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ABSTRACT 

The continuous burning of fossil fuels has increased the amount of carbon dioxide 

(CO2) in the atmosphere, leading to global warming. Photocatalytic reduction of CO2 to 

fuels using titanium (IV) oxide nanoparticles (TiO2-NPs) has been employed to reduce 

atmospheric CO2. However, the existing synthetic routes such as sol-gel, microwave, 

ultrasonic irradiation and spray pyrolysis for TiO2-NPs were cumbersome. Also 

nanoparticles produced have some limitations such as low surface area, large band gap, 

high electron-hole recombination and low photocatalytic efficiency. Hence, the aim of this 

work was to design simple and energy-saving approaches for the synthesis of improved 

TiO2-NPs for photocatalytic reduction of CO2. 

Two kinds of TiO2-NPs were synthesised separately by Sonothermal (S) and 

Sonothermal-Hydrothermal (SH) methods to produce TiO2-S and TiO2-SH, respectively. 

The TiO2-S nanoparticles were doped with varying amount of magnesium to obtain Mg-

TiO2-S. The TiO2-SH nanoparticles were modified with Reduced Graphene Oxide (RGO) 

and Carbon Nanotubes (CNTs) to obtain RGO-TiO2-SH and CNT-TiO2-SH 

nanocomposites, respectively. These nanocatalysts were characterised using X-ray 

diffraction, transmission electron microscopy, X-ray Photoelectron Spectroscopy (XPS), 

UV-Visible spectroscopy and surface area analysis. Density Functional Theory (DFT) 

calculations were carried out using Vienna Ab-initio Simulation Package to establish the 

electronic and the structural properties of the reactant molecules deposited on modelled 

TiO2-NPs surfaces. Photocatalytic reduction of CO2 to methanol was performed in 

acetonitrile-H2O (9:1, v/v) mixture under ultraviolet and visible light. Data obtained were 

analysed using descriptive statistics. 

The TiO2-S and TiO2-SH showed 13.7% and 8.4% rutile phase at phase transition 

temperature of 450°C, an indication that TiO2-SH had more anatase phase and higher 

crystallinity. The crystal size in nm of the predominant anatase phase for TiO2-S, TiO2-

SH, Mg-TiO2-S, RGO-TiO2-SH and CNT-TiO2-SH were 15.4, 18.1, 15.5, 14.9 and 13.4, 

respectively. All the nanoparticles were homogenous in nature with the TiO2-NPs attached 

to either RGO or CNTs. The XPS revealed Ti2p, O1s, Mg2p, and C1s as the chemical 

states of the elements present in all the prepared nanoparticles. The calculated band gaps 

in eV were 3.1, 3.0, 3.1, 2.9 and 2.9 for TiO2-S, TiO2-SH, Mg-TiO2-S, RGO-TiO2-SH and 
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CNT-TiO2-SH, respectively. Their corresponding surface areas were 64.5, 73.1, 121.6, 

128.6 and 117.1 m2g-1, respectively. These indicated the reduction in the band gap and 

increase in the surface area of nanoparticles when compared with commercial TiO2-NPs 

of 3.2 eV and 57.4 m2g-1. The DFT calculations revealed that the anatase phase of TiO2-

NPs had higher adsorption energy of -0.49 eV for the reactant molecules than the rutile 

phase of -0.30 eV. Under ultraviolet light, the methanol production rates from the 

photocatalytic reduction of CO2 were 1.9, 2.0 and 5.9 mmolg-1h-1, using TiO2-S, TiO2-SH 

and Mg-TiO2-S, respectively; while 2.3 and 1.5 mmolg-1h-1 were obtained using RGO-

TiO2-SH and CNT-TiO2-SH, respectively, under visible light.  

The new titanium (IV) oxide nanoparticles and their modified forms were of 

increased surface area, reduced band gap and lowered electron-hole recombination; thus 

making the synthetic routes viable and effective. 

 

Keywords: Carbon dioxide reduction, Phase transition temperature, Sonothermal-

hydrothermal. 
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CHAPTER ONE 

INTRODUCTION 

The high rate of energy consumption nowadays is of deep concern to humanity, 

especially in the social-economic-political sphere. The increasing world population has 

aggravated this concern, therefore could lead to potentially severe consequences on the 

energy market and trade (Roy et al., 2010; Nam et al., 2011). Researchers are becoming 

aware and have been taking the necessary steps to meet up with the growing demand for 

energy. Presently, the sources of energy are insufficient to meet the increasing demand of 

global energy. It has been estimated that the energy demand will be doubled by the year 

2050 and likely to triple by the year 2100 (Cook et al., 2010). 

The energy from fossil fuels has contributed to about 80% of world energy 

supply(Habisreutinger et al., 2013). The burning of fossil fuels is of great importance, 

because it is known to produce a great quantity of energy per unit weight. These non-

renewable fuels take millions of years to be formed; yet they have been continually 

exhausted than the new ones being produced(Lingampalli et al., 2017; Jaeglé et al., 

2005).One major drawback in the use of fossil fuel is the emission of carbon dioxide 

(CO2) which is responsible for global warming. To address this issue, the world has taken 

a huge step to shift its attention towards renewable energy production. Examples of main 

renewable sources are; nuclear, waves, wind, biomass, geothermal heat, tides and sunlight 

without the emission of CO2(Shafiullah et al., 2012). However, the majority of these 

renewable sources still have their limitations. For example, nuclear energy, which 

currently provides around 14% of the global electric energy, has some limitations such as 

the inability to control nuclear chain reaction, difficulty in the safe storing of radioactive 

wastes and inability to generate liquid fuel for mobility purposes (Dittmar, 2012; Afgan, 

2013). With all these challenges of nuclear energy, alternative abundant and sustainable 

energy sources that will not introduce harmful effect in the environment are required. 

Renewable solar energy involves the utilisation of the sun’s energy by converting 

it into useful products. The energy of the sun (1.3 × 105 TW) reaching the surface of the 
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earth is around 10,000 times greater than the current rate of demand or consumption. The 

methods that have been adopted to harness the energy from the sun are: solar 

photovoltaics (Sun et al., 2014), solar heating (Li et al., 2013), solar thermal electricity 

(Jamel et al., 2013), solar architecture (Lee et al., 2013) and artificial photosynthesis 

(Habisreutinger et al., 2013). Artificial photosynthesis involves the utilisation of light to 

produce chemical energy. This makes the process inexpensive, sustainable and pollution 

free. Furthermore, this can lower the prices of fossil fuels and reduce the costs of 

alleviating climate change. However, storage of solar energy is a major problem. 

Enough physical evidence suggests that CO2, produced from fossil-fuel burning, is 

a main contributor to the change in climate (Lacis et al., 2010). The resultant 

consequences of the change in climate are the rise in global temperature, the melting of 

glacier and icebergs, increased sea-levels and severe storms (Kenarsari et al., 2013). If not 

carefully controlled, in the long run, climate change can lead to severe flooding, damage 

of animal and plant life, consistent famine and droughts in all parts of the world.Despite 

the significant challenges posed by CO2, it has been turned into asset by its conversion to 

fuels by various conversion processes. Such conversion processes are chemical, 

photochemical, electrochemical, biological, reforming and inorganicprocesses(Das and 

Daud, 2014). However, the disadvantages associated with these processes are the high 

operation cost, limitations of raw materials, unsustainability, high electrical voltage and 

temperature necessities to break down the CO2 molecules. 

Photocatalytic transformation of CO2 into fuels, for example methane (CH4), 

formaldehyde (HCHO), formic acid (HCOOH) and methanol (CH3OH), is more 

sustainable and favourable than other technologies. This process can help to reduce the 

emission of CO2 from the burning of fossil fuels. Also, it can generate valuable fuels for 

future energy demands (Yuan and Xu, 2015).Ever since the founding work by Inoue and 

colleagues in 1979 which demonstrated the conversion of CO2 to simple, useful C1 

chemicals such as CH3OH, HCHO, CH4 and HCOOH by using semiconductor 

photocatalysts for example, GaP, WO3, TiO2, SiC, CdS, and ZnO (Inoue et al., 1979). 

Heterogeneous photocatalytic CO2 reduction to fuels has received tremendous attention. 

Heterogeneous photocatalytic CO2 reduction is the photoconversion of CO2 to C1–C2 

compounds by photon-stimulated reactions over semiconductors. 
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CO2, with a linear geometry, is considered as one of the most stable and 

chemically inert molecules. The dissociation of energy of a C=O bond in CO2 is known to 

be around 750 kJ mol−1. This value is higher than other chemical bonds such as C−H 

(∼430 kJ mol−1) and C–C (∼336 kJ mol−1) (Xie et al., 2014). The overall effectiveness for 

the process of the reduction of CO2 relies critically on the kind of reductants, nature of the 

semiconductor photocatalysts and their surface area.Several reductants for the 

photoreduction of CO2 have been reported. They include H2O (Kwon et al., 2016), 

H2(Kohno et al., 2000a), H2S (Aliwi and Al-Jubori, 1989) and CH4(Kohno et al., 2000b). 

These reductants are regarded as the sacrificial electron donors used for the reduction of 

CO2. Among the reductants, H2O is the most researched because of its low cost and 

abundance. Moreover, H2O can serve as the origin of H2 to generate hydrogenated 

products such as methanol and methane. 

The nature of the semiconductor photocatalysts plays a crucial role in the reduction 

of CO2 since photocatalysis processes involve surface-interface and interface-surface 

reactions. The efficiency of photocatalytic conversion of CO2 are greatly impacted by a 

number of characteristic properties of photocatalysts (Tu et al., 2014). Till date, several 

semiconductor photocatalysts have been explored for the reduction of CO2. Some 

examples are SiC, GaP, CdS, ZnO, TiO2, WO3, SnO2, Ta2O6, In2O3, NiO, CuO, TaON, 

SrTiO3, CdSe, GaAs and PbS (Liu et al., 2016; Tu et al., 2014).Surface area has been 

considered to be important in determining the number of active surfaces exposed to the 

adsorbed reactants during photocatalytic reduction activity. It has been established that 

high surface area of photocatalysts is favourable for the effective photoconversion of CO2. 

In other words, the higher the surface area of photcatalysts, the higher the photocatalytic 

efficiency. Among the semiconductor photocatalysts, TiO2 has been the most researched 

photocatalysts as a result of its unique properties such as high abundance, cost-

effectiveness, high crystallinity, suitable optoelectronic property, widely commercial 

availability and high stability (Liu et al., 2014). 

Despite all these qualities, TiO2 still suffers some challenges such as (i) low 

surface area (ii) large band gap of 3.0 - 3.2 eV, which falls under the region of ultra-violet 

(5% of the spectrum of solar light) and (iii) fast recombination of photogenerated charge 

carriers (Tahir and Amin, 2013). Hence, extensive research works have been made to 
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suitably increase the surface area, modify the photophysical properties of TiO2 and 

prevent these limitations.Several synthetic procedures have been established for the 

synthesis of TiO2 nanoparticles (NPs). Some examples are sol-gel, microwave, 

solvothermal, hydrothermal, ultrasonic irradiation, spray pyrolysis and ultrasound assisted 

sol-gel technique. Each synthetic route has a different role towards the improvement of the 

TiO2 for the proposed applications. The preparatory routes have significant effects on the 

particle size, particle size distribution, morphology, oxidation state, phase transformation, 

surface and bulk deposition coverage of TiO2. Due to the high cost of equipment with the 

harsh condition involved in most of these synthetic routes, it is still desirable to develop 

simple approaches,such as sonothermal and sonothrmal-hydrothermal methods, for the 

synthesis of TiO2, especially the ones with higher surface area. 

Various researchers have adopted several modification techniques for the 

modification of TiO2. These modifications have been established and applied for enhanced 

photocatalytic CO2 reduction with TiO2. Examples of such techniques are doping, metal 

deposition, alkalinemodification, dye sensitisation, carbon-based material loadings and 

heterojunction construction. These modifications have helped to lower the band gap of 

TiO2, reduce the degree of its electron-hole recombinations, thereby extending their 

lifetime. 

1.1 Justification 

In this work, two types of mixed-phase TiO2 were developed using two different 

synthetic approaches; sonothermal (S) and sonothermal-hydrothermal (SH), providing a 

much higher surface area in comparison with commercial TiO2 (P25). These preparatory 

routes afford the TiO2 with a phase transition at a lower temperature. 

In a way to delay the recombination of TiO2, TiO2 doped with magnesium (Mg) 

was further prepared by a modified sonothermal method. Recently, the doping of TiO2 

with Mg has received considerable attention as a result of the closeness of the ionic radius 

of Mg to that of Ti. Additional benefits of doping of TiO2 with Mg have been reported 

such as (1) the position of energy of the conduction band (CB) minimum of TiO2 is 

elevated (Kakiage et al., 2013) and (2) the amount of CO2 chemisorption on the surface of 

TiO2 in the presence of water is increased, leading to the improvement of the efficiency of 

TiO2(Teramura et al., 2004; Xie et al., 2014). The difference in the formal charge of Mg2+ 
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and Ti4+ encourages the formation of oxygen vacancies. These oxygen vacancies can 

function as trapping sites on the surface of TiO2. These sites can trap the photoinduced 

electrons that have migrated to the surface of TiO2, leading to the enhancement of 

photogenerated charge separation (Xie et al., 2014). Majority of the previous researches 

on Mg-containing TiO2 were performed as MgO or MgO coated on TiO2 for the 

photocatalytic reduction of CO2(Xie et al., 2014; Kwon et al., 2016). In this work, a barely 

reported series of Mg-doped TiO2 have been developed with higher surface area. They 

were explored for the photocatalytic reduction of CO2 with H2O as the reductant. 

To reduce the band gap of TiO2, TiO2 prepared from sonothermal-hydrothermal 

route was modified with Reduced Graphene Oxide (RGO) and Carbon Nanotubes 

(CNTs).Graphene has drawn great attraction within the scientific community since its 

discovery (Novoselov et al., 2004). RGO, specifically, is an analogue of Graphene 

Nanosheets (GNS), which is a two-dimensional sp2-hybridized carbon nanosheet. There 

are considerable unique properties associated with RGO. These are flexible structure (Lee 

et al., 2008), relatively good optical transparency (Balandin et al., 2008; Liu et al., 

2008b), high chemical stability (Geim and Novoselov, 2007), large surface area (∼2600 

m2 g−1) (Wang et al., 2005), excellent mechanical strength (Thostenson et al., 2001), high 

thermal conductivity (∼5000 W m-1 K-1) (Ghosh et al., 2008) and excellent mobility of 

charge carriers (20,000 cm2 V−1 s−1) (Bolotin et al., 2008; Allen et al., 2010). The single 

application of RGO is well known, likewise, the hybridisation of RGO with other 

semiconductors has been successfully achieved to obtain nanocomposites. 

The performance in the photocatalytic activity of TiO2-NPs could be improved by 

the coupling of TiO2-NPs with RGO to obtain RGO-TiO2 nanocomposites. There have 

been various synthetic routes for the fabrication of RGO-TiO2 nanocomposites. Fan and 

co-workers (2011) prepared RGO-TiO2 nanocomposites by several techniques using 

titanium dioxide (P25) and RGO as the starting materials. These techniques are 

hydrothermal method, hydrazine reduction and UV–assisted photocatalytic reduction. The 

obtained nanocomposites were applied for the generation of hydrogen from alcohol-water 

solution under UV-Vis illumination. Among the techniques used, they observed that 

RGO-P25 obtained from the hydrothermal method had the best performance in the 

production of hydrogen as a result of the stronger interaction between RGO and P25 (Fan 
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et al., 2011). Among the several applications of RGO-TiO2 nanocomposites such as water 

splitting (Wang et al., 2017a), photocatalytic CO2 reduction (Tu et al., 2012), dye and 

organic pollutant degradation (Wang et al., 2016c), lithium-ion batteries (Zhen et al., 

2015), and antibacterial activity (Akhavan and Ghaderi, 2009), photocatalytic CO2 

reduction has recently gained attention.Up till now, majority of the studies on the 

reduction of CO2 to valuable fuels with RGO-TiO2 nanocomposites reported methane as 

the main product (Tan et al., 2015a; Razzaq et al., 2016; Liang et al., 2011; Tan et al., 

2015b; Tu et al., 2012; Tu et al., 2013). However, reports on the photocatalytic reduction 

of CO2 to methanol are rare. 

Ever since the discovery of CNTs by Iijima in 1991 (Iijima, 1991), CNT has 

drawnsignificant attention from the scientific community with their vast range of 

applications in photocatalysis, fuel cells andbatteries(Yao et al., 2008; Yu et al., 2005a; 

Liu et al., 2013). CNTs are known to be favorable candidates as supports and dopants for 

photocatalysts in place of metal due to their hollow,layered structure, large surface area 

and high mechanical strength, as well as, unique electron conducting propertiesand charge 

transfer (Iijima, 1991; An et al., 2012; Yu et al., 2007; Thostenson et al., 2001). CNTs are 

also known to offer landing sites for coatings with nanoparticles of various sizes (Yu et 

al., 2007). 

The combination of CNTs with TiO2 can provide an advanced nanocomposite with 

enhanced quantum efficiency. Three mechanisms have been proposed to explain the 

improvement of the photocatalytic properties of CNT-TiO2. Firstly, the formation of 

heterojunction that delays e- – h+ pairs recombination (Woan et al., 2009; Yu et al., 2007; 

Yu et al., 2008a).Secondly, CNTs act as a sensitiser, creating e- – h+ pairs when excited by 

light, thereforegenerating additional electrons that are easily transported to the CB of TiO2 

(Vijayan et al., 2012). Thirdly, CNTs act as an impurity by creating Ti−O–C or Ti−C 

defect sites that allow the absorption of visible light (Vijayan et al., 2012; Pyrgiotakis et 

al., 2011).Only a few studies have been devoted on the photoreduction of CO2 with H2O 

by the synergistic effect in CNT-TiO2. Ong and co-workers synthesisedCNT@Ni/TiO2 

nanocomposites by co-precipitation followed by chemical vapourdeposition and found 

that the nanocomposites were effective for the reduction of CO2 to methane (CH4, 0.145 

µmol g-1 h-1) under visible light(Ong et al., 2013). Gui and colleagues reported the use of 
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Ag-doped MWCNT@TiO2 core-shell nanocomposites for continuous CO2 photoreduction 

under visible light, in which they obtainedproducts such as methane (0.91 µmol g-1 h-1) 

and ethylene (0.048 µmol g-1 h-1) (Gui et al., 2015). Only a few studies related to CNT-

TiO2 composite gave CO, methane and ethylene and CO as products upon photoreduction 

of CO2. Nevertheless, all the reported CNT-TiO2 nanocomposites have a lower rate of 

product formation and products like methanol are scarce (Ong et al., 2013; Gui et al., 

2015). 

1.2 Aim and objectives 

 This research is therefore aimed at engineering different forms of TiO2 and their 

modified analogues through simple and easyapproaches and then investigate their 

photocatalytic potentials for the reduction of CO2. The above-mentioned aim will be 

achieved by carrying out the following research objectives. They are to:  

 Synthesise two types of the mixed-phase TiO2 NPs using two novel routes: 

sonothermal and sonothermal-hydrothermal approaches in order to evaluate their 

suitability for surface enhancement. 

 Characterise the prepared TiO2 NPs in order to determine various properties of 

modified forms. 

 Perform computational studies on the TiO2 NPs to check the interaction between 

the reactants and the products. 

 Investigate the photocatalytic potential of the TiO2 for reduction of CO2 with H2O.  

 Prepare and modify TiO2 with carbon-based materials such as (RGO) or CNTs to 

form heterostructures. 

 Characterise the obtained RGO-TiO2 and CNT-TiO2 heterostructures. 

 Perform computational studies on RGO-TiO2 and CNT-TiO2 heterostructures. 

 Investigate the photocatalytic potential of RGO-TiO2 and CNT-TiO2 

heterostructures for the reduction of CO2 with H2O. 

 Synthesise Mg-doped TiO2 NPs by a modified sonothermal method. 

 Perform various characterisation techniques on the prepared Mg-doped TiO2 NPs. 

 Perform computational studies on the Mg-doped TiO2 NPs. 

 Check the photocatalytic abilities of the Mg-doped TiO2 NPs for the reduction of 

CO2 with H2O. 
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CHAPTER TWO 

LITERATURE REVIEW 

Carbon dioxide, CO2, is a naturally occurring gas, and its concentration is 0.04% 

by volume in the atmosphere. Although CO2is considered as a primary cause of global 

warming, it has many industrial applications in food, oil and chemical industries 

(Pierantozzi, 1993). CO2, a greenhouse gas, present in the earth's atmosphere helps to keep 

the surface of the earth warm by absorbing the outgoing infrared radiation. However, its 

concentration in the atmosphere has been rising over the last few decades due to natural 

and human-made activities (Figure 2.1) such as rapid industrialisation, fossil fuel 

consumption for energy demand, combustion, deforestation and cement manufacturing 

(Cox et al., 2000; Maginn, 2010; Mikkelsen et al., 2010). According to Keeling’s curve, 

CO2 concentration reached 410.25 ppm on January 25, 2019, as shown in Figure 2.2. 

2.1 Greenhouse effect 

The process that keeps earth’s surface warm by absorption of outgoing infra-red 

radiation with the aid of gases present in the atmosphere is called the greenhouse effect. 

Major greenhouse gases are water vapour (36-70%), CO2 (9-26%), methane (4-9%) and 

ozone (3-7%) (Mitchell, 1989; Schneider, 1989; Rosenzweig and Hillel, 1998; Rodhe, 

1990). The greenhouse effect is typical of two types: (i) Natural greenhouse effect and (ii) 

Enhanced greenhouse effect, as shown in Figure 2.3.  

2.1.1 Natural greenhouse effect 

The Sun is the major source of the temperature of the earth. Approximately, 30 % 

of the sunlight striking the earth is bounced back / reflected into space by bright surfaces 

such as the clouds and ice. The land and ocean absorb most of the remaining 70 % of the 

incoming sunlight. The rest is absorbed by the atmosphere. This absorbed solar energy 

heats the earth. 

 



 

 

 

 

 

Figure 2.1 Global greenhouse gas emission by economic sector according to the 

Intergovernmental Panel on Climate Change in the year 2014

(https://www.ipcc.ch/report/ar5/wg3/
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Figure 2.2 Keeling curve for CO

(https://scripps.ucsd.edu/programs/keelingcurve/

2019). 
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https://scripps.ucsd.edu/programs/keelingcurve/ retrieved on Jan. 27. 

 

retrieved on Jan. 27. 
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Figure 2.3 Natural and enhanced greenhouse effect. 

(https://mrgeogwagg.wordpress.com/2015/06/24/greenhouse-effect-and-

anthropogenic-warming/ retrieved on Oct. 13, 2018). 
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As the earth surfaces (rocks, air, and seas) get consequently warmed up, they 

radiate “heat” energy (thermal infrared radiation). From the surfaces, this energy travels 

into the atmosphere, where a considerable amount of it is absorbed by long-

livedgreenhouse gases (carbon dioxide and methane) and water vapour. When they absorb 

the energy radiating from Earth’s surface, microscopic water or greenhouse gas molecules 

turn into tiny heaters. They radiate back in all directions to the earth. The energy that 

radiates back toward the earth heats both the lower atmosphere and the surface, thereby 

increasing the heating they acquire from exposed sunlight. This process of absorption- 

radiation heating by the atmosphere is referred to as the natural greenhouse effect, which 

is beneficial for life on Earth. Assuming there was no greenhouse effect, the Earth’s 

average surface temperature would have been very chilly (-18 °C or 0 °F); instead of the 

comfortable 15 °C (59 °F) that it is today. 

2.1.2 Enhanced greenhouse effect 

The enhanced greenhouse effect is the process caused by the artificial increment of 

the concentration of greenhouse gases in the atmosphere. Human activities are mainly 

responsible for the enhanced greenhouse effect. The effect has led to the issue of global 

warming. 

2.2 Global warming 

Global warming is the abnormally rapid increase in Earth’s average surface 

temperature, and this occurs by the increasing concentration ofmajor contributor to the 

greenhouse gases, which have drastic consequences for biodiversity. Globally, between 

the year 1906 and 2005, the global average surface temperature rose from 0.6 to 0.9 °C. 

The temperature rate has increased almost double in the last half-century as shown in 

Figure 2.4. Temperatures are certain to go up further, based on a range of probable 

emission scenarios, average surface temperatures could rise between 2 °C and 6 °C by the 

end of the 21st century. This rise in temperature would have profound effects across the 

globe, ranging from the melting of glaciers and icebergs, increased sea-levels and severe 

storms (Mercer, 1978; Krupa and Kickert, 1989; Mitchell, 1989; Rosenzweig and Hillel, 

1998). These changes in nature would in-turn produce distressing results in the form of 

floods, loss of plant and animal life, frequent droughts and famine in all parts of the world. 
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Figure 2.4 The global average temperature from 1800 until the 21st century 

(https://data.giss.nasa.gov/gistemp/ retrieved on Mar. 9, 2018). The global 

average surface temperature keeps rising despite the ups and downs. By the 

beginning of the 21st century, the Earth’s temperature was roughly 0.5 °C 

above the long-term (1952 - 1980) average. 
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2.3 Need to reduce CO2 

As earlier mentioned, CO2 is a major greenhouse gas. CO2 puts us at the extreme 

risk of irreversible changes if it continues to accumulate unabated in the atmosphere as it 

has the highest radiative force among all human-influenced climate drivers (Roy et al., 

2010; Lingampalli et al., 2017). CO2 persists in the atmosphere longer than other major 

heat-trapping gases emitted as a result of human activities.  

Therefore, CO2’s long life in the atmosphere delivers the clearest possible rationale 

for reducing our CO2 emissions without delay. It is the biggest challenge and needs new 

ideas and technologies. 

2.4 Carbon Capture and Sequestration (CCS) 

The process is aimed at preventing excess CO2 emissions into the atmosphere from 

power plants (Yu et al., 2008b; Boot-Handford et al., 2014). It involves three steps: 

a) CO2capture from huge location sources such as refineries,power plants, and 

industries, 

b) transportation of captured CO2 by pipelines or ships, and 

c) underground injection and geological sequestration. 

The major safety concern about CCS is potential leaks of CO2. Such leaks can be 

caused by a successful blowout or pipeline rupture. The captured CO2 could leak into 

groundwater aquifers, potentially rendering water undrinkable. These leakages could lead 

to the death of plants, soil acidification, increased mobility of heavy metals, and possible 

human fatality.  

Except for the risk of lives, high cost (Blomen et al., 2009) and additional energy 

requirements are also considerable issues to handle in CCS. Therefore, researchers are 

now paying attention to the utilisation of CO2 for the syntheses of useful chemicals and 

fuels. 

2.5 Conversion of CO2 to Value-Added Products 

High abundance and low cost are the main advantages of CO2 as promising 

feedstock in organic synthesis. CO2 can be converted into a lot of useful commodities such 

as urea, carboxylic acids, epoxides, acyclic and cyclic carbonates, polymers and fuels 

(Sakakura et al., 2007). As well as contributing to the alleviation of inclusive climate 

changes caused by growing CO2 emissions, the utilisation of CO2 for the manufacture of 
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chemicals also provides an outstanding challenge in exploring new concepts and 

opportunities for catalytic and industrial development. The important processes for CO2 

conversion to value-added chemicals include thermal, electrochemical, biological and 

photocatalytic reduction. 

2.5.1 Thermal Reduction 

CO2 reduction carried out at elevated temperature and pressure is called thermal 

reduction. Sophisticated system is required to carry out thermal reduction. The products of 

thermal reduction are mainly: CO, methanol, and hydrocarbons. 

CO can be produced by Reverse Water–Gas Shift (RWGS). RWGS is an 

endothermic process, which requires high temperatures. At temperature ranging from 200 

°C to 500 °C and3:1 H2: CO2 ratio at 1 Mpa, the maximum conversion of CO2 has been 

reported to be in the range of10% to 50% (Riedel et al., 2001). 

The synthesis of methanol from CO2 and H2 is an exothermic process. This process 

has been reported to be kinetically limited at low temperatures and thermodynamically 

limited at high temperatures resulting in a low theoretical CH3OH yield of 0.06% at 300 

°C and 0.1 MPa (Liu et al., 2003). 

Direct hydrogenation of CO2 can also lead to the production of hydrocarbons such 

as alkanes and olefins. The CO2-Fischer–Tropsch process is desirable because it provides 

a route to produce alkanes and olefins from CO2 and H2 directly, but designing catalysts 

that are water resistant with high olefin selectivity are challenging (Porosoff et al., 2016). 

2.5.2 Electrochemical Reduction 

CO2 can be electrochemically converted into various products directly at the 

surface of solid electrodes. Alternatively, a homogeneous catalyst, which also participates 

in an electron transfer reaction from solid electrodes, can be additionally incorporated to 

convert the CO2. In this context, high-temperature CO2 conversions are typically carried 

out using variations of the Solid Oxide Fuel Cell (SOFC), whereas low-temperature 

systems largelyutilise transition metal electrodes in both aqueous and non-aqueous 

electrolytes, such as methanol, acetonitrile, propylene carbonate, or dimethyl sulfoxide. 

The number of products formed at low temperatures is higher than at high temperatures. In 

other words, the selectivity and performance of SOFC devices often exceed those 

observed in transition metal electrode systems. Applied potentials of several volts are also 



16 
 

necessary for low temperature aqueous and non-aqueous phase electro-reductions, 

resulting in large power requirements (Spinner et al., 2012). 

2.5.3 Biological Reduction 

Eco-friendly and promising ways of CO2 fixation are provided by microorganisms 

and enzymes. Enzymes are stereospecific, regiospecific and chemoselective. Inspired by 

the CO2 metabolic process in cells, two classes of enzymes (oxidoreductases and lyases) 

have been successfully utilised for converting CO2 into different types of 

fuels/chemicals/materials. Enzymes are generally expensive and environmentally sensitive 

catalysts. These limitations hinder their industrial applications (Shi et al., 2015). 

2.5.4 Photocatalytic Reduction 

The reduction of CO2 by solar light and water in the presence ofcatalysts, which 

accelerate the reaction in the presence oflight, is termed artificial photosynthesis (Bensaid 

et al., 2012). Using photocatalysis, solar energy can be converted into chemical energy 

directly. Among other CO2 reduction processes, the photocatalytic reduction is beneficial 

because it uses abundant, renewable sources. Solar energy is the largest exploitable source 

of energy, and approximately 0.015% of its energy reaching the earth has been estimated 

to be enough to support life on earth (Lewis and Nocera, 2006). 

Photocatalytic reduction of CO2 to sustainable fuels is a challenging and promising 

application owing to its many advantages. For instance, 

 The reaction can be performed in amoderately mild condition such as room 

temperature and atmospheric pressure, which results in reduced energy 

consumption, less catalyst deactivation, safety and stability of the reactor. 

 CO2 reduction process can acquire photocatalytic products of short-chain 

hydrocarbons, which can overcome the energy crisis to some degree. 

 This technology would be favourable for switching the fossil fuel CO2 as a carbon 

source in the chemical industry. 

Therefore, the photoreduction of atmospheric CO2 with H2O to valuable fuel 

products would save energy supplying as well as protect the environment.  
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2.6 Fundamentals and Evaluation of CO2 Photocatalytic Activity 

2.6.1 Principle of photocatalysis 

Photocatalysis is a phenomenon in which light radiations of energy equal to or 

greater than the Energy Band Gap (Ebg) of a semiconductor strike on its surface and 

generates Electron (e-) - Hole (h+) pairs. This photogenerated e- and h+ participate in 

various oxidation and reduction reactions to generate final products. However, in case the 

electrons cannot locate any trapped species (CO2) on the semiconductor surface or their 

Ebg is too small, they recombine immediately and discharge unproductive energy as heat 

(Kabra et al., 2004).The photo activities of semiconductors depend on some factors such 

as: (a) composition of the reaction medium, (b) adsorption of reactants (CO2 and H2O) on 

semiconductor surface, (c) type of semiconductor and its crystallographic/morphological 

properties, and (d) the ability of semiconductor to absorb UV or visible light (Arakawa et 

al., 2001; de Lasa et al., 2005). 

Semiconductors are classified into homogeneous and heterogeneous photocatalysts 

(Ibhadon and Fitzpatrick, 2013; Centi and van Santen, 2007). The heterogeneous 

photocatalysts are preferred over homogenous photocatalysts because they can be reused, 

recycled and regenerated. The heterogeneous photocatalysis phenomenon is presented in 

Figure 2.5 (Tahir and Amin, 2013).  

During the photocatalytic processes, electrons are migrated from the Valence Band 

(VB) to the Conduction Band (CB), and equal numbers of holes are produced in the CB 

simultaneously when semiconductor absorbs a flux of photon (Tu et al., 2014). Obtaining 

the final product in photocatalysis involves many routes due to the complexity of the 

mechanism. Also, the yield rates of the products are dependent on the lifetime of 

photogenerated electrons and holes particle. On the other hand, the charge transfer rate 

depends on the positions of the band edges (CB and VB bands) and redox potentials of 

adsorbed species. In general, the following paths are possible if the charges have sufficient 

energy during photocatalysis process (Kabra et al., 2004). 

(a) Surface recombination (Path A): - This occurs when electrons and holes recombine 

on the semiconductor surface.  

