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ABSTRACT 

Increasing demand and shortage of clean water sources and growing 

global energy demand have become crucial issues worldwide. Human 

activities are currently appropriating more than 61% of the proposed 

planetary boundary for freshwater consumption. In addition, currently the 

water pollution problem cannot be solved by the natural cleansing cycle or 

by conventional treatments. On the other hand, 90% of the world’s energy 

supply is derived from fossil fuel, a limited energy source related to 

greenhouse effect. In this way, hydrogen is brought to the forefront as a 

potential energy carrier to overcome various issues related to carbon 

footprint. Therefore, there is urgent need to search for sustainable 

technologies to meet demands of human beings. Over the last decades, 

Advanced Oxidation Processes (AOPs) have been attracting a great 

interest due to their versatility and potential areas of application. 

Specifically, heterogeneous photocatalytic processes have appeared as a 

feasible alternative to conventional treatments operating at room 

temperature and under atmospheric pressure. This technology is defined 

as a reaction assisted by the presence of semiconductor photocatalyst and 

a potentially renewable light source. Until now, titanium dioxide (TiO2) is 

one of the most promising photocatalyst due to it is highly photoreactive, 

chemically stable and cost-effective. However, some drawbacks hinder its 

wider commercial application. Much effort has been devoted to the 

development of TiO2 visible-light harvesting photocatalysts with a low rate 

of charge carrier recombination. Among them, chemical modifications by 

incorporation of additional components in the TiO2 will be under discussion 

within the present thesis, applying the newly synthetized TiO2-based 

photocatalysts for dichloroacetic acid (DCA) remediation and hydrogen 

production. 

The first chapter presents an overview of the problems related to water 

scarcity and pollution and energy crisis. Furthermore, fundamentals of 
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advanced oxidation process and specifically, heterogeneous 

photocatalysis are described. Special attention is invested within the 

chapter in highlighting the advantages and drawbacks of TiO2 as 

photocatalyst and the strategies employed to overcome them through 

improved photocatalyst design within the addition of graphene oxide and 

noble metals as co-catalysts. Chapter 2 collects and describes chemical 

reagents, experimental set-ups and procedures, characterization 

techniques and analytical methods employed along this work. In the third 

chapter, the research is focused on the optimization of high-performance 

photocatalysts based on graphene oxide/titanium dioxide (GO/TiO2) 

nanocomposites and their characterization for the effective degradation of 

DCA. In Chapter 4, noble metals (Ag and Pt) have been employed to 

improve the photocatalytic activity of TiO2 against DCA oxidation. 

Moreover, the role of reactive oxygen species (ROS) using these 

photocatalysts is examined in order to clarify the degradation pathways. 

With the aim of extending the area of application of TiO2-based 

photocatalysts, Chapter 5 collects the results of hydrogen production using 

synthetic and crude glycerol as feedstock and TiO2/GO/Pt ternary 

photocatalysts.  
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RESUMEN 

El aumento de la demanda y la escasez de fuentes de agua limpia junto 

con la creciente demanda energética se han convertido en un gran 

problema a nivel mundial. Actualmente las actividades humanas se 

apropian de más del 61% del agua dulce disponible para el consumo. 

Además, la problemática asociada a la contaminación de estas aguas no 

puede resolverse mediante el ciclo de limpieza natural o mediante los 

tratamientos convencionales. Por otro lado, el 90% del suministro de 

energía del mundo proviene de combustibles fósiles, una fuente de 

energía limitada y directamente relacionada con el efecto invernadero. En 

este sentido, el hidrógeno se presenta como un potencial vector 

energético con capacidad para superar los diversos problemas 

relacionados con la huella de carbono. Por lo tanto, existe una necesidad 

urgente de buscar tecnologías sostenibles para satisfacer las demandas 

de los seres humanos. En las últimas décadas, los procesos de oxidación 

avanzada (POAs) han atraído un gran interés debido a su versatilidad y 

sus amplias áreas de aplicación. Específicamente, la fotocatálisis 

heterogénea ha surgido como una alternativa factible ya que permite 

trabajar a temperatura ambiente y presión atmosférica. Esta tecnología se 

define como una reacción asistida por la presencia de un semiconductor y 

una fuente de luz potencialmente renovable. Hasta ahora, el dióxido de 

titanio (TiO2) es uno de los fotocatalizadores más prometedores debido a 

que es altamente fotorreactivo, químicamente estable y económicamente 

rentable. Sin embargo, presenta algunos inconvenientes que dificultan su 

aplicación comercial. Se han dedicado muchos esfuerzos al desarrollo de 

fotocatalizadores capaces de trabajar bajo luz visible y con bajas tasas de 

recombinación de los portadores de carga. Bajo esta premisa, a lo largo 

de la presente tesis se discutirán diferentes modificaciones del TiO2 

mediante la incorporación de componentes adicionales para la 

degradación del ácido dicloroacético (DCA) y la producción de hidrógeno. 
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El primer capítulo aborda una visión general de los problemas 

relacionados con la escasez y contaminación de agua y la crisis 

energética. Además, se describen los fundamentos de los procesos de 

oxidación avanzada y, específicamente, de la fotocatálisis heterogénea. 

Se presta especial atención dentro del capítulo a las ventajas y 

desventajas del TiO2 como fotocatalizador y a las estrategias empleadas 

para mejorar su actividad mediante el diseño de fotocatalizadores basados 

en TiO2 dopado con óxido de grafeno y metales nobles. El Capítulo 2 

recopila y describe reactivos químicos, configuraciones y procedimientos 

experimentales, técnicas de caracterización y métodos analíticos 

empleados. En el tercer capítulo, la investigación se centra en la 

optimización y caracterización de fotocatalizadores de alto rendimiento 

basados en dióxido de titanio/óxido de grafeno (TiO2/GO) para la 

degradación efectiva de DCA. En el Capítulo 4, se emplean metales 

nobles (Ag y Pt) para mejorar la actividad fotocatalítica del TiO2 en el 

proceso de oxidación del DCA. Además, se examina el papel de las 

especies oxigenadas reactivas para aclarar las vías de degradación en 

función del fotocatalizador empleado. Con el objetivo de ampliar el área 

de aplicación de los fotocatalizadores basados en TiO2, el Capítulo 5 

recopila los resultados de la producción fotocatalítica de hidrógeno 

utilizando glicerol sintético y bruto como materia prima y fotocatalizadores 

ternarios de TiO2/GO/Pt. 
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1.1. Water resources 

Increasing demand and shortage of clean water sources due to the 

rapid development of industrialization, population growth, environmental 

pollution, depleted water resources, long-term droughts, global warming 

causing abnormal climate changes, and uncontrolled groundwater 

development have become an issue worldwide. Human activities are 

currently appropriating more than 61% of the proposed planetary boundary 

for freshwater consumption, referring to the determined value of water that 

can be appropriated within a safe operating space for humanity with 

respect to the functioning of the Earth’s system, i.e. without reaching 

dangerous thresholds that can lead to irreversible damages on water-

related ecosystem services. This value amounts around 2800 km3 year−1 

of available surface and ground water (Quinteiro et al., 2018). Moreover, it 

is estimated that about 4 billion people worldwide have no or little access 

to clean and sanitized water supply, and millions of people die of severe 

waterborne diseases annually (Chong et al. 2010). The Intergovernmental 

Panel on Climate Change (IPCC) reported that unabated climate change 

has the potential to strongly impact freshwater resources with wide ranging 

consequences for societies and ecosystems. At present about two-thirds 

of the global population presently live in conditions of severe water scarcity 

for at least 1 month of the year and half a billion people face severe water 

scarcity all year round (Distefano and Kelly, 2017) 

Many studies have confirmed that water scarcity will increase 

significantly over the coming decades and this will bring problems for food 

security, environmental sustainability, and economic development 

(Distefano and Kelly, 2017). The rapid development of manufacturing 

technology after the industrial revolution has improved the standards of 

living significantly but it is becoming a factor that is threatening human 

health and the environment. Pollutants are changing both quantitatively 

and qualitatively, and the number of chemicals currently in circulation can 
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be estimated in 38000 with more than 300 new materials being synthesized 

every year due to the diversification of industrial structures and high-tech 

industry. In line with national development, growth and policy, industrial 

wastewater is becoming more contaminated and difficult to process. The 

wide area of water pollution, diversification and non-biodegradability has 

become a problem that cannot be solved by the natural cleansing cycle 

(Lee and Park, 2013). 

In this context, haloacetic acids (HAAs) have become a major concern 

for researchers and legislators across the globe as they are the second 

most important disinfection by-product (DBPs) found in chlorinated 

drinking waters, after trihalomethanes (Wang et al., 2009; Esclapez et al., 

2012; Aslani et al., 2017). During water treatment, chlorine reacts with 

natural organic matter (NOM) that has not been removed, resulting in the 

formation of DBPs. Several studies have reported that DBPs may be 

associated with the occurrence of adverse health effects in humans, 

including cancer, growth retardation, spontaneous abortion, and congenital 

cardiac defects (Zhan et al., 2010). Among these HAAs, dichloroacetic acid 

(DCA) has been classified by the US EPA as a probable human carcinogen 

(group B2), and has a higher concentration in drinking water than other 

HAAs (Chu et al., 2009). Although in Europe the Drinking Water Directive 

98/83/EC (DWD) does not currently propose any guideline values for HAAs 

in drinking water, US EPA drinking water regulations set a maximum 

contaminant level of 60 µg L-1 for five HAAs (trichloroacetic acid (TCAA), 

dichloroacetic acid (DCA), monochloroacetic acid (MCAA), 

monobromoacetic acid (MBAA), and dibromoacetic acid (DBAA)) (US 

EPA, 1998). In addition, Japan’s drinking water standards for MCAA, DCA, 

and TCAA are 20, 40, and 200 µg L-1, respectively (Sakai et al., 2013), 

while in Australia and New Zealand, the regulated limits for drinking water 

are 150 µg L-1 for MCAA, 100 µg L-1 for DCAA, and 100 µg L-1  for TCAA 

(Zhang et al., 2010). 
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1.2. Global energy demand 

For centuries, humans have powered a growing world by extracting 

Earth’s carbon-rich rocks, peat and liquids and burning them in ever 

greater amounts, but that trend is beginning to change. A report from the 

IPCC, suggests that an inevitable shift towards specialized energy crops, 

sunlight, wind and others renewable energy sources will mark the next four 

decades. This shift towards renewable energy could reduce cumulative 

greenhouse gas emissions by 220-560 gigatonnes of carbon dioxide, from 

a baseline estimate of 1530 gigatonnes (Tollefson, 2011). 

Addressing growing global energy demand by environmentally benign 

and sustainable energy solutions is one of the major challenges of the 21st 

century. Currently, 90% of the world’s energy supply is derived from fossil 

fuel, a limited energy source (Peng et al., 2015). Moreover, CO2 release is 

a well-known disadvantage of carbon burning considering this gas the 

main culprit involved in greenhouse effect. Therefore, clean energy 

systems are needed to meet the increasing global energy demand with 

reduced fossil fuel dependence and associated environmental damage. 

With clean energy systems, it is possible to decrease emissions and waste 

by taking advantage of energy recovery. Overall, clean energy systems 

aim to reduce energy input requirements and emissions by taking 

advantage of sources that are renewable and have less environmental 

impact (Acar et al., 2016). 

Hydrogen is brought to the forefront as a potential energy carrier, 

especially to overcome various issues related to carbon footprint. 

Hydrogen has the following advantages: (i) good energy conversion 

effectiveness; (ii) ability to be produced from water with zero emissions; 

(iii) abundance of sources; (iv) availability of different storage options; (v) 

transportation over long distances; (vi) high energy content, (vi) possibility 

to eliminate the environmental harm of the energy sector if hydrogen is 

produced from renewable energies and water; and (vii) absence of toxic 
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pollutants, particulates or greenhouse-responsible emissions during its 

combustion (Kondarides et al. 2008; Clarizia et al. 2014; Acar et al., 2016; 

Kumar et al. 2017). Considering production, storage and combustion, 

hydrogen fuel with a gross calorific value of 141.8 MJ Kg-1 (about 3 times 

of gasoline), has potential to meet the world’s increasing energy demand 

(Pai et al., 2016). 

The industrial hydrogen production processes can only start from 

substances which contain hydrogen since its presence on earth is in 

combination with other elements. Currently, 95% of hydrogen is obtained 

from fossil fuels by steam reforming of natural gas, coal or crude oil in an 

unsustainable process because they are energy intensive (high pressures 

and temperatures), are based on a non-renewable natural gas feedstock 

and have a significant carbon footprint (Bahruji et al., 2010; Chen et al., 

2015; Cargnello et al., 2016). Only the remaining 5% comes from reforming 

of biofuels or from electrolysis. Processes involved in H2 production require 

large amounts of external energy, since all the reactions producing H2 

(steam reforming, water splitting) are endothermic (ΔH > 0) and endergonic 

processes (ΔG > 0). Considering the policies of energy saving and 

emission reduction, hydrogen should be produced from renewable energy 

(Ma et al., 2015). Hence, sustainable H2 production requires clean primary 

energy sources, e.g. solar energy, and cheap and available molecules 

from which the hydrogen is extracted (Beltran et al., 2016).  

 

1.3. Advanced Oxidation Processes (AOPs) 

Environmental pollution and energy crisis have become two main 

challenges of the near future. Therefore, there is urgent need to search for 

clean, renewable, cheap and sustainable technologies as viable 

alternatives to meet the demands of human beings. In this way, over the 

last decades, Advanced Oxidation Processes (AOPs) have attracted a 

great interest due to their success in water and wastewater treatment. The 
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versatility of AOPs is also enhanced by the fact that they comprise a range 

of similar but different chemical processes aimed at tackling pollution in 

water, air and soil, offering different possible processes for reactive oxygen 

species (ROS) generation, thus allowing a better compliance with the 

specific treatment requirements. Research concerning AOPs has been 

immense particularly for two reasons, namely (i) the diversity of 

technologies involved and (ii) the areas of potential application 

(Comninellis et al., 2008; Cheng et al., 2016). 

ROS comprehend not only free radicals, such as hydroxyl radical (·OH), 

superoxide radical (O2
·-) and hydroperoxyl radical (HO2

·), but also non-

radicals such as singlet oxygen (1O2) and hydrogen peroxide (H2O2) 

(Fernández-Castro et al., 2015). As it can be observed in Table 1.1, 

hydroxyl radical is the most reactive oxidizing agent in water treatment and 

it is still the specie most commonly tied to the effectiveness of AOPs, with 

an oxidation potential between 2.8 V (pH 0) and 1.95 V (pH 14). It is very 

nonselective in its behavior and rapidly reacts with numerous species with 

rate constants on the order of 106 - 1010 M−1 s−1. Hydroxyl radicals attack 

organic pollutants through four basic pathways: radical addition, hydrogen 

abstraction, electron transfer, and radical combination (O’Shea and 

Dionysiou, 2012; Lee and Park, 2013; Deng and Zhao, 2015). Moreover, 

ROS have a very short lifetime (10−10 s for ·OH) and they are only in situ 

produced during application through different methods, including a 

combination of oxidizing agents, irradiation, and catalysts. 
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Table 1.1 Oxidation potential of some species used in wastewater treatment (Lee 

and Park, 2013). 

Reactive specie Potential (eV) 

Hydroxyl radical  2.80 

Ozone  2.07 

Hydrogen peroxide  1.78 

Perhydroxyl radical 1.70 

Chlorine dioxide  1.57 

Hypochlorous acid  1.49 

Oxygen  1.20 

 

AOPs include heterogeneous and homogeneous photocatalysis, 

Fenton and Fenton-like processes, ozonation, the use of ultrasound, 

microwaves and ɣ-irradiation, electrochemical processes, wet oxidation 

processes or even the combination of some of them (Ribeiro et al., 2015). 

One of their main advantages compared to conventional technologies is 

that they effectively degrade recalcitrant components at room temperature 

and under atmospheric pressure. In most cases, the formation of 

secondary waste stream is limited. (Mehmet and Jean-Jacques, 2014; 

Dewil et al., 2017). AOPs can be classified as non-photochemical 

processes and photochemical processes (Table 1.2).  
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Table 1.2 Classification of AOPs (Domènech et al., 2004). 

Non-photochemical processes Photochemical processes 

Ozonization in alkaline medium 

Vacuum-UV photolysis of water 

UV/H2O2 

UV/O3 

Photo-Fenton and related processes 

Heterogeneous photocatalysis 

Ozonization with H2O2  

Fenton and related processes 

Electrochemical oxidation 

Radiolysis ɣ and electron beam 

Non-thermal plasma 

Electrohydraulic discharge - Ultrasound  

 

Among these AOPs, heterogeneous photocatalysis has attracted 

increasing attention worldwide for wastewater treatment, air purification, 

and other applications in the field of environmental remediation, self-

cleaning surfaces, green chemistry and green engineering and production 

of energy and alternative fuels (Dionysiou et al., 2016). 

 

1.4. Heterogeneous photocatalysis 

Heterogeneous photocatalysis is defined as a reaction assisted by 

photons in the presence of a semiconductor photocatalyst (Pawar and Lee, 

2015). When a semiconductor is irradiated by light with energy matching 

or greater than its band gap energy (Eg), an electron in an electron-filled 

valence band (VB) is excited to a vacant conduction band (CB), leaving a 

positive hole in the VB. These photogenerated electrons and positive holes 

drive reduction and oxidation, respectively, of different compounds, not 

necessarily adsorbed on the surface of the photocatalyst. Valence band 

holes (h+
VB) are powerful oxidants, whereas, conduction band electrons 

(e−
CB) are reductants (Spasiano et al., 2015). The photonic excitation 
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leaves behind an unfilled valence band, thus creating the electron-hole 

pair. These charge carriers, with sufficient reductive/oxidative power, can 

react with the surrounding oxygen-containing species, such as dissolved 

oxygen (O2) or H2O (OH-), to produce ROS (Figure 1.1) (Chong et al., 

2010; Lee and Park, 2013; Schneider et al., 2014; Wen et al., 2015). 

 

Figure 1.1 Photo-activation of a semiconductor and primary reactions. (a) charge 

transport in bulk; (b) surface reduction reactions; (c) surface oxidation reactions; 

(d) charge recombination in bulk, and (e) charge recombination on the surface. 

Heterogeneous photocatalysis for wastewater remediation is carried 

out in presence of dissolved oxygen, generating superoxide radical (O2
·-) 

through the reaction between the surrounded O2 and e-
CB (1.1). Meanwhile, 

valence band holes can degrade directly the organic matter or can react 

with water generating hydroxyl radicals (·OH) that can oxidize the organic 

pollutants to its corresponding intermediates and further mineralization to 

carbon dioxide and water (1.2). 
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Conduction Band 

eCB
- + O2 → O2

·-
 

 

(1.1) 

Valence Band 

Organic matter + (hVB
+

, ·OH) → CO2+ H2O 

 

(1.2) 

 

On the other hand, heterogeneous photocatalysis applied to photo-

reforming of biomass to produce hydrogen takes place under unaerated 

conditions. Therefore, photogenerated electrons are free to reduce H+ 

toward H2 (1.3) and h+
VB (or ·OH radicals) are employed to oxidize the 

organic compound (1.4). 

 

Conduction Band 

eCB
- + 2H

+
 → H2  

 

(1.3) 

Valence Band 

Organic scavenger + (hVB
+

, ·OH) → Intermediates + H
+
 

 

(1.4) 

 

The electron transfer processes between the semiconductor and 

surrounding molecules depends on the position of the band gap and redox 

potential of that molecules. The redox potential of the acceptor molecule is 

thermodynamically required to be below the CB potential of the 

semiconductor to accept an electron. Similarly, the redox potential of a 

donor molecule needs to be above the VB position of the semiconductor in 

order to donate an electron to the vacant hole. The more positive the 

valence band, the more oxidizing the valence band holes (Simonsen, 

2014). Therefore, photocatalytic reactions over semiconductor are strongly 

dependent on recombination, trapping, interfacial transfer of charge 

carriers, and band gap value and position. Selecting an adequate 

semiconductor is a key issue in photocatalytic processes. 
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Until now, among various photo-semiconductors (ZnO, WO3, MoO3, 

ZrO2, SnO2, etc.), titanium dioxide (TiO2) is one of the most promising 

materials due to it is highly photoreactive and cost-effective. Moreover, it 

presents high chemical stability in a wide pH range, strong resistance to 

chemical breakdown and photo-corrosion and commercial availability 

(Chatterjee and Dasgupta, 2005; Kumar and Devi, 2011; Nakata and 

Fujishima, 2012; Byrne et al., 2017). 

On the other hand, the possibility of using light as energy source for 

carrying out chemical reactions may render the process more sustainable 

due to the drastically increase of selectivity to the required products and 

the drastically decrease of energy consumption if solar light is employed 

(Van Gerven et al., 2007). The sun is recognized to be the major promising 

energy source for modern society because it is an inexhaustible natural 

source with an energy of 3.0·1024 J year-1. The world current energy 

consumption corresponds to about 0.01% of the solar energy reaching the 

earth’s surface. Therefore, the solar energy that reaches the earth exceeds 

by far the need of the modern society (Nuraje et al., 2012). 

  

1.5. Titanium dioxide as photocatalyst 

Since Fujishima and co-workers (1972) reported for the first time the 

photoelectrochemical water splitting on a n‐type TiO2 electrode under 

ultraviolet (UV) light illumination in 1972, TiO2 nanomaterials have been 

extensively applied in various areas. In 1977, titanium dioxide was first 

employed for environmental remediation reducing CN− in water (Frank and 

Bard, 1977). Nanoparticles of TiO2 were also employed in an efficient dye 

sensitized solar cell by O’Regan and Grätzel in 1991. Moreover, TiO2 

surfaces presented an excellent anti-fogging and self-cleaning abilities 

(Wang et al., 1997). This led to a dramatic increase in the TiO2 

photocatalysis research due to the potential for water and air purification 

using solar energy (Pelaez et al., 2012; Wen et al., 2015). 
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Titanium dioxide exists as three different polymorphs; anatase, rutile 

and brookite. In all three forms, titanium (Ti4+) atoms are coordinated to six 

oxygen (O2−) atoms, forming TiO6 octahedra. Titanium dioxide is typically 

an n-type semiconductor due to oxygen deficiency. The band gap is 3.2 

eV for anatase, 3.0 eV for rutile, and ∼3.2 eV for brookite, being anatase 

and rutile the main polymorphs. Anatase is the low-temperature stable form 

and rutile is the dominant form in high temperature preparations. The 

reduced density of anatase as compared to rutile (3.89 g cm−3 versus 4.26 

g cm−3) leads to significant differences in many physical properties. The 

anatase form of titanium dioxide has the desirable properties of being 

chemically stable, readily available and active as photocatalyst for 

oxidation processes (Chatterjee and Dasgupta, 2012; Liu et al., 2017). The 

most commercial TiO2 product is the Aeroxide® P25 (Evonik Industries). It 

is a nonporous solid with anatase to rutile ratio of 80:20 that absorbs light 

with wavelengths below 387 nm. 

It is commonly agreed that the four‐step tandem process must take 

place for achieving the final interfacial redox reactions of e-
CB and h+

VB over 

TiO2: light harvesting, charge generation, charge separation and transport, 

and surface catalytic reactions. Hence, only the photogenerated charge 

carriers reaching the surface of TiO2 can be involved in redox reactions. 

The possible photoinduced events inside and on the surface of a TiO2 

photocatalyst and the characteristic time for each elementary reaction can 

be represented by equations (1.5) to (1.11) (Carp et al., 2004; Gaya and 

Abdullah, 2008; Friedmann et al., 2010; Spasiano et al., 2015; Wen et al., 

2015): 
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Charge carrier generation 

TiO2+ hυ → eCB
- + hVB

+
 

 

(fs) 

 

(1.5) 

Charge-carrier trapping 

hVB
+

 + >𝑇𝑖𝐼𝑉OH→{> 𝑇𝑖𝐼𝑉 · 𝑂𝐻}+ 

 eCB
-  + >TiIVOH→{> TiIIIOH} 

 

(10 ns) 

(100 ps) 

 

(1.6) 

(1.7) 

Charge-carrier recombination 

hVB
+

 + >Ti
III

OH→>Ti
IV

OH 

 eCB
-  + {>Ti

IV
·OH}

+
→Ti

IV
OH 

 

(10 ns) 

(100 ns) 

 

(1.8) 

(1.9) 

Interfacial charge transfer 

{>Ti
IV

·OH}
+
+e- donor→>Ti

IV
OH + Oxid. product  

 O2 + {>Ti
III

OH}→Ti
IV

OH+ O2
·-
 

 

(100 ns) 

(ms) 

 

(1.10) 

(1.11) 

 

The {>TiIV·OH}+ and {>TiIIIOH} represent the surface-trapped valence 

band electron and surface-trapped conduction band electrons, respectively 

(Gaya and Abdullah, 2008). 

