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ABSTRACT 

 

CO2 photoreduction into fuels has the potential to reduce future dependence on fossil 

fuels. This work has examined the effects of metal ion doping on the properties and 

performance of TiO2 for CO2 reduction in different photoreactor configurations. Metal 

(Pd/Rh, Ni, Cu, V, Cr and Co) doped TiO2 photocatalysts synthesized by the sol-gel 

method were suspended or immobilized onto monoliths threaded with optical fibers or 

quartz plates. Doping with Cu, V and Cr facilitated anatase to rutile phase 

transformation, while Ni and Co doping inhibited transformation to rutile. All the metal 

atoms were found to be replacing some of the Ti atoms in the crystal lattice of TiO2 

during synthesis, thus causing a shift to longer wavelengths. Metal doping can 

considerably enhance the photocatalytic activity of TiO2 for CO2 reduction to fuels 

under UV or visible light irradiation when H2O was used as a reductant. The activities 

of the best photocatalysts (1wt%Cu-TiO2 and 1wt%Co-TiO2) were 67 times higher than 

pure TiO2. More importantly, the conversion rate, 79.95mol/gcath achieved using the 

quartz plate reactor was near one order of magnitude higher than other reactor 

configurations due to better accessibility of the catalytic surface to photons and the 

reactants during photocatalytic reaction. 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL INTRODUCTION 

1.1.1 CLIMATE CHANGE, ITS CONSEQUENCES AND MITIGATION 

Greenhouse gases (GHG) trap solar energy and warm the surface of the planet. This is 

essential for sustaining life and is described as the greenhouse effect, as presented in 

Figure 1.1. Without this natural phenomenon, the average surface temperature of the 

Earth would be below the freezing point of water (Wuebbles and Jain (2001), 

Intergovernmental Panel on Climate Change (IPPC (2007b)), Ramanathan and Feng 

(2009)). Man-made activities such as deforestation, land use change and fossil fuel 

combustion are continually causing an increase in GHG in the atmosphere, with carbon 

dioxide (CO2) being the main constituent and key cause of global warming (Koci et al. 

(2008), Rackley (2010)).  

 

Figure 1.1: The greenhouse effect (CO2 CRC (2010)) 

Recent data from IPCC (2012) and GCCSI (2012) confirm the increase of CO2 

concentrations to 39% above preindustrial levels, with the consumption of fossil fuels 
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accounting for 60% of global anthropogenic GHG emissions (31.6Gt in 2011). Figure 

1.2 quantifies the current energy-related CO2 emissions in the world. An increase of 

approximately 43% has been predicted from 2007 (29.7 billion metric tonnes) to 2035 

(42.4 billion metric tonnes). Some of the key factors responsible for the increasing 

anthropogenic CO2 emissions have been described by Rackley (2010). These include 

economic and population growth, energy intensity of industrial processes and 

environmental pressures such as land use changes (mainly deforestation) amongst 

others.  

 

Figure 1.2: World energy-related CO2 emissions, 2007-2035 (billion metric tons) 

(adapted from United States Energy Information Administration (2010))  

Socolow and Pacala (2006) have described different strategies by which CO2 emissions 

can be reduced. As shown in Figure 1.3, these can be achieved through the use of non-

fossil fuels such as hydrogen, renewable and nuclear energy, increased energy 

efficiency, reduced deforestation and capture and storage of CO2 emissions or by using 

a combination of these options. Although nuclear energy can supply low carbon energy, 

there are deep concerns with regards to waste generation and the safety and use as a 

form of weaponry (Moriarty and Honnery (2008), Bockris (2010)). Public acceptance 

and limited water availability are also key issues associated with this technology. There 

are several challenges, including capital cost, source and seasonal availability, economic 

barriers, geographical distribution and environmental issues as major constraints in the 
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wider use of renewable energy like biomass, hydropower, solar and wind energy (Aresta 

(2003), Song (2006) and IPCC (2012)).  

 

Figure 1.3: Potential wedges: strategies available to reduce carbon emissions from 2004 

to 2054 by 25 Gt/C (Socolow and Pacala (2006)). 