(b) Volume recombination (Path B): - This occurs when electrons and holes recombine 

within the volume of the heterogeneous photocatalyst. 
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Figure 2.5 Mechanism and pathways for photocatalytic oxidation and reduction 

processes on the surface of heterogeneous photocatalyst (Tahir and Amin, 

2013). 
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(c) Electron transfer to the outer surface (Path C): - This occurs when the 

photogenerated electrons move towards the outer surface of the semiconductor and are 

trapped by the adsorbed species. This electron transfer process will be more efficient if 

pre-adsorbed species such as CO2 and H2O already exist at the catalyst surface. At the 

surface, the semiconductor can provide an electron to reduce acceptors (CO2). 

(d) Hole transfer to the outer surface (Path D): - This occurs when the corresponding 

hole are transferred to the surface where an electron from donor species can combine with 

the surface hole to oxidise donor species (H2O). 

2.6.2 Thermodynamic analysis 

Photocatalytic CO2 reduction is a mimicry of the natural photosynthesis process by 

converting solar light energy into valuable fuels, without involving other high-energy 

input (Koci et al., 2008; Yu et al., 2016). Generally, the reaction involved in the 

photocatalytic reduction of CO2 can be classified into four main steps (Figure 2.6) which 

include (1) the adsorption of CO2, (2) the generation of electron-hole pair as a result of the 

absorptionof enough incident light energy, (3) the separation of e--h+ pairs and their 

movement to the surface of the photocatalyst and (4) the reduction of CO2 (Mao et al., 

2013; Sarkar et al., 2016; Lan and Shi, 2014). Usually, the photocatalytic reaction is 

started by the adsorption of CO2 (Liu et al., 2015). The adsorption capacity of TiO2 

toward CO2 is considered as one of the major areas that affects its photocatalytic activity. 

CO2 is a thermodynamically stable and chemically inert compound having a 

closed-shell electronic configuration, linear geometry and D∞h symmetry, which is 

difficult to be oxidised or reduced to various chemicals and fuels at a lower temperature 

(Indrakanti et al., 2009; Freund and Roberts, 1996).  

The addition of an electron from an electron donor to CO2 modifies the symmetry, 

thereby creating a bending of the molecular structure as a result of repulsion between the 

newly obtained electron located on the electrophilic carbon atom and the free electron 

pairs on the oxygen atoms. These changes contribute to the high energy of the Lowest 

Unoccupied Molecular Orbital (LUMO) of CO2 and thus the very low electron affinity of 

the molecule. The reduction of CO2 by an electron results to the formation of an anion 

radical CO2
●−, which has a strongly negative electrochemical potential of −1.9 V(Equation 

2.1) versus the Normal Hydrogen Electrode (NHE) (Koppenol andRush 1987; 
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Figure 2.6 Schematic diagram of the mechanism and pathway of photocatalytic CO2 

on the TiO2 surface. (Low et al., 2017). 
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Indrakanti et al., 2009). 

CO2 + e− → CO2
●−  E0

redox = -1.90 V………………(2.1) 

With this potential value, almost no semiconductor can supply enough potential to 

transfer a single photogenerated electron to a free CO2 molecule (Figure 2.7). Therefore, 

this makes the process highly improbable. Although the transfer of a single electron to 

CO2 has a very unfavourable energy balance, the process is better for a proton-assisted 

transfer of multiple electrons. Table 2.1 shows the list of the electrochemical reduction 

potentials of CO2 to various products versus the NHE at pH 7. The reactions require the 

transfer of required electrons and a corresponding number of protons(Dimitrijevic et al., 

2011; Indrakanti et al., 2009). Importantly, the potentials are less negative than the CB of 

many semiconductors (Figure 2.7), so that it seems that these reactions are feasible. 

Unfortunately, there is little proof in the literature to provide such concerted multi-electron 

transfer processes (Kamat, 2012). In other words, the reaction is likely to proceed through 

a chain of one-electron steps and that the first electron transfer remains a significant 

obstacle to the photoreduction of CO2, and likely constitutes a strongly limiting step 

(Rasko and Solymosi 1994; Gattrell et al., 2006). Hence, it is crucial to understand the 

initial CO2 absorption and activation mechanism so that effective semiconductors could be 

devised to promote CO2 reduction efficiency (Morris et al., 2009; Tanaka and Ooyama, 

2002). This has led to the construction of five models for CO2 absorption, and these 

different absorption models determine the different adsorption energy of the system 

(Figure 2.8) (Liu et al., 2012a). 

The first one is that the CO2 molecule is linearly adsorbed on the surface via the Oa 

atom as shown in Figure 2.8a. The second is that the CO2 molecule is adsorbed via the C 

atom to generate a monodentate carbonate species as shown in Figure 2.8b. The third is 

the generation of a bidentate carbonate species through the interaction of a CO2 molecule 

with the surface via both the Oa and C atom as shown in Figure 2.8c. The fourth is 

theformation of a bridged carbonate geometry with the C atom of CO2 pointing downward 

and two O atoms of CO2 binding with two metal atoms to form a C···O bond with the O 

atom on the surface as shown in Figure 2.8d. In the fifth, a bridgingconfiguration with 
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theC atom of CO2 pointing upward and two O atoms of CO2 binding with two metal atoms 

is 
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Figure 2.7 Conduction band, valence band potentials, and band gap energies of 

various semiconductor photocatalysts in relation to the redox potentials of 

the compound involved in CO2 reductionat pH 7(Liu et al., 2016). 

 

 



24 
 

Table 2.1 The reduction potential (E0
redox) of CO2 for various products (Liu et al., 

2016; Habisreutinger et al., 2013). 

Reduction Reaction E0
redox (V) + NHE 

CO2 (aq) + e− → CO2
●− (aq) − 1.9 

CO2
●− (aq) + e− → CO2

2− (aq) − 1.2 

CO2 (g) + 2H+ + 2e− → HCOOH − 0.52 

CO2 (g) + 2H+ + 2e− → HCOOH − 0.61 

CO2 (g) + 2H+ + 2e− → CO + H2O − 0.48 

CO2 (g) + H+ + 2e− → HCO2
− (aq) − 0.43 

CO2 (g) + 4H+ + 4e− → HCHO (aq) + H2O − 0.52 

CO2 (g) + 6H+ + 6e− → CH3OH (g) + H2O − 0.38 

CO2 (g) + 8H+ + 8e− → CH4 (g) + 2H2O − 0.24 

2CO2 (g) + 8H+ + 8e− → CH3COOH (g) + 2H2O − 0.31 

CO2 (g) + 10H+ + 10e− → CH3CHO (g) + 3H2O − 0.36 

2CO2 (g) + 12H+ + 12e− → C2H5OH (g) + 3H2O − 0.33 

3CO2 (g) + 16H+ + 16e− → CH3CH2CHO (g) + 5H2O − 0.32 

3CO2 (g) + 16H+ + 16e− → CH3COCH3 (g) + 5H2O − 0.31 

3CO2 (g) + 18H+ + 18e− → C3H7OH (g) + 5H2O − 0.31 

3CO2 (g) + 18H+ + 18e− → CH3CH(OH)CH3 (g) + 5H2O − 0.30 

2H+ + 2e− → H2 − 0.41 
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Figure 2.8 Possible configurations of adsorbed CO2 on the photocatalyst surface (Liu 

et al., 2012a). 
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formed (Figure 2.8e). The presence of a M−O−M bond on the surface contributes to the 

formation of the fourth or the fifth model. 

 Moreover, the activation or reduction of CO2 depends on the nature of the reducing 

agent since CO2 can only be reduced with the support of reducing agents. H2O is a 

preferred reducing agent as compared with other ones such as H2, S
2−, SO3

2−, and amines, 

due to its richness, availability, non-toxicity, and effectiveness. Photocatalytic reduction of 

CO2 with H2O into hydrocarbon fuels such as CH4 and CH3OH is an uphill reaction with a 

highly positive change in Gibbs free energy: CO2 + 2H2O → CH3OH +3/2O2 (ΔG° = 

702.2 kJ mol−1) and CO2 + 2H2O → CH4 + 2O2 (ΔG° = 818.3 kJ mol−1). Hence, the input 

energy is used to overcome these reaction barriers, which is provided by incident light. 

Another criterion that affects the activation of CO2 is the pH of the solution. CO2 

molecule exhibits different geometry at varying pH; the pH also controls the surface 

charges of semiconductors in solution. The Point of Zero Charge (PZC) of TiO2 is 6.3. In 

other words, the TiO2 surface is more positive when the pH of the solution is below the 

PZC and more negative when it is above the PZC. The mode of adsorption of CO2 and the 

reaction pathway are altered with the change in pH of the solution. For instance, in the 

alkaline medium, CO2 exists as HCO3
- ion, which is adsorbed on the surface of the 

catalyst to give different adsorption mechanism. At higher pH, CO3
2- is the predominant 

species at the surface of the semiconductor (Figure 2.9). Since the PZC changes with the 

semiconductor, the adsorption mode of CO2 on any particular semiconductor surface also 

differs. This has led to the formation of different reduction products with an individual 

semiconductor (Narayanan, 2006). 

2.7 TiO2 and its modification for photocatalytic CO2 reduction 

Among all semiconductors, TiO2 has been proven as the most suitable, owing to its 

unique properties, such as high abundance, cost-effectiveness, high crystallinity, suitable 

optoelectronic property, wide commercial availability and high stability (Kazuhito et al., 

2005; Nakata and Fujishima, 2012; Schneider et al., 2014). 

In spite of all these qualities, TiO2 still suffers some challenges such as large band 

gap and fast recombination of photogenerated charge carriers. The band-gap of TiO2 (3.0 - 

3.2 eV) falls under the UV region, which covers only <5% of the solar spectrum. No 

absorption is observed in the visible region (λ > 400 nm) which constitutes the major part 
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Figure 2.9 CO2 (speciation) and TiO2 (surface charge) at different pH. 
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(43%) of the solar spectrum. The low interfacial charge-transfer rates of photo-

generatedcharge carriers and consequently high recombination rate limits TiO2 efficiency. 

These challenges directly affect the catalytic efficiency of TiO2(Tahir and Amin, 2013; 

Chen et al., 2015; Liu et al., 2012b). Hence, intensive research efforts are being pursued to 

suitably modify the photophysical properties of TiO2 and circumvent these shortcomings. 

Various researchers have adopted several modification techniques for the 

modification of TiO2. These modifications techniques, which include doping, metal 

deposition, dye sensitisation among others, have been established and applied for the 

enhancement of the photocatalytic reduction of CO2 with TiO2. A schematic diagram of 

band engineering of TiO2is shown in Figure 2.10. 

2.7.1 Doping 

As stated earlier, the large band gap (3.2 eV) of TiO2 has restricted its effective 

application because only the UV region (5%) of the solar spectrum is required to activate 

photocatalytic reaction. Therefore, it is crucial to lengthen the absorption range of 

TiO2from the region of UV to the region of visible light, which accounts for about 43% of 

sunlight energy (Sher-Shah et al., 2012; Zhang et al., 2016). Doping has been one of the 

most generally used methods for spreading the light range of TiO2. Effectively, doping can 

narrow the band gap of TiO2 by the introduction ofimpurities into the lattice of TiO2.The 

materials that have been studied for the doping of TiO2 are metals and non-metals (Bou-

Orm et al., 2013; Ohno et al., 2004). 

2.7.1.1 Metal doping 

Over the years, the doping of metal ions into the TiO2lattice has been demonstrated 

to be an effective route for hindering e- - h+ recombination, thereby enhancing the visible 

light activity of TiO2. Several metals such as Ag (Koci et al., 2010), Au (Tahir et al., 

2015d), Mg (Bou-Orm et al., 2013), In (Tahir and Amin, 2015a), Ce (Matejova et al., 

2014), Cu (Tahir and Amin, 2015b), Sn (Nguyen-Phan et al., 2014) and Co (Sadanandam 

et al., 2013) have been explored to improve TiO2 photocatalytic activity and selectivity. 

The choice of cation or metal ions for doping depends on several criteria (Wonyong et al., 

1994; Choi et al., 1994). Such criteria include: 

• Ionic radii of dopant should be closer to Ti4+ 

• Cation should have several oxidation states 
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Figure 2.10 Schematic illustration of band engineering of TiO2. (Liu, Hoivik, et al., 

2012). 
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• Energy levels of Mn+/M(n+1) should be nearer to Ti3+/Ti4+ 

• Electronegativity of dopants should be higher than Ti with incompletely occupied 

electronic configuration.  

According to the structure of the band of TiO2, the orbitals of O 2p contribute to 

the filled VB, while the orbitals of Ti 3d, 4s, 4p contribute to the vacant CB. The orbitals 

of Ti 3d dominate the lower position of CB (Thomas et al., 2007). Upon the doping 

process, there is introduction of an impurity level in the forbidden band, and this may 

affect the crystallinity of TiO2. Doping also results in the production of some defects. For 

instance, the doping of transition metal can lead to the creation of Ti3+ ions, which 

enhances the photocatalytic activity. The replacement of Ti4+ with metal ions in the lattice 

of TiO2 introduces an intraband state close to the CB or VB edge. 

The significant drawbacks of metal doping are high electron-hole recombination 

rate due to excessive doping and leaching resulting in photo-corrosion (Litter and Navío, 

1996). Overall, these challenges affect the stability and durability of TiO2. 

2.7.1.2 Non-metal doping 

Despite the enhancement of photocatalytic activities with the metal doping of 

TiO2, the application still suffers some challenges such as photo-corrosion. In recent 

times, non-metal doping of TiO2 by substituting the oxygen atoms in the TiO2 lattice has 

gained considerable attention. This is because non-metal doped TiO2is more 

photostablethan metal-doped TiO2. Non-metal doping regulates the VB structure of the 

semiconductor, which can enhance the position of VB and lower the band gap of the 

semiconductor. Theimpurity level created by non-metal dopants may not become the 

recombination centre of the photogenerated e-–h+ pairs (Mao et al., 2013). Some examples 

of non-metallic elements that have been adopted for the replacement of oxygen in the 

lattice of TiO2 are nitrogen (Xu et al., 2007), sulfur (Ohno et al., 2004), fluorine (Di-

Valentin and Pacchioni, 2013), iodine (Zhang et al., 2011a) and carbon (Cong et al., 

2011).  

2.7.1.3 Co-doping 

The doping of TiO2 with metals or non-metals has been approved as an attractive 

approach to improve the visible light response of TiO2. On the other hand, TiO2 response 

to visible light could be enhanced further using the co-doping approach. Co-doping is 
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possible with metal/metal, metal/non-metal as well as non-metal/non-metal combinations, 

which offer a synergistic effect on TiO2. The coupling of two separate dopants has been 

adopted to provide a reduced number of carrier recombination centres. It also enhances the 

visible light absorbance by increasing the solubility limit of dopants (Xu et al., 2008; In et 

al., 2007; Liu et al., 2008a). Nevertheless, not all dopants are always suitable for this 

purpose. Therefore, critical factors such as the choice of the pair for co-doping, level of 

doping and effective method of introducing dopants could affect the photoactivity. Figure 

2.11 shows the schematic illustration for the comparison of the band structure of the pure 

TiO2, metal-doped TiO2, and non-metal doped TiO2. 

2.7.2 Metal deposition 

An established phenomenon is that the efficiency of TiO2 for photocatalytic CO2 

reduction is minimal even under the UV–Vis light irradiation (Rankin, 2009; Pathak et al., 

2005). The main reason behind this observation is the rapid e- - h+ recombination 

underphotocatalytic CO2 reduction reaction. Hence, it is crucial to delay this 

recombination, andthe most widely applied method is the surface modification of TiO2 via 

metal loading on its surface (Bazzo and Urakawa 2013; Matejova et al., 2014). So far, 

several metal Nanoparticles (NPs) have been loaded on the surface of TiO2. These NPs 

have been demonstrated to be effective for enhancement of the photocatalytic performance 

of TiO2(Koirala et al., 2015; Tseng and Wu, 2004). Some examples of metal nanoparticles 

used are Au, Pt, Ag and Pd.  

The Fermi levels of metal nanoparticles are usuallylower than the TiO2 conduction 

band. The loading of these metal nanoparticles on the surface of TiO2 can lead to the 

formation of Schottky barrier at the interface between TiO2 and metal NPs (Figure 2.12) 

(Rosseler et al., 2010; Chiarello et al., 2010). The photo-induced electrons quickly move 

from TiO2 to metal NPs through the Schottky barrier until their Fermi levels are equal 

(Escobedo et al., 2013; Gallo et al., 2012); whereas, the photogenerated holes remain 

unaffected on TiO2. Therefore, the spatial separation of photogenerated electron-hole pairs 

can be achieved.  
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Figure 2.11 Schematic illustration for the comparison of the band structure of the pure 

TiO2, metal-doped TiO2, and non-metal doped TiO2 (Low et al., 2017). 
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2.7.3 Alkali modification 

Another approach to improving the photocatalytic CO2 reduction efficiency is by 

enhanced adsorption of CO2(Pipornpong et al., 2011). One of the best methods to achieve 

enhanced adsorption of CO2 is the formation of chemisorption through alkali sorbents. 

Adsorption is possible because CO2 molecule is an acidic oxide. Hence, the modification 

of TiO2 with alkali sorbent affords TiO2 good adsorption capacity towards CO2 molecule 

(Lee et al., 2006; Li et al., 2016). CO2 chemisorption on alkali sorbent involves CO2 

reaction with the reactive groups on the alkali sorbents. This reaction can lead to the 

formation of intermediate species such as bidentate carbonate species which is beneficial 

for speeding up the CO2 reduction reaction. The modification of TiO2 by alkali does not 

only enhance the CO2 adsorption capacity of TiO2 but also activates the CO2 molecule for 

CO2 reduction reaction. Some of the various alkali sorbents used for the modification of 

TiO2is NaOH(Meng et al., 2014), MgO (Liu et al., 2013), and amine functional group 

(Liao et al., 2014). 

2.7.4 Dye Sensitisation 

Dye sensitisation involves inducement of photo-excited dyes in a way to increase 

the absorption of TiO2 in the visible light region (Malato et al., 2009). However, the 

visible light response of TiO2 can only be achieved if the dye is adsorbed on its surface. 

Since the energy level of the dye molecule is more negative than the semiconductor, the 

electrons are transferred from the dye molecule to the CB of the semiconductor. An ideal 

dye acting as a photosensitizer must undergo slow backward reactions and fast electron 

injection to attain high efficiency (Tahir and Amin, 2013; Kumar and Devi, 2011). 

However, drawbacks such as instability, light and thermal degradation of dye molecules 

and disposal of undesired intermediates formed during reactions, have been reported 

(Gupta and Tripathi, 2011). Some of the examples of dyes that have been employed as 

sensitisers are eosin Y, rhodamine B, porphyrins and phthalocyanine (Yin et al., 2009; 

Afzal et al., 2013; He et al., 2002; Manbeck and Fujita, 2015).  

2.7.5 Carbon-based material loading 

As previously mentioned, the loading of metals on TiO2 has been one of the most 

commonsynthetic proceduresto improve the performance of photocatalytic reduction of 

CO2. However, loading of metals suffer some challenges because they are usually costly 
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Figure 2.12 Schematic diagramof the mechanism of the photocatalytic reduction of 

CO2on metal loading TiO2 (Low et al., 2017). 
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and rare, making them unsuitable for wide and large-scale applications (Vasilaki et al., 

2015; Qu et al., 2016; Baldissarelli et al., 2015). Therefore, cheaper alternatives to these 

metals are highly desired. The earth-abundant carbon nanomaterialsare considered to be 

one of the favorable alternatives for these metal elements due to their unique properties 

such astunable surface property,high specific surface area and good electron conductivity 

(Yang et al., 2013; Ran et al., 2014; Leary and Westwood, 2011; Inagaki 2012).Also, 

these carbon-based materials are abundant, inexpensive and havegood resistance to 

corrosion for long-term and wide applications (Qi et al., 2016; Lin et al., 2013; Tang et 

al., 2014). Examples of carbon nanomaterials that have notbeen widely used for 

enhancement of the photocatalytic CO2 reduction activity of TiO2 are Carbon Nanotubes 

(CNTs) and graphene nanosheets. 

2.7.5.1 Carbon nanotubes 

Ever since the discovery of CNTs by Iijima in 1991 (Iijima, 1991), CNTs have 

gainedconsiderable attention from the scientific community with their wide range of 

applications in areas such asfuel cells,batteries and photocatalysis (Yao et al., 2008; Yu et 

al., 2005a; Liu et al., 2013). CNTs are known to be favorable candidates as supports and 

dopants for photocatalysts in place of metal due to their hollow, layered structure, large 

surface area and high mechanical strength, as well as, unique electron conducting 

properties and charge transfer (Iijima, 1991; An et al., 2012; Yu et al., 2007; Thostenson 

et al., 2001).CNTs are also known to offer landing sites for coatings with nanoparticles of 

various sizes (Yu et al., 2007).  

The coupling of CNTs with TiO2 can provide an advanced nanocomposite with 

enhanced quantum efficiency. There are three mechanisms that have been proposed to 

explain the enhancement of the photocatalytic properties of CNT-TiO2. Firstly, the 

formation of heterojunction that delays e- – h+ pairs recombination. Here, under the 

influence of light, the photogenerated electrons formed on the TiO2 are transferred from 

the CB of TiO2 into the CNTs, and holes remain on the TiO2 to take part in redox 

reactions (Woan et al., 2009; Yu et al., 2007; Yu et al., 2008a) A schematic of this 

mechanism is shown in Figure 2.13a.  

 Secondly, CNTs act as a sensitiser, creating e- – h+ pairs when excited by light, 

therefore generating additional electrons that are easily transported to the CB of 
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TiO2(Vijayan et al., 2012). This transfer of electrons allows the formation of superoxide 

radicals by adsorbed molecular oxygen. As soon as this has occurred, the positively 

charged nanotubes remove an electron from the VB of the TiO2 leaving a hole. The 

present positively charged TiO2 can then react with adsorbed water to form hydroxyl 

radicals. The proposed mechanism is provided in Figure 2.13b. Thirdly, CNTs act as 

impurities by forming Ti−C or Ti−O–Cdefect sites that allow visible light absorption as 

illustrated in Figure 2.13c (Vijayan et al., 2012; Pyrgiotakis et al., 2011). 

2.7.5.2  Reduced graphene oxide 

Ever since its discovery (Novoselov et al., 2004), graphene specifically, Reduced 

Graphene Oxide (RGO), a two-dimensional sp2-hybridized carbon nanosheet, has attracted 

immense attention within the scientific community due to its considerable unique 

properties such as high chemical stability (Geim and Novoselov, 2007), excellent 

mechanical strength (Thostenson et al., 2001), high thermal conductivity (∼5000 W m−1 

K−1) (Ghosh et al., 2008), theoretically large surface area (∼2600 m2 g−1) (Wang et al., 

2005), flexible structure (Lee et al., 2008), tremendous mobility of charge carriers 

(20,000cm2 V−1 s −1) (Bolotin et al., 2008; Allen et al., 2010), and relatively good optical 

transparency (Balandin et al., 2008; Liu et al., 2008). These unique properties of RGO 

make it suitable for application in various fields such as photocatalysis, 

supercapacitor,solar cell and fuel cell. Aside from the single application of RGO, there 

have been successful attempts to hybridise RGO with semiconductor nanoparticles such as 

TiO2 to form nanocomposites. In particular, the loading of graphene can improve the 

photocatalytic CO2 reduction performance of TiO2 by: (1) promoting the separation of 

electron-hole pair (2) increasing the specific surface area, (3) improving the adsorption of 

CO2via π-π conjugation between CO2 molecules and graphene, (4) improving the light 

utilization capacity and (5) activating the CO2 molecules for reduction reaction (Xiang et 

al., 2015; Xiong et al., 2016; Cui et al., 2016). 
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Figure 2.13 The proposed mechanisms for the CNT-mediated enhancement of 

photocatalysis. (a) CNTs act as an electron sink and scavenge away the 

electrons hindering recombination. (b) The mechanism proposed by Wang 

et al.,(Wang et al., 2005), where the photon generates an electron-hole pair 

in the CNT. Based on the relevant positions of the bands, an electron (or 

the hole) is injected in the titania generatingan O2
− or an OH● species. (c) 

The nanotubes can act as impurity through the Ti–O–C bonds (Woan et al., 

2009).  
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2.8 Review on TiO2 and Titanium Based Photocatalysts for the reduction of CO2 

The leading approach to photoelectrochemical reduction of CO2 was reported by 

Halmann in 1978 over the p-type GaP as a working electrode under a high-pressure Hg 

lamp. In the experimental setup, CO2was continuously bubbled through a buffer of 

K2HPO4-KH2PO4 (aq). The products observed were formic acid, formaldehyde, and 

methanol after 18 h of illumination (Halmann, 1978). The study was extended by Inoue 

and co-workers using metal oxide catalysts in CO2 conversion to carbonaceous fuel. They 

reduced CO2 with H2O to CH3OH, HCOOH, and HCHO over ZnO, GaP, CdS and SiC 

semiconductors using Xenon (Xe) and mercury (Hg) lamp (Inoue et al., 1979). Since then, 

various other photocatalytic systems that employ heterogeneous photocatalysts have been 

studied. Although there remain many problems, such as the low activity of catalysts and 

low selectivity of the products, further development of photocatalysts is an essential 

target.  

In 1987, Thampi and co-workers discovered CO2 hydrogenation to methane (5.18 

µmol h-1 at 46 °C) over Ru loaded TiO2 under UV illumination in the gas phase (Thampi 

et al., 1987). Anpo and coworkers published the first report of a successful reduction of 

CO2 at isolated or highly dispersed titania under UV irradiation in 1992.The major 

products formed under UV irradiation of the anchored catalyst at 275 K are CH4, CH3OH, 

and CO (Anpo and Chiba, 1992).  

More recently, Anpo’s group reported that higher methane yields couldbe obtained 

with hydrophilic samples, stating that more open pore structures were beneficial for the 

photocatalytic CO2 reduction (Ikeue et al., 2001). Additionally, the selectivity towards the 

formation of methane was reported to be promoted upon incorporation of noble metal co-

catalystssuch as platinum or palladium (Mori et al., 2012). Akhter and co-

workerssynthesised TiO2 nanoparticles and mesoporous TiO2 using a KIT-6 template and 

used for CO2 photoreduction under UV light in the presence of water as the reductant. 

They observed that TiO2 nanoparticles produced higher syngas while mesoporous TiO2 

gave more hydrocarbons as well as syngas due to better reaction kinetics, the high surface 

area, and different morphology. They showed that UV light source, UV intensity, 

H2O/CO2 ratios and catalyst shapes were the main factors that influenced the performance 

of the catalysts, and these parameters were optimised to increase the fuel products (Akhter 



39 
 

et al., 2015). Li and colleagues synthesised an anatase−rutile nanocomposite using a 

hydrothermal method followed by calcination at 500 °C. They observed that the prepared 

mixed-phase nanocomposite had higher photoactivity than Degussa P25 in the reductionof 

CO2 to CH3OH and CH4 due to the formation of surface phase junction (Li et al., 2008). 

Besides its role in generating and separating electron-hole pairs during photoexcitation, 

the anatase (1 0 1) facet played a critical role in adsorbing CO2 and facilitated the electron 

transfer from the surface of TiO2 to CO2(He et al., 2010). Xu and co-workers synthesised 

an ultrathin anatase TiO2 nanosheets of thickness of 2 nm. The prepared nanosheet had 

95% of exposed (1 0 0) facet. In comparison with TiO2 cuboids with 53% of exposed 

(100) facet, they observed that the nanosheet exhibited about five times higher 

photocatalytic activity in both H2 production and CO2 reduction to CH4 (Xu et al., 2013). 

The introduction of defects can provide the adsorptive sites for the activation of CO2, 

lowering the barriers for the subsequent reduction reactions and change the product 

distributions of CO2 conversion (Kong et al., 2011). The role of oxygen vacancies in 

promoting CO2 photoreduction on rutile (1 1 0) and anatase (1 0 1 and 0 0 1) TiO2 surface 

was studied using density functional theory calculations (Indrakanti et al., 2011). Li and 

colleagues reported CO2 dissociation to CO over Cu(I)/TiO2-x as a result of the availability 

of oxygen vacancies on the surface of the catalysts (Liu et al., 2012b). Some more recent 

work on CO2 reduction is tabulated in Table 2.2. 

Several studies have been done to reduce CO2 over modified TiO2 by adopting 

different strategies. Wang and fellow workers synthesised ordered mesoporous silica 

SBA-15/TiO2 composites with different proportions of CeO2 for the photoreduction of 

CO2 with H2O under simulated solar irradiation. The CeO2 addition influences the light 

harvesting properties of TiO2 toward the visible light region. The improved performance 

was ascribed to the separation of charge carriers induced by the drift of TiO2 electrons to 

CeO2 (Wang et al., 2013b). Recently, 0.1 mol% Ni-TiO2 yielded 14 µmol g-1 methane 

after 60 min irradiation (Kwak et al., 2015). Wang and co-workers investigated the 

sensitisation of TiO2 catalysts using PbS quantum dots, which led to the size-dependent 

photocatalytic reduction of CO2 at frequencies varying from the violet to the orange-red 

edge of the electromagnetic spectrum (λ ~ 420 to 610 nm). Under broadband illumination 
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(UV- NIR), the PbS QDs improved CO2 photoreduction rates with TiO2 by a factor of 5 in 

comparison to unsensitized photocatalysts (Wang et al., 2011a).  

Under ultraviolet and visible light illumination, Liang and fellow workers 

synthesised single-walled CNTs-titania nanosheets (TiNS) composites and non-covalently 

bound solvent exfoliated graphene -TiNS composites, with low carbon defect densities, 

for the photoreduction of CO2 to methane in the presence of water (Liang et al., 2012). 

Hybrid TiO2/ZnO exhibited high photocatalytic activity of CO2reduction to methane due 

to the creation of p-n heterojunctions and high surface area which provided more reaction 

active sites (Xi et al., 2011). According to Ozcan and co-workers, [Ru(bpy)3]
2+ dye-

sensitised TiO2 films showed efficient activity for photoreduction of CO2 into CH4 under 

visible-light illumination, originating from the transfer of catalytically active electrons 

from organic dye to TiO2 (Ozcan et al., 2007a,b).  

Woolerton and colleaguesreported that TiO2 nanoparticles (NPs) modified with a 

photosensitizer and the CO2-reducing enzyme CODH I from the anaerobic microbe, 

Carboxydothermus hydrogenoformans, provided an extraordinary catalyst for CO2 

photoreduction. The enzyme bypassed the one-electron radical pathway and instead 

followed a controlled, two-electron reduction pathway, giving CO (E -0.46 V vs SHE at 

pH 6) as a clean product (Woolerton et al., 2010). Light-harvesting complexes (LHCII) 

extracted from spinach were attached to the surface of Rh (0.02%)-doped TiO2 to develop 

a hybrid catalyst to enhance the visible light absorption. Photocatalysis of CO2 in an 

aqueous suspension of Rh−TiO2 produced CO, acetaldehyde, and methyl formate in 

moderate yields, although the LHCII-modified catalyst was considerably better at forming 

acetaldehyde and methyl formate (Lee et al., 2014). Recently, iodine-doped 

TiO2nanosheets with exposed (0 0 1) facets yielded 36.36 and 13.71 µmol g-1 of CH4 and 

CO, respectively, after 4 h under visible light illumination (He et al., 2016). Other 

modified TiO2 catalysts for CO2 reduction are summarised in Table 2.3. 
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Table 2.2 Recent work on photocatalytic conversion of CO2 over TiO2. 

Photocatalyst Light 

Source 

Reaction 

phase 

Conditions Main products 

and highest yield 

Comments Reference 

Self-standing Ti-

containing 

mesoporous silica 

thin films 

(prepared by 

solvent 

evaporation 

method) 

100 W high-

pressure Hg 

lamp (UV 

light) 

Gas phase CO2 (36 µmol) and 

gaseous H2O (180 

µmol) 50 °C temp 

CH4 and CH3OH 

were the main 

products 

Ti-containing porous silica 

thin films having small 

amounts of surface OH groups 

show the highest selectivity for 

CH3OH formation. Films with 

hexagonal pores show better 

results than cubic ones. 

 

(Ikeue et 

al., 2002) 

TiO2  

(prepared by sol-

gel or 

precipitation) 

8 W Hg Lamp 

(254 nm) 1.41 

mW cm-2 

Liquid phase 

batch reactor 

0.2 M NaOH 

Pressure was 110 

kPa 

Methane (9.8 µmol 

g-1) and methanol 

(1.2 µmol g-1) were 

major products. The 

highest yield was 

obtained with 14 nm 

TiO2 crystallites 

Effect of particles size was 

studied. Optimum particle size 

was a result of competing 

effects of specific surface area, 

charge–carrier dynamics and 

light absorption efficiency 

(Kočí et 

al., 2009) 

TiO2 

(prepared by 

reverse micelle 

sol-gel route) 

250 W Hg 

Lamp UV-

300-700 nm 

(77 W) 

Liquid phase 0.2 N NaOH Methane and 

methanol were a 

major product with 

little ethanol over 

TiO2 and Hombikat 

P-25> RMTiO2> Hombikat 

product selectivity is 

determined by the 

coordination environment of 

surface Ti ions. 