Therefore, photocatalytic reactions over TiO2 are strongly dependent 

on its surface and interfacial properties with recombination, trapping, and 

interfacial transfer of charge carriers being very fast processes. However, 

the rate of interfacial charge transfer to surrounding oxygenated species is 

much slower than the rate of charge recombination in the bulk and on the 

surface of the catalyst. Therefore, if the interfacial charge transfer rates are 

not greatly improved, the recombination of interfacial charges proceeds 

rapidly. In this way, improving the surface reaction kinetics is essential for 

suppressing the fast surface recombination of charge carriers (Wen et al., 

2015). Accordingly, charge carrier movements and the photocatalytic 

activity of TiO2 can be improved by employing strategies that prevent bulk 
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and surface charge recombination and enhance charge transport to the 

surface sites of TiO2.  

Another drawback of TiO2, which currently limits its wider commercial 

application, is that it only absorbs in the ultraviolet region, which represents 

only about 4-8% of the solar energy reaching the earth’s surface (Gómez-

Pastora et al., 2016). Much effort has been devoted to the development of 

TiO2 visible-light harvesting photocatalysts to increase the amount of 

visible sunlight which TiO2 can absorb.  

Some strategies can be adhered to overcome these problems: 

decreasing the defect sites in the bulk and on the surface, increasing the 

accessible surface area, loading a co-catalyst, and constructing 

heterojunctions and nanostructured photocatalysts. 

 

1.6. TiO2-based photocatalysts 

Various strategies have been adopted for improving the photocatalytic 

efficiency of TiO2. They can be summarized as either morphological 

modifications, such as increasing surface area and porosity, or as surface 

modifications, such as loading co-catalysts, construction of heterojunctions 

or dye sensitization (Kumar and Devi, 2011; Daghrir et al., 2012; Marschall, 

2014; Fang et al., 2017).  

Many studies have focused on modifying the morphology of TiO2 in 

order to improve its photocatalytic activity. TiO2 can exist in a range of 

morphologies: zero-dimensional spheres, one-dimensional fibers and 

tubes, two-dimensional nanosheets and three-dimensional with 

interconnected architectures. Advantages of such structures is their 

tailored morphology, controlled porosity and low recombination grain 

boundaries. On the other hand, optimizing the size and shape of TiO2 

particles can maximize the photocatalytic activity, increasing the active 

surface area (Pelaez et al., 2012; Lee and Park, 2013). Finally, it has been 
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demonstrated that modifications in crystal structure of TiO2 can play a 

significant role in charge separation during photocatalytic processes (Chen 

et al., 2010). 

Surface modifications are often necessary to enhance charge carrier 

separation and visible light absorption to improve the photocatalytic 

activity. Based on the photocatalytic mechanism, several surface 

modifications strategies can be proposed to design high activity TiO2 

photocatalysts: non-metal doping, metal deposition, dye sensitization, 

semiconductors coupling and carbon-based structuring.  

Non-metal doping of TiO2 has shown to be a great alternative for 

photocatalytic environmental applications, being nitrogen the most 

promising dopant. Moreover, the doping of other non-metal species, such 

as F, S, P, B and C has also been widely investigated to further increase 

the activity and stability of TiO2 nanomaterials. Fluorine doping does not 

shift the TiO2 band gap; however it improves the charge separation. 

Carbon, phosphorous and sulphur as dopants have also shown positive 

results for visible light activity in TiO2 and for increasing the lifetime of 

photogenerated charges.  

Regarding to modifications of TiO2 by metal deposition, transition 

metals such as Cr, Co, V and Fe have well extended the spectral response 

of TiO2 into the visible region also improving the photocatalytic activity. 

However, transition metals have also been found to cause possible 

limitations due to photocorrosion, charge recombination at metal sites, and 

block reaction sites by metals remaining on the TiO2 surface.  

Another very interesting strategy for improving the TiO2 photocatalytic 

activity is to deposit noble metals nanoparticles, such as Ag, Au, Pt and Pd 

on the surface of TiO2. They have been reported to greatly enhance 

photocatalytic efficiency, even under visible light, by acting as an electron 

trap, promoting interfacial charge transfer and therefore delaying 

recombination of the electron-hole pair.  
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Dye photosensitization has been also reported as a possible way to 

extend the photoresponse of TiO2 into the visible region. The mechanism 

of the dye sensitized photo-degradation of pollutants is based on the 

absorption of visible light for exciting an electron of a dye. Subsequently, 

electrons are transferred into the conduction band of TiO2 that acts only as 

a mediator for transferring electrons, remaining the valence band 

unaffected.  

The semiconductor combination approach has been shown to be 

another effective method for improving TiO2 photocatalytic activity through 

better photogenerated charge separation with a formation of a 

heterojunction structure.  

Finally, the junctions between TiO2 and nanocarbon materials have 

attracted much attention owing to their superior photocatalytic 

performance. For instance, composites based on TiO2 and conductive 

carbon nanotubes (CNT), carbon nanofibers, fullerene, graphene, and 

activated carbon have been extensively fabricated to efficiently enhance 

the photocatalytic activity for various applications. Carbon materials are 

considered to be suitable as support for TiO2 owing to their excellent 

thermal, optical, mechanical and electrical characteristics, resulting in rapid 

charge transfer on hybrid TiO2/carbon composites (Chen et al., 2010; 

Leary and Westwood, 2011; Pelaez et al., 2012; Lee and Park, 2013; 

Marschall, 2014; Wen et al., 2015). 

In this work, due to the high availability and cost-effective properties of 

commercial TiO2 (Aeroxide® P25), it was selected as starting material for 

further developments in the photocatalytic field. Two interesting strategies 

for the extraction of photoexcited electrons from the TiO2 to reduce charge 

carrier recombination probability and extend the excitation wavelength to 

visible light range are the synthesis of composites with graphene oxide-

based nanoassemblies, and the decoration of TiO2 with noble metal 

nanoparticles.  
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1.6.1. Graphene oxide-based TiO2 

Ever since its discovery in 2004, graphene has been making a profound 

impact in many areas of science and technology due to its remarkable 

physicochemical properties. They include a high specific surface area 

(theoretically 2630 m2 g-1 for single-layer graphene), extraordinary 

electronic properties and electron transport capabilities, unprecedented 

pliability and impermeability, strong mechanical strength and excellent 

thermal and electrical conductivities (Chen et al., 2012; Julkapli and 

Bagheri, 2015).  

Graphene oxide (GO) has recently emerged as one of the most 

promising candidates for the development of photo-efficient composite 

photocatalysts. It is a single-atom-thick sheet arranged by localized sp3 

defects within the sp2-bonded carbon atoms in a hexagonal lattice with two-

dimensional planar sheets (Jiang et al., 2013). On a simple level, GO can 

be considered as consisting of individual sheets of graphene decorated 

with oxygen functional groups on both the basal planes and edges (Chen 

et al., 2012). GO can be prepared from natural graphite by the modified 

Hummers' method (Hummer and Hoffeman, 1954) that is the most suitable 

method for low-cost and large-scale production. The oxygen is bound to 

the carbon in the form of hydroxyl, epoxy and some carbonyl functional 

groups in GO nanosheets, which allows for easy dispersion of GO in water 

and various organic solvents (Zhang et al., 2012). This makes GO a useful 

material for many applications. It is used as adsorbent for wastewater 

treatment (Kyzas et al., 2014), fabrication of microcircuits and sensors and 

biomedical applications such as drug delivery or tissue engineering and 

can be also used for therapeutic applications (Perrozzi et al., 2015). 

Furthermore, GO/reduced GO (rGO) systems are used as supercapacitors 

and/or ultracapacitors. Therefore, graphene and GO have multiple 

applications in different sectors ranging from conductive ink to chemical 
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sensors, light emitting devices, composites, energy, touch panels and high 

frequency electronics (Ferrari et al., 2015).  

GO was found to be amenable to additional functionalization, and could 

easily react with TiO2 and be reduced to conductive graphene (Ng et al., 

2011). According to the literature, composites of TiO2 with graphene-based 

nanosheets can be prepared by different methods: simple mixing and/or 

sonication, sol-gel process, liquid-phase deposition, hydrothermal and 

solvothermal methods (Morales-Torres et al., 2012). The coupling of TiO2 

and GO nanosheets presumably presents four advantages in terms of 

photocatalytic activity: (i) GO can trap and move charge carriers, thus 

avoiding recombination of the electron-hole pairs; (ii) the composite can be 

easily recovered from aqueous solution due to the large GO sheets; (iii) 

the new composite provides an adequate quality and quantity of active 

sites, and (iv) band-gap tuning and/or extension of the excitation 

wavelength can be achieved (Leary and Westwood, 2011). This last point 

may be due to the creation of a hybrid orbital just below the conduction 

band of TiO2 that enhances the utilization of visible light (Jia et al., 2016).  

 

1.6.2. Noble metals-doped TiO2 

Noble metal (NM) nanoparticles, such as Pt and Ag, are usually used 

as co-catalyst over the TiO2, promoting the activity by the separation of 

charge pairs due to the Schotky barrier formation and the localized surface 

plasmon resonance (LSPR) effect (Fang et al., 2017; Bai et al., 2015).  

Thus far, use of a Schottky junction has been recognized as the most 

well established strategy for steering the flow of the carriers that are 

photogenerated in semiconductor (Figure 1.2). It is well known that noble 

metals can serve as a sink for the photogenerated electrons when forming 

a Schottky junction with TiO2 (Bai et al., 2015). When the TiO2 and noble 

metal nanoparticles are in contact, the photogenerated electrons are 
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distributed between TiO2 and metal nanoparticles. The transfer of electrons 

from the semiconductor to the metal continues until the semiconductor-

metal system attains equilibrium. The electron accumulation on the metal 

deposits shifts the Fermi level of the metal to more negative potentials, and 

the resultant Fermi level of the composite shifts closer to the CB of the 

TiO2. The negative shift in the Fermi level is an indication of better charge 

separation and more reductive power of the composite system (Kumar and 

Devi, 2011). The Schottky barrier can serve as an effective electron trap 

where the electron is unable to flow back to the semiconductor. This makes 

the metal act as an electron sink for the photo-induced electron. As 

Schottky barrier prevents the recombination of the electron-hole, it 

prolongs the lifetime of the electron-hole pair for the photoreactions (Khan 

et al., 2015). 

 

Figure 1.2 Schottky barrier formation between TiO2 and noble metal (NM). 

LSPR refers to the coherent collective oscillation of free electrons in 

plasmonic metal nanoparticles in response to an external oscillating 

electric field, such as solar irradiation in the case of photocatalysis. 

Specifically, the electron cloud tends to be distributed asymmetrically in the 

proximity of plasmonic nanoparticles within an external oscillating electric 

field. Consequently, an electric field, which is in the opposite direction to 

the external electric field, is also created owing to the redistribution of the 
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charge density.  Such oscillations and the established electric field are 

referred to as localized surface plasmons (Hou and Cronin, 2013; Zhang 

et al., 2015). There are three primary mechanisms that have been 

identified so far, on how this resonance can help in the photoreaction: (i) 

the scattering of resonant photons by the metal; (ii) the existence of an 

intense oscillating electric field around the metal, called Plasmon 

Resonance Energy Transfer (PRET), and (iii) the production of hot 

electron-holes in the metal (Figure 1.3). When light is illuminated onto the 

plasmonic nanometal, the metal is able to spread out incident resonant 

photons, causing the photons to have longer optical path lengths to travel 

around the semiconductor and leading to a higher rate of formation of 

charge carriers in the semiconductor. PRET is another mechanism used 

to explain the photoreaction via the existence of the intense oscillating 

electric field around the metal. According to PRET, the energy is 

transferred from the plasmon to the TiO2 via the electric field and this 

electric field will promote the rate of formation of electrons and holes. The 

third mechanism is the production of hot electron-holes on the metal. 

According to this mechanism, the noble metal is able to supply the electron 

to TiO2 conduction band for further reactions (Khan et al., 2015; Zhang et 

al., 2015). 

 

Figure 1.3 Schematic illustration of the three mechanisms for the enhancement 

effect of plasmonic materials: (a) photon scattering; (b) PRET effect, and (c) hot-

electron transfer. 
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Summary, graphene is selected as a two-dimensional material due to 

its high electron mobility (15000 m2 V-1 s-1) at room temperature, meaning 

that it acts as an ideal electron sink and electron transfer bridge. Moreover, 

TiO2/GO photocatalysts can extend the absorption wavelength to the 

visible region due to Ti-O-C bonds. On the other hand, platinum and silver 

nanoparticles have been selected for deepening in their role as TiO2 

dopants. Deposition of Pt on TiO2 surface is thought to enhance charge 

carrier separation since Pt serves as an electron trap forming a charge-

transfer complex between Pt and TiO2. Furthermore, Ag noble metal 

nanoparticles are presented as promising candidates due to the high 

optical activity manifested in the light-induced excitation of localized 

surface plasmon resonance (LSPR). 

 

1.7. Framework and objective of the thesis 

This work focuses on the design, synthesis and characterization of 

TiO2-based materials for DCA aqueous solutions removal and hydrogen 

production from a renewable source. With this aim, two materials have 

been selected for improving the limited photocatalytic activity of 

commercial TiO2 (P25) i) graphene oxide and ii) noble metals nanoparticles 

(Pt and Ag) (Figure 1.4). 

Figure 1.4 Strategies for avoiding electron-hole pair recombination and harvesting 

visible light incorporating (A) graphene oxide and (B) noble metals. 
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In this context, three scenarios have been assessed for the 

development of new photocatalysts: 

- Graphene oxide nanosheets can improve the photocatalytic activity 

of TiO2 due to its ability to trap and move charge carriers and extend 

the light absorption to visible range of the solar spectrum.  

- Noble metals promoting the photocatalytic activity by the separation 

of electron-hole pairs due to the Schotky barrier formation and the 

possibility of interact with solar light due to the localized surface 

plasmon resonance (LSPR) effect.  

- Ternary photocatalysts based on TiO2, graphene oxide and noble 

metals present a synergetic effect between the positive 

characteristics of each component, promoting the transitive 

property of electrons so as to inhibit the recombination of 

photogenerated electron-hole pair.  
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This chapter includes the characteristics of the chemicals employed in 

the experimental part of present thesis, specifies the procedure used to 

synthesize the photocatalysts, explains the methodology followed during 

the photocatalytic experiments and, describes the analytical methods. 

 

2.1. Chemical reagents 

All the reagents and standards used in this thesis are detailed in Table 

2.1.  

 

Table 2.1 List of chemicals used in the experimental work 

Reagent Formula Supplier Use 

2,4-

Dinitrophenylhydrazine 

(DNPH) 

C6H6N4O4 Sigma-Aldrich 
·OH 

measurement 

Acetic acid C2H4O2 Panreac 
Liquid phase 

intermediates 

Acetone C3H6O Merck 
Liquid phase 

intermediates 

Acetonitrile C2H3N Fisher Chemical 
·OH 

measurement 

Benzoquinone C6H4O2 Sigma-Aldrich 
Trapping 

molecule 

Buffer solution pH 4 
H3PO4-

NaH2PO4 
Panreac 

·OH 

measurement 

Copper (II) sulfate 5-

hydrate 
CuSO4·5H2O Panreac Cooling bath 
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Table 2.1 List of chemical used in the experimental work (continuation) 

Reagent Formula Supplier Use 

Crude glycerol C3H8O3 
Solartia 

(Biodiesel Plant) 
H2 production 

Dichloroacetic acid (DCA) C2H2Cl2O2 Sigma-Aldrich Target pollutant 

Dimethyl sulfoxide 

(DMSO) 
C2H6SO Scharlau 

·OH 

measurement 

Ethanol C2H6O Panreac 
Liquid phase 

intermediates 

Ethylene glycol (EG) C2H6O2 Panreac 

Photocatalyst 

synthesis and 

liquid phase 

intermediates 

Formaldehyde CH2O Panreac 

•OH 

measurement 

Formic acid (FA) CH2O2 Panreac 

Trapping 

molecule and 

liquid phase 

intermediates 

Glyceraldehyde C3H6O3 Acros Organics 
Liquid phase 

intermediates 

Glycerol C3H8O3 Honeywell H2 production 

Graphene oxide (GO) C:O Nanoinnova H2 production 

Graphite C Acros Organics GO synthesis 

Hexacloroplatinic (IV) acid 

hexahydrate 
H2PtCl6·6H2O Sigma-Aldrich 

Photocatalysts 

synthesis 

Hydrochloric acid HCl Panreac GO synthesis 
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Table 2.1 List of chemical used in the experimental work (continuation) 

Reagent Formula Supplier Use 

Hydrogen peroxide H2O2 Scharlau GO synthesis 

Hydroxyacetone C3H6O2 Acros Organics 
Liquid phase 

intermediates 

Inorganic carbon (IC) 

standard 

Na2CO3 + 

NaHCO3 
Panreac 

Dissolved 

organic carbon 

(DOC) 

measurement 

Methanol CH4O Panreac 
Liquid phase 

intermediates 

Potasium permanganate KMnO4 Panreac GO synthesis 

Silver nitrate AgNO3 Sigma-Aldrich 
Photocatalysts 

synthesis 

Sodium nitrate NaNO3 Panreac GO synthesis 

Sulfuric acid H2SO4 Panreac GO synthesis 

Tert-butyl alcohol (t-

BuOH) 
C4H10O Sigma-Aldrich 

Trapping 

molecule 

Titanium dioxide 

Aeroxide® P25 
TiO2 Evonik industries Photocatalyst 

TOC Standard C8H5O4K Panreac 
DOC 

measurement 

 

According to Solartia’s specifications analysis, crude glycerol residue 

contains 78% of glycerol, 18% of water, 3% of salts/ashes, 0.5% of 

methane and 0.5% of non-glycerol organic matter and it has a golden 

brown color. The density is 1.263 g mL-1 and presents a natural pH of 5.  

 



CHAPTER 2 
 MATERIALS AND METHODS 

 

42 

 

2.2. Synthesis of the photocatalysts 

2.2.1. Synthesis of graphene oxide nanosheets 

To synthesize graphene oxide (GO), natural graphite was oxidized 

according to the modified Hummers’ method (Hummer and Hoffeman, 

1958) (Figure 2.1). Graphite powder (3 g) and sodium nitrate (1.5 g) were 

added to concentrated sulfuric acid (70 mL) under stirring at 0 ºC inside a 

cooling bath. Potassium permanganate (9 g) was added slowly to maintain 

a suspension temperature of less than 20 ºC under vigorous stirring. Next, 

the reaction was heated to 35 ºC for 30 min. Then, 50 mL of deionized 

water were added, and the temperature was increased to 98 ºC. This 

temperature was maintained for 15 min under stirring. Additional 170 mL 

of deionized water were added, followed by 4 mL of H2O2 (30 vol%). A 

purification step was then performed in which the mixture was centrifuged 

(11000 rpm, 5 minutes) (Centrifuge 5810, Eppendorf) and washed with 200 

mL of deionized water and HCl aqueous solution (10 vol%, 80 mL) to 

remove metal ions. The remaining solid was sonicated at 20 kHz and 20% 

of amplitude during 30 minutes (VCX 750, Sonics Vibra-cell) to obtain 

exfoliated graphene oxide nanosheets, the sample was centrifuged again 

at 11000 rpm for 60 minutes, and the supernatant was collected and dried 

in an oven  at 50 ºC overnight (Conterm, Selecta). 
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Figure 2.1 Methodology scheme for the preparation of GO nanosheets. 

 

2.2.2. Synthesis of TiO2/GO photocatalysts 

Three types of TiO2/GO composites were synthesized via different 

synthesis methods (Figure 2.2). In the mechanical method (M), TiO2/GO 

composites were prepared by mechanical mixing and sonication. Briefly, 

TiO2 (P25) was added to a GO aqueous dispersion under vigorous stirring 

for 1 h. The obtained suspension was sonicated for 1 h, yielding an 

homogeneous gray suspension. The sample was then centrifuged (2000 

rpm, 2 minutes), washed with ultrapure water and dried overnight at 50 ºC.  

The TiO2/GO composite was also obtained via a hydrothermal method 

(H). In brief, TiO2 was added to the GO dispersion. After stirring for 2 h, the 

solution was transferred to a 200-mL Teflon-lined stainless steel autoclave 

and maintained at 120 ºC for 3 h. The resulting composite was recovered 
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by centrifugation (2000 rpm, 2 minutes), rinsed with ultrapure water (UP) 

three times and fully dried at 50 ºC overnight.  

Finally, TiO2/GO composites were also prepared via a solvothermal 

method (S). In a typical synthesis, GO and P25 were mixed in ethylene 

glycol (100 mL) and stirred for 2 h. After this time, the reaction solution was 

transferred to a 200-mL Teflon-lined stainless steel autoclave and 

incubated in an oven at 120 ºC for 3 h. The composite was recovered by 

centrifugation (2000 rpm, 2 minutes) and washed three times with UP 

water. Finally, the composite was left to dry overnight at 50 ºC. 

 

 

Figure 2.2 Methodology scheme for the preparation of the TiO2/GO photocatalysts. 

 

The TiO2/GO photocatalysts are denoted hereafter as H, S or M 

referring to their preparation method and 1, 5 or 10% stand for wt% of GO 

used in the preparation (Table 2.2). 
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Table 2.2 TiO2/GO photocatalysts nomenclature 

Catalysts Preparation method GO (wt%) 

M1% 

Mechanical 

1% 

M5% 5% 

M10% 10% 

H1% 

Hydrothermal 

1% 

H5% 5% 

H10% 10% 

S1% 

Solvothermal 

1% 

S5% 5% 

S10% 10% 

 

 

2.2.3. Synthesis of TiO2/NM and TiO2/GO/NM photocatalysts via the 

polyol process 

The noble metal (NM) binary photocatalyst TiO2/NM and TiO2/GO/NM 

ternary photocatalysts were synthesized via the polyol process (Figure 

2.3). For the Ag-doped TiO2 and Ag-doped TiO2/GO (TiO2/GO/Ag) 

photocatalysts, TiO2 and TiO2/GO (with 5 wt% of GO) were suspended in 

ethylene glycol (EG), respectively. Then, different amounts of the Ag 

precursor (AgNO3) dissolved in EG were added slowly under magnetic 

stirring. The mixed solution was refluxed in a two-necked round-bottom 

flask fitted in a heating mantle under magnetic stirring at 140 ºC for 2 h. 

Lastly, the solid was washed with UP water several times and recovered 

by centrifugation (11000 rpm, 30 minutes). Solids with 1, 5 and 10 wt% of 
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Ag content were synthesized. TiO2 and TiO2/GO (with 5 wt% of GO) 

coupled with Pt nanoparticles were prepared similarly using H2PtCl6·6H2O 

as precursor. Finally, composites with 0.2, 0.5 and 1 wt% of Pt load were 

obtained. 

 

 

Figure 2.3 Methodology scheme for the preparation of the TiO2/NM and 

TiO2/GO/NM photocatalysts via the polyol process. 

 

2.2.4. Synthesis of TiO2/Pt and TiO2/GO/Pt photocatalysts via 

photodeposition 

A simple two-step process was used in the preparation of a series of 

composite photocatalysts TiO2/GO(x)/Pt(y) (x=0-5 wt%; y=0-3.8 wt%) 

(Figure 2.4). In the initial step, TiO2/GO composites were synthesized by a 

thermal method in which GO (Nanoinnova Technologies) was dispersed 

by ultrasonication in a solution of ethanol/water prior to the addition of TiO2. 

This mixture was then transferred to a Teflon-sealed stainless steel 

autoclave and stirred at 125 ºC for 4 h. The product was recovered by 

centrifugation, washed with UP water and ethanol and dried under vacuum 

at 50 ºC overnight. In the final step, a photodeposition method was carried 

out in the presence of the TiO2 or TiO2/GO photocatalysts and 
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H2PtCl6·6H2O in a 10 vol% methanol aqueous solution at ambient 

temperature. The platinum deposition was achieved under UV irradiation, 

for 3 h, using a 450 W mercury-vapor lamp (ACE-HANOVIA). The products 

were isolated by the procedure described above for the TiO2/GO 

photocatalyst. 

 

Figure 2.4 Methodology scheme for the preparation of the TiO2/Pt and TiO2/GO/Pt 

photocatalysts via photodeposition. 