Conversely, the use of hydrogen energy eliminates the constraints associated with 

environmental impacts, but requires full optimization and energy input as its production 

is mainly from steam reforming and water electrolysis. Another major drawback is that 

hydrogen fuelling infrastructures such as fuel cell vehicles and fuelling stations are still 

being developed (Turner (1999). Carbon dioxide capture and storage (CCS) serves as a 

means of reducing CO2 emissions, where CO2 is removed and captured from large point 

sources of industrial processes, such as petrochemical plants, power generation, cement, 

iron and steel production and others. This is followed by its subsequent transport, 

injection and storage in various sinks, such as geological storage (underground saline 

aquifers, depleted oil and gas reservoirs and deep coal seams), mineral carbonation and 
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ocean storage. The CO2 separated and captured is then considered to be stored for 

prolonged periods ranging from centuries to millions of years (Galadima and Garba 

(2008), Grimston et al. (2001)). 

Although the evolving technologies associated with CO2 capture and separation show 

great potential with regards to reducing cost and energy penalty (Olivares-Marin and 

Maroto-Valer (2012)), they still require further development. Bachu et al. (2007) and 

Bachu (2008) have compared the aforementioned storage options and identified 

geological storage as the preferable option owing to the significant quantity of CO2 that 

can be sequestered, long retention time and great depth of experience from the oil and 

gas industry that would accelerate the immediate deployment after full-scale 

implementation. This technology still needs optimization in order to fill the gap in 

knowledge with regards to the location and capacity of possible geological locations 

and possible leakage that could occur during or after injection. Public acceptance has 

also been recognized by Bachu et al. (2008) as a key factor also that can pose barriers to 

the implementation of geological storage as the public can accelerate CCS development 

or prevent its deployment. 

1.1.2 CARBON DIOXIDE REDUCTION AND UTILIZATION 

As CCS is still in the demonstration phase and may be uneconomical for emissions 

from small to medium sized sources, other sustainable alternatives with little or no 

environmental impacts and zero CO2 emissions are being developed. These technologies 

which utilise CO2 for chemicals and fuels production rely solely on technological 

breakthroughs, market competitiveness and are not dependent on policy decisions due 

to their versatile applications. Roy et al. (2010), Koci et al. (2008) and Usubharatana et 

al. (2006) pointed out these alternatives, which include photocatalysis, direct photolysis, 

and electrochemical reduction to utilise CO2 as opposed to geological storage. The 

separated CO2 stream from the capture plant which can be compressed for transport in 

cylinders will serve as a relatively pure feedstock for these conversion methods. The 

synthesized products such as methane, methanol, ethanol etc can be used as chemicals, 

feedstock in fuel cells or hydrogen sources for electricity.  

Mikkelsen et al. (2010) have highlighted the difference between photocatalysis and 

electrochemical reduction as the source of electrons which is obtained from irradiating 

semiconductors under light in the former and the application of an applied current in the 
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latter. Although electrochemical cells can convert CO2, Yano et al. (2002, 2007) 

reported low efficiencies resulting from the deactivation of electrodes as a major 

drawback linked with its usage. This is due to the deposition of poisoning species, i.e. 

adsorbed organic compounds, on the electrode. Aresta (2010) and Olah et al. (2009) 

also reported that electrochemical reduction was energy intensive with slow kinetics. 

Creutz and Fujita (2001) identified the need for an inexpensive hydrogen source in 

direct hydrogenation, while Wu et al. (2010) reported high energy photons in direct 

photolysis as drawbacks to their utilisation. Conversely, photocatalysis (an artificial 

form of photosynthesis) is more energy efficient compared to other reduction methods 

since it has the potential to utilize solar energy, a cheap and abundant non-fossil energy 

source for the conversion of CO2 into profitable products such as methanol, methane 

and other chemicals (Indrakanti et al. (2009), Jiang et al. (2010)). Usubharatana et al. 