(Rajalaksh

mi et al., 

2012) 
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TiO2 

(prepared by 

hydrothermal 

method using 

titanium oxalate 

complex) (C and 

N were doped 

and confirmed by 

SIMS and UV) 

UV light (2.5 

mW cm-2), 

Visible light 

(0.12mW cm-

2) 500 W high 

pressure Xe 

lamp 

Aqueous 

phase (0.08 

M NaHCO3) 

0.08 M NaHCO3 (30 

mL water) 

 

Methanol (max 

0.59035 μmol h-1 g-1 

under UV light) 

(0.478  μmol h-1 g-1 

under visible light) 

over anatase-

brookite 

 

With the increase in pH 

TiO2,changes from anatase to 

rutile to brookite-anatase 

Visible light absorption is 

attributed due to C and N 

doping. 

Junction effect between two 

crystallites enhances activity 

in the anatase-brookite 

composite. 

(Truong et 

al., 2012) 

TiO2 (anatase A, 

rutile R and 

brookite B) 

(prepared by 

hydrolysis and 

hydrothermal 

route) 

150 W solar 

simulator from 

Oriel (90 mW 

cm-2) 200 -  

1000 nm 

Gas phase (2 

ml min-1. 

flow rate) 

CO2 + water vapor 

(2.3 v/v%). 

Samplewas loaded 

on glass fibre filter 

TiB (He) had the 

highest CO (18.9 

µmol g-1) 

production. TiA 

(He) had the highest 

CH4 (12.89 µmol g-

1) production after 6 

h illumination. 

Oxygen deficiency created by 

helium pretreatment. 

Pretreated surfaces were more 

active than untreated ones. 

Reaction underwent different 

reaction pathways on oxygen-

deficient anatase and brookite.  

(Liu et al., 

2012c) 

 

Ti-MCM-41 

With varying 

Si/Ti ratio  

(hydrothermal 

method) 

UV-254 nm (9 

W) (32 

μWcm-2) 

Liquid phase 

In water, 

NaOH, and 

MEA 

0.1 g catalyst in 300 

mL 0.2 M solution 

under UV irradiation 

at 40 °C 

CO and Methane. 

Maximum methane 

62.42 µmol g-1 over 

Ti-MCM-41(50) 

Ti−MCM-41(50) > Ti−MCM-

41(100) > Ti−MCM-41(200). 

Quantum efficiency = 9.18% 

over Ti-MCM-41(50) 

(Wu et al., 

2014) 

TiO2 300 W Gas phase NaHCO3 + HCl Highest CH4 Surface heterojunction concept (Yu et al., 
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(anatase co-

exposed 001 and 

101 facets) 

simulated 

solar Xe arc 

lamp 

Distance 10 

cm 

production rate, 

obtained for HF4.5, 

is 1.35 μmolh-1g-1 

was introduced by DFT 

calculation. (101) facets act as 

reduction sites, while (001) 

facets act as oxidation sites on 

the anatase. 

2014) 

Montmorillonite 

modified TiO2 

nanocomposites -  

MMT/TiO2 

(prepared by sol-

gel route and 

further dip coated 

over monolith 

channel) 

UV irradiation 

(200 W high-

pressure Hg 

lamp) 

Continuous 

monolith 

photoreactor 

 

Gas phase 

CO2/CH4 feed ratio 

1.0. (flow 20 mL 

min-1) 

 

Major product CO 

(237.5 μmol h-1 g-1) 

over 10%MMT 

loaded TiO2 at 100 

°C. Other products 

detected at low 

concentration are 

C2H6, CH3OH, 

C3H6,andC3H8. 

Photoactivity was enhanced 

due to effective CO2 and CH4 

adsorption and efficient 

charges transport over highly 

dispersed MMT/TiO2 

nanocomposites. Products 

selectivity over 10 wt.% 

MMT/TiO2 was in the order of 

CO (81%) > C2H6 (19%) > 

CH3OH (0.19%). 

(Tahir, et 

al., 2015c) 

Oxygen-rich TiO2 

(catalyst prepared 

by peroxo-titania 

route) 

Visible light 

15 W bulb 

(8.5 mW cm-2) 

 

Gas phase 

Distance 5 

cm 

CO2 + water vapour 

Continuous gas flow 

(5 mL min-1) reactor. 

The catalystwas 

coated on glass rods 

 

Methane over O2-

TiO2 (300) 1.03 

µmol g-1 after 6 h 

Visible light absorption and 

biphasic heterojunction boost 

the photoactivity. 

 

(Tan et al., 

2016) 

Mesoporous TiO2 

nanofibres (1D) 

(Synthesized by 

UV light 

6 W (λ = 365 

nm) 

Gas phase 

Continuous 

flow mode 

CO2: the H2O molar 

ratio of 7.25 

Pressure-2 bar 

CO and H2 were 

major products with 

minor methane and 

Hierarchical mesoporous 1D 

morphology yields 

interconnected nanofibres with 

(Reñones 

et al., 

2016) 
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combined 

electrospinning 

and sol-gel route) 

Temperature-50 °C methanol. TiO2-NF-

B (under static Ar 

flow) max CO 

203.91 µmol g-1 and 

H2 394.84 µmol g-1 

after 20 h 

irradiation. 

large interfaces similar to grain 

boundaries favours the fast 

charge transport and a 

combination of anatase and 

rutile reduces the 

recombination rate and 

improves the photocatalytic 

activity. 

 

 



45 
 

 

Table 2.3 CO2 photoreduction over modified TiO2. 

Photocatalyst Light 

Source 

Reaction 

phase 

Conditions Main products 

and highest yield 

Comments Reference 

Cu-loaded 

TiO2–SiO2 

mesoporous 

spheres 

 

Xe-lamp 

(250–400 nm) 

Gas phase 20 mg catalyst; 

CO2and gaseous 

water vapour 

20 CO µmol g-1 h-1 

using Cu–TiO2–SiO2 

High CO2 conversion efficiency 

was as a result of Cu–TiO2 

nanocrystals distributed on 

theporous matrix of SiO2. 

(Wang et al., 

2011b) 

C-doped TiO2 Simulated 

daylight bulb 

Gas phase CO2 + gaseous 

water vapour 

2634 µmol g-1 

HCOOH under the 

simulated daylight 

lamp for 6 h 

Improved activity was 

obtainedas a result ofband edge 

shift to the region of visible light 

and the enhancement of charge 

separation efficiency 

(Xue et al., 

2011) 

Alkali 

modified-TiO2 

300 W Xe 

lamp UV light 

365 nm 

Gas phase CO2 (80kPa) + 2 

mL water 

Optimum NaOH-3% 

Maximum production 

of CH4 (52 µmol g-

1)andH2 (112 µmol g-

1) 

Surface modification of TiO2 

with NaOH promoted the 

chemisorption, activation and 

photocatalytic CO2 reduction. 

(Meng et al., 

2014) 

CuO-TiO2 

hollow 

microsphere 

(template free 

Hg UV lamp 

(40 W; 254 

nm; light 

intensity at the 

Gas phase CO2 + water 

vapour 

200 µL water + 10 

mg catalyst 

Methane was major 

product 2.8, 14.5 and 

2.1 μmol g-1 h-1 for 

the production of H2, 

The hollow macroporous core-

mesoporous shell nanostructure 

favours multi-light 

scattering/reflection, resulting in 

(Fang et al., 

2015) 
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hydrolysis 

followed by 

hydrothermal 

method) 

location of the 

catalyst: 20 

mW cm-2) 

CO and CH4 

maximum production 

over 3%CuO-TiO2 

hollow microsphere 

the enhanced harvesting of the 

exciting light. The large surface 

area provides a significant 

number of surface active sites 

for the reactant adsorption and 

reaction while the hierarchical 

nanoarchitecture enables fast 

mass transport of reactant and 

product molecules within the 

porous framework. Further CuO 

improves activity due to 

improved electron traps, reduced 

recombination of photogenerated 

e- - h+, and enhanced 

photoabsorption. 

ZnPy/TiO2 

(solvothermal 

treatment 

followed by 

calcination) 

 

Visible light 

300 W Xe-

lamp 

Gas phase 

Catalyst 

amount (60 

mg) 

CO2 and H2O 

vapourwere 

produced from the 

reaction of 

NaHCO3 (1.00 g, 

introduced into the 

reactor before 

being sealed) and 

H2SO4 solution 

Highest yield with 

1%ZnPy/TiO2 

producing 8.07 1.01 

µmol g-1 h-1CO and 

1.01 µmol g-1 h-1 

methane 

Anatase - brookite mixture. 

Molecular structural asymmetry 

and connection of the carboxyl 

group produce an oriented 

electron transfer channel of the 

excited electrons from ZnPy to 

TiO2, which make CO2 

conversion possible under 

visible light irradiation. 

(Li, Lin, et 

al., 2015) 
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(5.0 mL, 4.0 M) 

Black 

TiO2−coated 

Cu 

nanoparticles 

(Cu@TiO2) 

Visible light 

500 W 

Xe lamp 

(0.220 W 

cm−2) 

400 - 800 nm 

Gas phase CO2 (8kPa)+H2O 

vapour CO2was 

produced via 

NaHCO3 and 

H2SO4 

The maximum 

product obtained with 

4%Cu@TiO2 0.97 

µmol of CO and 0.16 

µmol of methane, 

which are 1.7 times 

higher than bare 

black TiO2 

Improved photoactivity is due to 

the embedded metallic Cu, 

which promotes the formation of 

oxygen vacancies in TiO2. 

Metallic Cu increases the 

photoinduced charge-separation 

of TiO2 

(Zhao et al., 

2016) 

TiO2-Cu/C 

(Sol-gel 

method) 

32 W Hg 

Lamp 253.7 

nm 

Liquid 

Phase 

CO2 (0.3 L min-1) 

+ 0.2 N NaOH 

(125 mL) at 

temperature 25 - 

27 °C 

CO and methane 

product formed. 

Maximum production 

3.789 µmol g-1 h-1 of 

methane and 30.123 

µmol g-1 h-1 of CO at 

TiO2-Cu/C 

Synergistic effect of the energy 

state of the –O–Cu–O species 

and carbon could improve the 

visible light response, promote 

the separation of photogenerated 

charge carriers and provide 

reactive hole sites on the surface. 

(Yan et al., 

2016) 

SrTiO3/TiO2loa

ded Au–Cu 

Alloy 

Nanoparticles 

(anodic 

oxidation 

followed by 

hydrothermal, 

UV-Vis 

illumination 

(Xe lamp) 

Liquid 

phase 

Diluted CO2 in 

water and 

hydrazine hydrate. 

Diluted (33.33% 

Ar) CO2 

 

CO (77 µmol g-1 h-1) 

and total HC (725.4 

µmol g-1 h-1) 

produced after 6 h. 

CH4 is the main 

product (421.2 µmol 

g-1 h-1) 

 

In-situ FTIR was used for the 

alloy effect. Catalyst stable up to 

5 cycles. 

(Kang et al., 

2015) 
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Au/Cu were 

subsequently 

loaded by MW 

assisted 

solvothermal 

method ) 

 

Au and In 

modified TiO2 

200 W Hg 

lamp (150 

mW cm-2) 

 

Gas phase 

(catalyst 

were coated 

ceramic 

monoliths) 

Batch mode 

CO2 + H2  (CO2/H2 

- 1.5 optimum 

feed ratio) 

pressure was 0.40 

bar 

8,982 μ mol g-1 of 

CO 99% selectivity 

over 0.2 wt. % Au-

3.5 wt. % In/TiO2 

Monolith photoreactor showed 

efficient CO2 reduction to CO 

through RWGS reaction. Higher 

photoactivity is due to fast 

electron transfer and the larger 

illuminated surface area in 

monolith channels. 

(Tahir et al., 

2015d) 

Zn-Cu 

promoted TiO2 

(TiO2 was 

prepared by 

hydrolysis, 

CuO/TiO2 

prepared by 

impregnation 

and CZT was 

prepared by co-

UVC light 

(254 nm) 18 

W 

Liquid 

phase at 25 

°C 

CO2 + water 126–184 µmol g-1 

methane after 24 h 

TiO2 (P-25) ∼TiO2< 

2%CuO/TiO2< 2%CuO–

19%ZnO/TiO2. TiO2 was present 

in anatase and brookite phase. 

strength and amount of CO2 

adsorption sites have influenced 

the products 

(Paulino et 

al., 2016) 
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precipitation 

deposition 

method) 

MWCNT/TiO2 

core-shell 

Nanocomposite

s 

(core-shell 

coating of TiO2 

(shell) on 

MWCNTs  

surface.) 

Visible light 

irradiation 

with 15 W 

energy saving 

light bulb 

Gas phase CO2 + water The highest methane 

yield of ca. 0.17 μmol 

g-1 h-1was recorded at 

the 6th hour of 

irradiation time. 

The enhanced photoreactivity of 

this core-shell nanocomposites 

were achieved via electron 

transfer between the TiO2 shell 

and the MWCNTs, which 

inhibited the electron-hole pair 

recombination and improved the 

overall efficiency of the 

photocatalysis. 

(Gui et al., 

2014) 

Carbon 

nanotubes on 

Ni/TiO2 

(co-

precipitation 

method) 

75 W lamp Gas phase CO2 + water 

vapour 

Maximum CH4 yield 

of 0.145 mmol g-1 h-1 

using CNT@Ni/TiO2 

nanocomposites 

The high catalytic performance 

of CNT@Ni/TiO2is attributed to 

the synergistic combination of 

CNTs and TiO2 and improved 

migration of e- - h+ pairs. 

(Ong et al., 

2013) 

Ag-

MWCNT@TiO

2core-shell 

nanocomposites 

Visible light 

Irradiation 

Gas phase CO2 + water  2 wt% of Ag was 

found to be the most 

suitable loading, 

giving the highest 

total methane 

and ethylene 

With the presence of MWCNTs 

and Ag dopants in the Ag 

MWCNT@TiO2 

nanocomposites, the 

photoexcited electrons are 

believed to be transported in a 

(Gui et al., 

2015) 
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formation of ca. 6.34 

µmol g-1 and 0.68 

µmol g-1, respectively 

few possible pathways: (i) 

consumed by the electron 

scavengers, resulting in 

photoreduction of CO2 and 

reaction intermediates; (ii) 

transported to the neighbouring 

MWCNT core and Ag dopants; 

and (iii) unreacted electrons 

recombined with the holes in the 

VB. 

Graphene 

oxide-doped-

oxygen-rich 

TiO2 (GO–

OTiO2) 

hybrid 

heterostructure 

(wet chemical 

impregnation 

technique) 

Visible light 

irradiation (15 

W) using 

energy-saving 

daylight bulbs 

Gas phase CO2 + water 

vapour 

A total CH4 yield of 

1.718 µmol g-1 after 6 

h of reaction 

The high photocatalytic 

performance of 5GO–OTiO2was 

ascribed to the synergistic effect 

of (i) the visible-light-

responsiveness of O2–TiO2 (from 

oxygen excess defects) and (ii) 

an improved separation and 

transfer of photogenerated 

charge carriers at the intimate 

interface of GO–OTiO2 

heterojunctions. 

(Tan et al., 

2015b) 

Noble metal 

modified 

RGO/TiO2 

Visible light 

irradiation 

with a 

Gas phase CO2 + water 

vapour 

A total CH4 yield of 

1.70 µmol g-1 was 

achieved after 

The ternary nanostructures 

exhibited enhanced 

photocatalytic activities as a 

(Tan, et 

al.,2015a) 
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ternary 

Nanostructures 

(solvothermal 

method) 

maximum 

light intensity 

of 15 W using 

an energy-

saving 

daylight bulb 

6 h of light irradiation result of improved utilisation of 

visible light and efficient 

electron mobility.transfer in the 

noble metal-doped GT 

nanojunctions and interfacial 

electron transfer in the RGO 

sheets. 

Boron-doped 

Graphene (B-

GR) 

Nanosheets 

coupled with 

TiO2 

Nanoparticles 

(vacuum 

activation and 

ultrasonic 

method) 

300 W 

The light 

source to 

simulate the 

solar light was 

Xe lamp. 

Gas phase CO2 + water 

vapour 

The P25/B-GR shows 

the highest 

photogeneration of 

CH4 (2.50 mmol g-1) 

The photo-excited electrons on 

CB of TiO2 are injecting into the 

B-GR, and the photoexcited 

holes located on B-GR transfer 

into the VB of TiO2 through the 

Ti-O-C bonds, owing to the p-

type property of B-GR. This will 

ensure the separation of the 

photoproduced electrons and 

holes. 

(Xing et al., 

2014) 
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2.9 Various methods for the synthesis of TiO2 

Several synthetic procedures have been established for the preparation of TiO2 

nanoparticles. They include hydrothermal, microwave, sonochemical and sol-gel. These 

methods have brought a different perspective towards the enhancement of TiO2 for the 

intended applications.  

2.9.1 Sol-gel method 

The sol-gel method is a widely and commonly used method for the preparation of 

ceramic nanomaterial such as metal oxides, nitrides, and carbides (Brinker and Scherer, 

1990; Macwan et al., 2011). The method involves the transformation of a sol into a gel. 

The gel is then subsequently thermally treated to remove the solvents used. Sols are 

solutions of organic and inorganic precursors (such as metal chloride, metal alkoxides or 

nitrate) and may also contain dense oxide particles or polymeric substances. The sol of 

TiO2 is typically transparent. A sol is defined as a colloidal suspension of solid particles in 

a liquid. In sol-gel method, the precursor (source or starting material) for preparation of a 

colloid consists of a metal or metalloid element enclosed by several ligands. In the case of 

TiO2, the common precursors are methyl alkoxides (such asas titanium alkoxides), which 

are members of the family of metal-organic compounds. These precursors giveexcellent, 

morphological andcompositional control over the product properties, such as nanoparticle 

size,specific surface area and degree of aggregation. (Gopal et al., 1997; Ramimoghadam 

et al., 2014; Tian et al., 2002). 

2.9.2 Hydrothermal method 

Hydrothermal method is an interesting approach to prepare micro- and nanometer-

sized crystalline TiO2 powders. The synthesis, in aqueous solvent usually without 

surfactants/protecting agents, is typically performed in a steel autoclave vessel under 

relatively high temperatures and saturated vapour pressure (Laudise, 1970; Albrecht, 

1985). These conditions then lead to the agglomeration of TiO2 crystals.  

Most hydrothermal processes are similar to the sol-gel method, in that they do not 

afford materials with tailored properties such as solubility, uniformity, and processability. 

Nonetheless, the crystallinity of the particles is usually much improved compared to sol-

gel methods. Various factors, such as temperature, pH, presence of “mineralizers” 

(typically, inorganic compounds), stirring and reaction time are pivotal in controlling not 
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only the morphology of the crystallites but also the phase (Cheng et al., 1995; Aruna 

2000; Cargnello et al., 2014). 

2.9.3 Solvothermal method 

Solvothermal methods are closely related to hydrothermal except that the primary 

solvent used is not water, although water is sometimes added to promote hydrolysis. 

Unlike hydrothermal, a larger variety of surfactants or structure directing agents can be 

employed in solvothermal methods to drive the shape and morphology of the crystallites. 

One factor that dramatically influences the shape and size of the formed crystallite is the 

choice of the solvent. For example, Du and co-workers showed that octahedral titania 

particles could be obtained in toluene whereas spheres were obtained in ethanol following 

a solvothermal treatment of titanium butoxide in the presence of cetrimonium bromide 

(Du et al., 2011). 

An advantage of the solvothermal over the hydrothermal process is that organic 

surfactants can be employed, which solubilise the nanocrystals in nonpolar solvents 

through the formation of inverse micelles (Kim et al., 2003). Surfactants, in combination 

with other additives, can also help to control the formation of specific facets in titania 

(Chen et al., 2011). 

2.9.4 Microwave processing 

The microwave oven has been a commonly used appliance in most kitchens for the 

past decades. Its advantages over the traditional method of food preparation are time and 

energy saving. Though the extensive use of microwaves has been for the preparation of 

meals, yet it has been employed for the processing of material. The microwave radiation 

range is found between infrared radiation and radio wavesin the electromagnetic spectrum. 

The wavelength of the microwave is between 1 mm to 1 m, which is equivalent to 

frequencies between 0.3 and 300 GHz. Within this range of frequency, there are 

frequencies used for cellular phones,television satellite andradar. The microwaves used in 

homes, research and medicines, usually come with two frequencies of 0.915 and 2.45 

GHz. Recently, microwave furnaces that allow processing at variable frequencies from 0.9 

to 18 GHz have been developed for processing of new material (Thostenson and Chou, 

1999; Clark et al., 2000; Haque, 1999). 
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In recent years, microwave-assisted hydrothermal approaches have received a lot 

of attention for the synthesis of TiO2 nanomaterial. This is because of several advantages, 

such as volumetric heating capability, transferring of energy instead of heat, shorter 

reaction times and heating of the selective material.  The heating starts from the interior of 

the material body, leading to the formation of small particle-sized TiO2 of high purity. The 

sol-gel method has also been combined with microwave treatment for the preparation of 

TiO2 nanoparticles of smaller particle sizes and high specific surface area (Froschl et al., 

2012; Clark et al., 2000). 

2.9.5 Sonochemical processing 

Sonochemical or sonochemistry, popularly known for its acoustic cavitation, is an 

approach which involves the production, growth, and collapse of bubbles in a liquid. The 

sonochemical approachinvolves the application of powerful ultrasound radiation (20 kHz - 

10 MHz) in the synthesis procedure. Over the years, the use of sonochemical process has 

been adopted for the synthesis of nanophase, crystalline TiO2 and the research is still 

ongoing. The sonochemicalprocess offers some advantages such as better dispersion of the 

nanoparticles, a marginally higher surface area, better thermal stability and phase purity. 

Additional advantages of the use of the sonochemical approach are: control of mineral 

growth, influence on minerals size distribution, assist for morphological control, 

elimination of impurities in the mineral, improvement in solid-liquid separation 

performance, and elimination of the need to add seed minerals (Froschl et al., 2012; 

Gedanken, 2004; Suslick et al., 1995; Mason, 2007). 
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CHAPTER THREE 

MATERIALS AND METHODS 

This chapter describes the materials, characterisation and experimental procedures 

used in this work. 

3.1 Materials 

3.1.1 Chemicals used  

 Titaniumbutoxide (Ti(OBu)4, 97%), graphite powder, sodium nitrate (NaNO3, 

≥99%) and potassium permanganate (KMnO4, 98.5%) from Aldrich; methanol (CH3OH, 

99.8%), triethanolamine (TEOA, 97%), hydrochloric acid (HCl, 37%) and N,N-dimethyl 

formamide (DMF, 99.5%) from Merck; ethanol (C2H5OH, 99.99%), hydrogen peroxide 

(H2O2, 50%) and HPLC grade water (H2O) from Fischer Chemicals; nitric acid (HNO3, 

72.0%) from Ranbaxy Fine Chemical Limited; acetonitrile (ACN, 99.9%) for HPLC 

spectroscopy from Sd fine-chemical limited; dimethyl sulphoxide (DMSO, 99%) from 

BDH laboratory;toluene (C7H8, 92.14%), sulfuric acid (H2SO4, 98%) and hydrazine 

monohydrate (H4N2.H2O, ≥99%) from Loba Chemie; magnesium nitrate hexahydrate 

(Mg(NO3)2.6H2O) and Carbon Nanotubes (CNTs), with thelength of 10 – 30 μm and the 

diameter of 8 − 15 nm, from Sisco Laboratories Ltd; and CO2 (99.9995%) from Sigma 

were used as chemicals. All chemicals were of analytical grade and used without further 

purification. 

3.1.2 Equipment used forsynthesis 

 Ultrasonicator, air oven, muffle furnace, ball-milling machine, weighing balance, 

Teflon-lined stainless steel autoclave, ice water bath, centrifuge machine and distillation 

assembly. 

3.1.3 Equipment used for characterisation 

 UV–Vis. diffuse reflectance spectrophotometer, X-ray diffractometer, surface area 

analyser, scanning electron microscope, transmission electron microscope, X-ray 

photoelectron spectrometer, Raman spectrophotometer, thermal gravimetric analyser and 

inductively coupled plasma atomic emission spectrometer. 
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3.1.4 Equipment used for photocatalytic activity 

 Quartz tube reactor, glass tube reactor, gas chromatograph, UVA pen-ray lamps, 

visible light lamps, septa, magnetic beads and mechanical stirrer. The schematic diagram 

of the experimental set up is shown in Figure 3.1. 

3.2 Synthesis of mixed phase TiO2 nanoparticles 

3.2.1 Preparation of mixed-phase TiO2 

 Titanium dioxide nanoparticles (TiO2) were prepared via two approaches; 

sonothermal (S) and sonothermal-hydrothermal (SH) methods. In a typical synthesis 

procedure, 7.33 g of Ti(OBu)4 was dissolved in 20 mL C2H5OH and was slowly added to 

30 mL H2O-C2H5OH (2:1 v/v) mixture already placed in anultrasonicator. The 

temperature of the ultrasonicator was set to 70 °C. The resulting mixture was further 

allowed to ultrasonicate for 1 h at 70 °C to ensure the complete formation of the gel. The 

obtained precipitate was separated by centrifugation, washed with H2O, dried in an oven at 

80 °C and then calcined under air at 450 °C for 3 h with a heating rate of 5 °C min-1 to 

obtain TiO2-S. In the SH method, 7.33 g of Ti(OBu)4 in 20 mL C2H5OH was added drop 

wise under ultrasonication to 60 mL of H2O-C2H5OH mixture (2:1 v/v) at temperature of 

70 °C. The mixture was allowed to ultrasonicate for 1 h and was transferred into a 100 mL 

autoclave, which was made up of Teflon-lined stainless steel. The autoclave was put in a 

muffle furnace and heated for 12 h at temperature of 180 °C with a ramp rate of 1 °C min-

1. After heating, the furnace was slowly cooled down to room temperature. A white 

precipitate was obtained and the solid part was separated by centrifugation (6000 

rpm),washed with water and dried in air oven at 80 °C, followed by calcination under air 

for 3 h at a temperature of 450 °C with a ramp rate of 5 °C min-1 to get the TiO2-SH. 

3.2.2 Characterisation of the mixed-phase TiO2 nanoparticles 

 The phase transformation and crystalline structure of TiO2 nanoparticles were 

identified by the use of X-ray Diffraction (XRD). The instrument used was Bruker D8 

Advance X-ray diffractometer. It was equipped with monochromatic Cu Kα, which 

irradiated X-ray at a wavelength of 1.5418 Å. The range of irradiation, in the angle of 2θ, 

was from 20° to 80° with a step size of 0.02° s-1. By applying the Scherrer’s equation, the 

crystalline size of the nanoparticles was estimated. The size was obtained from the full 

width at half-maximum (FWHM) of the (1 0 1) peak of anatase (Ramacharyulu et al.,
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Figure 3.1 Schematic diagram of the experimental setup used for the photocatalytic 

activity measurements 
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2014).  

D = …………………………………………………………………3.1 

Where λ is the incident radiation wavelength (λ = 1.54056 Å), β is the line width at half-

maximum heightand θ is half of the diffraction angle (rad). 

 Textural characterisation of the nanoparticles was performed using Micromeritics 

ASAP 2010. The specific surface area of monolayer coverage on the nanoparticles was 

obtained using the Brunauer–Emmett–Teller (BET) method. The N2adsorption-desorption 

properties were examined at -196 °C. The pore size distribution was obtained from the 

desorption branch of the isotherm using the Barrett–Joyner–Halenda (BJH) method. The 

total pore volume was taken at the saturation of pores around P/P0 = 0.99. 

The UV-Vis. diffuse reflectance spectra were acquired from UV-Vis. 

spectrophotometer. The spectrophotometer was a product of Shimadzu 2600, which was 

fitted with an integrated sphere. The range of wavelength is from 200 nm to 800 nm. 

Barium sulphate was used as the reflecting standard. Values from both absorbance and 

reflectance were obtained. Values from reflectance were converted into absorbance using 

the Schuster–Kubelka–Munk equation, F(R∞) = (1 − R∞)2/2R∞, where R∞ is the diffuse 

reflectance from a semi-infinite layer. With the assumption of an indirect optical 

transition, Tauc plot was used to transform the obtained spectra by using the relation 

(F(R∞)h)1/2 ≈ (h − ε0). Where F is the frequency, h is the Planck’s constant and ε0 is the 

absorption edge energy. Absorption edge and energies of band gap were estimated by 

extrapolating the decreasing portion of the spectrum to the abscissa at zero absorption 

(Park et al., 2016; Matejova et al., 2014). 

Morphological information on the catalyst particles was investigated by Scanning 

Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). The SEM 

analyses were done on FEI Quanta 200F. It was equipped with Energy-Dispersive X-ray 

(EDX) spectroscopy. Both TEM and High Resolution (HR)-TEM analyses were 

performed on JEM-2100 instrument (JEOL, Japan). The resolution was 1.4 Å and the 

accelerating voltage was 200 kV. The catalyst particles were loaded on the carbon coated 

copper grid via dispersion in ethyl alcohol using an ultrasonic processor. The elemental 

mapping in HR-TEM was obtained by the EDX produced by Phoenix using Si (Li) 

detector with an energetic resolution of 130 eV.  
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The chemical and elemental composition of the nanoparticles were obtained from 

X-ray Photoelectron Spectroscopy (XPS). The instrument used was Omicron 

nanotechnology, Oxford Instrument. It was equipped with a monochromator Aluminum 

Source (Al kα radiation hν =1486.7 eV).  

3.2.3 Density Functional Theory Calculations of mixed-phase TiO2 

 This section was performed by a collaborator, Professor Norge Cruz Hernandez of 

the Department of Applied Physics I, Higher Politics School, University of Seville, 

Seville, Spain. 

The Density Functional Theory (DFT) calculations were performed by using the 

Vienna Ab-initio Simulation Package (VASP) in a periodic framework. These calculations 

were utilised to establish the electronic and the structural properties of H2O, CO2 and 

CH3OH deposited on both TiO2: anatase (1 0 1) and rutile (1 1 0) surfaces(Kresse and 

Furthmüller, 1996a, b; Kresse and Hafner, 1993, 1994; Kresse and Joubert, 1999; Blöchl, 

1994). Projector Augmented Wave (PAW) method (Kresse and Joubert, 1999; Blöchl, 

1994) was used to describe the frozen core electrons and their interaction with the valence 

electrons. The electronic wave function was expanded in-plane waves up to a cut 

offenergy of 500 eV. A Γ-centred grid of k-points was used for integrations in the 

reciprocal space, where the smallest allowed spacing between k-points was set at 0.5 Å-1 

in the Brillouin zone corresponding to the primitive cell. To describe the electron 

interactions, potentials with the Generalised Gradient Approximation of the Perdew–

Burke–Ernzerhof parametrisation form (GGA-PBE) were used (Perdew et al., 1996, 

1997). These potentials were corrected by including dispersion interactions proposed by 

Tkatchenko and Scheffler (Tkatchenko and Scheffler, 2009) as implemented in VASP 

(Al-Saidi et al., 2012), which is known as PBE-TS. During relaxation, forces on atoms 

were minimised until they were all smaller than 0.025 eV Å-1. 

 Initially, bulk full geometry optimisationwas performed, including both atom 

positions and lattice parameters, for anatase and rutile. Both materials were characterised 

by a tetragonal space group I4(1)/amd (Linsebigler et al., 1995) and P4(2)/mnm (Meagher 

and Lager, 1979) for anatase and rutile, respectively. The bulk lattice parameters were a = 

3.786 Å, c = 9.554 Å, within 0.4 % of the experimental values (a = 3.785 Å, c = 9.514 Å) 

(Wyckoff, 1964); and a = 4.615 Å, c = 2.950 Å, within 0.5 % of the experimental values 
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(a = 4.593 Å, c = 2.959 Å) (Meagher and Lager, 1979) for anatase and rutile, respectively. 

The surfaces were modeled as a periodically repeated slab inside a supercell, in a similar 

way used in previous work for anatase (Ortega et al., 2011) and rutile (Sanz et al., 2000; 

Calzado et al., 2008). 

3.2.4 Quantum efficiency calculations 

The quantum efficiency of the nanoparticles was obtained by the use of an 

intensity meter. The intensity meter used was UVP 97-0015-02/UVX digital Ultraviolet 

radiometer. The radiometer sensor was placed inside the reactor. The intensity of UV light 

reaching the inside of the reactor was measured to be 0.7 mW cm-2. The measured 

intensity was used to calculate the quantum efficiency.  