 

2.3. Characterization of the photocatalysts 

2.3.1. Atomic force microscopy (AFM) 

Atomic force microscopy is a very-high-resolution type of scanning 

probe microscopy (SPM), with demonstrated resolution on the order of 

fractions of a nanometer, more than 1000 times better than the optical 

diffraction limit. SPM is a powerful technique to image solid surfaces 

directly on the atomic scale. The SPM instrument differs from conventional 

microscopes, such as optical or electron microscopes, in that it has no lens 

to magnify a specimen’s image. Instead, SPM utilizes an atomically sharp 

probe tip to measure a local topography or chemical/physical property of a 

sample surface. AFM instrument typically consists on a cantilever, support 

for cantilever, piezoelectric element, probe tip, detector of deflection and 

motion of the cantilever, xyz drive and, sample stage. AFM can operate in 

either a static or dynamic mode. In the static mode, the AFM tip is always 
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in contact with the sample surface during scanning. The repulsive force 

exerted on the tip from the sample is measured by the deflection of the 

cantilever and recorded to map out the topography of the sample surface. 

In the dynamic mode, the AFM cantilever is periodically oscillated near the 

sample surface. The tip-sample interaction modulates the amplitude, 

phase, and resonant frequency of the cantilever oscillation. Hence the 

force can be measured from the changes in these oscillation parameters 

(Che and Védrine, 2012). In this work, AFM images were obtained with a 

Park Systems XE-100 microscope in true non-contact mode with a plastic 

substrate. 

 

2.3.2. Transmission electron microscopy (TEM) 

Electron microscopes (EM) are used to obtain accurate data on the 

morphology, size, and spatial distribution of small particles on supports. 

Transmission electron microscopes are complex optical systems that 

produce high-magnification images of thin specimens. These microscopes 

use a high-energy electron beam to probe the specimen and collect 

electrons that have been scattered in the forward direction, that is, they 

operate in transmission. The magnification in electron microscopes can be 

tuned between 103 and 106, to resolve distances down to 1.5-1.8 Å. They 

are essential in the study of crystallography, defects, surfaces, and 

interfaces in a wide variety of solids. Transmission electron microscope 

(TEM) instrument generally consists of an electron gun, probe-forming 

lenses and apertures, specimen holder, image-forming lenses and 

apertures, electron detectors and, vacuum system (Che and Védrine, 

2012). In TEM, a highly focused electron probe is scanned across the 

material and various types of scattering are collected as a function of 

position. The transmitted electrons at a high scattering angle form high-

resolution images (Singh, 2016). In the present thesis, transmission 
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electron microscopy observations were performed on a JEOL JEM-2100 

electron microscope. 

 

2.3.3. Energy dispersive X-ray spectroscopy (EDX) 

Energy dispersive X-ray spectroscopy (EDX) is a chemical 

microanalysis technique used in conjunction with electron microscopy 

instruments. The EDX technique detects x-rays emitted from the sample 

during bombardment by an electron beam to characterize the elemental 

composition of the analyzed volume. Features or phases as small as 1 µm 

or less can be analyzed. When the sample is bombarded by the electron 

beam, electrons are ejected from the atoms comprising the sample's 

surface. The resulting electron vacancies are filled by electrons from a 

higher state, and an x-ray is emitted to balance the energy difference 

between the two electrons' states. The x-ray energy is characteristic of the 

element from which it was emitted. The EDX detector measures the 

relative abundance of emitted x-rays versus their energy. When an incident 

x-ray strikes the detector, it creates a charge pulse that is proportional to 

the energy of the x-ray. The charge pulse is converted to a voltage pulse 

by a charge-sensitive preamplifier. The signal is then sent to a multichannel 

analyzer where the pulses are sorted by voltage. The energy, as 

determined from the voltage measurement, for each incident x-ray is sent 

to a computer for display and further data evaluation. The spectrum of x-

ray energy versus counts is evaluated to determine the elemental 

composition of the sampled volume. An EDX microanalysis system 

(OXFORD Instruments) installed on a JEOL JEM-2100 electron 

microscope was employed in this thesis for EDX analyses. 
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2.3.4. Nitrogen adsorption-desorption for specific surface area 

calculation 

The adsorption-desorption isotherm of N2 consists on the adsorption of 

nitrogen in gas phase on the surface of the solid at a fixed temperature as 

a function of pressure. This technique provides information on the surface 

area and the porous structure of the solid. The process is generally carried 

out by introducing successive loads of gas on the adsorbent being each 

point of the isotherm the point of equilibrium between the volume of gas 

adsorbed and the relative pressure of the gas (P/P0). For each solid, the 

shape and the hysteresis cycle are related to the different interactions 

between the N2 and the surface of the solid. In this sense, six different 

types of isotherms (I-VI) can be found in the literature according to the 

IUPAC classification. Moreover, a classification of six hysteresis loops was 

reported by IUPAC and each of these six characteristic types is fairly 

closely related to particular features of the pore structure and underlying 

adsorption mechanism (Thommes et al., 2015). 

For the determination of the surface area, the method developed by 

Brunauer, Emmet and Teller (BET) has been used. This method relates 

the gas adsorbed at a certain relative pressure to the volume adsorbed in 

a gas monolayer in the solid according to the following equation: 

P

V(P0-P)
=

1+(c-1)

Vmc

P

P0

 (2.1) 

where P is the equilibrium pressure, P0 the vapor saturation pressure, 

V the volume of gas adsorbed at a relative pressure P/P0, Vm the volume 

adsorbed by the monolayer and “c” is a constant related to the heat of 

adsorption. The BET method is applied to the range of relative pressures 

that fit a line in the representation of P/V(P0-P) versus P/P0. Once the 

volume of the monolayer (Vm) has been calculated, it is possible to 

calculate the specific surface from the following equation: 
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SBET=
VmAmNA

Vmol

 (2.2) 

where SBET is the specific surface, Vmol is the molar volume of the gas 

under normal conditions, Am is the section occupied by the adsorbed 

molecule and NA the Avogadro number. The specific surface area of the 

solids was measured by the BET method from nitrogen adsorption-

desorption data with an adsorption apparatus (Micromeritics, ASAP 2000). 

 

2.3.5. Fourier transform infrared (FT-IR) spectroscopy 

Fourier-transform infrared spectroscopy is a technique used to obtain 

an infrared spectrum of absorption or emission of a solid, liquid or gas. 

FTIR spectrometer simultaneously collects high-spectral-resolution data 

over a wide spectral range. The term Fourier-transform infrared 

spectroscopy originates from the fact that a Fourier transform is required 

to convert the raw data into the desired spectrum. When exposed to 

infrared radiation, sample molecules selectively absorb radiation of specific 

wavelengths which causes the change of dipole moment. Consequently, 

the vibrational energy levels of sample molecules transfer from the ground 

state to the excited state. The resulting spectrum represents the molecular 

absorption and transmission, creating a molecular fingerprint of the 

sample. A common FTIR spectrometer consists of a source, 

interferometer, sample compartment, detector, amplifier, A/D convertor, 

and a computer. The source generates radiation which passes the sample 

through the interferometer and reaches the detector. Then the signal is 

amplified and converted to digital signal by the amplifier and analog-to-

digital converter, respectively. Finally, the signal is transferred to a 

computer in which Fourier transform is carried out.  

Attenuated total reflection (ATR) is a sampling technique that operates 

by measuring the changes that occur in a totally internally reflected infrared 
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beam when the beam comes into contact with a sample. An infrared beam 

is directed onto an optically dense crystal with a high refractive index at a 

certain angle. This internal reflectance creates an evanescent wave that 

extends beyond the surface of the crystal into the sample held in contact 

with the crystal. In regions of the infrared spectrum where the sample 

absorbs energy, the evanescent wave will be attenuated or altered. The 

attenuated energy from each evanescent wave is passed back to the IR 

beam, which then exits the opposite end of the crystal and is passed to the 

detector in the IR spectrometer. The system then generates an infrared 

spectrum. In this work, FT-IR spectra were recorded on a Spectrum Two 

spectrometer (Perkin Elmer) equipped with an attenuated total reflection 

(ATR) accessory. 

 

2.3.6. Raman spectroscopy 

Raman spectroscopy is a technique used to observe vibrational, 

rotational, and other low-frequency modes in a system, providing a 

structural fingerprint. This technique is based on inelastic scattering of 

monochromatic light, usually from a laser source. Inelastic scattering 

means that the frequency of photons in monochromatic light changes upon 

interaction with a sample (Gardiner and Graves, 1989). Photons of the 

laser light are absorbed by the sample and then reemitted. Frequency of 

the reemitted photons is shifted up or down in comparison with original 

monochromatic frequency, which is called the Raman Effect. This shift 

provides information about vibrational, rotational and other low frequency 

transitions in molecules. A Raman system typically consists of an excitation 

source (laser), sample illumination system and light collection optics, 

wavelength selector (filter or spectrophotometer) and, detector 

(photodiode array, charge coupled device (CCD) or photomultiplier tube 

(PMT)). A sample is normally illuminated with a laser beam in the ultraviolet 

(UV), visible (Vis) or near infrared (NIR) range. Scattered light is collected 
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with a lens and is sent through interference filter or spectrophotometer to 

obtain the Raman spectrum of a sample. The Raman spectra of the 

photocatalysts synthesized in the present work were recorded by a T64000 

Triple Raman Spectrometer (HORIBA) with a 514-nm laser. 

 

2.3.7. X-ray diffraction (XRD) 

X-ray diffraction is a powerful nondestructive technique for 

characterizing crystalline materials. It provides information on crystal 

structure, phase, preferred crystal orientation, and other structural 

parameters, such as average grain size, crystallinity, strain, and crystal 

defects. X-ray diffractometers consist of three basic elements: an X-ray 

tube, a sample holder, and an X-ray detector. XRD is based on 

constructive interference of monochromatic X-rays and electrons in a 

crystalline (or powder) sample. When a beam of X-ray photons collides 

with electrons of an atom, some photons undergo elastic (no energy 

transfer)/inelastic (energy transfer) scattering according to Bragg’s law: 

nλ=2d sin θ (2.3) 

where d is an inner-plane distance in a given set of lattice and θ is 

certain degree of incidence angle. The elastically scattered X-ray photons 

carry information about the electron distribution in nanoparticles; therefore, 

elastic electrons are measured in diffraction experiments. The scattered 

waves from different atoms can interfere with each other, and the resultant 

intensity depends upon whether the waves are in phase (which are 

additive) or out of phase (which are substractive). Measuring the diffraction 

pattern therefore allows to deduce the distribution of atoms in a material. 

Consequently, the X-ray diffraction pattern is the fingerprint of the periodic 

atomic arrangements in a given material. X-Ray diffraction analysis was 

performed on a Bruker D8 Advance diffractometer equipped with Cu Kα 

radiation (λ=1.5418 Angstroms). 

http://www.horiba.com/scientific/products/raman-spectroscopy/raman-spectrometers/triple-raman-spectrometers/details/triple-raman-spectrometers-140/
http://www.horiba.com/scientific/products/raman-spectroscopy/raman-spectrometers/triple-raman-spectrometers/details/triple-raman-spectrometers-140/
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2.3.8. X-ray photoelectron spectroscopy (XPS) 

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

spectroscopy for chemical analysis (ESCA), is a technique for analyzing 

the surface chemistry of a material. XPS can measure the elemental 

composition, empirical formula, chemical state and electronic state of the 

elements within a material. XPS spectra are obtained by irradiating a solid 

surface with a beam of X-rays while simultaneously measuring the kinetic 

energy and electrons that are emitted from the top 1-10 nm of the material 

being analyzed. A photoelectron spectrum is recorded by counting ejected 

electrons over a range of electron kinetic energies. Peaks appear in the 

spectrum from atoms emitting electrons of a particular characteristic 

energy. The energies and intensities of the photoelectron peaks enable 

identification and quantification of all surface elements. When an atom or 

molecule absorbs an X-ray photon, an electron can be ejected. The kinetic 

energy (KE) of the electron depends upon the photon energy (ɦʋ) and the 

binding energy (BE) of the electron. 

KE=hυ-BE-eφ (2.4) 

where eφ is the working function, which is small and almost constant. 

By measuring the kinetic energy of the emitted electrons, it is possible to 

determine which elements are near a material’s surface, their chemical 

states and the binding energy of the electron. The binding energy depends 

upon a number of factors, including the element from which the electron is 

emitted, the orbital from which the electron is ejected and the chemical 

environment of the atom from which the electron was emitted (Venezia, 

2003). X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a SPECS Phoibos 100 MCD5 system with Mg Kα 

radiation (ɦʋ= 1253.6 eV). Photocatalysts were subjected to a low 

resolution general scan between 1200 and 1 eV with an interval of 1 eV 
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and a step energy of 90 eV. Subsequently, a high resolution analysis was 

made in the area of maximum sensitivity using an interval of 0.1 eV. 

 

2.3.9. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) determines endothermic and 

exothermic weight loss upon heating, cooling, etc. in solids. TGAs use heat 

to force reactions and physical changes in materials. Therefore, TGAs are 

used primarily to determine the composition of materials and to predict their 

thermal stability. The technique can characterize materials that exhibit 

weight loss or gain due to sorption/desorption of volatiles, decomposition, 

oxidation and reduction. Thermogravimetric curves characterize specific 

compounds due to the unique sequence from physicochemical reactions 

occurring over specific temperature ranges. 

A thermogravimetric analyzer consists of a crucible connected to a 

balance and inserted into a furnace with control over the atmosphere. The 

sample is heated following a temperature program and control over the 

atmosphere; the weight can be recorded versus time or temperature (Che 

and Védrine, 2012; Singh, 2016). Thermogravimetric analyses of 

photocatalysts were performed in a Shimadzu DTG-60H Differential 

Thermal Gravimetric Analyzer by heating the sample in nitrogen flow from 

25 ºC to 910 ºC at 20 ºC min-1. 

 

2.3.10. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

ICP-MS is a sensitive method for analysis and confirmation of metal 

ions with a high linear dynamic range. Specimens are introduced into an 

argon plasma consisting of electrons and positively charged argon ions. In 

the plasma, the material splits into individual atoms that lose electrons and 

become positively charged ions.  

http://sunum.sabanciuniv.edu/equipment/shimadzu-dtg-60h-differential-thermal-gravimetric-analyzer
http://sunum.sabanciuniv.edu/equipment/shimadzu-dtg-60h-differential-thermal-gravimetric-analyzer
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The positive ion beam enters a mass analyzer where the ions are 

separated according to their mass/charge (m/z) ratio. After passing, the 

ions hit a special mass detector that detects ions at the higher and lower 

range (Singh, 2016). In the present thesis, the platinum amount present in 

the photocatalysts was analyzed on a Perkin Elmer Optima 4300 DV at 

CACTI. The samples were prepared by calcination and digested with aqua 

regia (HNO3 + HCl) and hydrofluoric acid (HF), necessary to attack the 

titanium. This pretreatment was developed in a closed Teflon glass at 

120ºC. 

 

2.3.11. UV/Vis diffuse reflectance spectroscopy  

UV/Vis diffuse reflectance spectrophotometry is a type of spectroscopy 

where the diffuse reflection of radiation in the ultraviolet to visible range by 

a sample is measured. When the beam enters the sample, it can either be 

reflected off the surface of a particle or be transmitted through a particle. 

The energy reflecting off the surface is typically lost. The beam that passes 

through a particle can either reflect off the next particle or be transmitted 

through the next particle. This transmission‐reflectance event can occur 

many times in the sample, which increases the path length. Finally, such 

scattered energy is collected by a spherical mirror that is focused onto the 

detector. The detected light is partially absorbed by particles of the sample, 

bringing the sample information. In a diffuse reflectance spectrum, the 

absorbed wavenumber positions are the same as the transmission 

spectrum. However, the relative intensity between peaks differs from the 

transmission spectrum because the weak peaks in the transmission 

spectrum become comparatively stronger in the diffuse reflectance 

spectrum. The so-called K-M function (F(R)) derived by Kubelka-Munk is 

used for comparison to transmission spectra or quantitative analysis. In 

this work, the band gap of the samples was calculated by UV/Vis diffuse 

reflectance spectroscopy using a Cary 5000 UV-vis-NIR 
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spectrophotometer (Agilent Technologies) equipped with a sphere diffuse 

reflectance accessory model 5000. 

 

2.3.12. Photocurrent response 

Photocurrent response of photocatalysts allows to study the charges 

generated by light excitation in semiconductor devices. For the 

photocurrent analysis, powder samples were compressed under a loading 

of 10 tons to obtain suitable pellets of 5-mm diameter and 0.5-mm 

thickness. Two copper leads of 0.2 mm in diameter were fixed to one of 

the circular surfaces with silver electrodes. The photocurrent was 

measured with a Keithley 616 Digital Electrometer, by using an Ocean 

Optics HL2000 tungsten halogen lamp to provide an illumination power of 

45 mW on the pellet surface. Photocurrents in the nA range were 

measured in light OFF-light ON intervals. The photocurrent parameter is 

defined as P = (ON - OFF) / ON. 

 

2.3.13. Extinction coefficient quantification 

The extinction coefficient was determined following the methodology 

proposed by Cabrera and co-workers (1996) using an UV-1800 

spectrophotometer (Shimadzu).  With the aim of maximizing out-scattering 

losses in the radiation detector, the sample cell (optical length, 1 cm) was 

placed as far as possible from the detector position to facilitate the escape 

of out-scattered rays (in the forward direction) from the detector view angle. 

Moreover, a narrow vertical slit was placed before the detector chamber, 

coinciding exactly with the radiation beam coming out of an empty sample 

cell. Since out scattering is maximized, the total extinction coefficient was 

measured.  

Experiments from 345 to 455 nm were performed at different catalyst 

concentrations within the linear range of the extinction versus 

https://en.wikipedia.org/wiki/Photovoltaic_effect
https://en.wikipedia.org/wiki/Semiconductor
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concentration plots (one for each wavelength). With a linear regression 

program, enforcing a zero intercept, the specific (per unit mass 

concentration) extinction coefficient was obtained. 

 

2.4. Photocatalytic degradation of dichloroacetic acid (DCA) 

2.4.1. Experimental setup 

Figure 2.5 depicts the photoreactor employed for DCA degradation. It 

was integrated by a 1.00 L Pyrex reaction vessel (Heraeus Laboratory UV 

Reactor, Heraeus Noblelight GmbH, d = 8.50 cm, h = 25.0 cm) and a 

medium pressure mercury (Hg) lamp (TQ 150 Z1, Heraeus Noblelight 

GmbH) immersed in a quartz sleeve in the center of the photoreactor. The 

working volume was 800 mL. The lamp emitted between 200 and 600 nm, 

it had maximum emission at 370 nm and it required 150 W. An aqueous 

solution of copper sulfate (0.05 mol L-1) was circulated to prevent 

overheating of the suspension and cut off the radiation below 300 nm. The 

radiation emitted in the UVA, UVB, UVC, and visible spectra was 229.20, 

258.90, 27.54, and 961.30 W m-2, respectively. 

 
 

Figure 2.5 Photoreactor Hg-Lamp scheme for DCA degradation. 
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2.4.2. Methodology 

2.4.2.1. Photocatalytic procedure 

Preliminary adsorption experiments were performed by mixing 0.8 L of 

1000 mg L-1 DCA solution and the catalyst under no radiation for 24 h. The 

source of light was switched on and stabilized during 30 minutes and 

subsequently, the synthesized photocatalysts were tested by mixing 0.8 L 

of 1000 mg L-1 DCA solution with 0.3 g L-1 photocatalysts. Once the 

photocatalytic degradation had begun, samples were collected at different 

time intervals and filtered through a 0.45-µm syringe filter (Teknokroma). 

The photocatalysts reuse study was performed in three successive 

photocatalytic cycles, and the photocatalysts were recovered via 

centrifugation. 

 

2.4.2.2. Analysis of DCA and mineralization degree 

The DCA and chloride concentration were determined via ion 

chromatography. It was used an ICS-1100 (Dionex) ion chromatograph 

with an AS9-HC column using a solution of Na2CO3 (9 mM) as the eluent 

at a flow rate of 1 mL min-1 and a pressure of approximately 2000 psi. The 

equipment was provided with an automatic sampler model AS 40 (Dionex) 

and the sample injection volume was 25 μL. A conductivity cell (DS6 

Heated Conductivity Cell) measured the electrical conductance of the 

sample ions and produced a signal based on a chemical or physical 

property of the analyte. Then, the signal was collected in the work station 

(software Peaknet) where it was translated to concentration units by pre-

calibrating the different compounds identified. 

The measurement of the mineralization of the DCA solutions was 

followed by means of the dissolved organic carbon (DOC) removal. First, 

samples were filtered and then they were analyzed in the TOC-VCPH 

analyzer with auto-sampler ASI-V (Shimadzu). The DOC was calculated 
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from the substraction of the inorganic carbon (IC) to the total carbon (TC) 

according to the Standard Methods 5310B (American Public Health 

Association, 1998). For the analysis of the TC, 50.0 μL of the sample were 

introduced into the TC combustion tube, burned at 680 ºC in a furnace and 

transformed to carbon dioxide (CO2). Then the sample was transported by 

means of a carrier gas with a flow rate of 150 mL min-1 to an electronic 

dehumidifier where it was dried and, finally, it was transported to the cell of 

a non-dispersive infrared (NDIR) gas analyzer, where the CO2 formed was 

determined. The NDIR generated a signal and the software of the 

equipment registered a peak with a given area that was proportional to the 

amount of carbon present in the sample analyzed. In the case of the TIC 

analysis the sample was cooled down and acidified with phosphoric acid 

(25.0%). Then, the decomposition of the carbonates and bicarbonates of 

the sample generates CO2 which was detected in the NDIR. Afterwards, 

the procedure is the same that the one for TC. It has to be remarked that 

the analyzer performed three measurements and an average DOC 

concentration was calculated. However, if the standard deviation was 

higher than 0.20 (a.u.), it carried out two additional measurements and then 

chose the three values with the lowest deviation. The calibration curves 

were made with a solution  of 500 mg L-1 total organic carbon (TOC) and a 

standard solution of 50.0 mg L-1 IC. 

 

2.4.2.3. Free hydroxyl radicals quantification 

The method employed in this work to determine the ·OHfree generation 

was initially proposed by Tai and co-workers (2004), and was based on the 

reaction between ·OHfree and dimethyl sulfoxide (DMSO) to produce 

formaldehyde, which reacted with 2,4-dinitrophenylhydrazine (DNPH) to 

form the corresponding hydrazone (DNPHo) (2.5) – (2.8). 
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·OHfree + (CH3)2SO → CH3SO2H + ·CH3 (2.5) 

·CH3 +O2 → CH3OO· (2.6) 

2CH3OO· → HCHO + CH3OH + O2 (2.7) 

HCHO + C6H3(NO2)2NHNH2 → C6H3(NO2)2NHNCH2 + H2O (2.8) 

Therefore, the ·OHfree was quantified by determining the formaldehyde 

concentration when the DNPHo was analyzed through high-performance 

liquid chromatography (HPLC).  

During the experiments, 0.8 L of 1000 mg L-1 DCA solution were mixed 

with 0.3 g L-1 of the synthesized photocatalysts and then the photocatalytic 

process was initiated. At various time intervals, 2 mL of suspension was 

sampled and filtered through a 0.45 µm syringe filter (Teknokroma). 

Afterwards, 2.5 mL of pH 4.0 H3PO4-NaH2PO4 buffer solution, 0.2 mL of 6 

mM DNPH solution dissolved in acetonitrile, and 0.3 mL of ultrapure water 

were added. The mixture was maintained at room temperature for 30 

minutes and analyzed using a Waters 2690 HPLC equipped with a Waters 

996 Photodiode Array detector and a X-Bridge C18 (5 μm, 4.6x250 mm) 

analytical column. With a flow rate of 0.6 mL min-1, the mobile phase used 

was a mixture of methanol and ultrapure water (60/40 v/v) and the 

detection wavelength was 355 nm. The signal detected was converted to 

concentration using a calibration curve previously obtained with 

formaldehyde standards in a range of concentrations between 0.1 and 15 

mg L-1. The preparation of the standards was carried out through the 

derivatization of formaldehyde solutions with known concentration as it 

was already described. 

 

2.4.2.4. Hydrogen peroxide quantification 

H2O2 measurements were carried out employing a hydrogen peroxide 

analytical test kit (photometric method 0.015 - 6.00 mg L-1 H₂O₂ 
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Spectroquant) provided by Merck KGaA. In the presence of a 

phenanthroline derivative hydrogen peroxide reduced copper (II) ions to 

copper (I) ions. In the process an orange-colored complex was formed and 

it was determined photometrically. 

 

2.5. Photocatalytic hydrogen production from glycerol 

2.5.1. Experimental setup 

Figure 2.6 depicts the photoreactor used for hydrogen generation. It 

was integrated by a 0.3 L sealed cylindrical reactor placed inside a 

temperature control bath and mounted on a magnetic stirring plate. The 

light source was immersed in a quartz sleeve placed in the center of the 

reactor. Two light sources were employed, a 450 W mercury-vapor lamp 

(ACE-HANOVIA), with a radiation energy in the UV-vis portion of the 

spectrum, and light emitting diodes (LED) (230 W) emitting in the visible 

region. 