(2006) and Palmisano et al. (2007) also noted the low energy input needed by 

photocatalysis as compared to other reduction methods that require higher energy 

consumption. Photocatalysis is therefore highly regarded for its low energy input, 

profitable products, use of solar energy, and is the focus of this thesis.  

1.1.2.1 CHALLENGES IN PHOTOREDUCTION OF CO2 

Until a non-carbon fuel source can be successfully developed to meet global demands, 

CO2 photocatalysis can serve as an important strategy for providing energy rich and 

chemically useful products. Carbon based fuels can be produced from the conversion of 

CO2 and water by semiconductor photocatalysts capable of simultaneously driving 

chemical reactions and utilizing solar energy. Amongst semiconductor photocatalysts, 

titanium dioxide (TiO2) is particularly noteworthy due to its unique properties; however, 

its use is limited due to its large band gap; as it can only be activated by ultraviolet 

(UV) light which represents 2-5% of sunlight (Carp et al. (2004)). For photocatalysis, of 

utmost importance is the ability of TiO2 to harness solar energy, be chemically stable 

and nontoxic (Carp et al. (2004)). 

However, attempts to improve the efficiency of this catalyst for solar fuel production are 

limited to the overall process efficiency being largely dependent on two factors - the 

physicochemical properties of the catalyst and reactor configuration. The optical and 

electronic properties of TiO2 can be modified through the addition of metals such as Cu 

(Slamet et al. (2005)), Pd (Ishitani et al. (1993)) and Rh (Solymosi and Tombacz 

(1994)). When these metal atoms occupy the interstitial sites, replace Ti in the 
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substitutional sites or form aggregates on the surface of TiO2, they can cause changes in 

the properties of TiO2 (Sahu and Biswas (2011)), where the band structures and 

properties of TiO2 have been reported to be tailored by this process (see section 2.2.3.1). 

These metals also serve as a source of charge-carrier traps which can increase the life 

span of separated electron hole pairs, and thus enhancing the efficiency and product 

selectivity for CO2 photoreduction (Usubharatana et al. (2006)). Furthermore, the 

textural properties such as the surface and bulk crystal structure, particle size and 

morphology can also be modified. However, it still remains largely unknown how the 

interaction of metal dopant or its oxide modifies the surface chemistry and reaction 

mechanism of TiO2 for CO2 photoreduction. In general, there are not much 

characterization data providing detailed information on the correlation of properties of 

the metal dopant with CO2 photoreduction. 

The configuration of catalyst particles in a photoreactor system is also another factor 

that can influence the overall photocatalytic efficiency (Bideau et al. (1995); Ray and 

Beenackers (1998)). Catalysts can either be suspended in aqueous solutions or 

immobilized onto supports. When powders are suspended in a liquid medium; the 

quantum efficiency i.e. the number of reacted molecules per photon absorbed by the 

catalyst, absorption properties of both reactants and non-reactants in solution and 

surface light intensity determines the rate of reaction (Ray and Beenackers (1998)). 

Some of the key advantages of this system are that there is entire external surface 

illumination during reaction time if the particle size of the catalyst is small; with phase 

segregation not occurring if the solution is homogeneously mixed (Bideau et al. 

(1995)). Although slurry system designs offer high catalyst loading and ease of 

construction; separation of catalyst particles from the reaction mixture is a major 

drawback (Mul (2012)). The penetration depth of UV light into the reaction medium 

can be limited by the strong light absorption of organic species and catalyst particles 

(Ray and Beenackers (1998)). A large proportion of catalyst surface area might be 

inactive due to low photon energy received, as most of the light irradiation is lost due to 

absorption by liquid when light approaches the catalyst through the bulk liquid phase 

(Ray (1999); Mukherjee and Ray (1999)). 

Conversely, the drawback of catalyst separation can be avoided by gas phase system 

where catalysts are immobilized onto fixed designs supports. In these systems, 

photocatalysts can be coated on a support matrix placed inside the reactor around the 

light source or directly on the photoreactor wall. Light distribution becomes a limiting 



7 

 

factor in this system which is influenced by the geometry of the light source and spatial 

distance between the light source and photocatalysts (Howe (1998)). Overall, gas phase 

systems offer more flexibility compared to the slurry systems if the design considers the 

spatial relationship between the reactor and the light source when choosing the support 

of choice. The textural properties such as the specific surface area of the immobilized 

catalysts can be enhanced by immobilisation onto fixed substrates in photoreactors such 

as fibres, membranes, glass (Braham and Harris (2009)), monolithic ceramics (Ola et al. 