3.3 Synthesis of Visible light active RGO-TiO2 composite  

3.3.1 Preparation of Graphene Oxide (GO) 

Graphene Oxide (GO) was prepared from graphite powder using a modified 

Hummer’s method (Kumar et al., 2014; Hummers and Offeman, 1958). A beaker of 2000 

mL capacity was placed in an ice water bath. The ice water bath was placed on a magnetic 

stirrer and 450 mL H2SO4,12.0 g NaNO3and 10.0 g graphite powder were added in 

succession, under continuous stirring. The mixture was allowed to stir for 30 min, after 

which 50.0 g KMnO4 was gently added. Stirring was sustained for further 3 h, followed by 

gentle addition of 700 mL distilled water. The mixture was then 

vigorouslystirredovernight at room temperature. This was followed by the addition of 40 

mL H2O2 (50 wt%). The mixture was stirred for an additional 4 h. A yellow-brown 

suspension was then obtained. The obtained suspension was washed and centrifuged with 

500 mL of 10% HCl. Additional washing was performed by dispersing the suspension in 

1000 mL H2O under vigorous stirring with bath sonication to obtain a single layer sheet of 

GO. To remove the unexfoliated precipitation, the obtained GO was centrifuged. Finally, a 

brown dispersion of exfoliated GO was obtained. The dispersion was dried at 80 °C in an 

oven to obtain solid GO. 
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3.3.2 Preparation of Reduced Graphene Oxide (RGO) 

Reduced Graphene Oxide (RGO) was prepared as follows: 2.0 g of GO was placed 

in a round bottom flask containing 30 mL C7H8. This was followed by the addition of 2 

mL H6N2O and refluxingfor 12 h at 80 °C. The mixture was allowed to cool to room 

temperature, centrifuged and dried in the oven at 80 °C. A black RGO powder was 

obtained. 

3.3.3 Preparation of RGO-TiO2nanocomposites 

The RGO-TiO2 nanocomposites were synthesised by sonothermal-hydrothermal 

method. A 100 mL beaker containing 30 mL H2O: C2H5OH solution (2:1 v/v) was placed 

in a sonicator. A 10.0 mg sample of the obtained RGO was added and the mixture was 

sonicated at 70 °C for 15 min to obtain a homogenised suspension.A solution of 10.0 g Ti 

(OBu)4 dissolved in 30 mL C2H5OH was preparedand added dropwise to the RGO 

suspension. This was followed by the addition of few drops of HNO3. The sonication of 

the mixture was continued for additional 45 min at 70 °C. The sonicated mixture was later 

transferred into a 100 mL autoclave. The autoclave was sealed and heated for 12 hat a 

temperature of 180 °C, and then cooled down to room temperature. After hydrothermal 

treatment, a dark-grey precipitate was obtained and the solid part was separated by 

centrifugation at 6000 rpm. The solid precipitate was then dried in an air oven for 12 h 

at80 °C. To finally get 1%RGO-TiO2 (w/w ratio), code-named 1.0RGO-TiO2, the 

collected sample was ground, transferred into an alumina crucible and then calcined in a 

furnace at 400 °C for 2 h, with a heating rate of 5 °C min-1. Other mass ratios including 2, 

5 and 10 wt% were synthesised to obtain 2.0RGO-TiO2, 5.0RGO-TiO2 and 10.0RGO-

TiO2, respectively.Same procedure was used for the synthesis of TiO2 as a reference 

except the addition of RGO. 

3.3.4 Characterisation of RGO-TiO2 nanocomposites 

The RGO-TiO2 nanocomposites were characterised by different analytical and 

spectroscopic techniques as described in section 3.2.2. In addition, the thermal strength of 

the RGO-TiO2 nanocomposites was done by thermogravimetric analysis (Perkin Elmer 

TGA4000):a 10.0 mg sample was positioned in a platinum crucible and heated from 
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ambient temperature to 450 °C at a rate of 10 °C min-1 under air atmosphere. Raman 

analyses of the nanoparticles was performed on STR 500 Airix. 

 

3.3.5 Density Functional Theory Calculationsof RGO-TiO2 nanocomposites 

This section was performed by a collaborator, Professor Alexander V. Voronstov 

of the Altai State University, Russia. 

Graphene infinite nanosheet was shown by a rectangular Graphene Nanosheet 

(GNS), which is an analogue of RGO having hydrogen passivated zigzag and armchair 

edges. This GNS had 10 benzene rings along the zigzagedges and six benzene rings in the 

outer armchair edge. Atomic structure of this C252H44 graphene quantum dot after full 

geometry relaxation is shown in Figure 3.1.  

Anatase titanium dioxide nanoparticleswere represented by one of the most stable 

isomers of anatase decahedral cluster models denoted Ti44r1. This nanoparticle with the 

molecular formula (TiO2)121(H2O)6, contained (0 0 1) and (1 0 1) facets. However, the 

hydroxyl groups considered were those at the (0 0 1)/ (1 0 1) edges (Vorontsov and 

Tsybulya 2018c, Vorontsov and Smirniotis 2018a, Vorontsov 2017). 

Quantum chemical treatment of the models included complete geometry 

optimisation of the GNS and GNS-Ti44r1 conjugate. It has been found that interaction of 

a carbon nanoribbon with the Ti44r1 nanoparticle is much more strong on (1 0 1) facet 

compared to (0 0 1) facet of the TiO2 anatase nanoparticle. Due to the structural analogy 

of CNTs and graphene nanosheets, it was reasonable to suppose much stronger interaction 

of GNS with (1 0 1) facet compared to the (0 0 1) facet. Hence, the only interaction of 

GNS with a (1 0 1) facet was considered. Dftb+ program was used for all computations 

(Aradi et al.,2007). The scc-dftb method was utilised for obtaining energy (Elstner et al., 

1998) with Slater-Koster files tiorg-0-1 (Dolgonos et al., 2010), and mio-1-1 (Elstner et 

al., 1998). Geometry optimisationwas performeduntil the maximal force component 

became smaller than 0.05 kcal (mol Å)-1. Molecular orbitals were plotted using the 0.0005 

isovaluesurface of charge density.  
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Figure 3.2 Rectangular graphene nanosheet with hydrogen passivated edges used as a 

graphene model in the present study.  
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3.4 Synthesis of visible light active carbon nanotubes-TiO2 composite 

3.4.1 Preparation of the CNT-TiO2 photocatalysts 

The CNT-TiO2nanocomposites were prepared by sonothermal-hydrothermal 

method. In a typical experiment, 10.0 mg of multi-walled CNTs was added to 30 mL H2O: 

C2H5OH solution (2:1 v/v) in a 100 mL beaker. A few drops of HNO3was added to the 

solution and sonicated for 15 min at 70 °C to obtain a homogenised suspension.The 

addition of HNO3 helped to activate the CNTs surface by introducing carboxyl (-COOH) 

and hydroxyl (-OH) groups onit,therebyproviding an improved dispersion of CNTs in the 

mixture (Omidvar et al., 2012). A solution of 10.0 g Ti (OBu)4 dissolved in 30 mL 

C2H5OH was preparedand added dropwise to the CNTs suspension. This was followed by 

the addition of few drops of HNO3. The sonication of the mixture was continued for 

additional 45 min at 70 °C. The sonicated mixture was later transferred into a 100 mL 

autoclave. The autoclave was sealed and heated for 12 h at a temperature of 180 °C, and 

then cooled down to room temperature. After hydrothermal treatment, a dark-grey 

precipitate was obatined and the solid part was separated by centrifugation at 6000 rpm. 

The solid precipitate was then dried in an air oven for 12 h at 80 °C. The resulting solid 

was well ground and calcined at 400 °C for 2 h (with the heating rate of 2 °C min-1) to 

obtain 1%CNT-TiO2 (w/w ratio), code-named 1.0CNT-TiO2. Other mass ratios including 

2, 5 and 10 wt% were synthesised to obtain 2.0CNT-TiO2, 5.0CNT-TiO2 and 10.0CNT-

TiO2, respectively. A similar procedure was used for the synthesis of pure TiO2 as a 

reference except the addition of CNTs. 

3.4.2 Characterisation of CNT-TiO2 nanocomposites 

All characterisation procedures are the same as those described in section 3.2.2 and 

3.3.4. 

3.4.3 Density Functional Theory Calculationsof CNT-TiO2 nanocomposites 

This section was performed by a collaborator, Professor Alexander V. Voronstov 

of the Altai State University, Russia. 

Construction of TiO2 anatase cluster with their properties, representing a complete 

anatase nanoparticle, was performed according to an earlier described method (Vorontsov, 

2017). In brief, the most stable isomers of anatase decahedral cluster models denoted 

Ti44r1. The dimensions of the elementary cells of Ti44r1 were 4 x 4 x 1.5in directions a, b 
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and c, respectively. 12 hydroxyl groups were attached at the four edges between facets (0 

0 1) and (1 0 1) of the Ti44r1 cluster in order to ensure the zero charge of the cluster. 

A carbon nanotube model, simulating larger multi-walled CNT, was formed by 

folding a graphene nanosheet containing 308 carbon atoms, which resulted into an object 

of length about 2.34 nm anddiameter of 0.95 nm. The carbon atoms located at the ends of 

the carbon nanotube formed armchair edges, which were then passivated by the 

attachment of hydrogen atoms. All computations were carried out using dftb+ (Aradi et 

al., 2007) and Gamess(Schmidt et al., 1993) software using tiorg-0-1 (Dolgonos et al., 

2010) and mio-1-1 (Elstner et al., 1998) Slater-Koster parameters files. 

3.5 Synthesis of Magnesium-doped TiO2 nanocatalysts 

3.5.1 Preparation of the Mg-doped TiO2photocatalysts 

The series of Mg-doped TiO2 catalysts were synthesised using a modified 

sonothermal method. Briefly, 8.76 g and 0.11 g of Ti(OBu)4 and Mg(NO3)2.6H2O, 

respectively, were separately dissolved in 50 mL ethanolic solution and then mixed 

together. The resulting mixture was added dropwise under ultrasonication to 200 mL of 

ethanol-water (150:50 v/v) mixture at 70 °C. Mg-doped TiO2 nanoparticles immediately 

formed from the dropping solution and the resulting reaction mixture was further 

ultrasonicated at same temperature for 1 h to get Mg-TiO2-1. A similar method was 

applied by using 0.21 and 0.42 g of Mg(NO3)3.6H2O to get Mg-TiO2-2, and Mg-TiO2-3, 

respectively. The Mg-TiO2 catalysts were separated by centrifugation, washed thoroughly 

with water and calcined under air for 4 hat a temperatureof 400 °C, with a heating ramp 

rate of 1 °C min-1. Pure TiO2 sample was also prepared for catalytic comparison using the 

same procedure without the addition of Mg(NO3)3.6H2O. 

3.5.2 Characterisation of Mg-doped TiO2photocatalysts 

The actual amount of Mg-doped in Mg-TiO2 samples was analysed by inductively 

coupled plasma atomic emission spectroscopy from M/s Leeman Labs Inc, USA equipped 

with DRE PS 3000UV (simultaneous plus sequential system) Echelle spectrometer. The 

various samples were mixed with HNO3 for the digestion of Mg followed by the addition 

of deionised HPLC grade water. All other characterisation procedures were the same as 

those mentioned in section 3.2.2. 
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3.5.3 Computational modelling details of Mg-TiO2 nanocatalysts 

This section was performed by a collaborator, Professor Alexander V. Voronstov 

of the Altai State University, Russia. 

Quantum chemical computations were carried out using the Molecular Orbital 

Package (MOPAC2016) software. Methods pm6-d3 and pm6 (Stewart, 2007) were used 

for obtaining enthalpy of formation of Mg-doped TiO2 nanoparticles while method pm6-

d3 which implement Grimme dispersion correction (Grimme et al., 2010) was used to 

investigate the interaction of the CO2 with photocatalyst nanoparticles. Decahedral TiO2 

anatase nanoparticle, designated as Ti44r1, was used for doping and CO2 interaction 

studies. Using scc-dftb method, it was found that photogenerated holes were located on 

oxygen atoms at the corners between four adjacent (1 0 1) facets, while photogenerated 

electrons were distributed among Ti atoms around edges between adjacent (1 0 1) facets 

away from (0 0 1) facets.  

Doping of the Ti44r1 nanoparticle was performed by substitution of a surface Ti 

atom with the Mg atom and removal of an adjacent oxygen atom to preserve charge 

neutrality according to the following equation.  

(TiO2)121(H2O)6  +  Mg  =  (MgO)(TiO2)120(H2O)6  +  TiO……………….3.2.  

Interaction of CO2 molecule with doped Ti44r1 cluster was studied by placing CO2 

molecule at the oxygen vacancy formed during doping and full optimisation of the 

structure. The heat of adsorption was calculated by subtracting the enthalpy of formation 

of CO2 and Mg/Ti44r1 from the enthalpy of formation of CO2-Mg/Ti44r1 adsorption 

complex.  

3.6 Photocatalytic CO2 reduction 

 The photocatalytic reduction of CO2 was performed in a closed gas-recirculation 

reaction setup. The reaction setup was equipped with a 50 cm3 quartz reactor,gas sampling 

port,gas inlet, gas outlet andliquid sampling facility. A 5 mg catalyst was addedto 20 mL 

solution of ACN: water: TEOA (16: 2: 2 v/v), in the photoreduction of the mixed phase 

TiO2, RGO-TiO2 and CNT-TiO2 catalysts; and ACN: water (16: 4 v/v) in the 

photoreduction of Mg-TiO2 nanocatalysts.  Each mixture was placed in the ultrasonicator 

for 10 min to obtain a homogeneous dispersion. The vacuum pump was used to evacuate 

dissolved gases in the reaction mixture. The mixture was then purged with nitrogen to 
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remove the remaining dissolved gases. This was followed by the purging of the mixture 

with CO2 purging for 30 min to obtain CO2saturated reaction mixture. The photocatalytic 

system was irradiated by UVA lamp (Cole-Parmer,PEN-RAY lamp, 8 W,350 nm, 

2.13",and 120 µW cm-2) or visible light lamp (20 W white cold LED lamp, 400 - 800 nm 

Siska LED, 20 mW cm-2)to drive the reaction. Small aliquots of liquid/gas sample were 

withdrawn at a regular time interval.The progress of the reaction was analysed by gas 

chromatograph(Perkin Elmer Clarus 680) equipped with Flame Ionization Detector (FID) 

and Thermal Conductivity Detector (TCD) detector, plot-Q and shincarbon columns. 

Quantification of the production yield was based on calibration curves. The 

experimentswere performed three times, and a maximum of ca. ±5 % error was observed. 

The error bars were included in the experimental results.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Synthesis of mixed phase TiO2 for the photoreduction of CO2 

The mixed phase TiO2 nanoparticles (NPs), which are TiO2-S and TiO2-SH, were 

prepared according to the method described in Section 3.2.2. Both obtained nanoparticles 

were white in colour. TiO2-S and TiO2-SH were characterisedusing techniques such as X-

ray Diffraction (XRD), surface area, Ultraviolet-Visible Diffuse Reflectance Spectroscopy 

(UV-Vis. DRS), Scanning Electron Microscopy (SEM), Transmission Electron 

Microscope (TEM) and X-ray Photoelectron Spectroscopy (XPS). 

4.1.1 X-ray diffraction characterisation of the mixed-phase TiO2 nanoparticles 

The XRD peaks show that both TiO2-S and TiO2-SH photocatalysts are crystalline 

in nature as shown in Figure 4.1. They both have predominant anatase phase as against 

rutile – TiO2-S has 13.7 % rutile, and TiO2-SH has 8.4 % rutile. The peaks noticed at 

25.2°, 37.9°, 47.8°, 54.3°, 55.1° and 62.7° in all the samples were consistent with (1 0 1), 

(0 0 4), (2 0 0), (1 0 5), (2 1 1) and (2 0 4) planes of tetragonal anatase TiO2 (Joint 

Committee on Powder Diffraction Standards (JCPDS) 21-1272). A weak diffraction peak 

(2θ =27.4°) in both TiO2 corresponds to the rutile phase (JCPDS 76-1940). It is worthy to 

note that these synthetic methods afforded the co-existence of anatase-rutile phases below 

the most reported phase transition temperature (Farhadian and Bagheri-Mohagheghi, 

2013). The calculated average crystal size of the predominant anatase phase (1 0 1) from 

XRD for TiO2-S and TiO2-SH are 15.4 and 18.1 nm, respectively, as shown in Table 4.1. 

4.1.2 Surface area and UV-Vis. diffuse reflectance spectroscopy characterisation of 

the mixed-phase TiO2 nanoparticles 

The nitrogen adsorption-desorption isotherms of TiO2-S and TiO2-SH catalysts, as 

shown in Figure 4.2, are of type IV, according to the IUPAC classification, and indicate 



 

Figure 4.1 X-ray diffraction patterns of the prepared TiO

nanoparticles. 
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ray diffraction patterns of the prepared TiO2-S and TiO

 

S and TiO2-SH 
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Table 4.1 Phase composition and optical properties of TiO2-S and TiO2-SH samples. 

Type of catalyst Crystalline  

size [nm][a] 

Anatase: Rutile Band gap [eV] 

    

TiO2-S 15.4 86.27: 13.73 3.05 

TiO2-SH 18.1 91.58: 8.42 3.09 

[a]Calculated from XRD and the Debye–Scherrer equation 



 

Figure 4.2 N2adsorption
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adsorption-desorption isotherms of TiO2-S and TiO2-SH samples.

 

SH samples. 
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the presence of mesopores (Allen, 1997). The isotherms confirmed a bimodal pore size 

typeof distribution by exhibiting two different hysteresis loops at different P/P0 range. A 

steep increasing hysteresis loop at P/P0 0.99,for TiO2-S,indicates the presence of 

macropores. As observed, the hysteresis loop of TiO2-SH occurred at higher P/P0 value in 

comparison with TiO2-S. This suggests the presence of wider mesopores and fewer 

macropores in TiO2-SH. These observations were confirmed by the pore size distribution 

(PSD) curve and Barrett–Joyner–Halenda (BJH) desorption cumulative pore volume as 

shown in Figure 4.3 and 4.4, respectively. The PSD curve shows that TiO2-SH is more 

homogenous, of higher pore maxima (6.1 nm), contains more mesopores and fewer 

macropores; while TiO2-S is less homogenous, of lower pore maxima (3.3 nm) and has 

slightly fewer mesopores and more macropores. The surface area and pore volume of 

TiO2-S and TiO2-SH are shown in Table 4.2. TiO2-S has a surface area and pore volume 

of 64.5 m2 g-1 and 0.17 cm3 g-1 respectively, while TiO2-SH has 73.1 m2 g-1 and 0.18 cm3 

g-1 respectively; indicating that TiO2-SH has a higher surface area and higher pore volume 

compared to TiO2-S. It is worthy to note that broader mesopores and higher surface area 

are among the factors that determine higher activities towards photocatalytic applications 

due to easy access of reactant molecules to the active sites in pores (Lowell and Shields, 

1991). 

The UV–Vis. DRS revealed that TiO2-S and TiO2-SH have absorption band edge 

at 412 and 407 nm respectively, as shown in Figure 4.5. The TiO2-SH showed a slight 

blue shift due to less rutile phase and the hyperchromic shift, probably due to the higher 

surface area. As shown in Figure 4.6, the calculated band gaps of TiO2-S and TiO2-SH 

samples were found to be 3.05 and 3.09 eV respectively, which is typical of the presence 

of the rutile phase (Wang et al., 2016b). 
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Figure 4.3 Pore size distribution curve of TiO2-S and TiO2-SH samples. 
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Figure 4.4 Desorption cumulative pore volume curve of TiO2-S and TiO2-SH samples.
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Table 4.2 Textural properties of TiO2-S and TiO2-SH samples. 

Type of 

catalyst 

BET 

Surface area 

[m2 g-1] 

Pore volume 

[cm3 g-1][a] 

Average Pore width 

[nm][a] 

Pore Maxima 

[nm][a] 

TiO2-S 64.5 0.17 6.8 3.3 

TiO2-SH 73.1 0.18 7.4 6.1 

[a]Values are taken from BJH desorption branch. 



 

Figure 4.5 UV-Vis. spectra of TiO
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Vis. spectra of TiO2-S and TiO2-SH samples. 

 



 

Figure 4.6 Tauc plot of TiO
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of TiO2-S and TiO2-SH samples. 

 



78 
 

4.1.3 Scanning electron microscopy and transmission electron microscopy 

characterisation of the mixed-phase TiO2 nanoparticles 

The morphologies of the prepared catalysts were revealed by Scanning electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM) analyses. As shown in 

Figure 4.7 and 4.8,no significant difference was observed in the morphologies of the 

obtained catalysts, as revealed by SEM images. SEM- energy-dispersive X-ray (EDX) 

analyses of both TiO2-S and TiO2-SH confirmed the presence of Ti and O, as shown in 

Figure 4.9 and 4.10. TEM images revealed that TiO2-SH sample is more homogenous in 

size than TiO2-S; suggesting that agglomeration is reduced in the former as compared to 

the latter. Moreover, as shown in Figure 4.11 and 4.12, the TEM images of prepared 

TiO2revealed that the average particle size of nanoparticles is ca. 15 nm. High resolution 

(HR) TEM images (Figure 4.13 and 4.14) confirmed the presence of both anatase and 

rutile phases, which agrees well with the XRD results. The Selected Area Electron 

Diffraction (SAED) patterns (Figure 4.15 and 4.16) showedseries of spots with both 

samples as a result of their crystallinity. The series of spots are more prominent in TiO2-

SH, which indicated that TiO2-SH is more crystalline than TiO2-S. It was also noticed that 

TiO2-SH particles are widely dispersed than TiO2-S particles as evident from elemental 

mapping (Figure 4.17 and 4.18). 

4.1.4 X-ray photoelectron spectroscopy characterisation of the mixed-phase TiO2 

nanoparticles 

XPS measurements were doneto understand the chemical state and composition of 

Ti and O in both TiO2-S and TiO2-SH nanoparticles. The XPS survey spectra of TiO2-S 

and TiO2-SH, shown in Figure 4.19 and 4.20, confirmed the presence of Ti and O in the 

prepared mixed-phase TiO2. The C1s observed in the spectra was as a result of the 

impurity of XPS instrument itself. High-resolution XPS spectrum of TiO2-S (Figure 4.21) 

showed Ti4+ peaks at 458.3 and 464.1 eV, which are assigned to Ti2p3/2 and Ti2p1/2 of Ti4+ 

state, respectively (Niu et al., 2013).For TiO2-SH catalyst, Ti4+ peaks shifted to 459.1 and 

464.9 eV (Figure 4.22), which are also assigned to Ti2p3/2 and Ti2p1/2 of Ti4+ state, 

respectively. This shift might be due to the hydrothermal treatment during the synthesis of 

TiO2-SH. 

The high-resolution spectrum of O1s of the TiO2-S catalyst (Figure 4.23) was  



 

Figure 4.7 Scanning electron microscopy images of TiO
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Scanning electron microscopy images of TiO2-S photocatalyst.

 

S photocatalyst. 
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Figure 4.8 Scanning electron microscopy images of TiO2-SH photocatalyst. 



 

Figure 4.9 Energy-dispersive X
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dispersive X-ray spectroscopy image of TiO2-S photocatalyst.

 

S photocatalyst. 



 

Figure 4.10 Energy-dispersive X
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dispersive X-ray spectroscopy image of TiO2-SH photocatalyst.

 

photocatalyst. 



 

Figure 4.11 Transmission electron microscopy image of TiO
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Transmission electron microscopy image of TiO2-S. 

 



 

Figure 4.12 Transmission electron microscopy image of TiO
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Transmission electron microscopy image of TiO2-SH. 

 



 

 

Figure 4.13 High resolution transmission electron 
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High resolution transmission electron microscopy image of TiO

 

microscopy image of TiO2-S. 



 

Figure 4.14 High resolution transmission electron microscopy image of TiO
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High resolution transmission electron microscopy image of TiO

 

High resolution transmission electron microscopy image of TiO2-SH. 



 

Figure 4.15 Selected area diffraction
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Selected area diffraction pattern of TiO2-S. 

 



 

Figure 4.16 Selected area diffraction

88 

Selected area diffraction pattern of TiO2-SH. 

 



 

Figure 4.17 Elemental mapping of TiO

89 

Elemental mapping of TiO2-S. 

 



 

Figure 4.18 Elemental mapping of TiO
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Elemental mapping of TiO2-SH. 

 



 

Figure 4.19 X-ray photoelectron spectroscopy survey spectrum of TiO

91 

ray photoelectron spectroscopy survey spectrum of TiO2

 

2-S.



 

Figure 4.20 X-ray photoelectron spectroscopy survey spectrum of TiO
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ray photoelectron spectroscopy survey spectrum of TiO2

 

2-SH.



 

Figure 4.21 High-resolution

TiO2-S. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of 

 

ray photoelectron spectroscopy spectrum of Ti2p of 



 

Figure 4.22 High-resolution

TiO2-SH. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti

 

ray photoelectron spectroscopy spectrum of Ti2p of 



 

Figure 4.23 High-resolution

TiO2-S. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

 

ray photoelectron spectroscopy spectrum of O1s of 
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resolved into two peaks. The two peaks were noticed at 529.6 and 531.6 eV, and have 

been ascribed to lattice oxygen and non-lattice oxygen (adsorbed OH groups), respectively 

(Bayati et al., 2010). Similar peaks were observed in the high-resolution spectrum of O1s 

of the TiO2-SH catalyst (Figure 4.24). However, the observed peaks for TiO2-SH catalyst 

were slightly shifted to 530.5 and 532.4 eV, respectively. 

4.1.5 Computational studies of the mixed-phase TiO2 nanoparticles 

The supercell of anatase contains 18 atoms (6 Ti and 12 O), and its dimensions are 

1 x 1. In the direction [1 0 1], the slab has three Ti2O4 layers and a vacuum of more than 

20 Å. The coordinates of the atoms in the bottom atomic layer (1 layer of Ti2O4) were kept 

fixed while the remaining atoms were allowed to relax as shown in Figure 4.25. Eight sites 

were considered from the side and top view of the 1 x 1 three-layer cell to describe the 

anatase (1 0 1) surface as depicted in Figure 4.25 and 4.26 respectively. Positions O1, 

O2and O3, correspond to sites on top of the surface oxygens, Ti1, and Ti2 correspond to 

sites on top Ti, while H, H1, and H2 correspond to hollow sites. 

On the other hand, the supercell of rutile contains 30 atoms (10 Ti and 20 O), and 

its dimensions are also 1 x 1 as shown in Figure 4.27. Therefore, the systems were 

described by five-layer-think slabs (Ti2O4) separated by a vacuum of more than 20 Å in 

the [1 1 0] direction. The coordinates of the atoms in the bottom atomic layer (2 layers of 

Ti2O4) were kept fixed while the rest of the atoms were allowed to relax. Four sites were 

considered as depicted in Figure 4.27. Position Ti1 corresponds to bridging protruding 

oxygen adsorption, position Ti2 on top of Ti, position O on top of basal oxygen, and 

position H represent the hollow site between two basal oxygens, protruding oxygen, and 

Ti atom. 

As shown in Table 4.3 and 4.4, the adsorption energies were calculated by the 

expression: 

Eads = E (molecule/surface) – E (surface) – E (molecule)................................................4.1 

Where the molecule variable can take the values of H2O, CO2 and MeOH; and the 

surface would be anatase (1 0 1) and rutile (1 1 0). For the system molecule/surface, 

different orientations of the molecules were tested to calculate the minimum energy. The 

values of E (molecule)were obtained by performing a full geometry optimization of 

isolated molecules in a 10Å x 10Å x 10Å supercell. 



 

Figure 4.24 High-resolution

TiO2-S. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

 

electron spectroscopy spectrum of O1s of 
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Figure 4.25 Left and right show the side of the 1 x 1 three-layer cell to describe the 

anatase (1 0 1) surface. 
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Figure 4.26 Top view of the 1 x 1 three-layer cell to describe the anatase (1 0 1) 

surface. 
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Figure 4.27 Side view of the 1 × 1 five-layer cell to describe the rutile (1 1 0) surface. 
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Table 4.3 Adsorption energy (eV) of molecule deposited on surface anatase (1 0 1). 

Only the most stable case for each molecule, after deposited on the surface, 

are presented here. 

Anatase (1 0 1) 

Molecule O1 O2 O3 Ti1 Ti2 H H1 H2 

H2O -0.92 -0.92 -0.79 -0.91 -0.91 -0.91 -0.39 -0.39 

CO2 -0.49 -0.16 -0.31 -0.37 -0.16 -0.35 -0.34 -0.35 

MeOH -0.94 -0.94 -0.89 -1.01 -0.94 -0.93 -1.02 -0.48 
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Table 4.4 Adsorption energy (eV) of molecule deposited on surface rutile (1 1 0). 

Only the most stable case for each molecule, after deposited on the surface, 

are presented here. 

Rutile (1 1 0) 

Molecule Ti1 Ti2 O H 

H2O -0.38 -0.69 -0.53 -1.10 

CO2 -0.12 -0.15 -0.20 -0.30 

MeOH -0.35 -0.83 -0.83 -0.84 
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4.1.6 Photocatalytic CO2 reduction by the mixed-phase TiO2 nanoparticles 

The photocatalytic reduction of CO2was tested in acetonitrile (ACN), H2O and 

triethanolamine (TEOA) mixture under UVA for a period of 24 h as described in section 

3.1.5. As shown in Figure 4.28, photocatalytic reduction of CO2was selective towards 

methanol formation. The methanol production rate of TiO2-S was found to be 1.87 mmol 

g-1 h-1,and rate was slightly increased with TiO2-SH, which yield 1.97 mmol g-1 h-1. The 

slight increase in the performance of TiO2-SH over its counterpart could be explained in 

three ways. Firstly, the adsorption energies of CO2 were higher for most sites on anatase 

(1 0 1) surface than rutile as shown in Table 4.3 and 4.4. As previously explained, XRD 

results showed that the composition of anatase (1 0 1) is higher with TiO2-SH than TiO2-

S, whereas, rutile phase is less with TiO2-SH than TiO2-S. This, therefore, implies that 

CO2 had a better interaction with anatase (1 0 1) which subsequently led to higher activity 

of TiO2-SH than TiO2-S. Secondly, the increased performance by TiO2-SH can be 

attributed to the higher adsorption energies of H2O on its surface in comparison to TiO2-S 

as shown in Table 4.3 and 4.4. Thirdly, TiO2-SH showed a higher surface area than TiO2-

S, which indicates that there are more active sites on the surface of TiO2-SH for the 

reduction of CO2. 

Based on the higher adsorption energies of TiO2-SH upon its interaction with CO2 

and H2O in comparison with TiO2-S, a significant difference in the methanol production 

rate would have been expected. However, a small difference (0.1 mmol g-1 h-1) in the 

methanol production rate was observed,which could be explained from the calculated 

adsorption energies of MeOH on the surface of the anatase and rutile phases (Table 4.3 

and 4.4). The adsorption energies for MeOH were observed to be higher in anatase surface 

than rutile; suggesting that MeOH would leave the rutile surface faster than the anatase. In 

other words, the methanol will be more retained on the surface of the TiO2-SH than TiO2-

S. This could be thereason why both TiO2-S and TiO2-SH catalysts were equally 

competent in the production of methanol from the reduction of CO2. A possible reaction 

pathway for the formation of methanol from CO2(Habisreutinger et al., 2013)is shown 

below: 

CO2 + 6H+ + 6e- → CH3OH + H2O……………………………………………4.2 



 

Figure 4.28 Rate of methanol formation from the photoreduction of CO

the presence of TEOA under UVA light.
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Rate of methanol formation from the photoreduction of CO

the presence of TEOA under UVA light. 

 

Rate of methanol formation from the photoreduction of CO2 with H2O in 
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In general, the concept of adsorption energies of particular reactants and products 

on the different phases of TiO2 is very crucial in predicting a more favourable phase for 

photocatalytic activities besides the known synergistic effects (Kho et al., 2010) and the 

built-in electric field (Xia et al., 2013; Zhang et al., 2011b) at the interface of the mixed-

phase junction between anatase and rutile phases. From the calculated energies and 

experimental results, it can be seen that the catalyst with more anatase phase appeared to 

be more favourable towards catalytic activities. Hence TiO2-SH was observed to be more 

catalytically favourable than TiO2-S. Moreover, as depicted in Figure 4.14, Table 4.1 and 

Table 4.2, the hydrothermal treatment involved in the synthesis of TiO2-SH ensured better 

separation of various nanoparticles, facilitated homogeneity, higher crystallinity and 

improved surface area. 

 The catalytic mechanism for product formation is presented in Scheme 4.1. The 

band gap of rutile phase is around 3.0 eV, and with the interaction of incident photon, the 

electron jumps to the conduction band. The conduction band edge potential is higher than 

anatase. Therefore, the photogenerated electron can easily move to the conduction band of 

anatase. This process will help to delay the recombination of the photoinducede- - h+ pair. 

Hence the excess of electrons will be available for the photocatalytic reaction at the 

surface of anatase.  

4.1.7 Quantum efficiency calculations  

Photocatalytic experiments were performed under batch conditions. Typically, 5.0 

mg of catalyst was weighed and loaded into a 50 mL cylindrical quartz reactor of 2.4 cm 

diameter and length 10 cm. UV-A lamp (UVP -UK of maximum wavelength emission at 

∼365 nm of power range 8 W) was placed side by side with the reactor. By the use of 

intensity meter (UVP 97-0015-02/UVX digital Ultraviolet Meter/Radiometer), the light 

intensity reaching the inside of the reactor (by placing the sensor in the reactor) was 

measured to be ca. 0.7 mW cm-2. It was assumed that one-sixth of the catalyst surface was 

under direct irradiation at any reaction time. Since the surface area of the better 

performing catalyst (TiO2-SH) was 73.1 m2 g-1; the total exposed surface of the 5.0 mg 

used was calculated to be 609.167 cm2, then it was approximated that the average incident 

radiation power on the TiO2-2 was 426.42 mW. 