 

Figure 2.6 Photoreactor for hydrogen production. 
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2.5.2. Methodology 

2.5.2.1. Photocatalytic procedure 

For photocatalytic hydrogen generation experiments, 0.3 L of glycerol 

solution were mixed with TiO2/GO(x)/Pt(y) photocatalyst and 

ultrasonicated for 15 minutes; subsequently, the suspension was 

transferred to the photocatalytic reactor and de-aerated with nitrogen (N 

5.0) during 15 minutes before irradiation. The volume of gas generated 

was collected in an inverted glass graduated tube filled with water and the 

volume per unit of time was calculated by quantifying the displaced liquid 

by the gas. The initial concentration of glycerol varied from 5 to 80 vol% for 

synthetic solutions and from 0.5 to 20% in the case of crude solutions. The 

catalyst concentration varied from 0.25 to 1 g L-1 and initial pH ranged from 

3 to 11. In addition, the GO and Pt loading (%wt) were optimized in the 

catalysts using synthetic glycerol and the optimal conditions were used for 

the hydrogen production from crude glycerol. Finally, the photocatalytic 

hydrogen production was carried out at two temperatures, 30 and 40 ºC. 

The Table 2.3 details the working parameters studied for each type of 

glycerol. 

Table 2.3 Working parameters for hydrogen generation experiments 

 Glycerol nature 

 Synthetic Crude 

[Glycerol] (%vol) 5-20-50-80 0.5-1-5-20 

pH 5-7-11 5-7-11 

[Catalyst] (g L-1) 0.1-0.25-0.5-0.75-1.0 0.25-0.5-1.0 

GO loading (%wt) 1-2-3-5 3 

Pt loading (%wt) 1.5-2.5-3.8 3.8 

T (ºC) 30-40 30 
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2.5.2.2. Analysis of gas phase composition 

The gas produced was analyzed by gas chromatography using a Micro 

GC 3000 from Agilent Technologies. The gas composition was analyzed 

and translated to concentration units by pre-calibrating the different 

compounds (H2, O2, N2, CO, CH4, CO2, C2H4, and C2H6). Two columns 

were employed for quantifying these compounds: column A for H2, O2, N2, 

CO, and CH4 and column B for CO2, C2H4, and C2H6. The carrier gas was 

argon for column A (molecular sieve) and helium for column B (Polymer 

Plot U). Moreover, two methods were employed for analyzing the gas 

composition; the first for H2 analysis, and the second one for analyzing the 

rest of compounds. The specifications of the methods used for the 

measurements are collected in Table 2.4. 

Table 2.4 Working conditions of gas chromatograph GC 3000 

Analytical methods 

 Method 1 

 Column A Column B 

Injection temperature 100 ºC 100 ºC 

Column temperature 110 ºC 100 ºC 

Injection time 10 ms 20 ms 

Run time 150 s 150 s 

 Method 2 

 Column A Column B 

Injection temperature 90 ºC 90 ºC 

Column temperature 100 ºC 60 ºC 

Injection time 200 ms 200 ms 

Run time 180 s 150 s 
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2.5.2.3. Analysis of the liquid phase composition 

The analysis of the liquid phase composition was carried out using a 

GC-2010 Plus high-end gas chromatograph (Shimadzu) with a flame 

ionization detector (FID) and an automatic AOC-5000 injector. First, 

samples were filtered and then they were analyzed and translated to 

concentration units by pre-calibrating the different compounds. The 

injection volume was 2 µL. The characteristics of the analytical method 

employed for the analysis of the liquid phase are collected in Table 2.5. 

Table 2.5 Working conditions of GC-2010 gas chromatograph 

Analytical method 

Injector Port 

Temperature 250 ºC 

Carrier Gas Helium 

Pressure 182.2 kPa 

Split ratio 5 

Column Oven 

Initial temperature 40 ºC 

Final temperature 230 ºC 

Temperature rate 15 ºC min-1 

Detector Chanel 

Temperature 250 ºC 

Makeup gas Helium 

Makeup flow 30 mL min-1 

H2 flow 40 mL min-1 

Air flow 400 mL min-1 

 

https://www.shimadzu.com/an/gc/2010plus3.html
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The increasing interest in clean photocatalysis to mitigate water 

environmental problems, particularly by organic contaminants, has created 

high demand for TiO2-based photocatalysts. The photocatalytic activity of 

this solid remains limited by some disadvantages. Due to the relatively 

wide band gap energy of 3.2 eV, TiO2 only absorbs radiation in the 

ultraviolet region (Rodríguez-Chueca et al., 2015), which represents 4% to 

8% of the solar spectrum (Adán et al., 2015). In addition, a large fraction 

(90%) of electron-hole pairs recombines within nanoseconds after their 

generation, and only a few are able to migrate to the semiconductor 

surface for the production of reactive species (Friedman et al., 2010).  

In this way, graphene and its derivatives, as graphene oxide (GO), have 

recently emerged as one very promising candidates for the development 

of photo-efficient composite catalysts (Cruz et al., 2017). GO can easily 

react with TiO2 and be transformed to reduced GO (rGO). Throughout the 

introductory chapter of this thesis the advantages of the coupling of these 

materials were described in terms of photocatalytic activity and they can 

be summarized as follows (Leary and Westwood, 2011):  

- GO can act as an electron trapping, avoiding electron-hole pairs 

recombination. 

- The excitation wavelength can be extended to visible region 

- The composite can be easily recovered because of the relatively 

large GO nanosheets. 

- The composite can provide quality active sites for 

reduction/oxidation reactions. 

This chapter focuses on the synthesis and characterization of 

photocatalysts based on TiO2/GO composites; their performance in the   

degradation of DCA has been compared to the most widely used form of 

TiO2 (P25). Moreover, the influence of the preparation method and the 

TiO2/GO weight ratio on the composite performance has been also studied. 
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Hereafter, in this chapter, the TiO2/GO photocatalysts will be referred 

to following the notation described in Table 2.2 of Chapter 2. 

 

3.1. Photocatalysts characterization 

Dilute suspensions of H10% and H5% were dropped onto freshly 

cleaved mica and then analyzed using AFM; the results are shown in 

Figure 3.1. The mica substrate was covered with GO sheets coupled to 

TiO2 nanoparticles. The interaction between GO and TiO2 can occur via 

carboxylic acid functional groups or simple physisorption (Wang et al., 

2012). The height profiles showed an average of 4-nm-thick GO 

nanoplatelets decorated with TiO2 nanoparticles for H10% composite. 

Stankovich and co-workers (2007) reported that the thickness of a single 

sheet of GO is typically 0.6-1.3 nm, indicating that the GO obtained might 

be a trilayer sheet. However, the H5% composite showed 2-nm-thick GO 

nanoplatelets. This fact indicates that in the case of H5%, GO is formed by 

the stacking of only two sheets, leading to the conclusion that a better 

exfoliation of GO was indeed achieved under these conditions. 
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Figure 3.1 AFM image of H10% (A), and H5% (B) photocatalysts and depth profile 

of the line of interest on the TiO2/GO solid. Courtesy of Centro Tecnológico de 

Componentes (CTC). 
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TiO2/GO photocatalysts were further examined using transmission 

electron microscopy. Figure 3.2-A shows the TEM image of the solid H5%; 

the TiO2 nanoparticles were dispersed on the GO plane, which exhibited a 

flake-like structure with some wrinkles. Figures 3.2-B, 3.2-C and 3.2-D 

present EDX spectra collected from areas S1, S2 and S3 in Figure 3.2-A. 

The composition of the GO sheets (S1) was carbon with a minor proportion 

of oxygen. The S2 area exhibited a composition of titanium and oxygen, 

evidencing the presence of TiO2 on the GO nanosheets. Finally, no 

elements were detected in the area S3, demonstrating that the TiO2 was 

only found coupled to GO nanosheets. The copper signal is attributable to 

the sample support. 

 

Figure 3.2 TEM image of the photocatalyst H5% (A) and EDX scanning 

corresponding to zones S1 (B), S2 (C), and S3 (D) in the image. 
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Figure 3.3 shows the FTIR spectra of the samples TiO2, GO, H5%, S5% 

and M5%. The GO spectrum showed many strong absorption peaks 

corresponding to various oxygen functional groups. The peaks at 3400 cm-

1 and 1620 cm-1 were ascribed to the stretching vibration of water hydroxyl 

groups and the skeletal vibration of C=C, respectively. The other peaks at 

1732, 1380, 1220, and 1055 cm-1 were assigned to carboxylate C=O 

stretching, alcoholic C-O-H, epoxide C-O-C or phenolic C-O-H, and alkoxy 

C-O, respectively (Zhang et al., 2012; Liang et al., 2014). In the H5% and 

S5% spectra, the intensity of all absorption peaks corresponding to oxygen 

functional groups presented a significant decrease compared to the 

spectrum of bare GO, implying that GO was significantly reduced to rGO 

during thermal treatment. For M5%, the spectrum showed that the 

composite retained peaks corresponding to oxygen groups, indicating that 

GO had not been successfully reduced to rGO. Therefore, the ability of the 

solid M5% to transport electrons is expected to be lower than those of H5% 

and S5%. In addition, all composites presented high peaks at 500-900    

cm-1 that were attributed to the stretching vibrations of Ti-O-Ti and Ti-O-C 

bonds. Therefore, the above results confirmed the successful preparation 

of TiO2/GO composites via hydrothermal and solvothermal treatments; 

however, the composites synthesized using the mechanical method are 

not expected to exhibit high photocatalytic activity because reduction of 

GO was not observed. 
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Figure 3.3 FTIR spectra of GO, TiO2, H5%, S5%, and M5% photocatalysts. 

The presence of GO and TiO2 in the composites was further confirmed 

by Raman spectroscopy (Figure 3.4). The spectra of the composites 

presented four peaks in the region below 800 cm-1, with three modes of 

vibration matching to symmetry B1G, A1g and Eg, corresponding to the 

crystalline phase anatase. In addition, two extra peaks were observed at 

1353 cm-1 (D peak) and 1576 cm-1 (G peak), confirming the presence of 

GO in the samples. The composites presented an increased area under 

the D curve relative to the GO sample (Table 3.1), suggesting the formation 

of more sp3 defects in carbon. The defects in the GO sheets were clearly 

not well repaired during the synthesis step and remained after the removal 

of oxygen groups. The increased sp3 defects might be attributable to the 

strong interaction (Ti-O-C bonds) at the interface of the TiO2 nanoparticles 

and GO nanosheets (Wang et al., 2013).  

Furthermore, the catalyst M5% presented the highest area under D 

curve and hence exhibited the highest concentration of sp3 aggregates. 

This may be due to the incomplete reduction of GO during the preparation 

step, which led to the persistence of some oxygen groups on the GO 
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surface. In the Raman spectrum of H5%, a systematic variation of the 

frequency of D and G to lower wavelengths and a significant increase in 

the full width at half maximum (FWHM) of the same bands were also 

observed (Table 3.1). These features are associated with charge transfer 

processes in GO. When the frequency moves to lower wavelength, charge 

transfer occurs due to electron mobility. In the case of S5%, the charge 

transfer process was less clear. Therefore, lower photocatalytic activity 

could be expected. 

 

Figure 3.4 Raman spectroscopy of GO, TiO2, H5%, S5%, and M5% 

photocatalysts. 
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Table 3.1 Values of specific parameters of Raman spectra (Figure 3.4). 

Sample D Area 

Frequency FWHM 

D peak G peak D peak G peak 

GO 91311 1356 1584 116 65 

H5% 146484 1353 1576 158 105 

S5% 117599 1347 1583 122 76 

M5% 248818 1350 1573 219 136 

 

Thermal gravimetric analysis of TiO2, GO, H1%, H5% and H10% in a 

N2 atmosphere is shown in Figure 3.5. The thermogravimetric curve of GO 

presented three differentiated steps of mass loss with temperature in the 

range from ambient temperature to 900 ºC. The first step corresponds to 

desorption of physically absorbed water below 100 ºC. Between 200 ºC 

and 250 ºC, the mass loss is attributable to the removal of oxygen-

containing groups. Finally, the third mass loss step observed around 500 

ºC is due to the destruction of the carbon skeleton (carbonyl/double bond) 

of GO (Li et al., 2013; Xu et al., 2014). The catalysts H1%, H5% and H10% 

exhibited weight loss roughly parallel to that of GO across the temperature 

range examined. Subsequent determination of the content of GO in the 

photocatalysts by TG analysis revealed that 3.87%, 7.27%, 10.95%, 5.62% 

and 5.59% GO was present in H1%, H5%, H10%, S5% and M5%, 

respectively. 
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Figure 3.5 Thermal gravimetric analysis of GO, TiO2, H1%, H5%, and H10% 

photocatalysts. 

To determine the specific surface area of the composite nanomaterial, 

N2 adsorption/desorption measurements and the Brunauer-Emmet-Teller 

(BET) analysis method were used. All composites showed an increment in 

surface area values compared with TiO2. The specific area increased with 

increasing TiO2/GO weight ratio, reaching specific areas up to 66.71, 68.24 

and 62.37 m2 g-1 for H10%, S10% and M10%, respectively (Table 3.2). 

These observations are in agreement with other works reporting an 

increment of up to 20% in the specific area values (Wang et al., 2012; 

Morales-Torres et al., 2013). The synthesis method did not lead to 

significant variations in surface areas. 
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Table 3.2 Specific area and band gap values of photocatalysts 

Photocatalyst Specific area (m2 g-1) Band gap (eV) 

TiO2 50.0 3.25 

H1% 50.6 2.95 

H5% 62.2 2.94 

H10% 66.7 2.82 

S1% 52.0 2.95 

S10% 68.2 2.84 

M1% 57.3 2.98 

M10% 62.3 2.88 

 

XRD analyses were performed to study the crystal phases of the 

photocatalysts. The results for pristine TiO2 and H5% are shown in Figure 

3.6. Both of them presented the same characteristic crystal planes of 

anatase and rutile phases corresponding to commercial TiO2 (P25). This 

means that TiO2 structure was not modified by the addition of GO 

nanosheets. A diffraction peak at 2θ value around 11.3º was observed in 

the GO curve, indicating the possible existence of trapped water between 

the layers of hydrophilic GO. This peak is not observed in H5% composite 

because during the synthesis step the regular stacking of the GO was 

destroyed by the intercalation of TiO2 (Liu et al., 2013).  
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Figure 3.6 XRD patterns of GO, and H5% photocatalyst. 

The band gaps of the TiO2 and TiO2/GO photocatalysts were estimated 

from the plots of [F(R)ɦʋ]1/2 versus ɦʋ. The Kubelka Munk function F(R) is 

proportional to the equivalent absorption coefficient and is obtained by 

converting the reflectance according to equation (3.1): 

 

F(R)= 
(1-R)2

2R
 (3.1) 

 

Figure 3.7 shows that the band gap of commercial TiO2 (P25) was 3.25 

eV, whereas the band gaps of the composites were significantly reduced 

(Table 3.2). The value of the band gap decreased after anchoring TiO2 onto 

the GO nanosheet, resulting in composites able to absorb visible light up 

to 440 nm. This phenomenon is the result of the different interaction 

intensities of C-O and C-Ti during the synthesis process. In the thermal 

process, Ti and O atoms interact more actively with GO than in the 

mechanical procedure. Functional groups on the GO surface disappear 

when GO is reduced during the TiO2/GO synthesis, as confirmed by FTIR 

analysis, and the π electrons of the C atom cannot bind with others to form 
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a delocalized large π bond. Consequently, the remaining unpaired π 

electrons are bound with more free Ti and O atoms on the surface of TiO2. 

This interaction should result in the significant reduction of the band gap of 

the composites (Lee and Park, 2012; Ni et al., 2014).  

 

Figure 3.7 Estimated band gaps of TiO2, H10%, S10%, and M10% photocatalysts. 

XPS analysis of the H5% photocatalyst surface was performed. Figure 

3.8 shows the section of the high resolution XPS spectrum of H5% 

photocatalyst. The typical zones of Ti-2p, C-1s, and O-1s were recorded. 

The Ti 2p
3/2

 and Ti 2p
1/2

 double signal at 458.6 and 464.2 eV (Figure 3.8-

A) corresponded to the binding energy of Ti4+ in TiO2 nanoparticles. The 

observed spin-orbit splitting between the Ti 2p
3/2
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2014). Finlaly, the typical zone of O-1s signals showed two peaks (Figure 

0

1

2

3

4

5

2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9

(F
(R

)h
ʋ

)1
/2

hʋ (eV)

TiO

H10%

S10%

M10%

2



CHAPTER 3 
 ROLE OF GO IN TIO2/GO CATALYSTS FOR DCA DEGRADATION 

 

81 

 

3.8-C), one at 529.6 eV of the oxygen as oxide and another at 531.2 eV of 

the hydroxyl groups.  

 
Figure 3.8 High-resolution XPS spectra of H5%: Ti 2p core-level (A), C 1s core-

level (B) and O 1s core-level (C). 
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Thus, the results of the characterization revealed significant differences 

between the newly synthesized TiO2/GO photocatalysts that were related 

both to the synthesis method used and the GO content employed. 

 

3.2. Photocatalytic performance of TiO2/GO photocatalysts 

The photocatalytic degradation of DCA with the novel photocatalysts 

was measured under UV-Vis light. It is remarkable that the experimental 

error was determined to be less than 2%. Preliminary experiments of dark 

adsorption of the target compound onto the catalyst showed that after 24 

hours of contact there was no significant adsorption of DCA on TiO2 or on 

any of the composites.  

The experimental data of DCA degradation were fitted to a zero-th order 

kinetic model in all cases except in the study without catalyst or when only 

GO was employed. Figure 3.9 shows the DCA degradation percentage and 

kinetic constants for eight hours of treatment.  It can be observed that DCA 

cannot be degraded by pure GO. Commercial TiO2 exhibited lower 

photocatalytic activity than the novel composites in all cases. After coupling 

between GO and TiO2, the photocatalytic degradation in the studied time 

was improved from 35.37% to 87.10%; the maximum value corresponds 

to the H5% photocatalyst, increasing the degradation rate 2.6 times. 

Moreover, for a given TiO2/GO weight ratio, there was a significant 

influence of the synthesis method on the photocatalytic activity, especially 

in the case of composites with a TiO2/GO weight ratio of 5%. 
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Figure 3.9 DCA degradation percentages after 8 hours of irradiation time and 

kinetic constants values for each photocatalyst. Conditions: UV-Vis light, [DCA]0 = 

1000 mg L-1, [Catalyst] = 0.3 g L-1, T = 20ºC. 

The catalysts H5% and S5% reached a photocatalytic DCA degradation 

after 8 hours of 87.10% and 69.89%, respectively. By contrast, the catalyst 

M5% only achieved 56.74% of DCA degradation after eight hours of 

treatment.  

Within the use of 1 wt% of GO no significant improvement in the 

photocatalytic degradation of DCA was attained, regardless of the 

synthesis method. The catalyst H5%, which was synthesized via the 

hydrothermal method with a TiO2/GO weight ratio of 5%, presented the 

optimal photocatalytic activity and exhibited the highest performance 

among all prepared materials. These superior results may be due to the 

charge transfer process observed in the Raman spectra of the 

hydrothermal composites, which was not so clearly observed for the 

catalyst S5%. The composite M5% exhibited worse behavior because the 

coupling between GO and TiO2 was not adequate and the GO was not 

completely reduced during synthesis, as confirmed by the FTIR spectra. 
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Further increasing the TiO2/GO weight ratio to 10% to obtain the solids 

H10% and M10% led to a decrease in the degradation rate compared to 

the catalysts H5% and M5%, although the degradation rate remained 

higher than that obtained with TiO2 and with the composites H1% and 

M1%. Therefore, a high GO load may act as a shield that increases 

opacity, resulting in a decrease in the irradiation that passes through the 

suspension (Wang et al., 2013). However, the solid S10% exhibited higher 

photocatalytic activity than the solid S5% as well as slightly higher 

photocatalytic activity than the catalyst H10%. This higher activity may be 

due to the greater dispersion of large amounts of GO in ethylene glycol 

than in water during the synthesis step, which provided a greater contact 

area between TiO2 and GO.  

Therefore, the results obtained for DCA photocatalytic oxidation 

revealed a coupled influence of the composite preparation method and GO 

loading, with promising results compared to the limited activity of 

conventional TiO2. Furthermore, the analysis of DCA mineralization based 

on changes in DOC revealed that the measured values matched 

undegraded DCA (Figure 3.10). This fact is related to the absence of 

reaction intermediates during DCA degradation, only phosgene could be 

formed, that is immediately hydrolyzed in water solution and therefore, it 

cannot be detected. 
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Figure 3.10 DCA and DOC removal after 480 minutes of irradiation time and DOC 

kinetic constants values for each photocatalyst. Conditions: UV-Vis light, [DCA]0 = 

1000 mg L-1, [DOC]0 = 148 mg L-1, [Catalyst] = 0.3 g L-1, T = 20ºC. 

Some papers focused on the enhancement of the photocatalytic activity 

using TiO2/GO composites can be found in the available literature. 

However, no clear conclusions have been obtained so far. Perera and co-

workers (2012) demonstrated that GO does not work as an independent 

photocatalyst, but Krishnamoorthy and co-workers (2011) found evidences 

of photocatalytic activity when graphene oxide was used as catalyst. 

Szabó and co-workers (2013) and Wojtoniszak and co-workers (2012) 

reported better photocatalytic activity of the TiO2 than the composite. On 

the other hand, Li and co-workers (2013) and Liang and co-workers (2014) 

found photocatalytic improvement using the composite. The above 

mentioned authors followed different experimental methods to synthesize 

the TiO2/GO composites, which could influence the properties of the 

catalyst. Another important parameter is the influence of the TiO2/GO 

weight ratio in the photocatalytic activity because different results have 

been reported so far. Morales-Torres and co-workers (2013) synthesized 

GO/TiO2 composites with different amounts of GO in relation to TiO2 

ranging from 1% to 6%, finding the best photocatalytic degradation of 
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methyl orange with a GO/TiO2 weight ratio of 1.4%. However, composites 

with a GO/TiO2 weight ratio of 5% provided the best photoactivity under 

visible light in degradation of methylene blue according to the work 

developed by Liu and co-workers (2013). Nguyen-Phan and co-workers 

(2011) conducted the analysis of the influence of the GO/TiO2 weight ratio 

in the range between 1% and 10% in the oxidation of methylene blue under 

visible irradiation and they concluded that the high graphene content 

provided the best photocatalytic activity.  Therefore, the scattering and the 

somehow contradictory results reported so far makes it necessary to 

deeply analyze the potential photocatalytic enhancement of TiO2/GO 

composites. 

To confirm the performance stability and reusability of the composites, 

the photocatalytic oxidation of DCA was analyzed in three different cycles 

using the photocatalyst H5%. The results are shown in Figure 3.11. The 

catalyst maintained stable and effective photocatalytic activity, with a total 

photocatalytic activity loss of 4.3% after the third cycle.  

 

Figure 3.11 DCA degradation and mineralization over the photocatalyst H5% for 

three successive photocatalytic runs after 480 minutes. Conditions: UV-Vis light, 

[DCA]0 = 1000 mg L-1, [Catalyst] = 0.3 g L-1, T = 20ºC. 
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Figure 3.12 shows the proposed reaction scheme of the photocatalytic 

process using TiO2/GO as photocatalyst. Under UV-Vis light irradiation, the 

electron in the valence band is promoted to the conduction band of TiO2, 

and the photogenerated electron on the conduction band can effectively 

reduce oxygen via the GO nanosheets to form superoxide radicals (O2
·-). 

In this case, the GO nanosheets function as co-catalyst for the rapid 

transfer of the photogenerated electrons from TiO2, which results in a lower 

recombination rate and enhanced photocatalytic activity. O2
·- radicals can 

induce the generation of free hydroxyl radicals (·OHfree) through an 

intermediate peroxide process.  

On the other hand, the hole in the valence band generates hydroxyl 

radicals through water oxidation. Finally, two possible reaction pathways 

can take place in the photocatalytic degradation of the DCA: (i) hydroxyl 

radicals attack DCA ions at the dichloromethyl group by hydrogen 

abstraction (3.2)-(3.5), and (ii) hydroxyl radicals can also react oxidizing 

the negatively charged carboxyl group according to reactions (3.6)–(3.9). 

(Zalazar et al., 2007; Lovato et al., 2011): 

Option 1: 

CCl2HCOO− + ·OH → ·CCl2COO− + H2O (3.2) 

·CCl2COO− + O2 → ·OOCCl2COO− (3.3) 

2 ·OOCCl2COO− → 2COCl2 + 2CO2 + O2 (3.4) 

COCl2 + H2O → CO2 + 2HCl  (3.5) 

 

Option 2: 

CCl2HCOO− + ·OH → CCl2HCOO· +−OH (3.6) 

CCl2HCOO· → ·CHCl2 + CO2 (3.7) 

·CHCl2 + O2 → Cl2HCOO· (3.8) 

2Cl2HCOO· → 2COCl2 + H2O2  (3.9) 
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Figure 3.12 Proposed reaction scheme of DCA oxidation over TiO2/GO 

photocatalysts. 

