water to molecular hydrogen. 
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