 

Scheme 4.1. Schematic presentation of activation of small molecules and 

formation at the surface of TiO
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Schematic presentation of activation of small molecules and 

formation at the surface of TiO2-S and TiO2-SH catalysts. 

 

Schematic presentation of activation of small molecules and products 
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 The methanol production rate revealed that TiO2-SH was more efficient for the 

photoreduction of CO2 (Figure 4.28). In particular, the maximum rate of methanol 

production observed with TiO2-SH was 1.97 mmol g-1 h-1 (26.95 µmol m-2 h-1). The rough 

estimation of the quantum efficiency (QE) was calculated by the equation below: 

QE(Φ)

=
Total number of methanol molecules produced in a unit of time(𝑛 )

Total number of photons incident on the catalyst 𝑛
 𝑥 100 … … … 4.3 

It should be noted that 6 electrons are required for the production of one methanol 

molecule. Hence, at the rate of 26.95 µmol m-2 h-1, the total number of effective electrons 

involved per unit time was calculated as: 

𝑛 =
 × .  × ×

 ×
 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐)…………………………………………..4.4 

Where N is the Avogrados number. Therefore ne = 0.2705 × 1017 electrons/s. Since 

the average incident power on the catalyst was 426.42 mW (0.42642 W), the number of 

incident photons per unit time was np = 0.42642λ/hc. Whereλ is the wavelength (around 

365 nm); h is the Planck’s constant and c is the speed of light. The value of np was 

therefore calculated as 7.825 x 1017 photons. Thus, the corresponding QE of methanol 

production was found to be 3.46%. 

4.2 Synthesis of RGO-TiO2 composites for the photoreduction of CO2 

TiO2 Nanoparticles (TiO2 NPs) and Reduced Graphene Oxide-TiO2 (RGO-TiO2) 

composites, code-named as TiO2, 1.0RGO-TiO2, 2.0RGO-TiO2, 5.0RGO-TiO2 and 

10.0RGO-TiO2,were prepared according to the method described in Section 3.3.1. The 

pure TiO2 was white in colour while all RGO-TiO2 samples were grey in colour. In 

addition to the physical techniques used for the characterisation of the mixed-phase TiO2 

(section 3.2.2), Thermal Gravimetric Analysis (TGA) and Raman spectroscopy were 

employed for the characterisation of TiO2 NPs and RGO-TiO2 nanocomposites. 

4.2.1 X-ray diffraction characterisation of TiO2 NPs and RGO-TiO2 

nanocomposites 

The XRD images of the prepared pure TiO2 and RGO-TiO2 catalysts are depicted 

in Figure 4.29. For comparison, the XRD pattern of RGO was also shown.The XRD 

patternof pure RGO showed peaks at 2θ = 25.9° and 43.2°, corresponding to planes (0 0  



 

Figure 4.29 X-ray diffraction

TiO2 (d) 5.0RGO
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ray diffraction peaks of (a) pure TiO2 (b) 1.0RGO-TiO

(d) 5.0RGO-TiO2 (e) 10.0RGO-TiO2 and (f) RGO. 

 

TiO2 (c) 2.0RGO-
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2) and (10 0). Peaks of the XRD patterns of TiO2 and all RGO-TiO2 catalysts were in 

good agreement with the tetragonal anatase TiO2 (JCPDS 21-1272). No characteristic 

peaks of RGO were observed in all RGO containing TiO2 catalysts, signifying that peaks 

in TiO2 have overlapped the peaks in RGO. Notably, from Figure 4.29 (inset), the width of 

the significant anatase peak in TiO2 became slightly broadened as the amount of RGO 

increased in RGO-TiO2 composite. This broadening suggests that the crystalline size of 

TiO2 changed with the introduction of RGO. The crystalline sizes of TiO2 and RGO-TiO2 

nanocomposites were calculated from the half-width of the peak (1 0 1) using the 

Scherrer’s formula as shown in Table 4.5. The crystalline size of the pure TiO2 was found 

to be 16 nm; however, the crystalline sizes of TiO2 in the nanocomposites decreased 

gradually from 14 nm to 12 nm. 

4.2.2 Surface area and UV-Vis. diffuse reflectance spectroscopy characterisation of 

TiO2 NPs and RGO-TiO2 nanocomposites 

The BET surface area of the prepared TiO2 and all RGO-containing samples are 

shown in Table 4.5. The surface area of pure TiO2 was found to be 108.3 m2 g-1; however, 

an increase in surface area was observed for all samples with RGO. In comparison with 

pure TiO2, increasing and widening of the hysteresis loop was observed with an increased 

amount of RGO in the nanocomposites as shown by the N2 adsorption-desorption 

isotherm(Figure 4.30). Sample with maximum RGO content showed the presence of 

macropores as revealed by a steep rise in hysteresis at P/P0 = 0.99. The mesopore-size 

maxima shifted from 7.5 nm to 6.7 nm except for 5.0RGO-TiO2, as shown by the pore 

size distribution curve in Figure 4.31. This showed that the pores were distributed in a 

narrow range of mesopores at higher RGO content. Both Figure 4.30 (hysteresis loop) and 

Figure 4.31 (pore size distribution curve) confirmed that the pore-size range had increased 

after the incorporation of RGO. This observation may help in the smooth diffusion of 

molecules. Cumulative pore volume also showed the higher volume of pores for thehigher 

RGO content in the nanocomposites, in comparison with nanocomposites with lower RGO 

content (Figure 4.32). 

To investigate the change in absorption properties of the prepared catalysts, the 

UV–Vis. DRS spectra of TiO2 and RGO-TiO2were obtained as shown in Figure 4.33. The 

absorption edge of TiO2, which was determined by the extrapolation of the linear part of
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Table 4.5 Physico-chemical properties of the pure TiO2 and RGO-TiO2 samples. 

Type of 

catalyst 

Crystalline size 

(nm) 

Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore Maxima 

(nm) 

TiO2 16.0 108.3 0.25 7.5 

1.0RGO-TiO2 14.3 111.2 0.25 6.9 

2.0RGO-TiO2 14.1 119.9 0.28 7.0 

5.0RGO-TiO2 14.9 115.2 0.25 7.5 

10.0RGO-

TiO2 

11.9 128.62 0.27 6.7 

     



 

Figure 4.30 N2 adsorption
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adsorption-desorption isotherms of pure TiO2 and RGO

 

and RGO-TiO2 samples. 



 

Figure 4.31 Pore size distribution curve of pure TiO
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Pore size distribution curve of pure TiO2 and RGO-TiO2 samples.

 

samples. 



 

Figure 4.32 Desorption cumulative pore volume curve of pure TiO

samples.
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Desorption cumulative pore volume curve of pure TiO2

 

2 and RGO-TiO2 



 

Figure 4.33 UV-Vis spectra of (a) pure TiO

5.0RGO-TiO
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Vis spectra of (a) pure TiO2 (b) 1.0RGO-TiO2 (c) 2.0RGO

TiO2 (e) 10.0RGO-TiO2 and (f) RGO samples. 

 

(c) 2.0RGO-TiO2 (d) 
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the plot to the horizontal axis, was found to be 392 nm. It was observed that the 

introduction of RGO into TiO2 caused a red shift to a longer wavelength in the absorption 

edge of TiO2. The intensity of light absorption in the UV region decreased with increasing 

amount of RGO in the RGO-TiO2 composites. This trend has been attributed to the 

reduction in the energy of excited photons, charge-transfer transitions, band gap 

narrowing, the formation of Ti–O–C bonds and the direct interaction between TiO2 and 

RGO (Wang et al., 2015; Wang et al., 2013a; Nguyen-Phan et al., 2014; Sher-Shah et al., 

2012). The optical band gap energies of the prepared catalysts were determined from the 

Tauc plot of [F(R)hv]1/2 versus the photon energy via the intercept of the tangent to the x-

axis (Jaiswal et al., 2015). As shown in Figure 4.34, the band gap of TiO2 was calculated 

to be 3.2 eV while energies of 1.0RGO-TiO2, 2.0RGO-TiO2, 5.0RGO-TiO2 and 10.0RGO-

TiO2 were found to be 3.0, 3.0, 2.9, and 2.9 eV respectively. 

4.2.3 Scanning electron microscopy and transmission electron microscopy 

characterisation of TiO2 NPs and RGO-TiO2 nanocomposites 

The SEM images of the prepared TiO2, 1.0RGO-TiO2, 2.0RGO-TiO2, 5.0RGO-

TiO2 and 10.0RGO-TiO2 are shown in Figure 4.35 – 4.39. Agglomerations were observed 

with all samples as a result of the interaction of small particles. These agglomerations 

became lessened with an increase in the amount of RGO in TiO2. The SEM-EDX images 

revealed the presence of Ti and O elements in pure TiO2 as shown in Figure 4.40. In 

addition to Ti and O, SEM-EDX images of 1.0RGO-TiO2, 2.0RGO-TiO2, 5.0RGO-TiO2 

and 10.0RGO-TiO2 catalysts revealed the presence of C (Figure 4.41 – 4.44).  

To further understand the morphologies and crystal characteristics of the prepared 

TiO2 NPs and all RGO-containing TiO2, TEM analyses were performed. As shown in 

Figure 4.45, the TiO2 catalyst was spherical in shape while the pure RGO had a sheet-like 

shape (Figure 4.46). Figure 4.47 – 4.50 showed the wrapping of the RGO sheet with 

theTiO2 NPs in the nanocomposites. These wrappings became enhanced as the amount of 

RGO increased with TiO2. The HRTEM images of all the samples are shown in Figure 

4.51 – 4.56. The d-spacing of 0.342 nm was observed with TiO2 and RGO-containing 

samples, which is consistent with anatase (1 0 1) plane of TiO2 (Figure 4.52 – 4.56). The 

unchanged d-spacing suggests that RGO had little influence on the crystal phase of TiO2, 

affirming that the RGO sheets were successfully wrapped over the TiO2 NPs. The 



 

Figure 4.34 Tauc plot of (a) pure TiO

5.0RGO-TiO

116 

Tauc plot of (a) pure TiO2 (b) 1.0RGO-TiO2 (c) 2.0RGO

TiO2 (e) 10.0RGO-TiO2 and (f) RGO samples. 

 

(c) 2.0RGO-TiO2 (d) 



 

Figure 4.35 Scanning electron microscopy images of TiO
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Scanning electron microscopy images of TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.36 Scanning electron microscopy images of 
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Scanning electron microscopy images of 1.0RGO-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.37 Scanning electron microscopy images of 
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Scanning electron microscopy images of 2.0RGO-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.38 Scanning electron microscopy images of 
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Scanning electron microscopy images of 5.0RGO-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.39 Scanning electron microscopy images of 10.0RGO
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Scanning electron microscopy images of 10.0RGO-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.40 Energy-dispersive X
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dispersive X-ray spectroscopy image of TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.42 Energy-dispersive X

photocatalyst.
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dispersive X-ray spectroscopy image of 

photocatalyst. 

 

ray spectroscopy image of 1.0RGO-TiO2 



 

Figure 4.43 Energy-dispersive X

photocatalyst.
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dispersive X-ray spectroscopy image of 

photocatalyst. 

 

ray spectroscopy image of 2.0RGO-TiO2 



 

Figure 4.44 Energy-dispersiv

photocatalyst.
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dispersive X-ray spectroscopy image of 5

photocatalyst. 

 

ray spectroscopy image of 5.0RGO-TiO2 



 

Figure 4.41 Energy-dispersive X

photocatalyst.
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dispersive X-ray spectroscopy image of 

photocatalyst. 

 

ray spectroscopy image of 10.0RGO-TiO2 
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Figure 4.45 Transmission electron microscopy image of TiO2 photocatalyst. 



 

Figure 4.46 Transmission electron microscopy image of RGO sample.

128 

Transmission electron microscopy image of RGO sample. 
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Figure 4.47 Transmission electron microscopy image of 1.0-RGO-TiO2 photocatalyst. 



 

Figure 4.48 Transmission electron microscopy image of 
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Transmission electron microscopy image of 2.0-RGO-TiO

 

TiO2 photocatalyst. 
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Figure 4.49 Transmission electron microscopy image of 5.0-RGO-TiO2 photocatalyst. 
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Figure 4.50 Transmission electron microscopy image of 10.0-RGO-TiO2 photocatalyst. 



 

Figure 4.51 High resolution transmission electron microscopy image of RGO
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High resolution transmission electron microscopy image of RGO

 

High resolution transmission electron microscopy image of RGO 



 

Figure 4.52 High resolution transmission electron microscopy image of TiO

photocatalyst.
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High resolution transmission electron microscopy image of TiO

photocatalyst. 

 

High resolution transmission electron microscopy image of TiO2 
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Figure 4.53 High resolution transmission electron microscopy image of 1.0RGO-TiO2 

photocatalyst. 
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Figure 4.54 High resolution transmission electron microscopy image of 2.0RGO-TiO2 

photocatalyst. 



 

Figure 4.55 High resolution transmission

photocatalyst.
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High resolution transmission electron microscopy image of 

photocatalyst. 

 

electron microscopy image of 5.0RGO-TiO2 
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Figure 4.56 High resolution transmission electron microscopy image of 10.0RGO-TiO2 

photocatalyst. 
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calculated average particle decreased from ca 11.0 nm on TiO2 to ca 8.0 nm on RGO-TiO2 

composites. The addition of RGO, which served as the support, ensured more dispersion 

and suppressed the crystal growth of TiO2 nanoparticles (Gu et al., 2013). The elemental 

mapping confirmed the presence of Ti and O elements in the ordinary TiO2 catalyst, as 

shown in Figure 4.57, while RGO was found to contain C and O only (Figure 4.58). The 

presence of Ti, O and C in all RGO-TiO2 samples was also confirmed by the elemental 

mapping as shown in Figure 4.59 – 4.62. 

4.2.4 Thermogravimetric analyses and Raman spectroscopy characterisation of 

TiO2 NPs and RGO-TiO2 nanocomposites 

The thermal behaviour of TiO2, 5.0RGO-TiO2 and pure RGO were examined by 

TGA analysis. Two obvious losses were noticed with pure RGO as shown in Figure 4.63. 

The first loss (ca. 10%) observed in the range of ca. 30 – 125 °C was as a result of the 

evaporation of the adsorbed moisture. The second loss (15%) observed in the range 125 - 

330 °C was due to the burning of remaining organic solvents and oxygen-containing 

functional groups of RGO (Shen et al., 2011; Chen et al., 2016). The gradual reduction in 

weight was observed beyond 330 °C. The total weight loss at 900 °C was ca. 50%, which 

was from the burning of the carbon skeleton (Shen et al., 2011). However, the curve for 

5.0RGO-TiO2 nanocomposite did not reveal the two significant mass losses, indicating the 

strong wrapping of RGO sheets with TiO2 (Figure 4.63). The total weight loss (ca. 20%) 

observed for the nanocomposite at 900 °C indicates the strong interaction between the 

RGO and TiO2-NPs, leading to reduced weight loss of RGO. In addition, the weight loss 

(ca. 10%) experienced by the nanocomposite at the calcination temperature (400 °C) 

shows that there was no significant weight loss of RGO in the nanocomposites, thereby 

confirming the stability of the nanocomposite at 400 °C. As shown in Figure 4.64, the 

spent RGO-TiO2 catalyst showed a total weight loss of 30% at 900 °C. The further 

weightloss (10%) with spent RGO-TiO2 was as a result of the burning out of settled 

products formed from the reduction of CO2 on the surface of the nanocomposites.  

The Raman spectra of TiO2, 5.0RGO-TiO2, and pure RGO samples were 

obtainedto evaluate the interaction between RGO and TiO2 (Figure 4.65). For the RGO 

sample, two characteristic peaks were observed at 1340.8 and 1580.3 cm-1, and the peaks 

have  



 

Figure 4.57 Elemental mapping of TiO
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Elemental mapping of TiO2 photocatalyst. 

 



 

Figure 4.58 Elemental mapping of RGO sample.
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Elemental mapping of RGO sample. 

 



 

Figure 4.59 Elemental mapping of 1.0RGO
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Elemental mapping of 1.0RGO-TiO2 sample. 

 



 

Figure 4.60 Elemental mapping of 2.0RGO
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Elemental mapping of 2.0RGO-TiO2 sample. 

 



 

Figure 4.61 Elemental mapping of 5.0RGO
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Elemental mapping of 5.0RGO-TiO2 sample. 

 



 

Figure 4.62 Elemental mapping of 10.0RGO
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Elemental mapping of 10.0RGO-TiO2 sample. 
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Figure 4.63 Thermogravimetric analyses curves of the prepared TiO2, 5.0RGO-TiO2 

and pure RGO samples. 



 

Figure 4.64 Comparison of thermogravimetric analyses curves of 5.0RGO

spent 5.0RGO
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Comparison of thermogravimetric analyses curves of 5.0RGO

spent 5.0RGO-TiO2 samples. 

 

Comparison of thermogravimetric analyses curves of 5.0RGO-TiO2 and 



 

Figure 4.65 Raman spectra of the prepared TiO
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Raman spectra of the prepared TiO2, 5.0RGO-TiO2 and pure RGO samples.

 

and pure RGO samples. 
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been assigned to D and G bands, respectively. These bands correspond to the first-order 

scattering of the E2g mode observed for sp2 carbon domain as well as the structuraldefects, 

amorphous carbon, or edges that break the symmetry and selection rule (Nguyen-Phan et 

al., 2014; Wang et al., 2013a). The bare TiO2 showed strong peaks at 149.2, 397.4, 516.8 

and 639.5 cm-1, which are typical of Eg(1), B1g(1), A1g + B1g(2) and Eg(2) vibration 

modes of anatase TiO2, respectively. The characteristic peaks for both RGO and TiO2were 

retained in the spectra of the 5.0RGO-TiO2 nanocomposite. In comparison, the G band 

was shifted to 1598.8 cm-1 in the composite, confirming the formation of the 

nanocomposite. However, no shift was observed with the D-band (Shah et al., 2012). 

4.2.5 X-ray photoelectron spectroscopy characterisation of TiO2 NPs and RGO-

TiO2 nanocomposites 

To study the surface state and the interaction of the prepared TiO2 with RGO, XPS 

technique was employed. The full-scale spectra of pure RGO,TiO2 and 5.0RGO-TiO2are 

shown in Figure 4.66 – 4.68. The spectrum of 5.0RGO-TiO2 (Figure 4.67) shows the 

presence of Ti, O and C peaks. Nevertheless, C and O peaks are consistent with pure RGO 

(Figure 4.66). The C peak observed in the spectrum of TiO2 was due to the instrument 

reference standard, and this peak was lower in intensity, in comparison with 5.0RGO-TiO2 

(Figure 4.68). The high-resolution XPS spectrum of Ti2p for TiO2is depicted in Figure 

4.69. The peaks centred at 458.3 and 464.1 eV have been ascribed to Ti2p3/2 and Ti2p1/2 

respectively, which are in good agreement with the binding energy values of Ti4+ in pure 

anatase.For 5.0RGO-TiO2 composite, these two peaks shifted to 459.7 and 465.5 eV as 

shown in Figure 4.70. This shift was most possibly as a result of the successful wrapping 

of RGO with TiO2 and probably the presence of highly electronegative O, which 

withdraws the electron density from Ti of 5.0TiO2-RGO nanocomposite (Sher-Shah et al., 

2012). 

The high-resolution XPS spectra of C1s from pure RGO and 5.0RGO-

TiO2nanocomposite are shown in Figure 4.71 and 4.72. For pure RGO, the core-level 

spectrum was fitted into three parts. The main part, centred at about 284.3 eV, has been 

attributed to the non-oxygenated ring C including C-C, C=C and C-H bonds. The other 

two parts, centred at 284.9 and 287.4 eV, have been assigned to carbon atoms connecting 

with  



 

Figure 4.66 X-ray photoelectron spectroscopy survey spectrum of pure RGO.
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ray photoelectron spectroscopy survey spectrum of pure RGO.

 

ray photoelectron spectroscopy survey spectrum of pure RGO. 



 

Figure 4.67 X-ray photoelectron spectroscopy survey spectrum of 5.0RGO
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ray photoelectron spectroscopy survey spectrum of 5.0RGO

 

ray photoelectron spectroscopy survey spectrum of 5.0RGO-TiO2. 



 

Figure 4.68 X-ray photoelectron spectroscopy survey spectrum of TiO
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ray photoelectron spectroscopy survey spectrum of TiO2

 

2. 



 

Figure 4.69 High-resolution

TiO2. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of bare 

 

ray photoelectron spectroscopy spectrum of Ti2p of bare 



 

Figure 4.70 High-resolution

5.0RGO-TiO
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of 

TiO2. 

 

opy spectrum of Ti2p of 



 

Figure 4.71 High-resolution
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resolution XPS spectrum of C1s of pure RGO. 

 



 

Figure 4.72 High-resolution

5.0RGO-TiO
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resolution X-ray photoelectron spectroscopy spectrum of C1s of 

TiO2. 

 

ray photoelectron spectroscopy spectrum of C1s of 
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oxygenate groups, C-O and C=O bonds respectively (Ismail et al., 2013; Wang et al., 

2013a). Similar peaks were also observed to be present in 5.0RGO-TiO2 

nanocomposites,but with slight shifts to 284.7, 285.9 and 288.7 eV. The areas of the peaks 

assigned to C-O and C=O bonds, for 5.0RGO-TiO2 nanocomposites, were significantly 

reduced by 61.5 and 83.8 % respectively (Table 4.6), suggesting the elimination of 

considerable oxygen-containing groups during the hydrothermal process. The observed 

peak shifts and a decrease in the peaks areas, with 5.0RGO-TiO2 nanocomposite, indicate 

the interaction of RGO and TiO2 in the composite (Leong et al., 2015).  

The spectra of O1s for the pure RGO, 5.0RGO-TiO2 and TiO2 samples are shown 

in Figure 4.73 – 4.75. The fitting of the spectrum, into three parts,  for the pure RGO, 

showed two main peaks centred at 531.0 and 532.7 eV, which have been ascribed to 

carbonyl oxygen from O=C-OH / C=O and hydroxyl oxygen from C-O / C-OH (Figure 

4.73). The third peak centred at 535.7 eV is the O from tiny absorbed water (Zhou et al., 

2015; Oh et al., 2014). A new peak centred at 530.7 eV was observed with 5.0RGO-TiO2 

(Figure 4.74), which was assigned to intrinsic O atoms that are bound to Ti (Ti-O-Ti) (Luo 

et al., 2015; Bellamkonda et al., 2017). The new observed peak indicates that there was an 

interaction between RGO and TiO2. The peak from C-O / C-OH observed earlier with 

pure RGO has overshadowed the tiny peak from absorbed water in 5.0RGO-TiO2sample. 

As expected for the pure TiO2, the peaks noticed at 529.5 and 531.7 eV have been 

assigned to lattice oxygen and non-lattice oxygen (adsorbed OH group) respectively 

(Figure 4.75).  

The XPS survey spectrum of spent 5.0RGO-TiO2is shown in Figure 4.76. Ti, O 

and C elements were observed with the spent 5.0RGO-TiO2, thus indicating that the 

elemental composition of nanocomposite remained unchanged after being used for 

photocatalytic CO2 reduction. However, from the high-resolution spectra of the spent 

5.0RGO-TiO2(Figure 4.77 – 4.79),the peak areas of Ti4+, C-C, C=C and C-H were reduced 

while the peak areas of Ti-O-Ti, O=C-OH, C=O, C-O, C-OH and H2O were increased in 

comparison with the unspent 5.0RGO-TiO2. These increase and decrease in the peak areas 

were as a result of the settling of oxygenated species from both the reactants and products 

on the surface of the 5.0RGO-TiO2. 
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Table 4.6 X-ray photoelectron spectroscopy data of C1s chemical state of pure RGO 

and 5.0RGO-TiO2 samples. 

Bonds Peak Area Peak Centre 

 
Pure RGO 5.0RGO-TiO2 Pure RGO 5.0RGO-TiO2 

C-C, C=C, C-H 9013.1 6276.3 284.3 284.7 

C-O- 5447.5 2100.1 284.9 285.9 

C=O 4334.4 703.2 287.3 288.7 

     



 

Figure 4.73 High-resolution

RGO. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of pure 

 

ray photoelectron spectroscopy spectrum of O1s of pure 



 

Figure 4.74 High-resolution

5.0RGO-TiO
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

TiO2. 

 

ray photoelectron spectroscopy spectrum of O1s of 



 

Figure 4.75 High-resolution

TiO2. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

 

ctroscopy spectrum of O1s of 



 

Figure 4.76 X-ray photoelectron spectroscopy survey spectrum of spent 5.0RGO
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ray photoelectron spectroscopy survey spectrum of spent 5.0RGO

 

ray photoelectron spectroscopy survey spectrum of spent 5.0RGO-TiO2. 



 

Figure 4.77 High-resolution

spent 5.0RGO
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of 

spent 5.0RGO-TiO2. 

 

ray photoelectron spectroscopy spectrum of Ti2p of 



 

Figure 4.78 High-resolution

spent 5.0RGO
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resolution X-ray photoelectron spectroscopy spectrum of C1s of 

spent 5.0RGO-TiO2. 

 

ray photoelectron spectroscopy spectrum of C1s of 



 

Figure 4.79 High-resolution

spent 5.0RGO
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

spent 5.0RGO-TiO2.

 

ray photoelectron spectroscopy spectrum of O1s of 
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4.2.6 Computational studies of TiO2 NPs and RGO-TiO2 nanocomposites 

The computational studies of TiO2 NPs and RGO-TiO2 nanocomposites were 

performed by initially placing the graphene nanosheet (GNS) and TiO2 nanoparticle in a 

direction such that a (1 0 1) facet of the nanoparticle was located approximately in the 

centre of GNS. The benefit of using finite size cluster graphene models, as opposed to 

infinite periodic boundary condition models,is the full presence of rotational degrees of 

freedom in geometry relaxation of conjugates. Thus, not only the distance between GNS 

and TiO2 but also tilting angles can be adjusted. Figure 4.80 and 4.81 show the atomic 

structure of the conjugate after the full geometry relaxation, using a conjugate gradient 

method. It was observed that the atoms of carbon of GNS and atoms of (1 0 1) facet 

moved to a distance closer than the sum of the van der Waals radii (Figure 4.80). The 

optimisation of the geometry resulted in some rotation of the GNS relative to the initial 

configuration with the armchair edge parallel to the (0 0 1) surface as shown in Figure 

4.81.  

Based on the computational results, the adsorption energy of GNS over (1 0 1) 

facet of the TiO2 nanoparticle Ti44r1 was -27.38 kcal mol-1. Approximately 63 carbon 

atoms of the GNS took part in the GNS-Ti44r1 van der Waals complex, and the 

interaction energy was calculated as 0.43 kcal mol-1 of carbon atoms. The value is about 

twice lower than the average reported in the literature, in which the interaction energy 

between graphene sheets was 0.804 kcal mol-1 C (Vorontsov and Tretyakov, 2018b). The 

difference may be partially ascribed to the non-flat character of the (1 0 1) surface so that 

many atoms are not close enough.  

The density of states of the separate Ti44r1, GNS, and the GNS-Ti44r1 complex in 

the range of energy eigenvalues of -10 to 0 eV are shown in Figure 4.82. The Fermi level 

energy of these nano-objects at 298.15 K is -4.00, -4.48, and -4.49 eV, respectively. 

Therefore, GNS determines the Fermi level position in the composite. Ti44r1 showed the 

band gap typical for anatase as shown in Figure 4.82a, while GNS did not show any band 

gap with a smearing of orbitals population among eigenvalues of -4.55 to -4.37 eV as 

shown in Figure 4.82b. GNS possessed a significant number of states equal to 20 inside 

the band gap of Ti44r1 from -5.47 to -2.52 eV. As shown in Figure 4.82c, the formation 

ofthe GNS-Ti44r1 complex resulted in a significant change in DOS distribution and 



 

. 

Figure 4.80 Structure of the fully optimised GNS

spheres. Atom designations: H 

balls.  
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Structure of the fully optimised GNS-Ti44r1 conjugate in van der Waals 

spheres. Atom designations: H - white, C – dark grey, O 

 

Ti44r1 conjugate in van der Waals 

dark grey, O – red, Ti – grey 



 

Figure 4.81 Structure of the fully optimised GNS

representations. Atom designations: H 

grey balls. 
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Structure of the fully optimised GNS-Ti44r1 conjugate in ball

representations. Atom designations: H - white, C – dark grey, O 

grey balls.  

 

Ti44r1 conjugate in ball-and-stick 

dark grey, O – red, Ti – 



 

 

 

Figure 4.82 Density of states for the (a) optimised TiO

quantum dot and (c) GNS
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Density of states for the (a) optimised TiO2 nanoparticle, (b) graphene 

quantum dot and (c) GNS-Ti44r1 conjugate. 

 

nanoparticle, (b) graphene 
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appearance of new energy levels inside the Ti44r1 band gap. The number of states inside 

the band gap became 28.  

The presence of states in the band gap for the GNS-Ti44r1 composite means that 

this composite can be excited under visible light irradiation. However, possibility of a real 

advantage of the composite in comparison to separate components can be obtained if 

photoexcitation (1) proceeds under visible light, (2) creates electrons and holes with 

energy enough to drive the reactions, and (3) produces photogenerated charges with a 

lifetime long enough for their reaction to complete. There are three different possibilities 

of photoexcitation with visible light: (1) photoexcitation of graphene component with the 

creation of electron and hole in graphene; (2) excitation with charge transfer from TiO2 to 

graphene; and (3) excitation with charge transfer from graphene to TiO2. The advantage of 

the composite is realised if the charge is transferred as a result of photoexcitation. It is 

often suggested that photogenerated charges are quickly thermalised before taking part in 

electron transfer reactions (Vorontsov and Tretyakov, 2018b). For graphene, this means 

recombination of photogenerated charges or a photogenerated electron with energy similar 

to Fermi energy. Taking the TiO2 conduction band edge potential as -0.1 V, graphene 

Fermi level potential is about +2.0 V which is too much positive for the electron to drive 

any reaction of reduction of interest. Therefore, without external electron donors, only 

possibility of photogenerated thermalized electron in TiO2 conduction band provides 

reactivity enough to carry out the reactions of hydrogen production (E0 = 0 V at pH 0) or 

CO2 reduction (E0 = -0.24 V for methane product, -0.38 V for methanol, and -0.53 V for 

CO at pH 7). Another interesting possibility is realised if there is an overlap of orbitals of 

graphene and TiO2. If such combined orbitals are within the TiO2 band gap, they can 

actively participate in the visible light photoexcitation.  

Furthermore, we consider molecular orbitals (MO) of the GNS-Ti44r1 conjugate. 

Figure 4.83 shows some characteristic examples of MO around the Ti44r1 band gap. 

Theinvestigation spanned the orbitals range from #1478 (-5.75 eV) to #1559 (-1.98 eV). 

MO 1478 – 1490 were formed exclusively by oxygen p-orbitals of Ti44r1. MO 1492 (-

5.65 eV) shown in Figure 4.83a includes atomic orbitals (AO) of oxygen in Ti44r1 and 

carbon in GNS. Orbitals 1493 – 1501 are formed by p AO of oxygen and traces of d AO 
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of titanium across the Ti44r1 nanoparticle. MO 1502 (-5.55 eV) was formed by p oxygen 

AO



 

Figure 4.83 Selected molecular orbitals in the GNS

1505-1509 except 1507, (c) 1507, (d) 1513, (e) 1514, (f) 1515, (g) 1517, 

(h) 1538, (i) 1552
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Selected molecular orbitals in the GNS-TiO2 composite: (a) 1492, (b) 

509 except 1507, (c) 1507, (d) 1513, (e) 1514, (f) 1515, (g) 1517, 

(h) 1538, (i) 1552-1553.  

 

composite: (a) 1492, (b) 

509 except 1507, (c) 1507, (d) 1513, (e) 1514, (f) 1515, (g) 1517, 
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at corners formed by four (1 0 1) adjacent facets and traces of d AO of Ti there. This is 

characteristic for MO of decahedral anatase nanoparticles at the ceiling of the valence 

band. Orbitals 1503 (-5.52 eV) and 1504 (-5.48 eV) contain AO of oxygen and carbon. It 

was supposed that these orbitals correspond to the edge of the valence band since their 

energy is equal to the HOMO energy of the Ti44r1 nanoparticle (Vorontsov and 

Smirniotis, 2018a). However, detailed consideration of the upper lying MO led to a 

different conclusion. Figure 4.83b shows MO 1505 – 1509 (-5.45 to -5.38 eV). These 

orbitals corresponded to the type of orbitals at the upper part of the valence band of 

decahedral anatase nanoparticles as well, while MO 1507 shown in Figure 4.83c is a linear 

combination of GNS and Ti44r1 AO. Further orbitals 1510 – 1512 (-5.36 to -5.32 eV) also 

contained oxygen AO and traces of Ti AO at the (1 0 1)/(1 0 1)/(1 0 1)/(1 0 1) vertices. 