 

3.3. Final remarks 

Environmental photocatalytic applications of TiO2/GO nanocomposites 

have evoked great interest due to the improved performance of these 

nanocomposites compared to conventional TiO2 particles. In this chapter, 

nine novel composites were synthesized by varying the TiO2/GO weight 

ratio in the range of 1% to 10% and following three different preparation 

methods, hydrothermal, solvothermal and mechanical, to obtain an 

optimized TiO2/GO photocatalyst. The performance was assessed based 

on the degradation of DCA, a disinfection by-product, which revealed an 

improved degradation rate for the new composites compared with bare 

TiO2. Photocatalysts with a mass weight ratio of 1% provided the worst 

results among the newly synthesized catalysts, probably due to an 

insufficient GO load. For the rest of the composites, the DCA degradation 



CHAPTER 3 
 ROLE OF GO IN TIO2/GO CATALYSTS FOR DCA DEGRADATION 

 

89 

 

effectiveness followed the trend H5% > S10% > S5% > H10% > M5% > 

M10%. Therefore, the composite H5% provided the best photocatalytic 

activity among all synthesized composites, with a degradation yield of 

87.1% after eight hours of treatment and a degradation rate 2.6 times 

higher than bare TiO2. High GO content improved the photocatalytic 

activity of the catalyst S10% due to the best dispersion of large GO loads 

in ethylene glycol. The composites M5% and M10% displayed the worst 

behavior due to inadequate coupling between GO and TiO2 and incomplete 

reduction of GO during the synthesis process, as confirmed by FTIR 

spectra. Although the results for DCA degradation showed a coupled 

influence of the composite preparation method and composition, promising 

results were achieved. In summary, the novel optimized photocatalyst 

represents a successful alternative for DCA degradation compared to the 

limited activity of conventional TiO2 due to the ability of GO sheets to avoid 

electron-hole recombination. These results increase the potential 

application of photocatalysis for the remediation of polluted water and 

wastewaters. 
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As it was highlighted in Chapter 3, there is an increasing demand for 

TiO2-based photocatalysts due to the growing need to mitigate 

environmental problems related to organic water pollution.  

The photocatalytic mechanism of TiO2 involves absorbing a photon with 

energy equal or greater to its band gap (3.2 eV) and exciting an electron 

from the valence band (h+
VB) to the empty conduction band (e-

CB). The 

photonic excitation leaves behind an unfilled valence band, thus creating 

the electron-hole pair. These charge carriers, with sufficient 

reductive/oxidative power, can react with the surrounding oxygen-

containing species, such as dissolved oxygen or H2O (OH-), to produce 

reactive oxygen species (ROS) (4.1) - (4.7) (Chong et al., 2010; Lee and 

Park, 2013; Liao et al., 2013; Schneider et al., 2014; Marinho et al., 2017). 

Photoexcitation:TiO2+ hυ → eCB
- + hVB

+
 (4.1) 

Charge-carrier trapping of e-: eCB
-  →  eTR

-  (4.2) 

Charge-carrier trapping of h
+
: hVB

+
 → hTR

+
 (4.3) 

Electron-hole recombination: eTR
- + hVB

+ (hTR
+ ) → heat (4.4) 

Photoexcited e- scavenging:  eCB
- + O2 → O2

·-
 (4.5) 

Oxidation of hydroxyls:  hVB
+

+ OHads
-

 → ·OHads (4.6) 

Oxidation of water:  hVB
+

+ H2O → ·OHfree (4.7) 

 

Superoxide radicals (O2
·-), hydroxyl radicals (·OHfree and ·OHads), and 

valence band holes (h+
VB) are the main reactive species involved in organic 

pollutant degradation. However, the mechanistic implication of these 

species in photocatalytic processes is still under discussion. 
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Photocatalytic reactions over TiO2 are strongly dependent on its surface 

and interfacial properties with recombination, trapping, and interfacial 

transfer of charge carriers being very fast processes. However, the rate of 

interfacial charge transfer to surrounding oxygenated species is much 

slower than the rate of charge recombination in the bulk, and on the surface 

of the catalyst. Therefore, if the interfacial charge transfer rates are not 

greatly improved, the recombination of interfacial loads proceeds rapidly. 

Charge carrier movements and the photocatalytic activity of TiO2 can be 

improved by employing strategies that prevent bulk and surface charge 

recombination and enhance charge transport to the surface sites of TiO2. 

These include decreasing the defect sites in the bulk and on the surface, 

increasing the accessible surface area, loading a co-catalyst, and 

constructing heterojunctions and nanostructured photocatalysts (Wen et 

al., 2015).  

Apart from the use of GO to improve the performance of TiO2, applying 

noble metal-TiO2 nanocomposite structures is under discussion. 

As it was remarked in Chapter 1, noble metal (NM) clusters improve the 

photocatalytic activity owing to Fermi level equilibration, which results in 

Schottky barrier formation (Ziylan-Navas et al., 2015). This barrier serves 

as an effective trap where electrons are unable to flow back to the 

semiconductor (Khan et al., 2015). Furthermore, noble metal nanoparticles 

show localized surface plasmon resonance (LSPR) effect (Verbruggen et 

al., 2014; Gou et al., 2015). Metal nanoparticles can enhance the 

photoactivity of nearby semiconductors transferring charge carriers from 

the photoexcited metal to the semiconductor, increasing the rates of 

electron-hole pair formation in the semiconductor due to plasmon 

resonance energy transfer effect (PRET), and scattering of resonant 

photons (Ingram et al., 2011; Khan et al., 2015; Zhang et al., 2015; Devi 

and Kavitha, 2016). Considering the suitable photocatalytic activity of 

TiO2/GO composites demonstrated in Chapter 3, GO nanosheets coupled 
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with nanoparticles of TiO2 and noble metals are expected to provide 

enhanced photocatalytic properties due to the ability of GO to carry 

charges. Moreover, the addition of a third co-catalyst in TiO2/NM 

photocatalysts could reduce the amount of noble metal and, therefore, its 

cost while maintaining the positive characteristics. GO nanosheets could 

contribute to the photogenerated electron movements and noble metals 

could act as electron sink; therefore, a reduction in electron-hole pair 

recombination process, and thus an enhanced photocatalytic activity, 

could be expected. 

This chapter explores novel TiO2-based photocatalyst materials using 

silver and platinum as co-catalysts. The influence of the noble metal 

loading on the TiO2 and TiO2/GO and the ability of GO nanosheets to 

improve the photocatalytic activity were studied. The performance of the 

novel photocatalysts was evaluated against DCA degradation as a model 

compound. Moreover, the design of novel materials and an in-depth 

analysis of reaction mechanisms are among the scientific challenges that 

should be addressed before the full deployment of DCA photocatalytic 

degradation. This work therefore explores the role of ROS under UV-Vis 

light activated TiO2 catalysts doped with silver and platinum using selected 

chemical scavengers with the aim of gaining insight into the degradation 

pathways attributed to different properties of photocatalysts. 

 

4.1. Photocatalysts characterization 

The previous chapter of this thesis stated that doping TiO2 with 5 wt% 

of GO via the hydrothermal method (H5%) resulted in the best 

photocatalytic performance against DCA degradation among the studied 

procedures. For this reason, in this chapter the GO-based photocatalysts 

present 5 wt% of GO respect to total mass of TiO2/GO and they have been 

prepared via the hydrothermal method.  
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TEM images of TiO2/Pt 0.5%, TiO2/Ag 10%, TiO2/GO/Pt 0.5%, and 

TiO2/GO/Ag 10% photocatalysts are shown in Figure 4.1. Figure 4.1-A1 

and Figure 4.1-A3 show small dark noble metal nanoparticles of Pt 

dispersed on the surface of the TiO2 and TiO2/GO surfaces, respectively. 

The lighter areas correspond to TiO2 nanoparticles, and the darker ones 

correspond to the noble metal. In the case of the composites with Ag 

nanoparticles (Figure 4.1-A2 and Figure 4.1-A4), the presence of this noble 

metal in the solid structures is not easily identified. This may be because 

silver is unstable over time, and therefore, its detection is difficult via TEM 

and EDX analysis. The presence of platinum nanoparticles in the binary 

and ternary composites was further evidenced by EDX measurements 

(Figure 4.1-B1 and Figure 4.1-B3). Ag-doped composites also presented 

metallic Ag peaks in the EDX spectra (Figure 4.1-B2 and Figure 4.1-B4); 

however, silver was not as well dispersed as platinum in the correspondent 

composites. 
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Figure 4.1 TEM images (A) and EDX analysis (B) of TiO2/Pt 0.5% (1), TiO2/Ag 10% 

(2), TiO2/GO/Pt 0.5% (3), and TiO2/GO/Ag 10% (4). 
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Figure 4.2 shows the FTIR spectra of the TiO2, GO, TiO2/GO/Pt 0.5%, 

and TiO2/GO/Ag 10% samples. The GO spectrum shows many strong 

absorption peaks that are related to various oxygen functional groups as 

already explained in Figure 3.3. In the TiO2/GO/Pt and TiO2/GO/Ag 

spectra, the intensity of all absorption peaks corresponding to oxygen 

functional groups presented a significant decrease compared to those in 

the GO spectra, implying that GO was significantly reduced during the 

synthesis step. In addition, the broad bands between 500-900 cm-1 are 

related to Ti-O-Ti and Ti-O-C stretching vibration. Therefore, the above 

results confirmed the successful preparation of TiO2/GO composites via 

thermal treatment and the stability of GO nanosheets after the polyol 

synthesis process. FTIR spectra of TiO2/GO/Ag and TiO2/GO/Pt 

composites do not show any band corresponding to the noble metals due 

to the low loading of the deposited metals. 

 

Figure 4.2 FTIR spectra of GO, TiO2, TiO2/GO/Pt 0.5%, and TiO2/GO/Ag 10% 

photocatalysts. 
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correspond to the anatase crystalline phase were observed in ternary 

photocatalysts. In addition, two extra peaks were observed at 1353 cm-1 

(D peak) and 1576 cm-1 (G peak), confirming the presence of GO in the 

samples. The area under the D curve increased relative to the pristine GO 

sample as observed in the TiO2/GO spectrum (Table 4.1), suggesting the 

formation of more sp3 defects in the carbon structure. However, in 

TiO2/GO/Pt and TiO2/GO/Ag photocatalysts the area under the D curve 

decreased (Table 4.1). The possible reason for the decreased sp3 defects 

in ternary photocatalysts can be attributed to the reduction caused by the 

polyol synthesis method that removes the remaining oxygen groups on the 

GO surface. Noble metals deposited on TiO2/GO structures did not provide 

a specific signal in the Raman analysis. 

 

Figure 4.3 Raman spectroscopy of GO, TiO2, TiO2/GO/Pt 0.5%, and TiO2/GO/Ag 

10% photocatalysts. 
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Table 4.1 Values of specific parameters of Raman spectra (Figure 4.3). 

Sample D Area 

Frequency FWHM 

D peak G peak D peak G peak 

GO 91311 1356 1584 116 65 

TiO2/GO 146484 1353 1576 158 105 

TiO2/GO/Pt 8134 1347 1601 112 65 

TiO2/GO/Ag 66599 1345 1599 115 61 

 

XRD analyses were performed to analyze the crystal phases of the GO, 

TiO2/GO, TiO2/Ag, and TiO2/Pt solids (Figure 4.4). A diffraction peak at a 

2Ɵ value of approximately 11.3º was observed in the GO curve, indicating 

the possible existence of trapped water between the layers of the 

hydrophilic GO. No diffraction peaks of GO were observed in the TiO2/GO 

composites because the regular stacking of the GO was destroyed by the 

intercalation of TiO2 (Liu et al. 2013). All composites presented the 

characteristic crystal planes of anatase and rutile phases. This means that 

the TiO2 structure was not substantially modified by the addition of noble 

metals or GO nanosheets. Moreover, two diffraction peaks corresponding 

to the (111) and (200) facets of platinum (JCPDS 65-2868) were observed 

in the TiO2/Pt curve, supporting the presence of this noble metal in the 

composite. In the case of the TiO2/Ag curves, several diffraction peaks 

were observed. These peaks correspond to Ag3O4, indicating that the 

metallic form is not the most relevant for Ag. This fact agrees with the TEM 

images, where metallic Ag was hardly observed. 



CHAPTER 4 
 ROLE OF NOBLE METALS AS CO-CATALYSTS FOR DCA DEGRADATION 

 

103 

 

 

Figure 4.4 XRD patterns of GO, TiO2/GO 5%, TiO2/Pt 0.5% and TiO2/Ag 10%. 

The surface compositions and elemental chemical states of TiO2, 

TiO2/Pt and TiO2/Ag were characterized using XPS. Figure 4.5-A shows 

two XPS peaks of Ti 2p
3/2

 and Ti 2p1/2 of Ti at 458.9 eV and 464.5 eV, 

respectively, in accordance with the binding energy of Ti4+ in TiO2. Apart 

from the two peaks corresponding to Ti4+, the TiO2/Pt photocatalyst 

presented two peaks of Pt 4f7/2 and Pt 4f5/2 at 70.5 and 73.8 eV, 

respectively, with a splitting energy of 3.3 eV (Figure 4.5-B), indicating the 

existence of metallic Pt (Wang et al., 2015). Moreover, two additional 

peaks were observed at 72.1 and 75.4 eV attributed to Pt 4f7/2 and Pt 4f5/2 

related to Pt2+ states. This fact might be attributed to the formation of Pt-O 

bond on the TiO2 surface, or metallic Pt atoms thermally diffusing into the 

TiO2 crystal lattice and oxidized to Pt2+ to substitute Ti4+ or form the 

interstitial ions (Hsieh et al., 2015). The XPS spectrum of TiO2/Ag (Figure 

4.5-C) exhibits Ag 3d states in the catalyst surface. Specifically, peaks 

located at 364.65 eV and 370.29 eV correspond to the binding energy of 

Ag 3d5/2 and Ag 3d3/2, respectively. This typical deviation (6 eV) of the 

binding energy between Ag 3d5/2 and 3d3/2 is characteristic of silver (Gao 
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et al., 2015). However, these values are lower than the binding energies of 

metallic Ag (367.9 and 373.9 eV for Ag 3d5/2 and Ag 3d3/2, respectively) 

and thus, they can be attributed to Ag1+. Therefore, the Ag metallic form is 

not the predominant one, as already verified by TEM and XRD analysis. 

 

 

 

Figure 4.5 High-resolution XPS spectra of TiO2 (A), TiO2/Pt 0.5% (B) and TiO2/Ag 

10% (C) photocatalysts. 
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Photocurrent response measurements were carried out to evaluate the 

photogenerated charge transport in the synthesized photocatalysts. The 

photocurrent response was reversible as the illumination was turned on 

and off to analyze the photocurrent induced by light irradiation in the solids, 

and a photocurrent parameter was defined as the normalized value of the 

difference between ON and OFF currents. Figure 4.6 shows the 

photocurrent parameter for TiO2, TiO2/GO 5%, TiO2/Pt 0.5%, and TiO2/Ag 

10%. The bare TiO2 nanoparticles do not present a photocurrent response 

because the light source mainly emits in the visible range, while the 

synthesized photocatalysts showed photocurrent response. The TiO2/Pt 

0.5% catalyst exhibited the best value according to the photocurrent 

parameter; therefore. The TiO2/GO 5% and TiO2/Ag 10% composites 

presented similar photocurrent values, 38% and 35% lower than that of 

TiO2/Pt, respectively. Therefore, these photocatalysts are expected to 

exhibit lower activity during DCA degradation. Thus far, the improved 

photoresponse of TiO2-doped composites can presumably be considered 

to benefit the photocatalytic activity. 

 

Figure 4.6 Photocurrent parameters for TiO2, TiO2/GO 5%, TiO2/Pt 0.5%, and 

TiO2/Ag 10% photocatalysts under visible light. 
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4.2. Photocatalytic performance of TiO2/NM and TiO2/GO/NM 

photocatalysts 

As in the previous chapter, DCA solutions were employed to study the 

photocatalytic activity of the synthesized photocatalysts under UV-Vis light. 

Dark adsorption experiments of the DCA onto the solids were carried out 

and no significant adsorption of DCA was noticed. 

Figure 4.7 shows the degradation of DCA after eight hours of treatment 

under UV-Vis light for all photocatalysts. Additionally, the experimental 

data on DCA degradation were fitted to a zero-th order kinetic model. 

Among all the studied photocatalysts, commercial TiO2 exhibited the 

lowest photocatalytic efficiency for DCA oxidation. By incorporating GO 

sheets, as it was concluded in the previous chapter, a degradation of 

87.10% was achieved after 8 hours of treatment.  

 

Figure 4.7 DCA degradation percentages after 8 hours of irradiation time and 

kinetic constants values for each photocatalyst. Conditions: UV-Vis light, [DCA]0 = 

1000 mg L-1, [Catalyst] = 0.3 g L-1, T = 20ºC. 
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Figure 4.8 shows the possible mechanisms responsible for the 

improved performance associated to doping TiO2 with noble metal 

nanoparticles. These metals doped on the TiO2 surface create a Schottky 

barrier at the TiO2/NM interface, which can serve as an effective electron 

trap, preventing the backflow of electrons to the TiO2. The height of this 

barrier increases with the difference between the work functions of noble 

metals and TiO2. 

However, the Schottky barrier does not play an important role under 

visible light because TiO2 is not able to be excited. The more favorable use 

of visible light can be due to the LSPR effect, which can influence the 

photocatalytic activity via the following three mechanisms: photon 

scattering, plasmon resonance energy transfer (PRET) and electron 

transfer from the noble metal to TiO2 (Khan et al. 2015; Zhang et al. 2015). 

Because the photon scattering mechanism only changes the optical paths 

of the photons and the injection of electrons from the metal nanoparticle to 

the semiconductor opposes the Schottky barrier’s natural tendency, only 

the PRET mechanism can enhance the photocatalytic activity under visible 

light. It is based on the radioactive decay of the surface plasmonic states 

that excite electrons in TiO2, increasing the electron-hole pair generation. 

 

Figure 4.8 Possible mechanisms responsible of the improved photocatalytic 

activity improvement due to noble metals. 
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After covering the TiO2 surface with noble metal nanoparticles, the 

photocatalytic activity was improved with respect to that of bare TiO2. The 

experimental results showed that TiO2/Pt composites reported the best 

photoactivity among the NM-doped photocatalysts, achieving total 

degradation using TiO2/Pt 0.5% after 7 hours. In the case of silver-doped 

composites, only 71% degradation is reached using TiO2/Ag 10% after 8 

hours of irradiation time. As the work function of platinum (-5.65 eV) is 

higher than that of silver (-4.7 eV), the TiO2/Pt junction has a larger 

Schottky barrier capable of transferring electrons more efficiently under UV 

irradiation. Additionally, under visible light, the PRET mechanism can 

influence the photocatalytic activity improvement. 

Regarding the influence of the noble metal load in the photocatalysts, 

Pt-doped composites with an intermediate concentration of 0.5% provided 

the best results. With higher metal loadings, the electron transfer can also 

deform the potential field in the TiO2 nanoparticles and draw a portion of 

the holes toward the metal/TiO2 junction, which increases the 

recombination rate (Devi and Kavitha, 2016). Moreover, high 

concentrations of the deposited metal can act as a shield for the absorption 

of photons. Nevertheless, in the case of Ag-doped composites, the highest 

metal load provided the best DCA degradation and mineralization results. 

The XRD analysis and TEM images showed that the metallic silver is not 

very well dispersed on TiO2 surface. Therefore, when more silver precursor 

is used, a larger number of metallic silver nanoparticles are presumably 

capable of being deposited, improving the photocatalytic activity. 

TiO2/GO/NM ternary composites presented better photocatalytic 

performance than commercial TiO2; however, their photocatalytic activity 

was worse than that of TiO2/GO and not always better than TiO2/NM 

photocatalysts. A photocatalytic degradation of DCA close to 70% using 

TiO2/GO/Ag 1% and TiO2/GO/Ag 5% was obtained. However, the 

composites without GO achieved approximately 61% degradation after 8 
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hours of irradiation with TiO2/Ag 1% and TiO2/Ag 5%. Increasing the 

concentration of silver up to to 10% does not improve the photocatalytic 

performance of the ternary composites; besides the photo-oxidation yield 

was reduced from 71% for TiO2/Ag 10% to 62.3% for TiO2/GO/Ag 10%. 

This may be due to the stress induced by the higher Ag content deposited 

on the TiO2/GO, which leads to a greater number of defects in the lattice 

symmetry. Ternary composites formed by TiO2, GO and Pt nanoparticles 

always exhibited worse photocatalytic activity than the binary TiO2/Pt 

composites. GO nanosheets may hinder the electron transfer to the 

platinum and may act as charge carrier recombination centers. Therefore, 

we conclude that GO is an excellent option for TiO2 binary composites, 

despite being less photoactive than Pt, but it is not suitable for ternary 

composites with TiO2 and noble metals for the removal of DCA aqueous 

solutions. On the other hand, the TiO2/GO/Pt photocatalyst provides worse 

performance than the binary TiO2/Pt probably due to the use of non-

optimized GO loading for ternary catalysts. Furthermore, analysis of DCA 

mineralization based on changes in DOC revealed that the measured 

values matched undegraded DCA (Figure 4.9). Therefore, practically total 

mineralization was achieved using the synthesized photocatalysts. 
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Figure 4.9 DCA and DOC removal after 8 hours of irradiation time and DOC kinetic 

constants values for each photocatalyst. Conditions: UV-Vis light, [DCA]0 = 1000 

mg L-1, [DOC]0 = 148 mg L-1, [Catalyst] = 0.3 g L-1, T = 20ºC. 

The use of ternary and binary photocatalysts based on TiO2, noble 

metals and graphene oxide has been reported in the literature for 

environmental applications (Table 4.2). 
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Table 4.2 TiO2-noble metal photocatalyts for pollutant transformation. 

Author Catalyst Light Pollutant Main results 

Grabowska 

et al., 2016 

TiO2-Ag 

TiO2-Pt 

TiO2-Au 

TiO2-Pd 

UV-vis 

Toluene 
UV: 0.1wt% of NM 

Vis: 0.1 wt% of NM 

Phenol 
UV: 1 wt% of NM 

Vis: 0.5 wt% of NM 

Li et al., 

2016 

Ag-TiO2 

Pd-TiO2 

Pt-TiO2 

UV-vis PFOA* 
Pt-TiO2 > Pd-TiO2 > Ag-

TiO2 > TiO2 

Vaiano et 

al., 2016 

Au-TiO2 

Pt-TiO2 
UV PB V** Au-TiO2 > Pt-TiO2 

Tan et al., 

2015 

GT-Pt 

GT-Pd 

GT-Ag 

GT-Au 

Visible CO2 
GT-Pt > GT-Pd > GT-Ag 

> GT-Au > GT > P25 

Wang et al., 

2015 

TiO2-Ag 

TiO2-Pt 
UV CO2 TiO2-Ag > TiO2-Pt > TiO2 

Ismail et al., 

2013 

Au-TiO2 

Pt-TiO2 

Pd-TiO2 

UV Methanol 
Pd-TiO2 > Pt-TiO2 > Au-

TiO2 > P25 

Liu et al., 

2013 

GO-TiO2-Ag 

GO-TiO2 

GO-Ag 

Solar 

simulator 

Phenol 

AO-7*** 

GO/TiO2/Ag 9.1 wt% > 

GO/TiO2/Ag 13 wt% > 

GO/TiO2/Ag 4.76 wt% > 

GO/TiO2 > TiO2 

Ismail et al., 

2011 
Pt/TiO2 UV-Vis DCA 

90% of degradation (90 

min) 

*PFOA: Perfluorooctanoic acid 
**PB V: Patent Blue V 
***AO-7: Acid Orange 7 

 



CHAPTER 4 
 ROLE OF NOBLE METALS AS CO-CATALYSTS FOR DCA DEGRADATION 

 

112 

 

Ternary composites based on TiO2, GO and noble metals (Pt, Pd, Au, 

Ag) were tested in CO2 photoreduction under visible light (Tan et al., 2015). 

Among the noble metals studied, the Pt-doped ternary composite (with 2.0 

wt% of Pt loading) demonstrated the best photoactivity. However, no 

comparison to TiO2/noble metal binary photocatalysts was reported. The 

study developed by Wang and co-workers (2015) demonstrated the 

extremely high CO2 photoreduction efficiency of photocatalysts based on 

TiO2 and noble metals (Ag and Pt) under UV light. Although Pt deposited 

on the TiO2 surface produces a higher Schottky barrier than that with 

deposited Ag, the photocatalytic activity results go against this theory, 

presenting the Ag-based materials the highest photocatalytic activity. 