(2012)), silica (Tseng et al. (2010)) etc. However, the photocatalyst must be strongly 

adhered to the support and have light absorption properties to be effective. There must 

also be strong surface chemical-physical bonding between the photocatalyst and the 

support; which must not negatively affect the activity of the photocatalyst (Dijkstra et 

al. (2001)). Mass transfer limitations and low light utilization efficiency due to little or 

no light absorption in the pores or channels of the catalyst coated supports are also key 

limitations (Yu et al. (2011)). 

In order to reduce these limitations associated with catalysts supports for CO2 

photoreduction, previous researchers (Peill and Hoffmann (1995), Sanchez et al. (1999), 

Sun et al. (2000)) have designed photoreactors using supports such as optical fibres or 

monoliths. The optical fibre reactor (OFR) has been modified by using fibres with 

different cores and coatings (Carneiro et al. (2009); Xu et al. 2008)), increasing their 

diameter to create ease of handling and the use of cooling systems (Wang and Ku 

(2003)) to eliminate the limitation of heat build-up. Catalyst deposition on the fibre 

surface is usually achieved by stripping the cladding and roughening the core via 

sandblasting before coating the fibre core repeatedly. Coatings are bound to the surface 

of the fibres via electrostatic adsorption of precursors to the catalyst surface following 

evaporation and drying of the sol entrained on the fibre. In particular, previous CO2 

photoreduction studies conducted by Nguyen and Wu (2008) using optical fibres coated 

with Cu-Fe/TiO2 catalysts in the gaseous phase have demonstrated that the number of 

optical fibres can determine the rate of ethylene production and selectively increase or 

decrease the quantum yield. A maximum yield of 0.91 mol/g-cat h was observed using 

the loading ratio of 0.5wt% Cu-Fe/TiO2 for methane production.  

Lin and Valsaraj (2005) described the use of monolith as a catalyst immobilization 

medium presenting higher surface area compared to beads and plates. They further 

improved the configuration of the monolith reactor by using coated optical fibres placed 

in the channels of the monolith substrate during waste water treatment. Du et al. (2008) 
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and Carneiro et al. (2009) changed this arrangement by coating the inner surface of the 

monolith with catalysts instead of the fibres. They reported that monolith coating 

provided maximum exploitation of the combined advantages of the monolith and 

conventional optical fibre reactor system by eliminating heat build-up which could lead 

to the rapid deactivation of the catalyst coated fibres as a result of direct contact and 

uneven light and catalyst distribution due to fibre abrasion (Wang and Ku (2003)). 

However, the use of bundle of optical fibres for remote light delivery to the reactive 

sites of metal based TiO2 photocatalysts coated on a monolith for CO2 reduction has not 

been studied. Thus, the choice of an adequate support is of utmost importance since the 

overall process efficiency of the photoreactor is predominantly determined by the 

amount of activated photocatalysts. It is therefore imperative to utilise versatile 

materials with excellent light transmission properties that can simultaneously serve as 

catalyst carrier and provide high light transfer area via light distribution from the source 

to the photocatalyst present within the photoreactor. The loading of metals that function 

in the visible light or both the UV and visible light onto different TiO2 based catalyst 

supports have also not been fully exploited for CO2 photoreduction. A deep 

understanding of the different parameters that influence CO2 photoreduction is also 

required to further optimize yields. A review on CO2 photocatalysis in relation to this 

study is presented in Chapter 2. 