MO 1513 (-5.32 eV) shown in Figure 4.83d contains AO of both GNS and Ti44r1. The 

last orbital corresponding to the HOMO of Ti44r1 is #1514 shown in Figure 4.83e with 

energy -5.27 eV. Hence, the interaction of Ti44r1 with GNS resulted in a shift of HOMO 

of Ti44r1 from -5.47 to -5.27 eV, that is by +0.2 eV. The energy gap from -5.27 to -4.95 

eV did not have any states.  

Molecular orbitals #1515 to 1537 with energy range -4.95 to -2.43 eV were formed 

exclusively by pz AO of carbon atoms in GNS. Figure 4.83f shows the first of these MO. 

The limited size of the GNS  caused the appearance of MO with a high contribution from 

edge carbon atoms. This was the case for MO #1517 that was formed almost exclusively 

by pz AO of carbon atoms residing in the zigzag edge of rectangular graphene nanosheet. 

MO # 1518 (E = -4.50 eV) corresponded to HOMO of the GNS-Ti44r1 conjugate at 0 K. 

Energy levels 1516 to 1521 were partially filled with electrons. A large number of gaps 

were noticed in the energy spectrum of GNS-Ti44r1 composite (Figure 4.82c), i. e. -4.95 

to -4.56, -3.22 to -3.00, -2.92 to -2.71 to – 2.56 eV with width above 0.2 eV that resulted 

from the limited size of the graphene nanoribbon used in the modelling.  

Contribution from AO of the Ti44r1 nanoparticle towards the conjugate started 

with the MO #1538 having energy -2.38 eV (Figure 4.83h). The energy of the Ti44r1 

LUMO was shifted by +0.15 eV as a result of interaction with GNS. The shift of the 

HOMO and LUMO energy of Ti44r1 after its interaction with GNS was a consequence of 

charge injection from electron-rich GNS into TiO2. No molecular orbital within the Ti44r1 
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band gap that contained AO of Ti44r1 was observed in the conjugate with GNS as 

suggested above. The energy range of - 2.38 to -1.98 eV was densely packed with orbitals 

that belong to Ti44r1, GNS or both components. Figure 4.83i shows two of the four MO 

formed by both Ti44r1 and GNS in the stated energy range. MO 1552 (-2.06 eV) and 1553 

(-2.05 eV) contained d AO of Ti and pz AO of carbon.  

4.2.7 Photocatalytic reduction of CO2 on TiO2 NPs and RGO-TiO2 nanocomposites 

The photocatalytic reduction of CO2 was tested in acetonitrile (ACN), H2O and 

triethanolamine (TEOA) mixture (16:2:2 v/v in mL) under UVA for a period of 16 h as 

described in section 3.1.5 and 3.2.7. The photocatalytic activity of the prepared catalysts; 

TiO2, 1.0RGO–TiO2, 2.0RGO–TiO2, 5.0RGO–TiO2 and 10.0RGO–TiO2, was performed 

for the reduction of CO2 under UVA light for 16 h using 5 mg of all the samples. The 

prepared catalysts showed substantial activity and selectivity in the photocatalytic CO2 

reduction to methanol. Measurements were done initially for 8 h at 4 h intervals for the 

first day; then the reaction was paused, stored in the dark for few hours and resumed 

almost midnight and allowed to run overnight for the next 8 h till 16 h (next day). The 

production of methanol increases with time for all the catalysts. Ordinary TiO2 exhibited 

methanol production rate of ca. 1.95 mmol g-1 h-1; which is lower than all RGO-containing 

samples (Figure 4.84). The possibility of this observation could be the large band gap and 

fast recombination of e- -h+ pair in TiO2 (Wang et al., 2017a; Chen et al., 2016). The 

wrapping of RGO on TiO2 showed a significant influence on the photocatalytic activity. 

Factors including (1) synergistic effect between TiO2 and RGO as a result of hydrothermal 

reaction, which allow the formation of chemical bond (Zhang et al., 2017; Fan et al., 

2011), (2) reduced recombination of e- -h+ pair (Wang et al., 2017b), and (3) higher 

surface area which provides more active adsorption sites and photocatalytic reaction 

centers (Chen et al., 2016), could be responsible for the increased activity. Increasein 

photocatalytic activity was noticed with a higher amount of RGO from 1% to 5% weight 

ratio in the RGO–TiO2 composites; however, a decreasing trend was observed with the 

further addition of RGO. This downward trend suggests that (1) excess RGO, as a 

competitor with TiO2, can increase the scattering of light in the photocatalytic system, thus 

shielding the light reaching the surface of the TiO2 photocatalysts (Zhang et al., 2017); 
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Figure 4.84 Rate of the formation of methanol from the reduction of CO2 under UVA 

light irradiation of pure TiO2 and all RGO-TiO2 samples. 
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and (2) RGO can act as a charge–carrier recombination center (Wang et al., 2012). Hence, 

it is crucial to get the optimum loading amount of RGO in the RGO–TiO2 composites. 

Here, the optimum RGO was observed with 5.0RGO–TiO2 with methanol production rate 

of 3.41 mmol g-1 h-1, almost double the pure TiO2. 

To compare and to further probe the effect of optical properties, photocatalytic 

reduction of CO2 to methanol was performed under visible light (from 420 nm to 700 nm) 

by maintaining the above experimental conditions. Figure 4.85 reveals that all the 

composites were photocatalytically active under visible light, with 2.0RGO-TiO2 and 

5.0RGO-TiO2 performing almost equally. These results suggest that RGO narrowed the 

band gap of TiO2 in a way to enhance its visible light activity. It is noteworthy that 

5.0RGO–TiO2 under visible light exhibited lower photocatalytic activities when compared 

in the presence of UVA light. This may be due to the higher amount of TiO2 in 

comparison with RGO, which made it difficult for TiO2 to catalyze the reaction under 

visible light effectively. Hence, the reaction rate was mainly determined by the amount of 

TiO2 catalyst present (Wang et al., 2017b; Li et al., 2012). 

The effect of reaction medium on the photocatalytic reduction of CO2 was 

performed with 5.0RGO–TiO2 in the presence of DMF, ACN, and DMSO by keeping 

other parameters constant under the visible light as shown in Figure 4.86. The trend in the 

photoreduction activity was found to be ACN < DMSO < DMF yielding 2.32, 0.95 and 

0.74 mmol g-1 h-1 respectively, suggesting that CO2 had higher solubility in ACN medium, 

which was crucial in product formation. 

4.2.8 Mechanism of photocatalytic reduction of CO2 on TiO2 NPs and RGO-TiO2 

nanocomposites 

According to the results of the experimental and the theoretical studies, the 

mechanism of CO2 photoreduction was suggested as demonstrated in Scheme 4.2. The 

positive effect of the presence of graphene on the reduction of CO2 is explained by its 

induced shift of TiO2 conduction band (CB) towards more reductive potential and 

consequent increased rate of electron transfer to adsorbed CO2 or carbonate species on the 

photocatalyst surface. Under UV irradiation, photoexcitation of anatase nanoparticles can 

proceed, and the resulting electrons and holes drive the CO2 reduction and water 

oxidation. Excitation also proceeds in graphene. However, its direct contribution to the  
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Figure 4.85 Rate of the production of methanol from the reduction of CO2 under visible 

light irradiation by all RGO-TiO2 composites. 



 

Figure 4.86 Influence of the reaction medium for the production of methanol from CO

reduction under visible light by 5.0RGO
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Influence of the reaction medium for the production of methanol from CO

reduction under visible light by 5.0RGO-TiO2. 

 

Influence of the reaction medium for the production of methanol from CO2 



 

Scheme 4.2 Scheme of electronic excitations 

graphene-anatase composite according to the results of computational 

studies: (a) under UV light irradiation; (b) with visible light 

photoexcitation.

EF 

CH3OH 

O2 

H2O 

CO2 

EVB 

ECB 
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Scheme of electronic excitations and electron transfer processes in the 

anatase composite according to the results of computational 

studies: (a) under UV light irradiation; (b) with visible light 

photoexcitation.

CH3OH 

CO2 

EF 
EVB 
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and electron transfer processes in the 

anatase composite according to the results of computational 

studies: (a) under UV light irradiation; (b) with visible light 

O2 

H2O 



180 
 

photoreaction is lower than that of TiO2 because only moderate amounts of graphene (5 

%) were beneficial for the photoreduction. 

Under visible light photoexcitation, only graphene could absorb light. Generally, 

photoreactions should involve electron excitation from energy levels below the Fermi 

energy to levels with energy large enough for the CO2 reduction to proceed. TiO2 

nanoparticles are the hosts for the long-lived thermalised charge carriers. Thus, the CO2 

reduction proceeded over TiO2 nanoparticles surface. The key role of TiO2 was again 

confirmed by the best moderate contents of graphene in the composite for the visible-light 

CO2 photoreduction. As there were common energy levels for both graphene and TiO2 

component (Figure 4.83), electron photoproduced in graphene freely moved to TiO2 where 

it was thermalised into the conduction band bottom level and took part in the CO2 

reduction.
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4.3 Synthesis of visible light active CNT-TiO2 composites  

The TiO2 nanoparticles and CNT-TiO2 composites, which were code-named as 

TiO2, 1.0CNT-TiO2, 2.0CNT-TiO2 and 5.0CNT-TiO2, were prepared according to Section 

3.4.1. The bare TiO2 nanoparticles used for comparison with the obtained CNT-TiO2 

nanocomposites were the same as the ones presented in section 4.2. Therefore, some of 

TiO2 nanoparticles characterisation were excluded in section 4.3 to avoid repetition. The 

pure TiO2 was white in colour while all CNT-TiO2 samples were dark grey in colour. All 

the prepared catalysts were characterisedusing techniques as described in Section 3.2.2 

and 3.3.4. 

4.3.1 X-ray diffraction characterisation of the TiO2 NPs and CNT-TiO2 composites 

The XRD images of CNT, TiO2 and CNT-TiO2samples are depicted in Figure 

4.87. The two peaks positioned at 25.9° and 43.5° have been assigned to (0 0 2) and (1 0 

0) planes of the CNT. All diffraction peaks noticed in pure TiO2 and CNT-TiO2 were 

consistent with tetragonal anatase TiO2 (JCPDS 21-1272). However, no major peak of the 

CNT at 2θ = 25.9° was noticed in all CNT-TiO2 samples. The non-appearance of CNT 

indicates that the peak of CNT at 2θ = 25.9° had been dominated by the significant peak 

of TiO2 at 2θ = 25.3°. In Figure 4.87 (inset), an increase in the broadening of the 

significant peak of TiO2 at 2θ = 25.3° was observed as the amount of CNT in CNT-TiO2 

composite was increased, suggesting that the addition of CNT decreased the crystal size of 

TiO2. With the use of Scherrer’s formula, the crystalline size of TiO2 was calculated to be 

16.0 nm and reduced to around 13.2 nm in the composites (Table 4.7). This indicates that 

CNT reduced the growth of TiO2 during the calcination stage (Chuan-Yu et al., 2008). 

4.3.2 Surface area and UV-Vis. diffuse reflectance spectroscopy characterisation of 

TiO2 NPs and CNT-TiO2 composites 

The adsorption-desorption isotherms of TiO2 and CNT-TiO2 samples are revealed 

in Figure 4.88. The isotherms exhibited by all samples are known as type IV isotherm, 

which is typical of a mesoporous material. The type IV isotherm is further categorized as 

type H3 hysteresis loop, which is as a result of slit-shaped pores formed from the 

agglomeration of small particles (Leofanti et al., 1998). The pore size distribution curve of 

TiO2 and CNT-TiO2 samples are shown in Figure 4.89. It was noticed that the pore 



 

Figure 4.87 X-ray diffraction

TiO2, (d) 5.0CNT
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ray diffraction peaks of (a) pure TiO2 (b) 1.0CNT-TiO

, (d) 5.0CNT-TiO2 and (e) CNT. 

 

TiO2 (c) 2.0CNT-
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Table 4.7 Physico-chemical properties of the pure TiO2 and CNT-TiO2 samples. 

Type of catalyst Crystalline size 

(nm) 

Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Average Pore 

width (nm) 

TiO2 16.0 108.3 0.25 7.0 

1.0CNT-TiO2 14.4 110.3 0.26 7.5 

2.0CNT-TiO2 13.4 113.5 0.26 7.4 

5.0CNT-TiO2 13.2 117.1 0.25 6.8 
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Figure 4.88 N2 adsorption-desorption isotherms of pure TiO2 and CNT-TiO2 samples. 



 

Figure 4.89 Pore size distribution curve of pure TiO

185 

Pore size distribution curve of pure TiO2 and CNT-TiO2 samples.

 

samples. 
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maxima were shifted to the lower side as the percentage of CNT in the composite was 

increased.This suggests that the size of pores decreased with increasing CNT content in 

titania, while total pore volume remained almost the same for both TiO2 and CNT-TiO2 

samples (Table 4.7 and Figure 4.90). According to Wheeler’s equation (1) shown below.  

Surface Area =  
∗   

  ( )
……………………………………………4.5 

According to equation 4.5 above, surface area is inversely proportional to pore 

width. Therefore, the reducing pore size at constant total pore volume observed as the 

amount of CNTs increased in TiO2was most possibly responsible for higher surface area 

in all CNT-TiO2 nanocomposites in comparison with pure TiO2. The surface areas of 

TiO2, 1.0CNT-TiO2, 2.0CNT-TiO2 and 5.0CNT-TiO2 were found to be 108.3, 110.3, 

113.5 and 117.1 m2 g-1, respectively (Table 4.7).  

The UV−Vis. DRS of CNT, TiO2 and CNT-TiO2 composites are depicted in 

Figure 4.91. The characteristic absorption edge of pure TiO2 catalyst was found to be 392 

nm. This indicates the absorption of TiO2in the UV region. The addition of CNT extended 

the light absorption of ordinary TiO2 into the visible light region. The absorption in the 

visible light region increased with an increase in the amount of CNT in the CNT-TiO2 

nanocomposites. This red shift to higher wavelength by the CNT-TiO2nanocomposites 

was as a result of the electronic interaction between CNT and TiO2 (Yang et al., 2013; An 

et al., 2012). However, excessive addition of CNT can impede the illumination intensity 

of TiO2 as a result of the shielding effect of the black colouration of CNT(Yu et al., 

2005b; Yao et al., 2008; Li et al., 2012). The Tauc plot of the pure TiO2 and CNT-TiO2 is 

shown in Figure 4.92. The energy of the band gap of the pure TiO2 was calculated to be 

3.2 eV; while energies of 1.0CNT-TiO2, 2.0CNT-TiO2 and 5.0CNT-TiO2 were calculated 

to be 3.0, 2.9 and 2.8 eV, respectively. It could be observed that the band gap of TiO2 

decreased with increasing CNT content, indicating that CNT-TiO2 composites could 

effectively absorb visible light (Akhavan et al., 2010; Taleshi, 2015; Nourbakhsh et al., 

2016). 

 



 

Figure 4.90 Desorption cumulative pore volume curve of pure TiO

samples. 
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Desorption cumulative pore volume curve of pure TiO

 

Desorption cumulative pore volume curve of pure TiO2 and CNT-TiO2 



 

Figure 4.91 UV-Vis spectra of (a) pure TiO

5.0CNT-TiO
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Vis spectra of (a) pure TiO2 (b) 1.0CNT-TiO2 (c) 2.0CNT

TiO2 and (e) CNT samples. 

 

(c) 2.0CNT-TiO2 (d) 



 

Figure 4.92. Tauc plot of (a) pure TiO

TiO2 and (e) CNT samples.
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Tauc plot of (a) pure TiO2 (b) 1.0CNT-TiO2 (c) 2.0CNT-TiO

and (e) CNT samples. 

 

TiO2 (d) 5.0CNT-
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4.3.3 Scanning electron microscopy and transmission electron microscopy 

characterisation of TiO2 NPs and CNT-TiO2 nanocomposites 

The morphologies of pure TiO2 and CNT-TiO2 composites with varying amount of 

CNT are shown by SEM images in Figure 4.93 – 4.95. Agglomeration was observed with 

TiO2 as a result of the interaction of smaller size particles. However, with the introduction 

of CNT, the agglomeration tends to decrease with increasing amount of CNT in the 

composites. As obvious with the lower content of CNT, larger amount of TiO2 

nanoparticles were wrapped around the CNT. As the amount of CNT increased, more 

TiO2 nanoparticles were attached to the wall of the tubes, leading to decrease in 

agglomeration of TiO2 (An et al., 2012; Yu et al., 2005b). The presence of Ti, O and C in 

all the CNT containing samples was confirmed by SEM-EDX as shown in Figure 4.96 – 

4.98. 

 Futhermore, in order to understand the microstructure of the prepared catalysts and 

to explore the effect of CNT on TiO2 morphology,TEM images of CNT, TiO2 and CNT-

TiO2catalysts were obtained.. As depicted in Figure 4.99 – 4.102, the addition of CNT to 

TiO2 did not have any significant impact on the morphology of TiO2. As the amount of 

CNT increases, more chances were available forTiO2nanoparticles to be attached onto the 

wall of CNT (Figure 4.102). The appearance of the composites suggests that the physical 

and chemical interactions between TiO2 and varying amount of CNT improved the 

electron and ion transport properties at the interfaces (Jing et al., 2017). The shape of TiO2 

nanoparticles were spherical with their average particle size of around 12 nm. The size of 

TiO2 decreased steadily to 7 nm as the amount of CNT increased in the composites. This 

suggest thatthe growth of TiO2 particles was inhibited after the addition of CNT (An et al., 

2012). This trend was in agreement with the XRD results. The lattice fringes spacing of 

0.342 nm was assigned to (1 0 1) plane of anatase TiO2 as confirmed by HRTEM images 

(Figure 4.104). Elementary mapping confirmed the presence of C and O in pure CNT 

(Figure 4.106), and Ti, O, and C in the CNT-TiO2 samples (Figure 4.107 - 109). 

 



 

Figure 4.93 Scanning electron microscopy image of 
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Scanning electron microscopy image of 1.0CNT-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.94 Scanning electron microscopy image of 

192 

Scanning electron microscopy image of 2.0CNT-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.95 Scanning electron microscopy image of 
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Scanning electron microscopy image of 5.0CNT-TiO2 photocatalyst.

 

photocatalyst. 



 

Figure 4.96 Energy-dispersive X

photocatalyst.
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dispersive X-ray spectroscopy image of 1.0CNT

yst. 

 

ray spectroscopy image of 1.0CNT-TiO2 



 

Figure 4.97 Energy-dispersive X

photocatalyst.
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dispersive X-ray spectroscopy image of 2.0CNT

photocatalyst. 

 

ray spectroscopy image of 2.0CNT-TiO2 



 

Figure 4.98 Energy-dispersive X

photocatalyst.

196 

dispersive X-ray spectroscopy image of 

photocatalyst. 

 

ray spectroscopy image of 5.0CNT-TiO2 



 

Figure 4.99 Transmission 
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Transmission electron microscopy image of CNT sample. 

 

 



 

Figure 4.100. Transmission electron microscopy image of 
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Transmission electron microscopy image of 1.0CNT-TiO2 

 

 sample. 



 

Figure 4.101 Transmission electron microscopy image of 
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Transmission electron microscopy image of 2.0CNT-TiO2 

 

 sample. 



 

Figure 4.102. Transmission electron microscopy image of 
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Transmission electron microscopy image of 5.0CNT-TiO2 

 

 sample. 



 

Figure 4.103 High resolution transmission electron microscopy image of 

sample. 

201 

High resolution transmission electron microscopy image of 

 

High resolution transmission electron microscopy image of 1.0CNT-TiO2 



 

Figure 4.104 High resolution transmission electron microscopy image 

sample. 
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High resolution transmission electron microscopy image 

 

High resolution transmission electron microscopy image of 2.0CNT-TiO2 



 

Figure 4.105 High resolution transmission electron microscopy image of 

sample. 
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High resolution transmission electron microscopy image of 

 

High resolution transmission electron microscopy image of 5.0CNT-TiO2 



 

Figure 4.106 Elemental mapping
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Elemental mapping of CNT sample. 

 



 

Figure 4.107 Elemental mapping
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Elemental mapping of 1.0CNT-TiO2 sample. 

 



 

Figure 4.108 Elemental mapping of 
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Elemental mapping of 2.0CNT-TiO2 sample. 

 



 

Figure 4.109 Elemental mapping of 
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Elemental mapping of 5.0CNT-TiO2 sample. 
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4.3.4 Thermogravimetric analyses and Raman spectroscopy characterisation of 

TiO2 NPs and CNT-TiO2 nanocomposites 

The TGA analysis recorded under air atmosphere of CNT, TiO2 and 2.0CNT-TiO2 

is shown in Figure 4.110. At the calcination temperature of 450 °C, the total weight loss of 

the pure CNT was found to be ca. 10%. This loss was a result of the removal of moisture 

as well as hydroxo, oxo, and carboxylic functional groups available at the surface of CNT. 

At the same calcination temperature, TiO2 hada weight loss of 4% , while 2.0CNT-TiO2 

had 4.5% weight loss. The hydroxyl and moisture may be responsible for this. The TGA 

analysis suggests that CNT-TiO2 nanocomposites were stable at the calcination 

temperature, in which the nanocomposites retained sufficient amount of CNT. 

Comparison of TGA curves of 2.0CNT-TiO2 and spent 2.0CNT-TiO2 samples is shown in 

Figure 4.111. The spent 2.0CNT-TiO2 sample had 18% weight loss at the calcination 

temperature of 450 °C. The further weight loss by spent 2.0CNT-TiO2 sample in 

comparison with the unspent 2.0CNT-TiO2 (4.5% weight loss) can be attributed to 

burning out of the settled reactants and products on the surface of spent 2.0CNT-TiO2 

sample. 

The Raman spectra of  bare TiO2, pure CNT and2.0CNT-TiO2 are shown in Figure 

4.112. The obtained TiO2showedcharacteristic, strong peaks at 149.1, 397.4, 516.8 and 

639.5 cm-1, which were ascribed to Eg(1), B1g(1), A1g + B1g(2) and Eg(2) vibration 

modes of anatase TiO2, respectively. Pure CNT exhibited two well-resolved bands at 

1329.9 and 1565.0 cm-1consistent to the D and Gbands, respectively. These peaks are 

associated with the degree of defects, thedisordered sp2 carbon, and the existence of 

crystalline graphitic carbon in CNTs (Xiao et al., 2016; Roy et al., 2014). As expected, the 

peaks associated with the pure CNT were absent in bare TiO2. The spectrum of 2.0CNT-

TiO2 nanocomposite exhibited the distinctive peaks of both CNT and TiO2 samples. The 

succesful formation of the nanocomposite can also be determined from the ratio of the 

intensity of D and G bands (ID/IG). Higher ID/IG ratio in the nanocomposite when 

compared to pure CNT indicate the interaction of the nanocomposite and an increase in 

the average size of sp2 domains (Vijayan et al., 2012).The ID/IG ratio increased from 0.85 

for the pure CNT to 1.08 for 2.0CNT-TiO2 composite. Moreover, the peaks ascribed to 
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CNT were shifted from 1329.9 and 1565.0 cm-1to 1340.1 and 1578.0cm-1 in the 

composite.This suggests a strong interaction between TiO2 and CNT. 
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Figure 4.110 Thermogravimetric analyses curves of the prepared TiO2, 2.0CNT-TiO2 

and pure CNT samples. 



 

Figure 4.111 Comparison of thermogravimetric analyses curves of 2.0CNT

spent 2.0CNT
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Comparison of thermogravimetric analyses curves of 2.0CNT

spent 2.0CNT-TiO2 samples. 

 

Comparison of thermogravimetric analyses curves of 2.0CNT-TiO2 and 



 

Figure 4.112 Raman spectrum of TiO
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Raman spectrum of TiO2, 2.0CNT-TiO2 and pure CNT. 
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4.3.5 X-ray photoelectron spectroscopy characterisation of TiO2 NPs and CNT-

TiO2 nanocomposites 

XPS measurements were done to understand the chemical environment and the 

valence states of elements on the surface of the obtained TiO2 and 2.0CNT-TiO2 samples. 

The XPS survey spectra of TiO2, 2.0CNT-TiO2, and pure CNT are depicted in Figure 4.68, 

4.113 and 4.114, respectively. The presence of Ti, O, and C on the surface of 2.0CNT-

TiO2 composite suggests the formation of CNT and TiO2. Although, the peak ascribed to 

C arising on the TiO2 surface corresponded to the reference used in the XPS instrument. It 

was observed that the carbon peak intensity from 2.0CNT-TiO2 was higher in comparison 

with the bare TiO2.This indicates the presence of CNT in 2.0CNT-TiO2nanocomposite. As 

anticipated, pure CNT spectrum revealed the occurrence of only C and O atoms. The high-

resolution XPS spectrum of Ti2p in bare TiO2 was previously depicted in Figure 4.69. The 

peaks centred at 458.3 and 464.1 eV were assigned to Ti2p3/2 and Ti2p1/2 spin-orbital 

splitting photoelectrons in Ti4+ (Niu etal., 2013).The spectrum of 2.0CNT-TiO2 is shown 

inFigure 4.115.The peaks position of Ti2p3/2 and Ti2p1/2 were slightly shifted to 458.4 and 

464.2 eV in comparison with bare TiO2. The splitting of these peaks showed an additional 

two peaks at position 459.9 and 465.5 eV due to the formation of Ti-C bond arising from 

Ti2p3/2 and Ti2p1/2 peaks (Akhavan et al., 2010). The formation of Ti–C bond was 

established from the spectra of C1s.  

The high-resolution XPS spectra of C1s of pure CNT and 2.0CNT-TiO2 are 

depicted in Figure 4.116 and 4.117. For pure CNT, the spectrum was fitted into three 

peaks. The major peak noticed at 284.3 eV was assigned to C=C and C-C bonds of the 

CNT. The two other peaks centred at 285.6 and 289.4 eV were assigned to C-O and C=O 

bonds, respectively (Akhavan et al., 2010; Cong et al., 2011). The spectrum for 2.0CNT-

TiO2 was deconvoluted into four peaks, showing an additional peak centred at 284.2 eV. 

This new peak was ascribed to Ti-C bond in the composite (Akhavan et al., 2009; 

Akhavan et al., 2010). The Ti-C bond revealed that the oxygen sites in the lattice of TiO2 

were replaced by carbon atoms, which led to the formationof a C-Ti-O structure (Huang et 

al., 2008). Two of the three peaks (284.3 and 285.6 eV) observed with pure CNT were 

shifted to 285.1 and 286.2 eV, respectively. However, the peak at 289.4 eV remained 



 

Figure 4.113 X-ray photoe
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ray photoelectron spectroscopy survey spectrum of 2.0CNT

 

lectron spectroscopy survey spectrum of 2.0CNT-TiO2. 



 

Figure 4.114 X-ray photoelectron spectroscopy survey spectrum of pure CNT.
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ray photoelectron spectroscopy survey spectrum of pure CNT.

 

ray photoelectron spectroscopy survey spectrum of pure CNT. 
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Figure 4.115 High resolution X-ray photoelectron spectroscopy spectrum of Ti2p of 

2.0CNT-TiO2. 



 

Figure 4.116 High-resolution

CNT. 
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resolution X-ray photoelectron spectroscopy spectrum of C1s of pure 

 

ray photoelectron spectroscopy spectrum of C1s of pure 



 

Figure 4.117 High-resolution

2.0CNT-TiO
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resolution X-ray photoelectron spectroscopy spectrum of C1s of 

TiO2. 

 

ray photoelectron spectroscopy spectrum of C1s of 
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unchanged in the composite. This new peak and shifts in peaks position noticed with 

2.0CNT-TiO2 suggest strong binding of CNT and TiO2.  

The high-resolution spectra of O1s of TiO2, 2.0CNT-TiO2, and CNT are depicted 

in Figure 4.75, 4.118 and 4.119. The spectra for bare TiO2 were fitted into two peaks. The 

peaks noticed at 529.5 and 531.7 eV were assigned to lattice oxygen and non-lattice 

oxygen (adsorbed OH group), respectively (Hafeez et al., 2018). The deconvoluted O1s 

spectrum of 2.0CNT-TiO2 showed an extra peak at 533.2 eV, which was assigned to C-O. 

The peak areanoticed at 531.7 eV with TiO2had an increase of 38% after the addition of 

CNT. The increase in the area of this peak suggests that C=O and Ti-O-C bonds as well as 

more oxygen defects were formed (Bellamkonda et al., 2017; Cong et al., 2011). The 

above observations of O1s with 2.0CNT-TiO2 confirmed the interaction between CNT and 

TiO2 in the composite.  

The XPS spectra of the spent 2.0CNT-TiO2 catalyst are depicted in Figure 4.120 – 

4.123. Similarly, the survey spectrum confirmed the presence of Ti, O and C elements in 

the spent 2.0CNT-TiO2 (Figure 4.120). However, from HRXPS of the spent 2.0CNT-TiO2 

(Figure 4.121 – 4.123), the peak areas associated with Ti were reduced while the peak 

areas associated with C and O were increased. These observations with the peak areas 

were as a result of the settling of the reactants and products on the surface of the spent 

2.0CNT-TiO2. 

4.3.6 Computational studies of TiO2 NPs and CNT-TiO2 nanocomposites 

There are various possibilities of the arrangement of surface atoms in TiO2anatase 

nanoparticles,which have round shape. Of all the arrangements of TiO2 anatase 

nanoparticles, the most stable facet is (1 0 1). The facet (1 0 1) and facet (0 0 1) were 

found to be present in the synthesised materials. The possibility of having other 

arrangements of surface atoms in the experimentally prepared TiO2 was not considered in 

the present study. The modelled TiO2 anatase nanoparticles was denoted by Ti44r1. The 

nanoparticle Ti44r1 possessed facets (1 0 1) and (0 0 1) which represented a part of 

surface structures in the experimentally synthesised nanoparticles. CNTs were bounded to 

various surface arrangements of TiO2 anatase nanoparticles. Three options of binding 

CNT to Ti44r1 nanoparticle were considered. They are (1) the attachment of CNT to (0 0 

1) facet along the edge hydroxyl groups, (2) the attachment of CNT to(1 0 1) 
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facetsapproximately perpendicular to (0 0 1) facets and (3)the attachment of CNT to(1 0 

1)  



 

Figure 4.118 High-resolution

2.0CNT-TiO
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

TiO2. 

 

ray photoelectron spectroscopy spectrum of O1s of 



 

Figure 4.119 High-resolution

CNT. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of pure 

 

ray photoelectron spectroscopy spectrum of O1s of pure 



 

Figure 4.120 X-ray photoelectron spectroscopy survey spectrum of spent 2.0CNT
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ray photoelectron spectroscopy survey spectrum of spent 2.0CNT

 

ray photoelectron spectroscopy survey spectrum of spent 2.0CNT-TiO2. 



 

Figure 4.121 High-resolution X

spent 2.0CNT
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resolution X-ray photoelectron spectroscopy spectrum of 

spent 2.0CNT-TiO2. 

 

ray photoelectron spectroscopy spectrum of Ti2p of 



 

Figure 4.122 High-resolution

spent 2.0CNT
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resolution X-ray photoelectron spectroscopy spectrum of O1s of 

spent 2.0CNT-TiO2. 

 

ray photoelectron spectroscopy spectrum of O1s of 



 

Figure 4.123 High-resolution

spent 2.0CNT
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resolution X-ray photoelectron spectroscopy spectrum of C1s of 

spent 2.0CNT-TiO2. 

 

ray photoelectron spectroscopy spectrum of C1s of 
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facetsalong (0 0 1) facets. The binding geometries of composite structure were finally 

obtained by the placement of CNT at the predefined locations. The structure was then 

optimised to obtain minimal energy. 

The optimised structure of CNT attached to (0 0 1) facet of the nanoparticle is 

shown in Figure 4.124. The binding of CNT with this surface was weak. The adsorption 

energy was -5.35 kcal mol-1. In addition, there was a little difference between the 

electronic properties of this CNT-TiO2and the properties of CNT. The Fermi energy of 

CNT-TiO2 was -4.39 eV, whilethat of CNT was -4.40 eV. The prevalence of CNT was 

due to the high amount of delocalized electrons in comparison with TiO2 which had their 

electrons mostly localised. As shown in Figure 4.125, the details of CNT-TiO2 (0 0 1) 

interaction was obtained by considering boundary orbitals, that is, Highest Occupied 

Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO). The 

values 10-5 of the isosurfaces were obtained with these orbitals. It was observed that the 

boundary orbitals were mostly represented by electrons of CNT with a small contribution 

of pO orbitals of TiO2 (0 0 1) surface in HOMO and both pO and dTi orbitals in LUMO.  

Orbitals within the range of 1536 – 1597 were also considered. It was observed 

that the input of orbitals of individual CNT and TiO2 to overall orbitals was very small. 

The energy for each CNT boundary was -4.56 (HOMO) and -4.24 eV (LUMO) and the 

band gap was 0.32 eV. For the CNT-TiO2 (0 0 1) composite, the boundary orbitals 

corresponded closely to CNT, in which -4.55 (HOMO) and -4.23 eV(LUMO) values were 

obtained. The maininput of CNT to electronic characteristics of boundary orbitals of the 

CNT-TiO2nanocomposite was confirmed by these values. 