Noble metals Pt, Pd and Ag modified TiO2 photocatalysts have been also 

used for photocatalytic decomposition of perfluorooctanoic acid (PFOA) (Li 

et al., 2016). All the three noble metal-TiO2 solids exhibited great 

photoactivity for PFOA decomposition, following the order: TiO2/Pt > 

TiO2/Pd > TiO2/Au. Liu and co-workers (2013) developed multifunctional 

nanocomposites consisting of GO nanosheets, TiO2 nanorods and Ag 

nanoparticles that showed remarkably enhanced photocatalytic 

degradation activities toward AO-7 and phenol degradation under solar 

irradiation compared with GO-TiO2 and GO-Ag. Grabowska and co-

workers (2016) studied TiO2 microspheres loaded with noble metal 

nanoparticles (Au, Ag, Pt and Pd), analyzing different amounts of noble 

metals on the phenol degradation in aqueous phase under UV and visible 

light. It was noticed that, under UV light, 1 wt% of noble metal was 

profitable and in the visible-induced reaction, 0.5 wt% of noble metal was 

beneficial. Photocatalytic removal of the PB dye with noble metals (Au and 

Pt) based photocatalysts has been tested by Vaiano and co-workers 

(2016), observing that the presence of the noble metal on the TiO2 surface 

enhanced the removal efficiency of the dye and that in particular the 

photocatalyst with gold showed better effectiveness for PB removal. Ismail 

and co-workers (2011) tested TiO2/Pt 0.5 wt% photocatalyst under UV-vis 
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light for the degradation of DCA solutions. The photocatalytic activity was 

considerably increased by platinization of TiO2, achieving a degradation of 

90% after 90 minutes of irradiation time. Different noble metals deposited 

onto TiO2 surface were assessed against methanol degradation under UV 

light in the work developed by Ismail and co-workers (2013). Photocatalytic 

activity behaved quite differently depending on the type of noble metals 

and the photocatalysts performance was in the order Pd > Pt > Au. 

Therefore, several results were reported depending on the co-catalyst 

amount, the noble metal used, the target compound, the light source and 

the photocatalyst synthesis method. 

Finally, to assess the performance stability and reusability of the 

composites, the photo-oxidation of DCA was studied for three different 

cycles using the TiO2/GO 5%, TiO2/Pt 0.5%, and TiO2/Ag 10% 

photocatalysts. The results are shown in Figure 4.10; all the catalysts were 

found to maintain stable photocatalytic activity, with a total loss of 4.3%, 

2.7% and 1.8% after the third cycle for TiO2/GO 5%, TiO2/Pt 0.5%, and 

TiO2/Ag 10% photocatalysts, respectively.  
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Figure 4.10 DCA degradation (A) and mineralization (B) over TiO2/GO 5%, TiO2/Pt 

0.5%, and TiO2/Ag 10% photocatalysts for three successive runs of 8 hours each. 

 

4.3. Role of ROS on the activity of noble metal-doped TiO2 

photocatalysts 

The influence of the O2
·-, ·OHads, ·OHfree radicals and h+

VB in the 

photocatalytic process, using the noble metal-doped TiO2 photocatalysts 

that presented the best performance (TiO2/Pt 0.5% and TiO2/Ag 10%), was 

investigated through DCA degradation under UV-Vis light employing 

different scavengers. The excitation of the semiconductor provokes the 

generation of an empty unfilled valence band (h+
VB) and photogenerated 
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electrons in the conduction band (4.1). In the valence band, the h+
VB can 

react directly with the adsorbed hydroxide ion (OH-) producing the ·OHads 

radical (4.6), or with water molecules to form the ·OHfree radical (4.7). 

Moreover, the h+
VB can act directly as an active degradation species. 

Finally, the photogenerated electrons of the conduction band can result in 

O2
·- radical formation through the reduction of oxygen molecules by 

electron transfer (4.5). 

Benzoquinone (BQ) was used as scavenger to test the role of O2
·- 

radicals in the photocatalytic degradation because it acts as a more 

efficient electron scavenger than molecular oxygen owing to its rather high 

inherent electron affinity. Therefore, BQ readily scavenges electrons at the 

surface of TiO2 to form hydroquinone (HQ) (Henderson and Shen, 2017), 

avoiding the formation of O2
·- radicals according to the equation (4.8). 

 

 
(4.8) 

 

In order to evaluate the role of ·OHfree in the photocatalytic process, tert-

butanol (t-BuOH) was used as it is very good at trapping ·OHfree radicals 

due to the fact that it generates inert intermediates as shown in equation 

(4.9) (Cavalcante et al. 2016). 

 

(4.9) 

 

Finally, formic acid (FA) was employed to assess the participation of the 

·OHads, ·OHfree and h+
VB radicals due to its large capacity to be adsorbed 
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onto the surface of the catalyst under acidic conditions and suppress the 

h+
VB, inhibiting ·OHfree and ·OHads processes (Hirakawa et al. 2007). 

HCOO
-
+2hVB

+
→ CO2+H

+
 (4.10) 

HCOO
-
+·OHfree→ CO2

-
+H2O (4.11) 

 

As dark adsorption experiments of DCA onto the catalysts surface were 

carried out without significant adsorption, direct degradation due to h+
VB 

was ruled out for all photocatalysts.  

Figure 4.11-A shows the results of the addition of BQ, t-BuOH and FA 

to the photocatalytic degradation medium of DCA using bare TiO2 as 

catalyst. No inhibition was observed when O2
·- radicals were removed by 

BQ, indicating that these species do not participate in the photocatalytic 

degradation process. However, when t-BuOH or FA were added to the 

DCA solution, total inhibition was observed. Since the role of h+
VB was not 

remarkable due to its low adsorptive ability, together with the fact that the 

same inhibition was observed when either ·OHfree or both ·OHfree and 

·OHads were extracted, it was concluded that the ·OHfree radicals play the 

most important role in DCA degradation when TiO2 is used as catalyst. In 

order to substantiate these results, Figure 4.11-B shows the influence of 

scavenger molecules addition in the generation of ·OHfree radicals. No 

decrease in the generation of ·OHfree radicals was observed when BQ was 

added, but when FA was added the concentration of ·OHfree was almost 

negligible. 
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Figure 4.11 Effect of BQ, t-BuOH and FA addition on the photocatalytic 

degradation of DCA (A) and ·OH generation (B) for bare TiO2. 

In order to investigate the improved performance of TiO2/Pt, Figure 

4.12-A shows the effects of BQ, t-BuOH and FA addition to the DCA 

degradation medium. A remarkable inhibition of the photocatalytic activity 

was seen when O2
·- radicals were removed, contrary to the behavior 

observed with TiO2 under the same conditions. A similar trend for DCA 

degradation was observed adding t-BuOH to trap ·OHfree radicals. 

Moreover, the photocatalytic activity was suppressed when FA consumed 

·OHads, ·OHfree and h+
VB radicals. On the basis of the data obtained with 
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TiO2/Pt, the results seem to indicate that O2
·- radicals are critical in the 

degradation process through disproportionation to H2O2 and the formation 

of ·OHfree (4.12) - (4.16) (Hoffman et al., 1995; Hirakawa et al., 2007; Liu 

et al., 2012; Sahel et al., 2016). According to previous studies, reaction 

(4.16) is the main contributor to the production of ·OHfree radicals from H2O2 

(Hirakawa et al., 2007). 

O2
·-
+ H

+
→ HO2

·
 (4.12) 

HO2
·
+HO2

·
→ O2+H2O2 (4.13) 

HO2
·
+H

+
+e-→H2O2 (4.14) 

H2O2+e-→·OHfree+HO
-
 (4.15) 

H2O2+O2
·-
→·OHfree+HO

-
+O2 (4.16) 

 

The difference between the inhibition observed with the addition of t-

BuOH and that of FA, results in the direct contribution of the ·OHads radicals 

since the involvement of h+
VB was ruled out. Therefore, the degradation 

pathway using TiO2/Pt was conducted mainly by free ·OHfree radicals and, 

to a lesser extent, by ·OHads radicals. In order to better understand these 

results, ·OHfree radicals were quantified using TiO2/Pt as the catalyst 

together with the scavenger molecules (Figure 4.12-B). When BQ was 

introduced into the DCA solution as an analysis tool for trapping O2
·- 

radicals, there was a significant decrease in the photocatalytic generation 

of ·OHfree, supporting the assumption that the O2
·- radicals were being 

transformed into ·OHfree radicals (4.15) - (4.16) leaving, therefore, few 

·OHfree radicals in solution when the O2
·- radicals were removed. A similar 

concentration of ·OHfree radicals was detected when incorporating FA into 

the medium, meaning that ·OHfree radicals were not photocatalytically 

generated when introducing BQ or FA. Finally, it should be noted that 

TiO2/Pt generated 60.6% more ·OHfree radicals than bare TiO2 after 480 
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min. This can be attributed to the conversion of O2
·- radicals to ·OHfree 

radicals because platinum acts as an electron trap, making more electrons 

available for the photocatalytic process than with bare TiO2, leading to a 

decrease in the recombination rate of e--h+ (4.4). 

 

 

Figure 4.12 Effect of BQ, t-BuOH and FA addition on the photocatalytic 

degradation of DCA (A) and ·OH generation (B) for TiO2/Pt. 

The TiO2/Ag catalyst was evaluated in order to compare the different 

ROS involved in DCA degradation depending on the noble metal used as 

dopant. Figure 4.13-A shows the influence on DCA degradation depending 
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on the scavenger added. Incorporating BQ or t-BuOH causes significant 

inhibition of the photocatalytic activity. Therefore, for silver-doped TiO2 the 

major species involved in the degradation process are ·OHfree radicals 

resulting from O2
·- radical transformation. The TiO2/Ag junction provokes 

the formation of the Schottky barrier, capable of efficiently transferring 

electrons from TiO2 to Ag, providing electrons for the degradation. FA was 

used as a trapping molecule for ·OHads, ·OHfree and h+
VB radicals, as in 

previous studies, but an anomalous behavior was noted in the DCA 

degradation. Chloroacetic acid was detected as a reaction intermediate 

using TiO2/Ag but not when using either TiO2 or TiO2/Pt. This intermediate 

appears through the hydrogenation reaction between FA and DCA 

catalyzed by Ag (Herron et al., 2014). Therefore, since the addition of FA 

modifies the DCA degradation pathway, it cannot be employed as 

scavenger when TiO2/Ag is used as catalyst. The ·OHfree radicals detected 

employing TiO2/Ag (Figure 4.13-B) presented an intermediate value 

between those measured with TiO2/Pt and TiO2. ·OHfree radicals were not 

photocatalytically generated when introducing BQ or FA into the reaction 

media, as it was seen in the analysis carried out with TiO2/Pt. 
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Figure 4.13 Effect of BQ, t-BuOH and FA addition on the photocatalytic 

degradation of DCA (A) and ·OH generation (B) for TiO2/Ag. 

H2O2 was quantified in order to verify the presence of this compound as 

an intermediate in the formation of ·OHfree radicals (Figure 4.14). It can be 

observed that negligible concentrations of H2O2 were detected when TiO2 

was employed as photocatalyst; however, after two hours of irradiation 

time the presence of H2O2 was verified in the reaction media containing 

TiO2/Pt and TiO2/Ag photocatalysts and its concentration increased with 

time. As it can be observed, higher amounts of H2O2 were formed using 

TiO2/Pt than using TiO2/Ag. This fact may be related to the higher ·OHfree 
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radicals generation through H2O2 disproportionation using Pt-based 

photocatalyst compared to Ag-based photocatalyst. 

 

Figure 4.14 H2O2 quantification using TiO2, TiO2/Pt and TiO2/Ag photocatalyst. 

Since ROS formation could also depend on the rate of photon 

absorption by the catalyst in suspension, and different optical properties 

for noble metal-doped TiO2 photocatalysts could be anticipated, the 

specific extinction coefficient (β
λ
) has been calculated per unit of catalyst 

mass concentration applying a standard linear regression with forced 

intercept at the origin. Figure 4.15 depicts the extinction coefficient for each 

photocatalyst as a function of the wavelength. Lower values for the specific 

extinction coefficient were obtained for TiO2/Pt and TiO2/Ag compared to 

TiO2. However, using noble metal-based materials better photocatalytic 

activity and different degradation pathways compared to bare TiO2 were 

observed. 
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Figure 4.15. Specific extinction coefficient of TiO2, TiO2/Pt, and TiO2/Ag samples 

as a function of the wavelength. 

According to Cassano & Alfano (2000) the total extinction coefficient 

can be related to the absorption coefficient and the scattering coefficient 

through the following expression: 

β
λ
=κλ+σλ (4.17) 

 

where 𝜅𝜆 is the absorption coefficient and 𝜎𝜆 is the scattering coefficient. 

It can be concluded that from the optical point of view, TiO2/Pt and TiO2/Ag 

show properties both qualitatively and quantitatively similar but, in addition, 

TiO2 has a quantitatively higher response over the studied wavelength 

range compared to noble metal-based photocatalysts. Therefore, the 

enhancement of the photocatalytic activity due to electron-hole lifetime 

extension seems to be the main argument supported by the obtained 

results. 

Finally, Figure 4.16 shows the contribution of ROS to DCA degradation 

depending on the catalyst type. It can be observed that 100% of the DCA 
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molecules reacting with h+
VB when TiO2 was used as the catalyst (Figure 

4.16-A). With regard to TiO2/Pt, since Pt acts as an electron trap supplying 

a greater number of available electrons, approximately 78.2% of the 

degradation was conducted by ·OHfree radicals formed from 

photogenerated O2
·- radicals (Figure 4.16-B). O2

·- radicals are created 

when O2 molecules from the reaction medium accept an electron (4.5), and 

these induce the generation of H2O2 through an intermediate peroxide 

process (4.13) - (4.14). The H2O2 can result in ·OHfree radicals, mainly via 

electron transfer, which act as powerful oxidants and participate in the 

decomposition of DCA. Therefore, H2O2 apparently plays a key role in the 

TiO2/Pt photocatalytic process. Similarly, but contributing 64.9%, the DCA 

degradation using TiO2/Ag was promoted by ·OHfree radicals generated 

from the transformation of O2
·- radicals. Moreover, the ·OHads radicals 

contributed 35.1% in the study of the silver-doped catalyst (Figure 4.16-B). 

These results are supported by the evidence of higher concentration of 

H2O2 using TiO2/Pt than using TiO2/Ag and the practically nonexistent 

generation when TiO2 was employed as photocatalyst (Figure 4.14). 

 

Figure 4.16 Proposed ROS mechanism in the photocatalytic degradation of DCA 

by TiO2 (A), TiO2/Pt, and TiO2/Ag (B) 
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Previous work has focused on understanding the generation 

mechanism for ROS and their involvement in the degradation pathways of 

organic pollutants using selected chemical scavengers. Research efforts 

have aimed at the mechanistic study of the generation of ROS on TiO2; 

however, varying results have been reported. Wang and co-workers (2010) 

indicated that valence band holes were the main active species in the TiO2 

photocatalyst (P25), which could oxidize the adsorbed methylene blue 

under UV light. However, Raja and co-workers (2005) concluded that 

superoxide radicals play an important role during the ring opening of a 

lignin model compound using a TiO2-P25 semiconductor and UV-Vis light. 

On the other hand, Chen and co-workers (2005) reported that the 

photocatalytic degradation mechanism under UV light consisted of the 

strong absorption of azo dye acid orange 7 molecules on the TiO2 surface, 

and then the degradation reaction was mostly initiated by direct electron 

transfer between a positive hole and an organic molecule. When TiO2-P25 

was tested in a recent work developed by Cavalcante and co-workers 

(2016), a coupled influence of hydroxyl radicals (84%) and valence band 

holes (10%) was observed during the photocatalytic degradation of 

metoprolol employing a solar simulator as the light source. Moreover, when 

TiO2 was coupled to different dopants, different ROS were involved in the 

organic pollutant degradation pathways. Cruz-Ortiz and co-workers (2017) 

studied the influence of the light source on ROS generation using TiO2/rGO 

catalysts. They reported that superoxide radicals were the main species 

involved in Escherichia coli disinfection under visible light; however, 

hydroxyl radicals, hydrogen peroxide, and singlet oxygen (1O2) conducted 

the degradation process when UV-Vis light was used. Cavalcante and co-

workers (2016) examined the contribution of the main active species to the 

photocatalytic degradation of metoprolol using a solar simulator and 

TiO2/Boron 5% as the photocatalyst, indicating that ·OH radicals are the 

dominant reactive species, contributing around 80%, with O2
·- radicals and 

holes contributing to a lesser extent. Nevertheless, the study developed by 
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Yang and co-workers (2015) showed that active photoinduced holes and 

O2
·- radicals, rather than ·OH radicals, were the dominant species 

responsible for rhodamine B (RhB) degradation when 

P25/Ag3PO4/graphene oxide was used as the photocatalyst under visible 

light. For nitrogen and fluorine doped TiO2 (NF-TiO2), studies on the role 

of ROS suggested that O2
·- and ·OH were involved in cyanotoxin 

degradation in visible and UV-Vis light, respectively (Pelaez et al., 2016). 

Therefore, although some researchers have looked at the ROS generated 

in photocatalytic processes, the role of the reactive oxygen species still 

remains controversial due to the dependence on the nature of the 

photocatalyst, light source, and organic pollutant treated. 

 

4.4. Final remarks 

Titanium dioxide doped with noble metals and/or GO nanosheets with 

higher photocatalytic activity than bare TiO2 were successfully 

synthesized, varying the noble metal load. The improvement in the 

photocatalytic activity of TiO2/NM composites was successfully explained 

by two mechanisms. Under UV irradiation, the Schottky barrier does not 

permit the backflow of electrons, thereby preventing recombination, and 

secondly, under visible light, the LSPR effect promotes charge-carrier 

separation within the TiO2 with the assistance of the local electromagnetic 

field induced by surface plasmons. Under the defined experimental 

conditions, the effectiveness of the photocatalytic degradation of DCA was 

found to follow the order of TiO2/Pt>GO/TiO2>TiO2/Ag>TiO2. Therefore, 

TiO2/Pt composites showed the highest photoactivity among the other 

catalysts, achieving total mineralization after seven hours of treatment. 

This can be explained by the larger Schottky barrier formed with Pt 

nanoparticles than that formed with Ag, allowing the effective transfer of 

photogenerated charges. The presence of GO in ternary composites does 

not always improve the photocatalytic process. The recoverability and 
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reusability were verified, and the catalysts did not show significant loss of 

activity. 

Moreover, and in order to gain insight into the degradation mechanisms, 

the contribution of different ROS to the oxidation kinetics of DCA using TiO2 

and noble metal-doped TiO2 catalysts has been studied. Direct 

degradation via h+
VB was ruled out for all the photocatalysts studied since 

there was no significant adsorption of DCA onto the solids. In the case of 

the TiO2 catalyst, ·OHfree radicals played the most important role in DCA 

degradation kinetics. The improved performance of noble metal-doped 

catalysts was seen in addition to the generation of ROS other than ·OHfree 

radicals compared to bare TiO2. DCA degradation in the presence of 

TiO2/Pt and TiO2/Ag was mainly due to the activity of ·OHfree radicals from 

the transformation of O2
·- and, to a lesser extent, ·OHads radicals. The 

quantification of ·OHfree radicals when O2
·- radicals were removed from the 

reaction medium showed a significant decrease in the generation of ·OHfree 

radicals. It was therefore assumed that O2
·- radicals were critical in the 

formation of ·OHfree radicals through disproportionation to H2O2. A higher 

contribution of these ·OHfree radicals was seen with TiO2/Pt (78.2% ± 0.5) 

than with TiO2/Ag (64.9% ± 3.6). FA could not be used as scavenger when 

TiO2/Ag was employed as the catalyst due to the reaction between FA and 

the DCA catalyzed by Ag. In conclusion, this chapter contributes to the 

technical assessment of the photocatalytic DCA degradation by analyzing 

the performance of newly synthesized photocatalysts while also providing 

insight into the mechanisms responsible for the photocatalytic degradation 

through an analysis of the role of different ROS. 
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The increasing world population derives in a fast increase of energy 

consumption and depletion of natural resources, thus, new actions and 

technologies to face the growing energy crisis are demanded. Currently, 

90% of the world’s energy supply is derived from fossil fuel, a limited 

energy source (Peng et al., 2015). Moreover, CO2 release is a well-known 

disadvantage of carbon burning considering this gas the main culprit 

involved in greenhouse effect. Therefore, producing green and renewable 

energy is currently a global issue. 

Hydrogen appears as a potential alternative to fossil fuels as energy 

vector for the future. It is widely considered to be the most promising clean 

energy vector. Its use is being explored in many technology areas due to 

its favorable characteristics, i.e., it is storable, presents high energy 

content, and absence of toxic pollutants, particulates or greenhouse-

responsible emissions during its combustion (Kondarides et al., 2008; 

Clarizia et al., 2014; Pai et al. 2016; Kumar et al., 2017). As it was stated 

in Chapter 1, the main challenge is finding an environmentally friendly 

source of hydrogen. The industrial hydrogen production processes can 

only start from substances which contain hydrogen since its presence on 

earth is in combination with other elements. Moreover, sustainable H2 

production requires clean primary energy sources, e.g. solar energy 

(Beltran et al., 2016). 

Among various biomass-derived compounds proposed as feedstock for 

hydrogen production, glycerol is of special interest because it is produced 

as by-product in the biodiesel production industry (Daskalaki and 

Kondarides, 2009). For every 100 ton of product, 10 ton of glycerol are 

generated. According to the European Union recommendation 

(2003/30/EC Directive), the fraction of biofuels in conventional fuels should 

at least be 5.75 wt% in 2010 and 20 wt% in 2020. Therefore, the production 

of biodiesel was expected to grow due to the environmental policy of the 

EU, the United States as well as other developed and developing countries 
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(Stelmachowski et al., 2014). The forecast biodiesel production in 2018 is 

11.1 million tons and 1.3 million tons in EU and Spain, respectively (Flach 

et al., 2017). Hence, the price of glycerol has decreased significantly due 

to overproduction, and valorization of sustainable glycerol to green fuels 

appears as a promising alternative for future energy production 

(Estahbanati et al., 2017). 

Much effort is being invested in the development of technologies 

capable of producing hydrogen using solar light as primary energy source. 

In this way, heterogeneous photocatalysis is of direct interest due to its 

ability of integrating hydrogen generation and by-product valorization. As it 

was remarked in Chapter 1, TiO2 has been the most promising material 

used as photocatalyst. However, bare TiO2 demonstrates almost negligible 

activity for H2 production. Currently, an important challenge is the design 

of a photocatalyst able to drive the photo-reforming of biomass derivatives. 

The photocatalytic hydrogen production using organic matter as feedstock 

can be obtained substantially following the next approach: the organic 

matter reacts with the positive holes (or ·OH radicals) of the illuminated 

photocatalyst and is oxidized generating intermediate compounds and  

protons (5.1), while the latter are reduced by photogenerated electrons 

forming hydrogen (5.2). 

Valence band: C3H8O3 + hVb
+

(·OH) → Intermediates + H
+
 (5.1) 

Conduction band: 2H
+
 + 2eCB

-  →  H2 (5.2) 

 

In previous chapters, a high performance photocatalyst based on TiO2 

doped with platinum and GO was obtained and its viability has been tested 

for the treatment of organic water pollution. Therefore, in order to make 

further progress in the photocatalytic production of hydrogen from 

biomass-derived compounds, these photocatalysts have been tested using 

synthetic and crude glycerol solutions. This chapter explores the effects of 
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six key operating parameters (including vol% of glycerol, pH, catalyst 

loading, wt% of GO, wt% of Pt and temperature) and studies the 

performance of TiO2/GO(x)/Pt(y) photocatalysts under UV-visible and 

visible light. Therefore, the novelty of this work is to gain insight into the 

challenges arising from the use of these photocatalysts to produce 

hydrogen from crude glycerol compared to synthetic glycerol and in 

addition, the use of visible light compared to ultraviolet light. 

 

5.1. Photocatalysts characterization 

TEM images of TiO2/GO(3%), TiO2/Pt(3.8%) and 

TiO2/GO(3%)/Pt(3.8%) photocatalysts are shown in Figure 5.1. 

TiO2/GO(3%) composite presented GO nanosheets decorated with TiO2 

nanoparticles on its surface (Figure 5.1-A1). In the case of TiO2/Pt(3.8%) 

composite (Figure 5.1-A2), nanoparticles of platinum, with an average 

diameter of 5 nm were well deposited on the TiO2. Figure 5.1-A3 shows 

the TEM image of TiO2/GO(3%)/Pt(3.8%) ternary composite, 

demonstrating a homogeneous dispersion of platinum nanoparticles on the 

surface of the TiO2/GO composite. Figure 5.1-B1 shows the EDX spectrum 

of TiO2/GO(3%) noticing that the GO sheets were mainly composed of 

carbon with a minor proportion of oxygen. The presence of platinum 

nanoparticles in the TiO2/Pt(3.8%) catalyst was further evidenced (Figure 

5.1-B2). Finally, ternary catalysts also presented Pt peaks in the EDX 

spectrum (Figure 5.1-B3) confirming the good loading of Pt on the catalyst 

surface. 



CHAPTER 5 
 PHOTOCATALYTIC HYDROGEN PRODUCTION FROM A RENEWABLE SOURCE 

 

138 

 

 

Figure 5.1 TEM images (A) and EDX analysis (B) of TiO2/GO(3%) (1), 

TiO2/Pt(3.8%) (2) and TiO2/GO(3%)/Pt(3.8%) (3). 

Figure 5.2 shows the FTIR spectra of the TiO2, GO, TiO2/GO(5%) and 

TiO2/GO(3%)/Pt(3.8%) samples. The GO spectrum shows many strong 

absorption peaks that are related to various oxygen functional groups as 

already explained in Figure 3.3. In the TiO2/GO(3%) and 

TiO2/GO(3%)/Pt(3.8%) spectra, the intensity of all absorption peaks 

corresponding to oxygen functional groups presented a significant 



CHAPTER 5 
 PHOTOCATALYTIC HYDROGEN PRODUCTION FROM A RENEWABLE SOURCE 

 

139 
 

decrease compared to those in the GO spectra, implying that GO was 

significantly reduced to rGO during the synthesis step. In addition, the 

broad bands between 500-900 cm-1 are related to Ti-O-Ti and Ti-O-C 

stretching vibration. Therefore, the above results confirmed the successful 

preparation of GO-based catalysts via thermal treatment and the stability 

of GO sheets after the photodeposition of Pt nanoparticles. 

 

Figure 5.2 FTIR spectra of GO, TiO2/GO(3%) and TiO2/GO(3%)/Pt(3.8%) 

photocatalysts. 

Thermal gravimetric analyses of GO, TiO2/Pt(3.8%), TiO2/GO(3%), 

TiO2/GO(1%)/Pt(3.8%), TiO2/GO(2%)/Pt(3.8%), TiO2/GO(3%)/Pt(3.8%) 

and TiO2/GO(5%)/Pt(3.8%) in a N2 atmosphere are shown in Figure 5.3. 

Three differentiated steps of mass loss with temperature were observed in 

the GO curve ranging from ambient temperature to 900 ºC. These steps 

are related to desorption of absorbed water (bellow 100 ºC), the removal 

of oxygen-containing groups (200-250 ºC) and the destruction of the 

carbon skeleton (around 500 ºC). The GO-based photocatalysts exhibited 

displacements of the onsets of weight loss relative to GO. These results 

suggest that GO was initially stabilized by the embedded TiO2, which 
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delayed the weight loss normally observed in the thermal analysis of GO 

samples. 

 

Figure 5.3 Thermal gravimetric analysis of GO and TiO2/Pt(3.8%), TiO2/GO(3%), 

and TiO2/GO(x)/Pt(3.8%) (x=1-5 wt%). 

To determine the specific surface area of the catalysts, N2 

adsorption/desorption measurements and the Brunauer-Emmet-Teller 

(BET) analysis method were employed. TiO2-based materials showed a 

slight enhancement in surface area values compared to bare TiO2 (54.98 

m2 g-1), reaching increments of 3.40, 6.13, 2.71, 3.82, 7.45, and 3.58% for 

TiO2/Pt(3.8%), TiO2/GO(3%), TiO2/GO(1%)/Pt(3.8%), 

TiO2/GO(2%)/Pt(3.8%), TiO2/GO(3%)/Pt(3.8%) and 

TiO2/GO(5%)/Pt(3.8%), respectively (Table 5.1). There were no significant 

variations in surface area among the synthesized catalysts; therefore, the 

influence of this variable on the photocatalytic activity could not be 

analyzed. 

The method of UV-vis diffuse reflectance spectroscopy was employed 

to estimate the indirect band gap of the photocatalysts (Table 5.1). The 

values clearly show the narrowing of the band gap with the introduction of 
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GO in TiO2 and this is generally attributed to the formation of Ti-O-C bonds 

between TiO2 and GO. Among the photocatalysts tested, the lowest band 

gap was obtained for TiO2/GO(3%)/Pt(3.8%),  which suggests that the 

interaction of TiO2 and GO is the strongest one in this photocatalyst. 

 

Table 5.1 Specific area and bandgap values of photocatalysts. 

Sample Specific Area (m2/g) Band gap 

TiO2 54.98 ± 0.29 3.25 

TiO2/Pt (3.8%) 56.85 ± 0.33 3.22 

TiO2/GO(3%) 58.35 ± 0.29 3.17 

TiO2/GO(1%)/Pt(3.8%) 57.08 ± 0.28 2.98 

TiO2/GO(2%)/Pt(3.8%) 56.47 ± 0.31 2.89 

TiO2/GO(3%)/Pt(3.8%) 59.08 ± 0.32 2.52 

TiO2/GO(5%)/Pt(3.8%) 56.95 ± 0.27 2.98 

 

XRD analyses were performed to identify the crystal phases of the TiO2, 

GO, TiO2/GO(3%), TiO2/Pt(3.8%) and TiO2/GO(3%)/Pt(3.8%) catalysts 

(Figure 5.4). The diffraction peak at 11.3º in the GO curve is related to the 

possible existence of trapped water molecules between the layers of GO. 

However, GO-based composites did not exhibit this peak due to the 

removal of regular stacking of the GO by the intercalation of TiO2. 

Characteristic crystal planes of anatase and rutile phases observed in bare 

TiO2 were also detected in TiO2/GO(3%), TiO2/Pt(3.8%) and 

TiO2/GO(3%)/Pt(3.8%). Moreover, diffraction peaks corresponding to 

standard patterns for Pt (JCPDS 65-2868) were observed in the 

TiO2/Pt(3.8%) and TiO2/GO(3%)/Pt(3.8%) curves, supporting the presence 

of this noble metal in the composites. 
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Figure 5.4 XRD patterns of TiO2, GO, TiO2/GO(3%), TiO2/Pt(3.8%) and 

TiO2/GO(3%)/Pt(3.8%) photocatalysts. 

The surface composition and elemental chemical state of 

TiO2/GO(3%)/Pt(3.8%) were characterized using XPS technique. The Ti 

2p XPS spectrum (Figure 5.5-A) shows three species of Ti related to TiO2, 

TiO and Ti. Therefore, commercial TiO2 suffered some modifications 

during the coupling of GO nanosheets and Pt nanoparticles on its surface. 

Figure 5.5-B shows C 1s spectral region of TiO2/GO(3%)/Pt(3.8%) 

photocatalyst, observing four different species of C corresponding to C-Ti 

and C-Pt interactions, adsorbed CO2, graphitic C and C=O at 281.3 eV, 

282.7 eV, 284.9 eV and 288.3 eV, respectively. The typical zone of O 1s 

signals (Figure 5.5-C) showed four peaks, three of them (528.9 eV, 530.6 

eV and 532.2 eV) are assigned to metallic oxides and metallic hydroxides 

while the peak at 526.9 eV might be ascribed to oxygen atoms partially 

negatives. Finally, two peaks of Pt 4f7/2 and Pt 4f5/2 at 70.9 and 74.2 eV, 

respectively, with a splitting energy of 3.3 eV (Figure 5.5-D), attributed to 

the metallic state of Pt, were observed. Moreover, two additional peaks 

were noticed at 72.3 and 75.7 eV related to Pt2+ chemical state. This fact 
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might be attributed to the presence of Pt-O on TiO2 surface, or to the 

diffusion of Pt0 atoms into TiO2 crystal lattice and oxidized to Pt2+ to 

substitute Ti4+ or form the interstitial ions (Hsieh et al., 2015). 

Figure 5.5 High-resolution XPS spectra of TiO2/GO(3%)/Pt(3.8%): (A) Ti 2p 

spectral region, (B) C 1s spectral region, (C) O 1s spectral region, and (D) Pt 4f 

spectral region. 
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The platinum loadings on the photocatalysts were determined by ICP-

MS analysis and the obtained values (Table 5.2) were very similar to the 

nominal composition, which proves the efficiency of the photodeposition 

method. 

Table 5.2 Pt loading (%wt) values. 

Sample  wt% Pt  

TiO2/Pt (3.8%) 3.3 

TiO2/GO(3%)/Pt(1.5%) 1.6 

TiO2/GO(3%)/Pt(2.5%) 2.4 

TiO2/GO(3%)/Pt(3.8%) 3.7 

 

 

5.2. Photocatalytic hydrogen production rate using synthetic and 

crude glycerol 

The hydrogen production over time presented a short initial period 

during which the hydrogen generation increases fast and a long second 

period in which hydrogen production increases more slowly but steadily. 

The hydrogen production rate was calculated in the second period for the 

study of the different parameters. It should be noted that the measurement 

sensitivity of the experimental system used is approximately 0.44 ± 0.02 

mmol of hydrogen and low hydrogen productions are not accurate enough.  

 

5.2.1. UV-Vis light as energy source 

The effect of six parameters (vol% of glycerol, pH, catalyst loading, wt% 

of GO, wt% of Pt and temperature) on the photocatalytic hydrogen 

generation rate, using synthetic glycerol solutions as sacrificial agent and 

TiO2/GO(x)/Pt(y) as catalyst, was studied (Table 5.3). All the experiments 

(Exp) were performed in duplicate. 
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Table 5.3 Studied parameters using synthetic glycerol as sacrificial agent. 

Exp 
[Glycerol] 

(vol %) 
pH 

[Catalyst] 
(gL-1) 

GO (wt%) Pt (wt%) T (ºC) 

1 5 5 0.50 3 3.8 30 

2 20 5 0.50 3 3.8 30 

3 50 5 0.50 3 3.8 30 

4 80 5 0.50 3 3.8 30 

5 20 7 0.50 3 3.8 30 

6 20 11 0.50 3 3.8 30 

7 20 7 0.10 3 3.8 30 

8 20 7 0.25 3 3.8 30 

9 20 7 0.75 3 3.8 30 

10 20 7 1.00 3 3.8 30 

11 20 7 0.25 1 3.8 30 

12 20 7 0.25 2 3.8 30 

13 20 7 0.25 5 3.8 30 

14 20 7 0.25 3 1.5 30 

15 20 7 0.25 3 2.5 30 

16 20 7 0.25 3 3.8 40 

 

Figure 5.6-A shows the effect of the initial concentration of synthetic 

glycerol on the hydrogen generation rate. It can be observed that hydrogen 

production rate increases with the initial glycerol concentration until 

reaching a maximum of 50.60 mmol h-1 g-1 for a 20 vol%. The further 

increase in the alcohol concentration leads to a decrease in the activity, 

likely because of the saturation of the surface active sites (Lyubina et al., 

2013). Regarding the effect of pH on the hydrogen production rate, a 

maximum was reached at pH 7 (Figure 5.6-B). This may be due to the fact 

that this pH value is close to pHzpc of the catalyst resulting in a maximum 

concentration of the surface hydroxyl groups. This fact can be related to 

the maximum adsorption of glycerol on the photocatalyst via hydrogen 

bonding (Li et al., 2009). Figure 5.6-C reveals that the hydrogen production 
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rate reached the maximum using 0.25 g L-1 of catalyst, enhancing 1.14 and 

1.5 times the photoactivity compared to 0.1 g L-1 and 1 g L-1 of catalyst, 

respectively. Low amounts of catalyst loading can lead to a significant 

proportion of photons being transmitted outside the reactor and, on the 

other hand, a high concentration of catalyst in the medium can result in a 

catalyst agglomeration, interfering the photons absorption (Estahbanati et 

al., 2017). The effect of GO loading on hydrogen production rate can be 

seen in Figure 5.6-D. The hydrogen production rate increased up to 1.8 

fold by the optimization of GO loading (wt%), achieving 70.83 ± 0.43 mmol 

h-1 g-1 of hydrogen. High GO content in the ternary composites may hinder 

the electron transfer acting as charge carrier recombination center. Figure 

5.6-E shows the effect of different Pt loading on hydrogen production rate. 

Platinum clusters act as effective electron traps, reducing the electron-hole 

pair recombination. Therefore, the hydrogen production rate improves by 

increasing the Pt loading on the ternary photocatalysts. Larger amounts of 

Pt were not tested because it is an expensive and scarce noble metal and 

GO is employed as third co-catalyst  with the aim to  reduce the amount of 

platinum maintaining the positive characteristics. Finally, as it can be seen 

in Figure 5.6-F, the influence of temperature on the hydrogen production 

rate was moderate. Therefore, it can be concluded that the optimal 

conditions were 20 vol% of synthetic glycerol, pH 7, TiO2/GO(3%)/Pt(3.8%) 

photocatalyst concentration of 0.25 g L-1 and 30 ºC, achieving a hydrogen 

generation rate of 70.83 ± 0.43 mmol h-1 g-1, a value much higher than 

those reported in the literature (Table 5.4). 

 

 



CHAPTER 5 
 PHOTOCATALYTIC HYDROGEN PRODUCTION FROM A RENEWABLE SOURCE 

 

147 
 

Figure 5.6 Effect of the glycerol initial concentration (vol%) (A), pH (B), catalyst 

concentration (g L-1) (C), GO loading (wt%) (D), Pt loading (wt%) (E) and 

temperature (F) on hydrogen production rate using synthetic glycerol solutions. 

Table 5.4 collects the photocatalytic hydrogen production rates 

reported in the literature using glycerol as feedstock. The best 
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photocatalytic activities were achieved using noble metal-doped TiO2 

photocatalysts under UV light, reaching up to 56.0 mmol h-1 g-1 of 

hydrogen. However, a low volume of glycerol solutions was treated in these 

works (Chen et al., 2015; Melián et al., 2016; Estahnanati et al., 2017). 

Comparing the results obtained in the present thesis with reported works 

that employ similar working volumes, it can be observed that hydrogen 

production rates are up to three orders of magnitude lower (Lv et al., 2015; 

Clarizia et al., 2017; Wang et al., 2017). Regarding the hydrogen 

production rates using visible light or solar simulators, the obtained results 

were similar or overperform those of the literature, however, the working 

volume treated in the present thesis is higher (Kondarides et al., 2009; 

Daskalaki and Kondarides, 2009; Beltran et al., 2016; Kumer et al., 2017; 

Reddy et al., 2017; Seadira et al., 2018). Among collected studies from the 

literature, only Skaf and co-workers (2012) employed a real glycerol by-

product from a biodiesel production plant. In the present work, a 

considerable enhancement in the photocatalytic hydrogen production from 

crude glycerol has been accomplished. 
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Table 5.4 Comparison of the photocatalytic hydrogen generation rate obtained in 

this work with results reported in the literature, using glycerol as sacrificial agent. 

Author Catalyst Light 
Volume
(mL) 

rH
2
 (mmol h-1 g-1) 

This work TiO2/GO/Pt 
UV 

300 

70.83 (synthetic) 

12.72 (Crude) 

Visible 3.28 (Synthetic) 

Seadira et al., 2018 Cu/THS* 
Solar 

Simulator 
50 4.25 

Reddy et al., 2017 TiO2/Bi 
Solar 

simulator 
50 1.00 

Kumar et al., 2017 TiO2 
Solar 

simulator 
50 4.25 

Wang et al., 2017 Ag2O/TiO2 UV/Vis 100 0.17 

Estahnanati et al., 2017 TiO2/Pt UV 5 56.00 

Clarizia et al., 2017 TiO2/Cu UV 300 7.33 

Melián et al., 2016 TiO2/Pt UV 75 17.33 

Beltran et al., 2016 TiO2/Pt 
Solar 

simulator 
80 1.30 

Skaf et al., 2012 TiO2/Pt UVA 250 0.25** 

Lv et al., 2015 ZnO/rGO UV/Vis 230 0.09 

López et al. ,2015 TiO2/Pt UV 75 8.00 

Chen et al., 2015 TiO2/Au UV 20 26.66 

Yu et al., 2011 TiO2/CuO UV-LED 80 2.06 

Daskalaki and 
Kondarides, 2009 

TiO2/Pt 
Solar 

simulator 
60 0.49 

Kondarides et al., 2008 TiO2/Pt 
Solar 

simulator 
60 2.70 

* THS: TiO2 hollow spheres 
** Crude glycerol as sacrificial agent 
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The effect of three parameters (vol% of glycerol, pH and catalyst 

loading) on the photocatalytic hydrogen generation rate using crude 

glycerol solutions and the best photocatalyst previously determined 

(TiO2/GO(3%)/Pt(3.8%)) was studied (Table 5.5). 

Table 5.5 Studied parameters using crude glycerol as sacrificial agent and 

TiO2/GO(3%)/Pt(3.8%) at 30 ºC. 

Exp [Glycerol] (vol%) pH [Catalyst] (g L-1) 

1 0.5 7 0.50 

2 1.0 7 0.50 

3 5.0 7 0.50 

4 20.0 7 0.50 

5 1.0 5 0.50 

6 1.0 11 0.50 

7 1.0 7 0.25 

8 1.0 7 1.00 

 

Figure 5.7-A shows the influence of initial crude glycerol concentration 

on the hydrogen production rate. Crude glycerol residue contains 78% of 

glycerol, 18% of water, 3% of salts/ashes, 0.5% of methane and 0.5% of 

non-glycerol organic matter and presents a golden brown color. As already 

observed using synthetic glycerol, the hydrogen production rate increases 

with the initial glycerol concentration until reaching a maximum of 12.72 

mmol h-1 g-1 for 1 vol%. The optimal concentration of crude glycerol is lower 

than that of synthetic glycerol (20 vol%). This fact may be due to the 

presence of impurities (salts and non-glycerol organic matter) competing 

for the active sites of the catalyst and the foaming observed at high 

concentrations of crude glycerol. The natural pH of the crude glycerol 

solutions was 5, however, adjusting the pH to 7, an increment of 17.23% ± 

0.45 on the hydrogen production rate was observed as can be seen in 

Figure 5.7-B. Therefore, regardless of the origin of glycerol, a neutral pH 

reports the best results of hydrogen production rate.  
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The influence of TiO2/GO(3%)/Pt(3.8%) concentration, ranging 

between 0.25 g L-1 and 1 g L-1 was assessed using crude glycerol; and the 

experimental data are shown in Figure 5.7-C. It can be noticed that the 

best photocatalytic activity was obtained with 0.5 g L-1 of catalyst, a 

concentration two fold higher than the optimum observed using synthetic 

glycerol. This suggests that the presence of impurities competing for 

adsorption on the catalyst surface makes necessary to increase the 

catalyst loading that provides a greater number of active sites. Moreover, 

high turbidity of crude glycerol solutions associated to the presence of 

ashes can interfere with the incident light flux, requiring higher catalyst 

loading. The turbidity of synthetic glycerol solutions was 0.13±0.05 NTU, 

while in the case of crude glycerol solutions, the turbidity values range from 

2.19 NTU (crude glycerol 0.5 %vol) to 42.22 NTU (crude glycerol 20 vol%). 

Therefore, when crude glycerol was employed as sacrificial agent, the 

optimal operating conditions were 1 vol% of glycerol, pH 7 and 0.5 g L-1 of 

TiO2/GO(3%)/Pt(3.8%), achieving a hydrogen generation rate of 12.72 ± 

0.27 mmol h-1 g-1. Hence, promising results in the use of crude glycerol as 

feedstock for hydrogen production were obtained compared to previous 

works (Skaf et al., 2012). Nevertheless, it can be also concluded that 

impurities present in crude glycerol from biodiesel production are key 

factors in developing a realistic hydrogen production process. A filtration 

pretreatment of crude glycerol could enhance the photocatalytic hydrogen 

production due to the reduction of turbidity. 
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Figure 5.7 Effect of the glycerol initial concentration (%vol) (A), pH (B) and catalyst 

concentration (g L-1) (C) on hydrogen production rate using crude glycerol 

solutions. 

The hydrogen production rate with the ternary catalyst was compared 

to other TiO2-based catalysts under optimal conditions and moreover, 

water and glycerol photolysis were assessed (Figure 5.8). Photolysis of 

water and crude glycerol was not noticed however, a production rate of 

4.48 ± 0.43 mmol h-1 g-1 with synthetic glycerol was attained. Moreover, the 

photocatalytic run using water and the TiO2/GO(3%)/Pt(3.8%) catalyst 

under the optimal conditions was developed without any appreciable 

production of hydrogen. Bare TiO2 did not exhibit photocatalytic activity 
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using crude glycerol nevertheless, it produced 6.44 ± 0.37 mmol h-1 g-1 of 

hydrogen using synthetic glycerol. Similarly, TiO2/GO(3%) catalyst showed 

photocatalytic activity with synthetic glycerol but not with crude glycerol. 

However, the addition of GO to TiO2 did not improve the photocatalytic 

performance compared to TiO2. In the case of TiO2 doped with platinum 

nanoparticles, an enhancement of 9.21 ± 0.44 fold respect to bare TiO2 

was achieved for synthetic glycerol. It is important to remark the fact that 

the addition of 2 wt% and 3 wt% of GO (Figure 5.6-D) to TiO2/Pt(3.8%) 

improved its photocatalytic activity but the addition of 1 wt% or 5 wt% of 

GO did not. This fact highlights the relevance of finding the adequate and 

optimum GO loading in ternary composites to improve the performance of 

photocatalytic hydrogen generation. TiO2/Pt(3.8%) reached 11.63 ± 0.37 

mmol h-1 g-1 of hydrogen using crude glycerol while TiO2 did not show any 

activity. Finally, it can be observed that the ternary composites also 

improve the generation rate regardless of the origin of glycerol compared 

to both bare TiO2 and TiO2/Pt(3.8%). However, in the case of crude 

glycerol the improvement obtained with ternary catalysts compared to 

TiO2/Pt(3.8%) is lower (9.37% ± 0.23) than in the case of synthetic 

solutions (19.34% ± 0.17). The enhanced activity of the ternary catalyst 

could be attributed to the synergistic effect among Pt, TiO2 and GO, which 

could promote the transitive property of electrons so as to extremely inhibit 

the recombination of photoinduced electron-hole pairs (Wang et al. 2017). 
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Figure 5.8 Comparison between different TiO2-based catalyst using synthetic 

glycerol (A) and crude glycerol (B) under optimal conditions selected for each 

sacrificial agent. 

Figure 5.9 shows the generated gas composition using synthetic (A) 

and crude (B) glycerol. Hydrogen concentration was about 82% and 

carbon monoxide was about 15% regardless of the origin of glycerol, 

indicating a similar degradation pathway. 
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Figure 5.9 Gas composition using synthetic (A) and crude glycerol (B) under 

optimal conditions selected for each sacrificial agent. 

 
5.2.2. Visible light as energy source 

TiO2-based catalysts (TiO2, TiO2/GO(3%), TiO2/Pt(3.8%) and 

TiO2/GO(3%)/Pt(3.8%)) were tested under visible light after optimization of 

operating parameters using synthetic and crude glycerol solutions. As 

expected, with TiO2 and TiO2/Pt(3.8%) no production of hydrogen from 

synthetic glycerol was observed since they are not activated under visible 

light. However, TiO2/GO(3%) catalyst, despite being suitable for working 

under visible light, based on bad gap measurements, did not produce 

hydrogen either. Only the ternary catalyst showed photocatalytic activity, 

obtaining a hydrogen generation rate of 3.28 ± 0.58 mmol h-1 g-1, 95.37% 

lower than under UV-vis light (Figure 5.10). These values are still higher 

than those obtained in the available literature using solar simulators and 

TiO2-based catalysts (Table 5.4). Therefore, despite the ternary catalyst 

reinforces the positive characteristics of the two dopants (Pt and GO), 

further efforts have to be invested on synthetizing active photocatalysts 

under visible light. Moreover, the ternary composites synthetized in this 

work did not show an appreciable hydrogen production when crude 
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glycerol was employed as feedstock. Hence, further research is required 

in the development of the photocatalytic technology applied to hydrogen 

production using solar light as primary energy source and real by-products 

as feedstock. 

Figure 5.10 Hydrogen production rate from synthetic glycerol using 

TiO2/GO(3%)/Pt(3.8%) catalyst under the optimal conditions under UV-vis and 

visible light. [Glycerol] = 20 vol%, pH 7, [catalyst] = 0.25 g L-1 and 30 ºC. 