Furthermore, the inputs of orbitals at the position of energy relating to Ti44r1 

cluster boundary orbitals were considered. The boundary orbitals energy was -5.47 

(HOMO) and -2.53 eV (LUMO) for each cluster Ti44r1with the band gap of 2.94 eV. The 

boundary orbitals structure corresponded to each orbitals of Ti44r1 nanoparticle in the 

CNT-TiO2 (0 0 1) nanocomposite (Vorontsov 2017). In the composite,the positions of 

energy of Ti44r1 orbitals were -5.45 (HOMO) and -2.49 eV (LUMO) andhad the energy 

band gap of 2.96 eV. This band gap value indicates that there was a slight shift in the 

positions of energy of the TiO2 orbitals. This indicates that the CNT binding with TiO2 (0 

0 1) surface was too small considering both energy interaction and wavefunctions  



 

 

Figure 4.124 CNT-TiO2 
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 composite structure with CNT attachment to (001) facet. 

 

composite structure with CNT attachment to (001) facet.  



 

Figure 4.125 Boundary orbitals of CNT

LUMO. 
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Boundary orbitals of CNT-TiO2 (001) composite: (a) HOMO and (b) 

 

(001) composite: (a) HOMO and (b) 
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interpenetration. 

The alternative geometry of stacking CNT and TiO2 was CNT attachment to (1 0 

1) facet of anatase, in which CNT was placed approximately perpendicular to (0 0 1) facet 

as shown in Figure 4.126. The Ti44r1 cluster and the nanotube were placed in a way that 

TiO2 cluster interacted with the CNTat the middle part. To circumvent the effects of the 

short length of the CNT model used,the same placement was adopted for all other CNT-

Ti44r1 composites. The binding of CNT with (1 0 1) facet was stronger than with (0 0 1) 

facet. The energy of adsorption of CNT with (1 0 1) facet was -6.15 kcal mol-1. 

Nonetheless, it was a verysmall energy interaction,which was purely of van-der-Waals 

nature. The van-der-Waals diameters of larger distancescorresponded tothe interatomic 

distances. 

The CNT-TiO2 (1 0 1) complex boundary orbitals are depicted in Figure 4.127. 

The boundary orbitals were represented by CNT orbitals with a very small input of Ti44r1 

orbitals. Partial overlapping of pO orbitals with CNT orbitals was observed for HOMO, 

while partial overlappingof both pO and dTi of (1 0 1) surface with CNT orbitalswas 

observed for LUMO. It was noticed that the orbitals overlap was larger than for CNT 

adsorbed over (0 0 1) surface. The HOMO energy was -4.57eV and the LUMO energy 

was -4.24 eV, which were the same as those obtained for individual CNT. 

The orbitals with lower energy had inputs from both CNT and TiO2, whereas, the 

CNT-TiO2 complex boundary orbitals did not have a significant input from atomic orbitals 

belonging to TiO2. These orbitals, namely, 1544 with eigenvalue -5.70 eV (Figure 4.128a) 

and 1561 with eigenvalue -5.45 eV (Figure 4.128b) were revealed to be linear 

combinations of atomic orbitals of both CNT and Ti44r1 nanoparticle.  

Orbitals in the composite conduction band with the energy below the energy of 

Ti44r1 conduction band had a little input from the atomic orbital (AO) of TiO2. The 

orbitals had a majorinput from both Ti44r1 and CNT,beginning from orbital 1588 with 

eigenvalue -2.48 eV. Therefore, the electron transfer from TiO2 to CNT was as a result of 

the photoexcitation of CNT-Ti44r1(0 0 1) and CNT-Ti44r1(1 0 1) composites with 

photons of visible light range energy.The CNT-TiO2 complex geometry that was last 

considered contained CNT placed over (1 0 1) facet of Ti44r1 cluster, in which CNT was 

directly parallel to (0 0 1) facet. The optimised complex geometry is shown in Figure  
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Figure 4.126 Van-der-Waals spheres representation of CNT-TiO2 composite with CNT 

attached along (101) facet of TiO2.  



 

Figure 4.127 Boundary orbitals of CNT

facet: (a) HOMO and (b) LUMO. 
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Boundary orbitals of CNT-Ti44r1 complex with CNT adsorbed over (101) 

facet: (a) HOMO and (b) LUMO.  

 

Ti44r1 complex with CNT adsorbed over (101) 



 

Figure 4.128 (a) Orbitals 1544 and (b) 1561 of valence band of CNT

composite. 
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(a) Orbitals 1544 and (b) 1561 of valence band of CNT

composite.  

 

(a) Orbitals 1544 and (b) 1561 of valence band of CNT-Ti44r1 (101) 
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4.129. CNT matched the step of the (1 0 1) surface in this composite. It was observed that 

a significant amount of interacting atoms caused major adsorption energy for this 

complex, which was equal to -20.77 kcal mol-1. Figure 4.130 shows the CNT-Ti44r1 

complex orbitals close to the boundary orbitals. The dTi and pO AO in the step of (1 0 1) 

surface gave an input to the MO near the valence band edge of the complex. A relatively 

strong adsorption of CNT was observed over the step of (1 0 1) surface, which was a 

result of the overlapping of many AO with CNT orbitals. 

4.3.7 Photocatalytic CO2 reduction by CNT-TiO2 nanocomposites 

The photocatalytic reduction of CO2 by TiO2 and CNT-TiO2 nanocomposites was 

performed in a reaction medium containing ACN and H2O of ratio 16:2 v/v, with the 

addition of 2 mL TEOA which served as the sacrificial agent. The reaction mixture was 

irradiated by UVA light for a period of 24 h. As depicted in Figure 4.131, the formation of 

methanol was observed as the selective reaction product. The production of methanol 

increased with increase in time, up to 24 h. A higher amount of methanol production was 

observed with all the CNT-TiO2 nanocomposites as compared with pure TiO2, which 

indicate that the nanocomposites had improved photocatalytic activity. The methanol 

production rate of pure TiO2 was found to be 1.44 mmol g-1 h-1. Fast recombination of 

charge carriers and wider band gap could be responsible for the lower production rate by 

TiO2 catalyst. The amount of CNT in the CNT-TiO2 nanocomposite had an effect on the 

photocatalytic activity. The weight ratios of CNT in the nanocomposites were 1, 2 and 5% 

of TiO2. It was observed that the methanol production increased up to 2% CNT loading 

and then decreased with 5% loading. In other words, 2% CNT loading (2.0CNT-TiO2) 

was found to be the optimum, yielding a maximum methanol production rate of 2.36 

mmol g-1 h-1. This rate was found to be 1.64 times higher than pure TiO2. Possible factors 

that could be responsible for the improvement of photocatalytic reduction of CO2 by CNT 

nanocomposites are: (1) higher surface area as shown in Table 4.7 (Yu et al., 2005b), (2) 

absorption of lightby the interface of CNT-TiO2 sites and the concurrent injection of 

electrons in the TiO2 conduction band (Woan et al.,2009), and (3) lower recombination of 

the photoinduced e- - h+ pairs (Yu et al., 2007).  

Higher loading of CNT did not favour photocatalytic CO2 reduction. This could be  
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Figure 4.129 CNT-TiO2 complex with strong interaction of CNT with (1 0 1) surface 

due to the matching surfaces of TiO2 and CNT.  



 

Figure4.130 (a) – 1563 (HOMO

1566 (HOMO) and (e) 

.
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1563 (HOMO-3), (b) – 1564 (HOMO-2), (c) – 1565 

1566 (HOMO) and (e) – 1567 (LUMO) 

 

(HOMO-1), (d) – 



 

Fig 4.131 Time-dependent profiles of methanol production by pure TiO

TiO2 samples in ACN/H

as a sacrificial agent.
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dependent profiles of methanol production by pure TiO

samples in ACN/H2O/TEOA medium under UVA light. TEOA serves 

as a sacrificial agent. 

 

dependent profiles of methanol production by pure TiO2 and CNT-

O/TEOA medium under UVA light. TEOA serves 
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due to the greatly reduced absorption of the TiO2 of UV light. The black colour of CNT 

shielded the photons, and less amount of UV light was available for the photocatalytic 

activity of TiO2 surface(Juang et al., 2013; Yu et al., 2005b).  

Photocatalytic reduction of CO2 was performed on the effect of the light 

wavelenght over the best-performing catalyst, 2.0CNT-TiO2. In order to compare with the 

obtained methanol production under UVA, the experiment was then performed under 

visible light in the range of 420 to 700 nm. Other experimental conditions mentioned 

above were kept constant. As shown in Figure 4.132, 2.0CNT-TiO2 was effective in the 

production of methanol under visible light. The methanol production rate was found to be 

1.52 mmol g-1 h-1. Factors that are responsible for the photoactivity of 2.0CNT-TiO2 under 

visible light are: (1) the narrowing of the band gap (Cong et al., 2011), (2) Ti-C bonds 

formation as established by the Raman and XPS (Vijayan et al., 2012; Akhavan et al., 

2009; Akhavan et al., 2010), and (3) photosensitization of the CNTs and the ability to 

utilize longer wavelength of light (Vijayan et al., 2012). It was observed that the amount 

of methanol produced under UVA light was more than the methanol produced under 

visible light. The reason is possibly due tothe higher amount of TiO2 in the composite, 

which could not catalyse the reaction completely under visible light. The schematic 

representation of the photocatalytic reduction of CO2 to methanol by CNT-TiO2 

composites is shown in Scheme 4.3. 

The recyclability and stability of 2.0CNT-TiO2 were performed for the 

photocatalytic reduction of CO2 under visible light. Other reaction conditions above were 

kept constant. For every 12 h till 51 h, the photoreactor was repurged with CO2. As 

depicted in Figure 4.133, an increase in the amount of methanol production was observed 

at every 12 h interval. The yield of methanol for the first interval was 29.4 mmol g-1.The 

reaction was stopped,and the solution was re-purged for 15 min. The reaction mixture was 

then kept in the dark for 1 h. A small amount of the liquid product was injected into the 

GC, and it was noticed that the methanol yield reduced to 25.7 mmol g-1 (indicating a 12% 

decrease in production). This reduction in production could be due to the evaporation of 

methanol during CO2 purging. The process was repeated for three more intervals. A steady 

percentage reduction in methanol production was observed at every 12 h interval  



 

Figure 4.132 Time-dependent profiles showing the comparison of methanol production 

by 2.0CNT

medium. 
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dependent profiles showing the comparison of methanol production 

by 2.0CNT-TiO2 under UVA and visible light in ACN/H

 

dependent profiles showing the comparison of methanol production 

under UVA and visible light in ACN/H2O/TEOA 
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Scheme 4.3 The schematic diagram showing the product formation from CO2 and H2O 

a) under UVA irradiation in the ACN/H2O/TEOA solvent, b) under UVA 

irradiation in the ACN/H2O, and c) under visible light in ACN/H2O/TEOA. 

 

(a) 

(c) 

(b) 



 

Figure 4.133 Recyclability and stability test on the production of methanol from 

2.0CNT-TiO
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Recyclability and stability test on the production of methanol from 

TiO2 under visible light for a period of 51 h. 

 

Recyclability and stability test on the production of methanol from 
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after purging with CO2. This steady reduction could be due to the accumulation of 

methanol inthe solution. Although the decrease in methanol production was observed after 

every purging process, the overall methanol production increased when the reaction was 

resumed at every stage. 

4.3.8 Mechanism of photocatalytic CO2 reduction by CNT-TiO2 nanocomposite 

To get a clear understanding of the photocatalytic reaction mechanisms, the four 

different regimes of photocatalytic reactions utilized were differentiated, namely (1) UV 

light photoexcitation in the presence of strong electron donor TEOA, (2) UV light 

photoexcitation in the absence of strong electron donor TEOA, (3) visible light 

photoexcitation in the presence of strong electron donor TEOA, and (4) visible light 

photoexcitation in the absence of strong electron donor TEOA. Among these four regimes, 

three were realised in the present study. 

Under UVA light, both TiO2 nanoparticles and CNT took part in the 

photoexcitation process with the dominant role of TiO2 because of the short lifetime of 

charge carriers in CNT due to the absence or very small value of the band gap. Under 

visible light, photoexcitation proceeded with the participation of boundary orbitals of the 

CNT-TiO2 composite as previously shown (Figure 4.124, 4.126 and 4.129). Common 

conduction and valence band orbitals of CNT-TiO2 nanoparticles provided an effective 

band gap of around 1.1 eV for CNT-TiO2 valence band to CNT charge transfer and 2.4 eV 

for CNT to CNT-TiO2 conduction band charge transfer. It should be pointed out that 

without sacrificial electron donor, the energy level of electrons in CNT was too low (about 

+2.0 eV) to drive any reaction of photoreduction. However, reactions of oxidation 

proceeded with the formation of oxygen during CO2 photoreduction. Under such 

conditions, photogenerated electrons in the CNT-TiO2 conduction band acted as the 

reducing agent for CO2 reduction (Scheme 4.3b). 

In the presence of sacrificial electron donor TEOA, strongly reducing conditions 

were realised. Photogenerated electrons resulting from TEOA oxidation with UVA light 

photogenerated holes in the CNT-TiO2 valence band were eventually transferred to CNT 

(Scheme 4.3a). Pumping of excessive electrons into CNT increased its redox potential to  
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values enough to drive diverse reduction reactions, with the production of methanol. 

Carbon Nanotubes (CNTs) are known to be good electrocatalysts for such reactions. 

Therefore, the tight contact of CNT and TiO2 nanoparticles was the cause of the large 

photocatalytic activity of the CNT-TiO2 composites of the present study. Under visible 

light photoexcitation, electrons from the common orbitals of the CNT-TiO2 valence band 

found at -5.7 eV can be brought to the LUMO orbitals situated mostly in CNT and initiate 

reduction reactions over the CNT surface (Scheme 4.3c). 

4.4 Synthesis of Magnesium-doped TiO2 nanocatalysts for the photoreduction of 

CO2 

The TiO2 nanoparticles and Mg-TiO2 nanocatalystswere prepared according to 

Section 3.4.2. All prepared nanocatalysts were white in colour and were 

characterisedusing techniques as described in Section 3.2.2. In addition to the physical 

techniques used for the characterisation of the mixed-phase TiO2, Inductively Coupled 

Plasma Atomic Emission Spectroscopy (ICP-AES) was employed for the characterisation 

of Mg-TiO2 nanocatalysts. 

4.4.1 Inductively coupled plasma atomic emission spectroscopy and X-ray 

diffraction characterisation of Mg-TiO2 nanocatalysts 

ICP-AES measurements of the nanocatalysts revealed that the amount of Mg in 

Mg-TiO2 samples was in the range of 0.07 to 0.17% (Mg/(Mg + Ti)). Samples code-

named Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3 were found to contain 0.07, 0.10 and 

0.17% of Mg, respectively. The XRD patterns of the prepared Mg-doped TiO2 

photocatalysts are shown in Figure 4.134. The pure TiO2 and Mg-doped TiO2 had major 

peaks at 25.5°, 38.2°, 48.3°, 55.02° and 63.02° in all the samples, which are in agreement 

with (1 0 1), (0 0 4), (2 0 0), (1 0 5),  and (2 0 4) planes of tetragonal anatase TiO2 (JCPDS 

21-1272). The Mg2+ (0.72 Å) has a competitive ionic radius with Ti4+ (0.61 Å) and easily 

dope and substitute Ti4+ in the TiO2 without making much distortion to the structure. No 

clear peak for Mg or MgO was observed in the Mg-doped TiO2 samples. But the slight 

change to a lower value in the (1 0 1) peak of TiO2 anatase reflected the doping of Mg in 

the TiO2 lattice. 



 

Figure 4.134 X-ray diffraction pattern of TiO
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ray diffraction pattern of TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg

 

2 and Mg-TiO2-3. 
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4.4.2 Surface area and UV-Vis. diffuse reflectance spectroscopycharacterisation of 

TiO2 NPs and Mg-TiO2 nanocatalysts 

The surface areas of all the prepared nanocatalysts are shown in Table 4.8. The 

sonothermal method of TiO2 was modified to obtain a higher surface area. The modified 

sonothermal method afforded the prepared TiO2 a higher surface area of 122.8 m3 g-1; 

which almost double (64.5 m2 g-1) the TiO2 previously prepared (TiO2-S). The surface 

area of TiO2 slightly decreased with the doping of Mg and was almost constant, at around 

120 m2 g-1, for all doped catalysts. As shown in Figure 4.135, the nitrogen adsorption-

desorption isotherms of all the nanocatalysts were of type IV (Leofanti et al., 1998). The 

pure TiO2 exhibited H3 type of hysteresis loop, indicating the agglomeration of particles 

forming slit-shaped pores. However, after doping, the hysteresis loops gradually tend 

towards H2 type, indicating the presence of ink-bottled pores and cylindrical-through 

pores. This suggests that Mg interaction with TiO2 led to the rearrangement of pores. The 

total pore volume of pure TiO2 and Mg-TiO2-1 were almost equal, and as the amount of 

Mg increased the total pore volume decreased as shown in Table 4.8. This observation 

was also confirmed by the pore size distribution curve (Figure 4.136), in which the pore 

maxima shifted towards lower values with increasing Mg content. This suggests that pores 

became slightly narrower with Mg content. In addition, pure TiO2 showed a higher 

cumulative pore volume in comparison with all Mg-doped samples (Figure 4.137). The 

cumulative pore volume also decreased with increasing amount of Mg. 

The ultraviolet-visible absorption spectra of the prepared samples are shown in 

Figure 4.138. It can be noticed that the absorption edge of the pristine TiO2 was ca. 393 

nm. There was no obvious shift in the spectra after the addition of Mg dopants up to 0.1%; 

suggesting that the doping of Mg did not affect the band gap of TiO2. However, the 

absorption edge slightly shifted to the lower wavelength (ca. 388 nm) with the maximum 

Mg loading. Gao and co-workers also observed a similar trend (Gao et al., 2017). The 

band gap energies of all samples were obtained from the Tauc plot by extrapolating a 

tangent line to the abscissa axis. The energies of all the samples were around 3.10 eV 

(Figure 4.139). 
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Table 4.8 Physico-chemical properties of the pure TiO2 and Mg-TiO2 nanocatalysts. 

Type of catalyst Surface area 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Average Pore 

width (nm)* 

Pore Maxima 

(nm) 

     

TiO2 122.76 0.26 0.71 0.67 

Mg-TiO2-1 121.60 0.25 0.64 0.77 

Mg-TiO2-2 117.40 0.24 0.63 0.72 

Mg-TiO2-3 118.45 0.23 0.63 0.72 

     



 

Figure 4.135 N2 adsorption
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adsorption-desorption of TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg

 

2 and Mg-TiO2-3. 



 

Figure 4.136 Pore size distribution of TiO
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Pore size distribution of TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg

 

2 and Mg-TiO2-3. 



 

Figure4.137 Cumulative pore volume of TiO
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Cumulative pore volume of TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg

 

2 and Mg-TiO2-3.



 

Figure 4.138 UV–vis absorbance spectra of TiO

3. 
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vis absorbance spectra of TiO2, Mg-TiO2-1, Mg-TiO2

 

2-2 and Mg-TiO2-



 

Figure 4.139 Tauc plot of TiO
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Tauc plot of TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3.

 

3. 
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4.4.3 Scanning electron microscopy and transmission electron microscopy 

characterisation of TiO2 NPs and Mg-TiO2 nanocatalysts 

The SEM images of pristine TiO2 and Mg-doped TiO2 nanocatalysts are shown in 

Figure 4.140 – 4.143. The morphologies of all the catalysts were relatively similar. There 

was not much difference between pure TiO2 and all Mg-doped TiO2, suggesting that the 

particles were of highly homogeneous size. EDX analysis of the Mg-doped TiO2 

confirmed the presence of Mg, O, and Ti as illustrated in Figure 4.145 – 4.147. Also, for 

the bare TiO2, only O and Ti were confirmed by EDX analysis (Figure 4.144). 

To understand the morphology of the prepared nanocatalysts better, TEM analyses 

of the bare TiO2 and Mg-doped TiO2 catalysts were performed (4.148 – 4.151). An 

improvement in the homogeneity was observed for all the samples; indicating that the 

modified experimental procedure facilitated better dispersion of TiO2 nanoparticles. The 

calculated average particle size of the pure TiO2 was ca. 12.5 nm. However, the particle 

size decreased after the introduction of Mg into TiO2. A further decrease in the particle 

size was observed as the amount of Mg in the Mg-TiO2 nanocatalysts increased. The 

values of 9.6, 9.5 and 8.4 nm were calculated for Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3, 

respectively. The d-lattice spacing of 0.35 nm was consistent with the plane (1 0 1) of 

anatase TiO2 as depicted by HRTEM images (Figure 4.152). The spacing slightly reduced 

to 0.34 nm after the doping of Mg, indicating the interaction of Mg in the lattice of TiO2 

(Figure 4.153 – 4.155). Elemental mapping confirmed the homogenous nature of all the 

catalysts as shown in Figure 4.156 – 4.159. 

4.4.4 X-ray photoelectron spectroscopy characterisation of TiO2 NPs and Mg-TiO2 

nanocatalysts 

To check the changes in the chemical environment, XPS measurements were 

performed for the prepared TiO2 and Mg-doped TiO2 catalysts. The XPS survey spectra of 

all the catalysts are shown in Figure 4.160 – 4.163. The presence of Mg2p peak observed 

in the spectra of all Mg-doped samples suggests the successful doping of Mg2+ in TiO2. 

The peak of Mg2p slightly increased as the amount of Mg in TiO2 increased.The high-

resolution XPS spectrum of TiO2 revealed two peaks at 457.7 and 463.5 eV, which were 

assigned to Ti2p3/2 and Ti2p1/2 of Ti4+ state (Sofianou et al., 2014) asshown in Figure 

4.164. An additional peak corresponding to Ti3+ in Ti2O3was observed with all Mg-doped  



 

Figure 4.140 Scanning electron microscopy image of pure TiO
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Scanning electron microscopy image of pure TiO2 nanocatalyst.

 

nanocatalyst. 



 

Figure 4.141 Scanning electron microscopy image of Mg
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Scanning electron microscopy image of Mg-TiO2-1 nanocatalyst.

 

1 nanocatalyst. 



 

Figure 4.142 Scanning electron microscopy image of Mg
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Scanning electron microscopy image of Mg-TiO2-2 nanocatalyst.

 

2 nanocatalyst. 



 

Figure 4.143 Scanning electron microscopy image of Mg
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Scanning electron microscopy image of Mg-TiO2-3 nanocatalyst.

 

3 nanocatalyst. 



 

Figure 4.144 Energy-dispersive X
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dispersive X-ray spectroscopy image of pure TiO2 

 

 nanocatalyst. 



 

Figure 4.145 Energy-dispersive X
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dispersive X-ray spectroscopy image of Mg-TiO2-

 

1 nanocatalyst. 



 

Figure 4.146 Energy-dispersive X
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dispersive X-ray spectroscopy image of Mg-TiO2-

 

2 nanocatalyst. 



 

Figure 4.147 Energy-dispersive 
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dispersive X-ray spectroscopy image of Mg-TiO2-

 

3 nanocatalyst. 



 

Figure 4.148 Transmission electron microscopy image of pure TiO
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Transmission electron microscopy image of pure TiO2 nanocatalyst.

 

nanocatalyst. 



 

Figure 4.149 Transmission electron microscopy image of Mg
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Transmission electron microscopy image of Mg-TiO2-1 nanocatalyst.

 

1 nanocatalyst. 



 

Figure 4.150 Transmission electron microscopy image of Mg
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Transmission electron microscopy image of Mg-TiO2-2 nanocatalyst.

 

2 nanocatalyst. 



 

Figure 4.151 Transmission electron microscopy image of Mg
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Transmission electron microscopy image of Mg-TiO2-3 nanocatalyst.

 

3 nanocatalyst. 



 

Figure 4.152 High resolution transmission elec

nanocatalyst.
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High resolution transmission electron microscopy image of TiO

nanocatalyst. 

 

tron microscopy image of TiO2 



 

Figure4.153 High resolution transmission electron microscopy image of Mg

nanocatalyst.
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High resolution transmission electron microscopy image of Mg

nanocatalyst. 

 

High resolution transmission electron microscopy image of Mg-TiO2-1 



 

Figure 4.154 High resolution transmission electron microscopy image of Mg

nanocatalyst.
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High resolution transmission electron microscopy image of Mg

nanocatalyst. 

 

High resolution transmission electron microscopy image of Mg-TiO2-2 



 

Figure 4.155 High resolution transmission electron microscopy image of Mg

nanocatalyst.
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High resolution transmission electron microscopy image of Mg

nanocatalyst. 

 

High resolution transmission electron microscopy image of Mg-TiO2-3 



 

Figure 4.156 Elemental mapping of TiO
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Elemental mapping of TiO2 nanocatalyst. 

 



 

Figure 4.157 Elemental mapping of Mg
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Elemental mapping of Mg-TiO2-1 nanocatalyst. 

 



 

Figure 4.158 Elemental mapping of Mg
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Elemental mapping of Mg-TiO2-2 nanocatalyst. 

 



 

Figure 4.159 Elemental mapping of Mg
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Elemental mapping of Mg-TiO2-3 nanocatalyst. 

 



 

Figure 4.160 X-ray photoelectron spectroscopy survey spectrum of TiO
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ray photoelectron spectroscopy survey spectrum of TiO2

 

2. 



 

Figure 4.161 X-ray photoelectron spectroscopy survey spectrum of Mg
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ray photoelectron spectroscopy survey spectrum of Mg-

 

-TiO2-1. 



 

Figure 4.162 X-ray photoelectron spectroscopy survey spectrum of Mg
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ray photoelectron spectroscopy survey spectrum of Mg-

 

-TiO2-2. 



 

Figure 4.163 X-ray photoelectron spectroscopy 
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ray photoelectron spectroscopy survey spectrum of Mg-

 

-TiO2-3. 



 

Figure 4.164 High-resolution

TiO2. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of 

 

ray photoelectron spectroscopy spectrum of Ti2p of 
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TiO2 samples after deconvolution (Yang et al., 2017; Li et al., 2016).This indicates that 

both TiO2 and Ti2O3were formed in all Mg-doped samples. The area of Ti3+ peak 

increased while that of Ti4+peak decreased as the Mg in TiO2 increased. Moreover, in 

comparison with the ordinary TiO2, the peak positions of Ti2p3/2 and Ti2p1/2 in all Mg-

doped TiO2 samples were slightly shifted after the addition of Mg (Figure 4.165, 4.166 

and 4.167). For instance, the peak position at 457.7 and 463.5 eV in TiO2 respectively 

shifted to 457.6 and 463.4 eV for Mg-TiO2-2 nanocatalyst (Figure 4.165). The observed 

additional peak and peak shifts in Mg-doped TiO2 samples suggest that Ti ions were 

substituted with Mg ions in the lattices forming Ti-O-Mg bond (Sofianou et al., 2014; 

Yang et al., 2017). 

The high-resolution XPS spectrum of O1s of ordinary TiO2 was deconvoluted into 

two peaks as shown in Figure 4.168. In the spectrum, the peaks observed at 528.9 and 

530.5 eV were attributed to lattice oxygen (Ti-O) and non-lattice oxygen (adsorbed O-H 

groups), respectively. However, for all Mg-doped TiO2 samples, O1s spectrum was fitted 

into three peaks including an extra peak assigned to Mg-O- bond as shown in Figure 

4.169, 4.170 and 4.171 (Wang et al., 2016a). The area of the new peak (Mg-O-) became 

larger with the increase in the amount of Mg in TiO2. Also, peaks position observed at 

528.9 and 530.5 eV with ordinary TiO2were slightly shifted for all Mg-doped TiO2 

samples. For example, the peak position slightly shifted to 528.8 and 529.4 eV in Mg-

TiO2-2 sample. The observed new peak and peak shifts in Mg-doped TiO2 samples 

indicate the successful doping of Mg in TiO2 as well as the formation of some mixed 

oxide and oxygen vacancies.  

The high-resolution XPS spectra of Mg 2p of all Mg-doped TiO2 samples are 

shown in Figure 4.172, 4.173 and 4.174. The binding energy observed was ca. 51.2 eV, 

which is typical of Mg2+ that bonds with an oxygen atom (Li et al., 2014; Sofianou et al., 

2014).



 

Figure 4.165 High-resolution

TiO2-1. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of Mg

 

ray photoelectron spectroscopy spectrum of Ti2p of Mg-



 

Figure 4.166 High-resolution

TiO2-2. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of Mg

 

ray photoelectron spectroscopy spectrum of Ti2p of Mg-



 

Figure 4.167 High-resolution

TiO2-3. 
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resolution X-ray photoelectron spectroscopy spectrum of Ti2p of Mg

 

ectrum of Ti2p of Mg-



 

Figure 4.168 High-resolution

TiO2. 

282 

resolution X-ray photoelectron spectroscopy spectrum of O1s of 

 

ray photoelectron spectroscopy spectrum of O1s of 



 

Figure 4.169 High-resolution

TiO2-1. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of Mg

 

ray photoelectron spectroscopy spectrum of O1s of Mg-



 

Figure 4.170 High-resolution

TiO2-2. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of Mg

 

ray photoelectron spectroscopy spectrum of O1s of Mg-



 

Figure 4.171 High-resolution

TiO2-3. 
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resolution X-ray photoelectron spectroscopy spectrum of O1s of Mg

 

ray photoelectron spectroscopy spectrum of O1s of Mg-



 

Figure 4.172 High-resolution

Mg-TiO2-1.
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resolution X-ray photoelectron spectroscopy spectrum of Mg2p of 

1. 

 

photoelectron spectroscopy spectrum of Mg2p of 



 

Figure 4.173 High-resolution

Mg-TiO2-2.
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resolution X-ray photoelectron spectroscopy spectrum of Mg2p of 

2. 

 

ray photoelectron spectroscopy spectrum of Mg2p of 



 

Figure 4.174 High-resolution

Mg-TiO2-3.

288 

resolution X-ray photoelectron spectroscopy spectrum 

3. 

 

ray photoelectron spectroscopy spectrum of Mg2p of 
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4.4.5 Computational studies of TiO2 NPs and Mg-TiO2 nanocatalysts 

Several possibilities for the structures could be obtained when TiO2 is doped with 

Mg. Large amounts of Mg could lead to the formation of separate phases of TiO2 and 

MgO, meanwhile doping with a small amount could result in the isomorphic substitution 

of Ti because the ionic radius of Mg (0.72 Å) is close to that of Ti (0.61 Å). During the 

doping process, one of the nearest oxygen atoms in the surface or subsurface atomic layers 

was removed. This oxygen removal was to preserve the charge neutrality as a result of the 

difference in the formal ionic charge between Ti4+ and Mg2+. The oxygen vacancy formed 

tends to be close to the doping Mg atom due to the electrostatic interaction of effective 

charges of Mg of -2 and of VO of +2 in the lattice. The optimised structures of anatase 

nanoparticle Ti44r1 with isomorphically substituted single Ti atom in different positions 

are shown in Figure 4.175 – 4.177. 

There were a limited number of unique Ti atoms at the surface due to the presence 

of symmetry planes in the Ti44r1 nanoparticle. The surface of each atom had two, three or 

four nearest oxygen atoms of the outer atomic layer. Since VO in the surface layer was 

considered as a possible site for strong adsorption of CO2, only surface oxygen vacancies 

were included in this study. Initial Ti44r1 cluster was given in Figure 4.177 to allow 

comparison of the structure of doped and undoped nanoparticles. Clusters 1-4, 9-10 and 

12-17 demonstrated moderate structure changes as a result of doping, while clusters 5 – 8 

and 11 showed strong shifts of atoms near the doping site.  

The heat of formation of the doped clusters and the initial Ti44r1 nanoparticle 

computed with methods pm6 and pm6-d3 are listed in Table 4.9. The first of these 

computation methods were calibrated for obtaining correct enthalpy of formation, while 

the second method was developed for correctly describing interaction energies and 

geometries including non-covalent bonding. According to pm6 method, the most stable 

was cluster 7 followed by cluster 5 (+8.30 kcal mol-1), 10 (+9.83 kcal mol-1), 2 (+10.29 

kcal mol-1), 6 (+11.96 kcal mol-1), 11 (+11.97 kcal mol-1), 8 (+12.25 kcal mol-1), 4 (+13.58 

kcal mol-1), and 3 (+17.3 kcal mol-1). Apart from the above mentioned, other clusters were 

less stable by at least 30.69 kcal mol-1 when compared to cluster 7. Clusters 12 – 17, with 

oxygen vacancies at the surface (0 0 1), were all relatively unstable, although, cluster 14 

showed a little level of stability among them. The obtained heat of formation indicates 



 

Figure 4.175 Decahedral TiO

different surface positions (1 

Ti, red – O, white 
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Decahedral TiO2 anatase nanoparticle isomorphically doped with Mg in 

different surface positions (1 – 6). Atoms designations: green 

O, white – H.  

 

anatase nanoparticle isomorphically doped with Mg in 

6). Atoms designations: green – Mg, grey – 



 

Figure 4.176 Decahedral TiO

different surface positions (6 

– Ti, red – 
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Decahedral TiO2 anatase nanoparticle isomorphically doped with Mg in 

different surface positions (6 – 12). Atoms designations: green 

 O, white – H.  