 

5.2.3. Liquid phase composition 

The glycerol degradation was assessed over TiO2-based 

photocatalysts using synthetic glycerol (Figure 5.11-A) and crude glycerol 

(Figure 5.11-B) in order to elucidate the photocatalysts behavior depending 

on glycerol origin. Regarding synthetic glycerol solutions, 5.1, 11.1, 5.8 and 

19.6% of degradation was achieved after three hours of treatment using 

TiO2, TiO2/Pt(3.8%), TiO2/GO(3%) and TiO2/GO(3%)/Pt(3.8%), 

respectively. Therefore, these photocatalysts behaved in a similar way with 

regard to their activity towards hydrogen production (Figure 5.8-A).  
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synthetic glycerol. The TiO2/GO(3%)/Pt(3.8%) photocatalyst removed 

11.7% of the initial crude glycerol. Hence, the degradation degree 

enhancement attained using the ternary catalyst compared to 

TiO2/Pt(3.8%) is lower (22.2%) than in the case of synthetic solutions 

(43.3%), as there was already observed during the hydrogen generation 

experiments (Figure 5.8-B). 

 

 

Figure 5.11 Comparison of glycerol degradation using different TiO2-based 

catalyst using synthetic glycerol (A) and crude glycerol (B) under optimal conditions 

selected for each sacrificial agent after three hours of irradiation time. 
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The remaining glycerol in the liquid phase was also determined using 

the ternary photocatalyst and synthetic glycerol under visible light (Figure 

5.12). Only 0.6% of glycerol was removed after three hours of treatment. 

These results are in accordance with the low hydrogen generation 

observed when visible light was employed as energy source (Figure 5.10). 

 

Figure 5.12 Comparison of synthetic glycerol degradation using 

TiO2/GO(3%)/Pt(3.8%) catalyst under the optimal conditions and visible light as 

energy source. [Glycerol] = 20 vol%, pH 7, [catalyst] = 0.25 g L-1 and 30 ºC. 

Reaction intermediates in liquid phase were analyzed in order to better 

understand the glycerol reaction pathway. With this aim, the presence of 

glyceraldehyde, hydroxyacetone, acetone, ethylene glycol, ethanol, acetic 

acid, methanol, formaldehyde and formic acid were studied in liquid phase. 

Formaldehyde was the only compound not detected either using synthetic 

or using crude glycerol as feedstock. 

A possible photo-reforming scheme of glycerol in liquid phase is shown 

in Figure 5.13. The electron in the valence band is promoted to the 

conduction band of TiO2, leading to a positive hole in the valence band. 

Glycerol degradation towards protons and reaction intermediates may 

proceed following ·OH-mediated and h+
VB-mediated oxidation routes. 
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Meanwhile, electrons are transferred to GO nanosheets and/or platinum 

nanoparticles and, as the photo-reforming process takes place in absence 

of oxygen, these photogenerated electrons are available to reduce protons 

to H2 molecules. 

 

Figure 5.13 Plausible mechanistic scheme of glycerol photo-reforming over 

TiO2/GO/Pt photocatalysts in absence of oxygen.  

An attempt of reaction pathway for glycerol degradation and hydrogen 

production is shown in Figure 5.14. It has been reported that polyol 

molecules may scavenge more than 50% of photogenerated holes of TiO2 

and that the scavenging efficiency increases with increase of the number 

of the OH groups (Panagiotopoulou et al., 2013). In this work, it is proposed 

a mechanism in which glycerol undergoes dehydrogenation steps on the 

photocatalyst surface to yield H2 and adsorbed intermediates, and it is 

followed by cleavage of C-C bonds and C-O bonds and desorption of 

smaller molecules. 

 Two initial steps can take place: (i) the dehydrogenation of glycerol to 

form glyceraldehyde or (ii) the dehydration of glycerol through a 

hydroxyacetone intermediate (King et al., 2010; Panagiotopoulou et al., 

2013). In the first route, glyceraldehyde suffers a decarbonylation-
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dehydrogenation sequence to produce ethylene glycol, glycoaldehyde (not 

analyzed) and methanol. Finally, CO and H2 are formed through formic 

acid dehydrogenation coming from methanol decomposition. Moreover, 

parallel reactions can occur with ethylene glycol and glycoaldehyde. 

Ethylene glycol is dehydrated to acetaldehyde (not analyzed) and 

subsequently dehydrogenate to produce acetic acid. Moreover, 

glycoladehyde can also lead to acetic acid formation by rearrangement 

(Davda et al., 2005). In the second route, hydroxyacetone undergoes 

several dehydrogenation and decarbonylation steps to produce 

acetaldehyde and ethanol. Moreover, ethanol oxidation can also lead to 

the formation of acetaldehyde. However, the reverse reaction, ethanol 

formation from acetaldehyde by H2 consuming, cannot be ignored (Gong 

et al., 2011). As it was remarked previously, acetaldehyde involves the 

subsequent production of acetic acid, which can undergo surface reactions 

(C-C cleavage, C-O cleavage) to form alkanes (CH4, C2H6), CO2, H2 and 

H2O (Davda et al., 2005; Gandarias et al., 2010 Pompeo et al., 2011; Sola 

et al., 2016). 
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Figure 5.14 Possible reaction pathways of photo-reforming of glycerol solutions. 
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A detailed analysis of the liquid phase composition employing TiO2-

based photocatalysts and synthetic glycerol (Figure 5.15-A) or crude 

glycerol (Figure 5.15-B) was developed. Figure 5.15 shows the fraction 

that represents each detected compound with respect to the total 

compounds analyzed. The liquid phase composition was similar regardless 

of the TiO2-based photocatalyst used or the glycerol origin. Hence, the 

degradation pathway of glycerol could be expected to be similar 

independently of its origin. In addition, GO nanosheets or Pt nanoparticles 

strongly improved the hydrogen reaction rate but not the overall reaction 

mechanism. It can be observed that smaller molecules, such as formic 

acid, methanol, acetic acid and ethanol represent a higher fraction than 

60% of the total detected compounds independently of the glycerol origin 

or photocatalyst used. This fact is in good agreement with the proposed 

mechanism based on glycerol degradation on the photocatalyst surface to 

yield H2 and adsorbed intermediates, and the subsequent desorption of 

smaller molecules. 
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Figure 5.15 Comparison between liquid phase composition using different TiO2-

based catalysts and synthetic glycerol (A) or crude glycerol (B) under optimal 

conditions selected for each sacrificial agent. 

Figure 5.16 shows the liquid phase composition when using UV-vis light 

or visible light as energy source. Since under visible light low hydrogen 

production and glycerol degradation were achieved, short chain final 

intermediates (ethanol, methanol and carboxylic acids) represented the 

52.7% of the total organic compounds detected, meanwhile these 

intermediates reached up to 71.3% of representation using UV-vis light. 
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Therefore, under visible light, the final steps of glycerol degradation 

pathway are more difficult to reach. 

 

Figure 5.16 Comparison between liquid phase composition using synthetic 

glycerol and crude glycerol under optimal conditions selected for each sacrificial 

agent. 

 

5.3. Final remarks 

In this chapter, the effect of six parameters (vol% of glycerol, pH, 

catalyst loading, wt% of GO, wt% of Pt and temperature) on the 

photocatalytic hydrogen generation rate, using synthetic and crude 

glycerol solutions as sacrificial agent and TiO2/GO(x)/Pt(y) as catalyst, has 

been studied under UV-vis light. The conditions for the maximum hydrogen 

generation rate of 70.83 ± 0.43 mmol h-1 g-1 are 20 vol% of synthetic 

glycerol, pH 7, 0.25 g L-1 of TiO2/GO(3%)/Pt(3.8%) and 30 ºC.  

On the other hand, in order to attempt to integrate a real by-product as 

feedstock for hydrogen production, crude glycerol from a biodiesel 

production plant was tested using optimized TiO2/GO(3%)/Pt(3.8%) 

photocatalyts. Moreover, with the aim to compare the hydrogen production 

process from synthetic and crude glycerol, three key parameters (vol% of 
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glycerol, pH and catalyst loading) were analyzed. Several differences were 

found for optimal conditions and hydrogen production rates depending on 

the glycerol origin. Crude glycerol solutions photo-reforming reached up to 

12.72 ± 0.27 mmol h-1 g-1 (82.04% less than synthetic glycerol) employing 

1 vol% of glycerol, pH 7 and 0.5 g L-1 of TiO2/GO(3%)/Pt(3.8%).  

The comparison of several TiO2-based catalysts was also carried out, 

observing that ternary composites improved the hydrogen generation rate 

regardless of the origin of glycerol compared to bare TiO2, TiO2/GO(3%) 

and TiO2/Pt(3.8%). This fact could be attributed to the synergetic effect 

among TiO2, GO and Pt which could promote the inhibition of the 

recombination of photoinduced electron-hole pairs.  

Finally, although the hydrogen production rate achieved under visible 

light using the ternary catalyst and synthetic glycerol solutions is still higher 

than those obtained in the available literature using solar simulators and 

TiO2-based catalysts, ternary catalysts did not present significant 

photocatalytic activity using crude glycerol as feedstock.  

It can be concluded that the impurities present in crude glycerol from 

the biodiesel production plant are key factors in developing realistic 

hydrogen production process. Since turbidity was proved to be a limiting 

property for photocatalytic hydrogen production from crude glycerol, a 

filtering pretreatment could lead to an improvement in the photocatalytic 

process. Moreover, despite the ternary catalyst reinforces the positive 

characteristics of Pt and GO, further efforts have to be invested on the 

development of active photocatalysts under visible light.  
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6.1. Conclusions 

This thesis contributes to the knowledge on the design and application 

of TiO2-based photocatalysts for the removal of organic pollutants from 

water and for the production of hydrogen from renewable sources. 

The main conclusions derived from this work are: 

Regarding the role of GO in TiO2/GO photocatalysts  

o Novel photocatalysts were synthesized and characterized by 

varying the TiO2/GO weight ratio in the range of 1% to 10% and 

following three different preparation methods, hydrothermal, 

solvothermal and mechanical, to obtain an optimized TiO2/GO 

photocatalyst. 

o The performance of the TiO2/GO photocatalysts was assessed 

based on the degradation of DCA, a disinfection by-product, which 

revealed an improved degradation rate for the new composites 

compared with bare TiO2. 

o The TiO2 photocatalyst doped with 5 wt% of GO provided the best 

photocatalytic activity among all synthesized composites, with a 

degradation yield of 87.1% after eight hours of treatment and a 

degradation rate 2.6 times higher than bare TiO2.  

o The results for DCA degradation showed a coupled influence of 

the photocatalyst preparation method and composition. 

o Novel optimized photocatalyst represents a successful alternative 

for DCA degradation due to the ability of GO sheets to avoid 

electron-hole recombination and to extend the excitation 

wavelength to visible range of solar spectrum. 

o The photocatalysts were successfully recovered and reused 

without a significant loss of activity. 
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Considering the role of noble metals as TiO2 co-catalysts 

o Photocatalysts of TiO2 doped with Ag or Pt nanoparticles via polyol 

process and photocatalysts of TiO2 doped with these noble metals 

and GO nanosheets were successfully synthesized and 

characterized, varying the noble metal loading.  

o The performance of the synthesized photocatalysts was assessed 

against the degradation of DCA, revealing an improved 

degradation rate for the new photocatalysts compared with bare 

TiO2. 

o TiO2/Pt 0.5 wt% photocatalysts showed the highest photoactivity 

among the other catalysts, achieving total degradation and 

mineralization after seven hours of treatment. The larger Schottky 

barrier formed with Pt nanoparticles than that formed with Ag, 

allows the effective transfer of photogenerated charges preventing 

electron-hole recombination. 

o The presence of GO in ternary photocatalysts does not always 

improve the photocatalytic process compared to binary 

composites, probably due to the use of non-optimized GO loading. 

o The recoverability and reusability were verified, and the 

photocatalysts did not show a significant loss of activity. 

o The contribution of different ROS to the oxidation kinetics of DCA 

using TiO2 and noble metal-doped TiO2 catalysts was evaluated.  

o In the case of the TiO2, ·OHfree radicals played the most important 

role in DCA degradation kinetics.  

o DCA degradation in the presence of TiO2/Pt and TiO2/Ag was 

mainly due to the activity of ·OHfree radicals from the transformation 

of O2
·- and, to a lesser extent, ·OHads radicals. A higher contribution 

of ·OHfree radicals from O2
·- was observed with TiO2/Pt (78.2% ± 

0.5) than with TiO2/Ag (64.9% ± 3.6).  
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Photocatalytic hydrogen generation from a renewable source  

o Photocatalysts based on TiO2/GO(x)/Pt(y) (x=0-5 wt% and y=0-3.8 

wt%) were tested during photocatalytic hydrogen generation using 

synthetic and crude glycerol solutions as sacrificial agents under 

UV and visible light. 

o The optimal conditions were 20 vol% of synthetic glycerol, pH 7, 

[TiO2/GO(3%)/Pt(3.8%)]=0.25 g L-1 and 30 ºC, achieving a 

hydrogen generation rate of 70.83 ± 0.43 mmol h-1 g-1.  

o Crude glycerol from a biodiesel production plant was tested using 

optimized TiO2/GO(3%)/Pt(3.8%) photocatalyts,  reaching up to 

12.72 ± 0.27 mmol h-1 g-1 employing optimal conditions of 1 vol% 

of crude glycerol, pH 7 and 0.5 g L-1 of catalyst . 

o Several differences were found for optimal conditions and 

hydrogen production rates depending on the glycerol origin.  

o Optimized ternary photocatalysts improved the hydrogen 

generation rate regardless of the origin of glycerol compared to 

bare TiO2, TiO2/GO(3%) and TiO2/Pt(3.8%). This fact could be 

attributed to the synergetic effect among TiO2, GO and Pt which 

could promote the inhibition of the recombination of photoinduced 

electron-hole pairs. 

o The relevance of finding the adequate GO loading in ternary 

composites to improve the photocatalytic performance was 

highlighted. 

o Promising results in hydrogen generation using optimized ternary 

photocatalysts and synthetic glycerol solutions under visible light 

were attained, but no significant photocatalytic activity was 

observed using crude glycerol as feedstock under visible light. 

o Impurities present in crude glycerol from biodiesel production plant 

are a key factor in developing realistic hydrogen production 

process. Moreover, further efforts have to be invested on active 

photocatalysts under visible light.  



CHAPTER 6 
 CONCLUSIONS 

 

176 

 

6.2. Challenges for future research 

This thesis aims to contribute to the development of TiO2-based 

photocatalysts for the removal of organic pollutants from water and for the 

production of hydrogen from renewable sources. However, despite the 

achievements already described, there are still some challenges ahead 

that must be overcome to improve the present research: 

o Design high activity-photocatalysts capable of using solar light as 

energy source. 

o Development of a mathematical model that allows to predict the 

properties of the novel photocatalysts and their interaction with the 

reaction medium. 

o Support the photocatalyst to facilitate its reuse and scaling up of 

the photocatalysis process or integrate the reaction step with 

suitable membranes to recover the catalyst. 

o Design of an optimal photoreactor that allows working with real 

effluents under visible light. 
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6.3. Conclusiones 

Esta tesis se centra en el diseño de nuevos fotocatalizadores basados 

en TiO2 aplicados a la eliminación de contaminación orgánica del agua y 

a la producción de hidrógeno a partir de fuentes renovables. 

Las principales conclusiones derivadas de este trabajo son: 

Respecto al papel del GO en fotocatalizadores de TiO2/GO 

o Se sintetizaron y caracterizaron nuevos fotocatalizadores 

variando la relación en peso de TiO2/GO en el rango de 1% a 10% 

y siguiendo tres métodos diferentes de preparación, hidrotermal, 

solvotermal y mecánico, con el objetivo de obtener un 

fotocatalizador de TiO2/GO optimizado. 

o El rendimiento de los fotocatalizadores se evaluó a través de la 

degradación de DCA, un subproducto de desinfección, que reveló 

una tasa de degradación mejorada para los nuevos materiales 

compuestos en comparación con el TiO2 comercial.  

o El fotocatalizador de TiO2 dopado con un 5% en peso de GO y 

sintetizado mediante el método hidrotermal proporcionó la mejor 

actividad fotocatalítica, con un rendimiento de degradación del 

87.1% tras ocho horas de tratamiento lo que supone una tasa de 

degradación 2.6 veces mayor que la del TiO2 comercial. 

o Los resultados de degradación de DCA mostraron una influencia 

acoplada del método de preparación y la composición del 

fotocatalizador.  

o El fotocatalizador optimizado de TiO2/GO representa una gran 

alternativa para la degradación de DCA debido a la capacidad de 

las láminas GO para evitar la recombinación de los pares electrón-

hueco y extender el rango de excitación del catalizador hacia el 

rango visible del espectro solar. 

o Los fotocatalizadores fueron recuperados y reutilizados sin una 

pérdida significativa de actividad. 
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Respecto al papel de los metales nobles como co-catalizadores del 

TiO2 

o Se sintetizaron y caracterizaron fotocatalizadores de TiO2 dopado 

con nanoparticulas de plata o platino y fotocatalizadores de TiO2 

dopado con estos metales nobles y láminas de GO, variando la 

carga de los metales nobles. 

o El rendimiento de los fotocatalizadores sintetizados se evaluó 

frente a la degradación de DCA, revelando una tasa de 

degradación mejorada para los nuevos fotocatalizadores en 

comparación con el TiO2 desnudo. 

o Los fotocatalizadores de TiO2/Pt con un 0,5% en peso de platino 

presentaron la mayor actividad fotocatalítica, alcanzando una 

degradación y mineralización del 100% tras siete horas de 

tratamiento. Esto se debe a que la barrera de Schottky formada 

por el acoplamiento de nanoparticulas de platino es mayor a la 

que forma el acoplamiento de nanoparticulas de plata, lo que 

permite una mayor transferencia de cargas fotogeneradas 

evitando la recombinación de los pares electrón-hueco. 

o La presencia de GO en fotocatalizadores ternarios no siempre 

mejora el proceso fotocatalítico en comparación con los 

compuestos binarios, esto es probablemente debido al uso de una 

carga de láminas de GO no optimizada. 

o Se verificó la capacidad de recuperación y reutilización de los 

fotocatalizadores sin pérdida significativa de actividad. 

o Se estudió la contribución de diferentes ROS a la cinética de 

oxidación del DCA usando TiO2 y catalizadores de TiO2 dopados 

con plata y platino. 

o En el caso del TiO2, los radicales ·OHlibres desempeñaron el papel 

más importante en la cinética de degradación del DCA. 

o La degradación de DCA en presencia de TiO2/Pt y TiO2/Ag se 

debió principalmente a la actividad de los radicales ·OHlibres 
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procedented de la transformación de radicales O2
·- y, en menor 

medida, radicales ·OHads. Se observó una mayor contribución de 

radicales ·OHlibres procedentes de O2
·- con TiO2/Pt (78,2% ± 0,5) 

que con TiO2/Ag (64,9% ± 3,6). 

Producción fotocatalítica de hidrógeno a partir de fuentes renovables 

o Se emplearon fotocatalizadores basados en TiO2/GO(x)/Pt(y) 

(x=0-5 wt% e y=0-3,8 wt%) en la generación fotocatalítica de 

hidrógeno empleando glicerol sintético y crudo como agentes de 

sacrificio bajo luz UV y visible. 

o Las condiciones óptimas de operación fueron 20 %vol de glicerol 

sintético, pH 7, [TiO2/GO(3%)/Pt(3.8%)]=0.25 g L-1 y 30 ºC, 

alcanzando una tasa de generación de hidrógeno de 70.83 ± 0.43 

mmol h-1 g-1. 

o Se empleó glicerol crudo procedente de una planta de producción 

de biodiesel y el fotocatalizador optimizado 

TiO2/GO(3%)/Pt(3.8%) alcanzando un producción de 12.72 ± 0.27 

mmol h-1 g-1 empleando condiciones óptimas de 1 vol% de glicerol 

crudo, pH 7 y 0.5 g L-1 de catalizador. 

o Se encontraron varias diferencias para las condiciones óptimas y 

las tasas de producción de hidrógeno dependiendo de la 

naturaleza del glicerol. 

o Los fotocatalizadores ternarios optimizados mejoraron la tasa de 

generación de hidrógeno independientemente de la naturaleza del 

glicerol en comparación con el TiO2 comercial, TiO2/GO(3%) y 

TiO2/Pt(3,8%). Este hecho podría atribuirse al efecto sinérgico 

entre el TiO2, el GO y el platino promoviendo la inhibición de la 

recombinación de los pares de electrón-agujero fotogenerados. 

o Optimizar la cantidad de GO en los materiales compuestos 

ternarios es un factor clave para mejorar el rendimiento 

fotocatalítico de los mismos. 
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o Se obtuvieron resultados prometedores en la generación de 

hidrógeno utilizando fotocatalizadores ternarios optimizados y 

soluciones de glicerol sintético bajo luz visible, pero no se observó 

actividad fotocatalítica significativa usando glicerol bruto como 

agente de sacrificio bajo luz visible. 

o Las impurezas presentes en el glicerol crudo de la planta de 

producción de biodiesel son un factor clave en el desarrollo de un 

proceso de producción de hidrógeno realista. Además, es 

necesario el estudio y desarrollo de nuevos fotocatalizadores 

activos bajo luz visible.  

 

6.4. Retos futuros 

El objetivo de esta tesis es contribuir al desarrollo de fotocatalizadores 

basados en TiO2 para la eliminación de contaminantes orgánicos del agua 

y para la producción de hidrógeno a partir de fuentes renovables. Sin 

embargo, a pesar de los logros ya descritos, aún quedan por delante 

nuevos desafíos que deben superarse para mejorar la presente 

investigación: 

o Diseñar fotocatalizadores altamente activos capaces de utilizar luz 

solar como fuente de energía. 

o Desarrollo de un modelo matemático que permita predecir las 

propiedades de los nuevos fotocatalizadores y su interacción con 

el medio de reacción. 

o Soportar el fotocatalizador para facilitar su reutilización y el 

escalado del proceso de fotocatálisis o integrar la etapa de 

reacción con membranas para recuperar el catalizador. 

o Diseño de un fotorreactor óptimo que permita trabajar con 

efluentes reales utilizando luz visible como fuente de energía. 



 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

ANNEXES 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ANNEXES 
 

 

183 

 

ANNEX I. NOMENCLATURE 

 

AFM Atomic force microscopy 

AOPs Advanced oxidation processes 

BET Brunauer, Emmet and Teller 

BQ Benzoquinone 

CB Conduction band 

DBAA Dibromoacetic acid 

DBPs Disinfection by-product 

DCA Dichloroacetic acid 

DMSO Dimethyl sulfoxide 

DNPH Dinitrophenylhydrazine 

DOC Dissolved organic carbon 

DWD Drinking water directive 

e−
CB Conduntion band electrons 

EDX Energy dispersive X-Ray 

EG Band gap energy 

EG Ethylene glycol 

HPLC High-performance liquid chromatography 

ICP Inductively coupled plasma mass spectrometry 

FA Formic acid 

FT-IR Fourier transform infrared 

GO Graphene oxide 

HAAs Haloacetic acids 

HQ Hydroquinone 

h+
VB Valence band holes 

IC Inorganic carbon 

IPPC Intergovernmental panel on climate change 

IR Infrared 

JCPDS Joint committee on powder diffraction standards 

LSPR Localized surface plasmon resonance 
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MBAA Monobromoacetic acid 

MCAA Monochloroacetic acid 

NDIR Non-dispersive infrared 

NIR Near infrared 

NM Noble metal 

NOM Natural organic matter 

O2
·- Superoxide radical 

·OHads Adsorbed hydroxyl radicals 

·OHfree Free hydroxyl radicals 

PRET Plasmon resonance energy transfer 

rGO Reduced graphene oxide 

ROS Reactive oxygen species 

t-BuOH tert-butanol 

TCAA Trichloroacetic acid 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

TC Total carbon 

TOC Total organic carbon 

UP Ultrapure 

US EPA United States Environmental Protection Agency 

UV Ultraviolet 

UVA Ultraviolet A 

UVB Ultraviolet B 

UVC Ultraviolet C 

VB Valence band 

Vis Visible 

XRD X-ray diffraction 
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Increasing demand of clean water resources and the growing

global energy requirements have become an issue worldwide.

Therefore, sustainable technologies to meet human demands

are required. Heterogeneous photocatalysis, an advanced

oxidation process, arises as a successfully solution due to its

ability of integrating wastewater treatment and hydrogen

production.

Until now, titanium dioxide (TiO2) is one of the most

promising photocatalyst however, some drawbacks hinder its

wider commercial application. Therefore, although it is highly

photoreactive and cost-effective, some challenges still need to

be overcome: high recombination rate of charge carriers and,

absence of activity under visible light.

This thesis aims at the design of TiO2-based photocatalysts

through chemical modifications by incorporation of graphene

oxide and/or noble metals in the TiO2 structure for water

pollution remediation and hydrogen production.
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