 

anatase nanoparticle isomorphically doped with Mg in 

12). Atoms designations: green – Mg, grey 



 

Figure4.177 Decahedral TiO

different surface positions (13 

Atoms designations: green 
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Decahedral TiO2 anatase nanoparticle isomorphically doped with Mg in 

different surface positions (13 – 17) and the initial nanoparticle Ti44r1. 

Atoms designations: green – Mg, grey – Ti, red – O, white 

 

isomorphically doped with Mg in 

nanoparticle Ti44r1. 

O, white – H.  



293 
 

Table 4.9 Enthalpy of formation of Mg-doped TiO2 nanoparticles (in kcal mol-1) 

calculated with pm6 and pm6-d3 methods.  

Cluster 

# 

Enthalpy 

pm6 

Enthalpy pm6-

d3 

Cluster 

# 

Enthalpy 

pm6 

Enthalpy pm6-

d3 

1 -26291.58 -27076.14 10 -26318.81 -27102.27 

2 -26318.35 -27103.22 11 -26316.67 -27102.08 

3 -26311.34 -27095.76 12 -26273.50 -27055.27 

4 -26315.06 -27098.67 13 -26280.05 -27062.40 

5 -26320.34 -27104.57 14 -26295.46 -27078.33 

6 -26316.68 -27102.05 15 -26275.65 -27058.25 

7 -26328.64 -27112.53 16 -26278.53 -27061.54 

8 -26316.39 -27099.11 17 -26284.21 -27066.99 

9 -26297.95 -27080.59 Ti44r1 -26424.65 -27212.10 
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that isomorphic substitution most possibly took place over (1 0 1) facets and their 

junctions with facets (1 0 1) and (0 0 1).  

The first stage of the heterogeneous catalytic reaction is the adsorption of reagents. 

CO2 is adsorbed over photocatalyst surface which is followed by its reduction into diverse 

products such as CO, HCOOH and CH3OH and the product desorption is the most energy 

consuming step of the reaction mechanism (Singhal et al., 2016). Strongly adsorbed 

reagents are unfavourable for facile CO2 reduction while too low adsorption energy would 

leave the photocatalyst surface unpopulated with the reagents and slow down the reaction 

too. Hence, some optimum condition should exist for CO2 adsorption. Mg doping could 

help to attain such optimisation and also help to concentrate adsorbed CO2 molecules at 

the most possible locations of photogenerated electrons. Figure 4.178 – 4.180 shows 

optimised structures of CO2 adsorption complexes over different Mg-doped Ti44r1 

clusters. Before adsorption, linear CO2 molecule was placed at VO near Mg site. 

CO2 was adsorbed in three modes, namely hydrocarbonate HCO3 (cluster 1), as 

carbonate CO3 (clusters 2, 5 – 7, 11 – 13, and 15 – 16) and as almost intact linear 

molecule O=C=O (clusters 3, 4, 8 – 10, 11a, 14, 17). The heat of adsorption and geometry 

of adsorption complexes are presented in Table 4.10. Carbonate and hydrocarbonate 

modes of adsorption possessed a high enthalpy of adsorption in the range of -18.22 to -

38.87 kcal mol-1. Adsorption in the linear form of CO2 had a low adsorption enthalpy in 

the range of -4.01 to -9.53 kcal mol-1.  

Hydrocarbonate adsorption complex (cluster 1) had OH group connected to Mg atom and 

the carbonate oxygen to Ti atom. The bond lengths in Mg-OH, C-OH, C-OTi, C=O, and 

Ti-OC were found to be 2.05, 1.46, 1.26, 1.20 and 2.06 Å, respectively. Carbonate 

adsorption complexes (clusters 2, 5, 6, 11 – 13 and 15) were formed by bidentate 

adsorption to surface Mg and Ti atoms. Typical bond lengths were 1.91 - 2.02, 1.84 - 2.10, 

1.29 - 1.32, 1.37 – 1.42 and 1.21 Å in Mg-O, Ti-O, C-OMg, C-OTi and C=O, 

respectively. In cluster 7, one oxygen was coordinated to surface Ti atom, while another 

was coordinated to both Ti and Mg atoms. This multiple coordination was observed to be 

beneficial for facile reduction of adsorbed CO2 anddesorption of the reduction products, 

since coordination to multiple surface atoms alwaysleads to a decrease in adsorption 
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enthalpy. Moreover, adsorption site of complex7waslocated at the place of concentration 

of photogenerated electrons. 



 

Figure 4.178 CO2 adsorption complexes with Mg

number of the 

nanoparticles. 
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adsorption complexes with Mg-doped Ti44r1 nanoparticles. The 

number of the complexes (1-6) correspond to the number of the Mg

nanoparticles. Carbon atom is dark gray.  

 

doped Ti44r1 nanoparticles. The 

of the Mg-Ti44r1 



 

 

Figure 4.179 CO2 adsorption complexes with Mg

number of the 

Ti44r1 nanoparticles. 
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adsorption complexes with Mg-doped Ti44r1 nanoparticles. The 

number of the complexes (7-11) correspond to the number

Ti44r1 nanoparticles. The carbon atom is dark grey.  

 

doped Ti44r1 nanoparticles. The 

number of the Mg-



 

Figure 4.180 CO2 adsorption complexes with Mg

number of the 

Ti44r1 nanoparticles. 
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adsorption complexes with Mg-doped Ti44r1 nanoparticles. The 

number of the complexes (12-17) corresponds to the number

Ti44r1 nanoparticles. The carbon atom is dark grey. 

 

doped Ti44r1 nanoparticles. The 

number of the Mg-
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Table 4.10 Parameters of CO2 adsorption over different Mg-doped TiO2 nanoparticles. 

Complex # ∆Hads, 

kcal mol-1 

Geometry of 

CO2ads 

Complex # ∆Hads, 

kcal mol-1 

Geometry of 

CO2ads 

1 -38.87  HCO3 10 -5.10 Linear 

2 -25.16 CO3 11 -38.60 CO3 

3 -7.01 Linear 11a -5.24 Linear 

4 -9.53 Linear 12 -20.73 CO3 

5 -31.86 CO3 13 -16.97 CO3 

6 -30.17 CO3 14 -5.39 Linear 

7 -18.22 CO3 15 -35.79 CO3 

8 -4.01 Linear 16 -24.72 CO3 

9 -5.46 Linear 17 -5.52 Linear 
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For linear adsorption complexes, adsorption was mostly of physical nature since 

the adsorption energy was low. Coordination proceeded either through one of the oxygen 

atoms or via a carbon atom to surface Mg or Ti atoms. The Ti-O bond length was 2.49 - 

2.51 Å, while Mg-O bond length was 2.21 – 2.35 Å for respective coordination. The 

coordination to Mg atom (cluster 4) was stronger than to Ti atom (cluster 3). C=O bonds 

length in linearly adsorbed CO2 remained almost unchanged from the free gaseous 

molecule of 1.17 Å. In some cases (cluster 8 and 10), adsorption was purely physical 

without specific interaction with any surface atom.  

4.4.6 Photocatalytic CO2 reduction by TiO2 NPs and Mg-TiO2 nanocatalysts 

The initial screening of blank experiments confirmed the absence of any carbon-

containing compounds; as a result, the obtained products (gaseous and liquid phases) 

originated from the photocatalytic reduction of CO2. In the gaseous phase, CO, H2, and 

CH4 were products observed as shown in Figure 4.181 – 4.183. As expected, products 

yield increased after doping of Mg in TiO2. The amount of CO production increased with 

Mg-doped TiO2 up to an optimum of 0.1 wt% Mg (Mg-TiO2-2) and then decreased 

significantly with further increase in Mg doping (Figure 4.181). This indicates that the 

production of CO was not favoured with a higher amount of Mg. The amount of CO 

produced was 29.2 µmol g-1 h-1 over Mg-TiO2-2 nanocatalyst, which was higher than over 

pure TiO2 (24.3 µmol g-1 h-1). Similarly, the production rate of H2 increased remarkably 

with Mg-doped TiO2 up to an optimum of 0.1 wt% Mg (Mg-TiO2-2) and then decreased 

gradually with further increase in Mg doping (Figure 4.182). The amount of H2 produced 

was 28.7 µmol g-1 h-1 over 0.1 wt% (Mg-TiO2-2), which was 21 times higher than over 

pure TiO2 (1.3 µmol g-1 h-1) (Figure 4.183). However, production of CH4 increased up to 

the maximum loading of Mg in TiO2, yielding 2.3 and 1.1 µmol g-1 h-1 with Mg-TiO2-3 

(0.17 wt%) and pure TiO2 catalysts, respectively.  

In the liquid phase, CH3OH was the main product observed from the CO2 

reduction with H2O on all catalysts (Figure 4.184). The production rate was increased 



 

Figure 4.181 Effect of Mg

CO2 with H
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Effect of Mg-doped TiO2 nanoparticles for the photocatalytic reduction of 

with H2O to produce CO from the gas phase at ambient conditions.

 

nanoparticles for the photocatalytic reduction of 

phase at ambient conditions. 



 

Figure 4.182 Effect of Mg

CO2 with H
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Effect of Mg-doped TiO2 nanoparticles for the photocatalytic reduction of 

with H2O to produce H2 from the gas phase at ambient conditions.

 

nanoparticles for the photocatalytic reduction of 

from the gas phase at ambient conditions. 



 

Figure 4.183 Effect of Mg

CO2 with H
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Effect of Mg-doped TiO2 nanoparticles for the photocatalytic reduction of 

with H2O to produce CH4 from the gas phase at ambient conditions.

 

nanoparticles for the photocatalytic reduction of 

from the gas phase at ambient conditions. 
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Figure 4.184 Effect of Mg-doped TiO2 nanoparticles for the photocatalytic reduction of 

CO2 with H2O to produce CH3OH from the liquid phase at ambient 

conditions. 
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with the doping amount of Mg in TiO2 yielding 1470.0 and 5910.0 µmol g-1 h-1 with TiO2 

and Mg-TiO2-2, respectively. The schematic representation of the photoreduction of CO2 

to fuels by Mg-doped-TiO2 catalysts is shown in Scheme 4.4. As earlier stated, carbonate 

CO3 mode is beneficial for the reduction of CO2 due to its multiple coordination to the 

surface of the TiO2 via both C and O atoms. The carbonate adsorption occurred at the 

oxygen vacancies created after the successful doping of Mg. The adsorption of CO3 under 

the influence of UVA light led to the reduction of CO2 to various products. 



 

Scheme 4.4 The schematic diagram for the photoreduction of CO

nanocatalysts.
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The schematic diagram for the photoreduction of CO2 to fuels by Mg

nanocatalysts.

 

to fuels by Mg-TiO2 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

Mixed phase TiO2 photocatalysts were synthesised via sonothermal (S) and 

sonothermal-hydrothermal (SH) routes and applied for CO2 reduction to produce methanol 

under UVA. The prepared TiO2 catalysts had different amounts of rutile and anatase 

phase. The density functional calculations revealed that the anatase (1 0 1) had higher 

adsorption energy for the reactant molecules than the rutile (1 1 0), indicating that the 

anatase had a better activity for the photoreduction of CO2 to MeOH. TiO2-SH, with more 

anatase phase, exhibited better photocatalytic activity than TiO2-S.  

TiO2 nanoparticles were further modified via a sonothermal-hydrothermal route 

with Reduced Graphene Oxide (RGO) to form nanocomposites. Experimental results 

showed that TiO2 nanoparticles were successfully assembled on RGO sheets, forming 

nanocomposites. Photocatalytic studies indicated the potential use of these 

nanocomposites for the reduction of CO2 under both UVA and visible light. Under the 

visible light, the methanol production rate was found to be 2.33 mmol g-1 h-1. Theoretical 

computational results indicated that there was relatively strong adsorption of RGO on (1 0 

1) surfaces of anatase. Graphene caused an upward shift of the TiO2 bands by 0.2 eV due 

to the electron density contribution from RGO in the composite. The efficiency of the 

photocatalytic reaction greatly depended on the efficiency of electron transfer and charge 

transfer from TiO2 nanoparticles to RGO. Improved tight contact between TiO2 and RGO 

significantly improved the photocatalytic activity of the composite in CO2 reduction when 

compared to some literature data. 

TiO2 nanoparticles modified with Carbon Nanotubes (CNT) were prepared via 

sonothermal-hydrothermal method. The synthesised CNT-TiO2 photocatalysts showed 

improved photocatalytic activities for CO2 reduction under both UVA and visible light at 

ambient temperature and pressure. The formation of Ti-C bond from the XPS results 

indicated the presence of strong interaction between CNT and TiO2 nanoparticles. The 

computational studies revealed that decahedral anatase nanoparticles could be weakly 

attached to CNT with (0 0 1) surface and stronger with (1 0 1) surface. The binding with 

(1 0 1) surface resulted in frontier orbitals overlaps and combining of valence and 
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conduction band orbitals of TiO2 and orbitals of CNT. Consequently, photoexcitation of 

CNT-TiO2 composite with visible light resulted in charge transfer between TiO2 and CNT 

and generation of separated charge carriers; while UV light excitation resulted in charge 

transfer in any direction, from CNT to TiO2 and from TiO2 to CNT. The latter process was 

more probable due to the higher density of initial states in TiO2 compared to CNT. The 

unusually high photocatalytic activity of the MWCNT-TiO2 composite resulted from the 

very tight contact between MWCNT and individual TiO2 nanoparticles owing to the 

preparation method of the composite.  

Mg-Doped TiO2 nanoparticles were successfully prepared via a modified 

sonothermal method, and their photocatalytic activities were investigated for the reduction 

of CO2 with H2O. CO, H2, CH3OH, and CH4 were the major products observed with a 

maximum production rate of 29.2, 28.7, 5910.0 and 2.3 μmol g−1 h−1, respectively. Mg-

Doped decahedral TiO2 anatase nanoparticles were modelled and their interactions with 

CO2 were studied. The most energetically profitable doping was obtained for sites at the 

junction of adjacent (1 0 1) facets which were also the sites of strong (ca. −30 kcal mol−1) 

or moderately strong (−18 kcal mol−1) CO2 adsorption in carbonate form. These sites were 

suggested as the places for CO2 photoreduction. 

This work therefore revealed that the new synthetic routes afforded the co-

existence of anatase-rutile phase in TiO2 at 450 °C, which is below most reported phase 

transition temperature. This implies that more energy can be conserved via these synthetic 

routes. The surface areas of the prepared TiO2 nanocatalysts were higher than those 

obtained from previous studies, indicating the availability of more active sites for 

photoactivity. For the first time, Mg-TiO2, RGO-TiO2 and CNT-TiO2 nanocatalysts were 

applied for the photoreduction of CO2 to methanol in the liquid phase. And when 

compared with other reported forms of modified TiO2 or photocatalysts, Mg-TiO2, RGO-

TiO2 and CNT-TiO2 performed relatively better.  

5.2 Recommendations 

The success recorded in the synthesis of high surface area TiO2 NPs with improved 

photocatalytic activities, via alternative routes, has opened up a wide scope for future 

studies on this field. Further studies could therefore be undertaken in order to explore 
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other new routes in the preparation of TiO2 and/or its modified forms having higher 

surface area and enhanced photocatalytic efficiency.  

Since the ratio of rutile phase increases with increasing calcination temperature, 

the effects of the temperature variation on phases of TiO2 using the new synthetic route 

still need to be studied. Moreover, the effects of various proportions of phases of TiO2 on 

the photocatalytic reduction of CO2 could be studied. 

The reason why the synthesised TiO2 showed the presence of rutile at temperature 

as low as 450 °C could be determined by employing more characterisation techniques 

such as photoluminescence, electron paramagnetic resonance, photo current measurements 

and electrochemical impedance spectroscopy. The rate of recombination of various phases 

of TiO2 is recommended to be studied by the use of electron paramagnetic resonance. 

The use of hydrogen as fuel does not introduce pollution in the environment. It is 

therefore projected that photocatalytic hydrogen production from low cost sources such as 

ethanol, methanol and formic acid could serve as alternatives to fossil fuels. Hence, the 

production of hydrogen from water splitting and photoreforming of oxygenates could be 

explored by these newly prepared catalysts.  

In addition, TiO2 from the synthetic routes can open the path for the utilisation of 

direct sunlight. Modifications, including doping, impregnation and coupling with other 

semiconductors, could be explored for their photocatalytic performance.  

Finally, the findings in this study will educate the public on safer and cleaner 

means to reduce the level of CO2 in the atmosphere and also tap from the immense energy 

potential of the Sun. These findings will spur the scientific community to continue to 

reach its goal towards the photoconversion of the CO2 to fuels at the industrial level. The 

findings will also encourage the researchers in the field of photocatalytic CO2 reduction to 

further research on easier techniques to prepare TiO2 of higher surface area. 
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APPENDIX I 

Supplementary data for the synthesis of mixed phase TiO2 for the photoreduction of 
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Figure A3 Transmission Electron micrographs of TiO
(a-f). 

Figure A4 Transmission Electron micrographs of TiO
magnifications (a-f) 
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Transmission Electron micrographs of TiO2-S for different magnifications 

Transmission Electron micrographs of TiO2-SH for different 

 

S for different magnifications 

 

SH for different 



 

Figure A5 TEM-EDX of (a) TiO

Table A1 Quantitative data for the production of methanol from the reduction of CO
on TiO2-S catalyst  

TIME (h) GC PEAK 
AREA 

8 539.97 
12 1200.89 
16 1408.81 
20 1935.33 
24 2408.01 

Table A2 Quantitative data for the production of methanol from the reduction of CO
on TiO2-SH catalyst. 

TIME (h) GC PEAK 
AREA 

8 710.01 
12 1291.39 
16 1492.65 
20 1960.55 
24 2543.47 
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EDX of (a) TiO2-S and (b) TiO2-SH. 

Quantitative data for the production of methanol from the reduction of CO

GC PEAK 
 

PPM PPM/g µmol/g

 80.347536 16069.5072 10043.442
 178.692432 35738.4864 22336.554
 209.630928 41926.1856 26203.866
 287.977104 57595.4208 35997.138
 358.311888 71662.3776 44788.986

Quantitative data for the production of methanol from the reduction of CO

GC PEAK 
 

PPM PPM/g µmol/g

105.649488 21129.8976 13206.186
192.158832 38431.7664 24019.854
222.10632 44421.264 27763.29 
291.72984 58345.968 36466.23 
378.468336 75693.6672 47308.542

Quantitative data for the production of methanol from the reduction of CO2 

µmol/g mmol/g 

10043.442 10.043442 
22336.554 22.336554 
26203.866 26.203866 
35997.138 35.997138 
44788.986 44.788986 

Quantitative data for the production of methanol from the reduction of CO2 

µmol/g mmol/g 

13206.186 13.206186 
24019.854 24.019854 

 27.76329 
 36.46623 

47308.542 47.308542 
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Figure B1 Scanning Electron micrographs of TiO

Figure B2 Scanning Electron micrographs of 1.0RGO
magnifications (a-d) 
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APPENDIX II 

Supplementary data for the visible light active RGO-TiO2 composite for selective 
photocatalytic reduction of CO2 to methanol 

 

Scanning Electron micrographs of TiO2 at different magnifications (a

 

Scanning Electron micrographs of 1.0RGO-TiO2

composite for selective 

at different magnifications (a-d). 

2 at different 



 

Figure B3 Scanning Electron micrographs of 2.0RGO
magnifications (a-d) 

Figure B4 Scanning Electron micrographs of 5.0RGO
magnifications (a-d) 
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Scanning Electron micrographs of 2.0RGO-TiO2

 

Scanning Electron micrographs of 5.0RGO-TiO2

2 at different 

2 at different 



 

Figure B5 Scanning Electron micrographs 
magnifications (a-d) 

Figure B6 Transmission Electron micrographs of TiO
f). 
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Scanning Electron micrographs of 10.0RGO-TiO

Transmission Electron micrographs of TiO2 for different magnifications (a

TiO2 at different 

 

for different magnifications (a-



 

Figure B7 Transmission Electron micrographs of RGO for different magnifications 
(a-f).

Figure B8 Transmission Electron micrographs of 1.0RGO
magnifications (a-f). 
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Transmission Electron micrographs of RGO for different magnifications 

ransmission Electron micrographs of 1.0RGO-TiO

 

Transmission Electron micrographs of RGO for different magnifications 

 

TiO2 for different 



 

Figure B9 Transmission Electron micrographs of 2.0RGO
magnifications (a-f). 

Figure B10 Transmission Electron micrographs of 5.0RGO
magnifications (a-f). 

349 

Transmission Electron micrographs of 2.0RGO-TiO

Transmission Electron micrographs of 5.0RGO-TiO

 

TiO2 for different 

 

TiO2 for different 



 

Figure B11 Transmission Electron micrographs of 10.0RGO
magnifications (a-f). 

Figure B12 (a) SAED pattern and (b) TEM

Figure B13 (a) EDS layered image and (b) TEM
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Transmission Electron micrographs of 10.0RGO-TiO

(a) SAED pattern and (b) TEM-EDX of TiO2 

 

(a) EDS layered image and (b) TEM-EDX of RGO sample.

TiO2 for different 

 

of RGO sample. 



 

Figure B14 (a) SAED pattern (b) EDS layered image and (c) TEM
TiO2 

Figure B15 (a) SAED pattern (b) EDS layered image and (c) TEM
TiO2 

351 

 

(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of 1.0RGO

 

(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of 2.0RGO

EDX of 1.0RGO-

EDX of 2.0RGO-



 

Figure B16 (a) SAED pattern (b) EDS layered image and (c)
TiO2 

Figure B17 (a) SAED pattern (b) EDS layered image and (c) TEM
TiO2 
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(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of 5.0RGO

 

(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of 10.0RGO

EDX of 5.0RGO-

EDX of 10.0RGO-
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Table B1 Quantitative data for the production of methanol from the reduction of CO2 
on TiO2 catalyst under UVA light 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 849.23 126.3654 25273.0848 15795.678 15.7957 
8 1445.71 215.1216 43024.3296 26890.206 26.8902 

16 1675.26 249.2787 49855.7376 31159.836 31.1598 
24 1853.33 275.7755 55155.1008 34471.938 34.4719 

 

Table B2 Quantitative data for the production of methanol from the reduction of CO2 
on 1.0RGO-TiO2 catalyst under UVA light 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1033.36 153.7640 30752.7936 19220.496 19.220496 
8 1692.03 251.7741 50354.8128 31471.758 31.471758 

16 2103.64 313.0216 62604.3264 39127.704 39.127704 
24 2236.14 332.7376 66547.5264 41592.204 41.592204 

 
 

Table B3 Quantitative data for the production of methanol from the reduction of CO2 
on 2.0RGO-TiO2 catalyst under UVA 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1867.99 277.9569 55591.3824 34744.614 34.744614 
8 2287.92 340.4425 68088.4992 42555.312 42.555312 

16 2552.33 379.7867 75957.3408 47473.338 47.473338 
24 2664.27 396.4434 79288.6752 49555.422 49.555422 

 

Table B4 Quantitative data for the production of methanol from the reduction of CO2 
on 5.0RGO-TiO2 catalyst under UVA light 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1951.4 290.3683 58073.664 36296.04 36.2960 
8 2672.0 397.5936 79518.720 49699.2 49.6992 

16 2933.26 436.4691 87293.818 54558.636 54.5586 
24 3000.97 446.5443 89308.867 55818.042 55.8180 
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Table B5 Quantitative data for the production of methanol from the reduction of CO2 
on 10.0RGO-TiO2 catalyst under UVA light 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1325.6 197.2493 39449.856 24656.16 24.6562 
8 2065.3 307.3166 61463.328 38414.58 38.4146 

16 2248.33 334.5515 66910.3008 41818.938 41.8189 
24 2550.93 379.5784 75915.6768 47447.298 47.4473 

 

Table B6 Quantitative data for the production of methanol from the reduction of CO2 
on 5.0RGO-TiO2 catalyst under visible light 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1401.28 208.5104 41702.0928 26063.808 26.0638 
8 1668.28 248.2401 49648.0128 31030.008 31.0300 

16 1992.93 296.5480 59309.5968 37068.498 37.0685 
24 2162.15 321.7279 64345.584 40215.99 40.2160 

 
 

 

 

 

 

 

 

 

 

 



 

Supplementary data on the Insight for Enhanced Photocatalytic Activity of CNT
TiO2 composite for storage of photon energy in chemical bonds

Figure C1 Scanning Electron micrographs of
(a-d) 

Figure C2 Scanning Electron micrographs of 2.0CNT
(a-d) 
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APPENDIX III 

Supplementary data on the Insight for Enhanced Photocatalytic Activity of CNT
composite for storage of photon energy in chemical bonds 

 

Scanning Electron micrographs of 1.0CNT-TiO2 at different magnifications 

 

Scanning Electron micrographs of 2.0CNT-TiO2 at different magnifications 

Supplementary data on the Insight for Enhanced Photocatalytic Activity of CNT-

at different magnifications 

at different magnifications 



 

Figure C3 Scanning Electron micrographs of 5.0CNT
(a-d) 

Figure C4 Transmission 
d). 
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Scanning Electron micrographs of 5.0CNT-TiO2 at different magnifications 

 

Transmission Electron micrographs of CNT for different magnifications (a

at different magnifications 

Electron micrographs of CNT for different magnifications (a-



 

Figure C5 Transmission Electron micrographs of 1.0CNT
magnifications (a-f). 

Figure C6 Transmission Electron micrographs of 2.0CNT
magnifications (a-f). 
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Transmission Electron micrographs of 1.0CNT-TiO

Transmission Electron micrographs of 2.0CNT-TiO

 

TiO2 for different 

 

TiO2 for different 



 

Figure C7 Transmission Electron micrographs of 5.0CNT
magnifications (a-f). 

Figure C8 TEM-EDX of pure CNT
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Transmission Electron micrographs of 5.0CNT-TiO

EDX of pure CNT 

 

TiO2 for different 

 



 

Figure C9 SAED pattern and TEM

Figure C10 SAED pattern and TEM
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SAED pattern and TEM-EDX of 1.0CNT-TiO2. 

 

SAED pattern and TEM-EDX of 2.0CNT-TiO2. 



 

Figure C11 SAED pattern and TEM

Table C1 Quantitative data for the production of methanol from the reduction of CO
on 1.0CNT-TiO2 catalyst under UVA light.

TIME (h) GC PEAK 
AREA 

4 940.54 
8 1637.22 

16 1989.37 
24 2106.3 

 

Table C2 Quantitative data for the production of methanol from the reduction of CO
on 2.0CNT-TiO2 catalyst under UVA light.

TIME (h) GC PEAK 
AREA 

4 2242.05 
8 2520.05 

16 2744.75 
24 3042.935 
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SAED pattern and TEM-EDX of 5.0CNT-TiO2. 

Quantitative data for the production of methanol from the reduction of CO
catalyst under UVA light. 

GC PEAK 
 

PPM PPM/g µmol/g

139.9523 27990.4704 17494.044
243.6183 48723.6672 30452.292
296.0182 59203.6512 37002.282
313.4174 62683.4880 39177.18 

Quantitative data for the production of methanol from the reduction of CO
catalyst under UVA light. 

GC PEAK 
 

PPM PPM/g µmol/g

333.6170 66723.408 41702.13 
374.9834 74996.688 46872.93 
408.4188 81683.76 51052.35 
452.7887 90557.7456 56598.591

Quantitative data for the production of methanol from the reduction of CO2 

µmol/g mmol/g 

17494.044 17.4940 
30452.292 30.4523 
37002.282 37.0023 

 39.1772 

Quantitative data for the production of methanol from the reduction of CO2 

µmol/g mmol/g 

 41.7021 
 46.8729 
 51.0524 

56598.591 56.5986 
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Table C3 Quantitative data for the production of methanol from the reduction of CO2 
on 5.0CNT-TiO2 catalyst under UVA light. 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1657.56 246.6449 49328.9856 30830.616 30.8306 
8 2103.04 312.9323 62586.4704 39116.544 39.1165 

16 2306.05 343.1402 68628.048 42892.53 42.8925 
24 2610.63 388.4617 77692.3488 48557.718 48.5577 

 
 

Table C4 Quantitative data for the production of methanol from the reduction of CO2 
on 2.0CNT-TiO2 catalyst under visible light. 

TIME (h) GC PEAK 
AREA 

PPM PPM/g µmol/g mmol/g 

4 1267.5 188.604 37720.8 23575.5 23.5755 
8 1430.22 212.8167 42563.3472 26602.092 26.6021 

16 1801.99 268.1361 53627.2224 33517.014 33.5170 
24 1966.94 292.6807 58536.1344 36585.084 36.5851 

 



 

Supplementary data on the 
Magnesium-doped TiO2 

Figure D1 Scanning Electron micrographs of TiO

Figure D2 Scanning Electron micrographs of Mg
(a-d) 
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APPENDIX IV 

Supplementary data on the Photocatalytic CO2 reduction with H2O as reductant over 
 nanocatalysts 

 

Scanning Electron micrographs of TiO2 at different magnifications (a

 

Scanning Electron micrographs of Mg-TiO2-1 at different magnifications 

O as reductant over 

at different magnifications (a-d) 

1 at different magnifications 



 

Figure D3 Scanning Electron micrographs of Mg
(a-d) 
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Scanning Electron micrographs of Mg-TiO2-2 at different magnifications 

 

2 at different magnifications 



 

Figure D4 Scanning Electron micrographs of Mg

(a-d)

Figure D5 Transmission Electron micrographs of TiO
f). 

Figure D6 Transmission Electron micrographs of Mg
magnifications (a-f). 
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Scanning Electron micrographs of Mg-TiO2-3 at different magnifications 

Transmission Electron micrographs of TiO2 for different magnifications (a

Transmission Electron micrographs of Mg-TiO2-1 for different 

3 at different magnifications 

 

for different magnifications (a-

 

1 for different 



 

 

Figure D7 Transmission Electron micrographs of Mg
magnifications (a-f). 
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Transmission Electron micrographs of Mg-TiO2-2 for di

 

2 for different 

 



 

Figure D8 Transmission Electron micrographs of Mg
magnifications (a-f). 

Figure D9 (a) SAED pattern (b) EDS layered image and (c) TEM
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Transmission Electron micrographs of Mg-TiO2-3 for different 

 

(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of TiO

3 for different 

EDX of TiO2 



 

Figure D10 (a) SAED pattern (b) EDS layered image and 

Figure D11 (a) SAED pattern (b) EDS layered image and (c) TEM
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(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of Mg

 

(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of Mg

EDX of Mg-TiO2-1 

EDX of Mg-TiO2-2 



 

Figure D12 (a) SAED pattern (b) EDS layered image and (c) TEM
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(a) SAED pattern (b) EDS layered image and (c) TEM-EDX of MgEDX of Mg-TiO2-3 
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Table D1 Quantitative data for the production of methanol in mmol g-1 from the 
reduction of CO2 on TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3, under UVA light. 

 
TIME (h) TiO2 Mg-TiO2-1 Mg-TiO2-2 Mg-TiO2-3 

2 3.12 5.734 13.06 11.4 
4 6.19 12.13 22.058 21.35 
6 5.79 18.272 34.612 32.01 
8 11.79 23.30 47.26 42.48 

 
Table D2 Quantitative data for the production of H2 in µmol g-1 from the reduction of 
CO2 on TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3, under UVA light. 
 

TIME (h) TiO2 Mg-TiO2-1 Mg-TiO2-2 Mg-TiO2-3 
2 4.37 32.85 59.47 27.93 
4 5.26 64.46 111.79 55.52 
6 9.15 96.01 165.1 86.11 
8 10.56 125.90 229.17 112.95 

 
Table D3 Quantitative data for the production of CH4 in µmol g-1 from the reduction 
of CO2 on TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3, under UVA light. 
 

TIME (h) TiO2 Mg-TiO2-1 Mg-TiO2-2 Mg-TiO2-3 
2 2.07 2.39 3.1 4.6 
4 4.21 4.6 6.18 9.02 
6 6.58 7.12 9.41 13.996 
8 8.76 9.32 12.14 18.33 

 
Table D4 Quantitative data for the production of CO µmol g-1 from the reduction of 
CO2 on TiO2, Mg-TiO2-1, Mg-TiO2-2 and Mg-TiO2-3, under UVA light. 
 

TIME (h) TiO2 Mg-TiO2-1 Mg-TiO2-2 Mg-TiO2-3 
2 48.07 50.25 58.97 47.02 
4 94.72 96.9 115.37 91.49 
6 143.54 147.9 175.02 146.85 
8 194.46 194.60 233.78 186.75 
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APPENDIX V 

Copy of paper published from the synthesis of mixed phase TiO2 for the  
photoreduction of CO2  
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APPENDIX VI 

Copy of paper published from the Synthesis of visible light active RGO-

TiO2composites for the photoreduction of CO2 
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APPENDIX VII 

Copy of paper published from the Insight for Enhanced Photocatalytic Activity  
of CNT-TiO2 composite for storage of photon energy in chemical bonds  

 



389 
 

 

 

 



390 
 

 

 

 



391 
 

 

 

 



392 
 

 

 

 



393 
 

 

 

 



394 
 

 

 

 



395 
 

 

 

 



396 
 

 

 

 



397 
 

 

 



398 
 

 

 

 



399 
 

 

 

 



400 
 

APPENDIX VIII 

Copy of paper published from the Photocatalytic CO2 reduction with H2O as 
reductant over Magnesium-doped TiO2 nanocatalysts 
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