1.2 AIMS AND OBJECTIVES 

Despite numerous studies on CO2 photoreduction systems, this technology cannot be 

deployed due to low conversion efficiencies and inefficient photocatalysts. It is 

therefore imperative to design and develop efficient titania based photocatalysts based 

on these aforementioned factors, namely the physicochemical properties of the catalyst 

and reactor configuration. Previous studies have shown that TiO2 photocatalyst 

modified by metal ions can convert CO2 into products using light energy, but the typical 

formation rate of 1 µmol h
−1

 for CO2 photoreduction is low. A better understanding of 

ways to improve TiO2 towards CO2 photoreduction is needed imperatively for process 

optimization (Carp et al. 2004). Therefore, the aim of this work is to modify TiO2 by 

metal doping using different catalyst configurations to increase the product 

selectivity and efficiency of CO2 photoreduction in the UV and visible light region 

using different photoreactors. The objectives of this thesis are: 
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 To investigate the effect of metal loading on the physicochemical properties of 

TiO2. 

 To study the influence of supports in optimizing light utilization efficiency via 

photoreactor design for CO2 reduction.  

 To relate the properties of suspended or immobilized catalysts to their CO2 

photocatalytic activities. 

The objectives of this thesis were achieved by fulfilling the following tasks: 

 Catalyst synthesis. This task involved synthesizing TiO2-based photocatalysts 

using different loading ratios.  

 Catalyst characterization. The work included the determination of the crystalline 

phase, band gap, morphology, surface area, and chemical and electronic states of 

the elements present in the catalysts. 

 CO2 photoreduction tests of the catalysts prepared. This task focused on the 

analysis and comparison of the data obtained from different photoreactor 

configurations to determine the effect of metals on product yield and selectivity.  

1.3 THESIS STRUCTURE 

The layout adopted for this thesis is outlined below, with the schematic diagram 

presented in Figure 1.4. 

 Chapter 1 Introduction entails the background about the need for alternative 

fuels, focuses on the routes for CO2 reduction and utilization and the definition 

of the problem, aims and objectives adopted for this study;  

 Chapter 2 Literature review consists of a comprehensive literature review on 

titanium dioxide photocatalysis and its modification routes, catalyst synthesis, 

supports and photoreactor types; 

 Chapter 3 Experimental methodology presents detailed information about the 

process for catalyst synthesis and immobilization, characterization, photoreactor 

design and product identification adopted for this study; 

 Chapter 4 UV and visible light photocatalysts for CO2 reduction is divided into 

sub-sections based on the metals utilized in the photoreduction process - 

palladium (Pd) and rhodium (Rh), nickel (Ni) and copper (Cu). The 
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physicochemical properties of the metal loaded catalysts and their CO2 

photocatalytic activities were also studied; 

 Chapter 5 Visible light photocatalysts for CO2 reduction is divided into 3 main 

sections based on the metals utilized in the photoreduction process - vanadium 

(V), chromium (Cr) and cobalt (Co). This entails the study of the 

physicochemical properties of the metal loaded catalysts and their CO2 

photocatalytic activities; 

 Chapter 6 Conclusions and recommendations consist of conclusions drawn from 

results obtained and recommendations for further work. 
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CHAPTER 2 

                                 LITERATURE REVIEW 

This chapter reviews the state of the art in the science and technology of CO2 

photoreduction. The concept and mechanism of CO2 photocatalysis using titanium dioxide 

(TiO2) is presented in Section 2.1, while the route by which the physicochemical properties 

of TiO2 can be modified is discussed in Section 2.2. Section 2.3 analyses the influence of 

different operational variables i.e. reductant, temperature, pressure and particle size, on the 

photoactivity of TiO2, while the Section 2.4 reviews various techniques for the fabrication 

of semiconductor photocatalysts. Section 2.5 describes different catalyst configurations by 

which the textural properties of TiO2 can be enhanced, while Section 2.6 reviews different 

photoreactor configurations available for CO2 photocatalysis. Finally, Section 2.7 discusses 

various analytical techniques that will be used for catalyst characterization in this study. 

2.1 CO2 PHOTOCATALYSIS 

Since CO2 is a chemically stable compound due to its carbon-oxygen bonds, its conversion 

to carbon based fuels requires substantial energy input (Jiang et al. (2010)). Renewable 

carbon free sources like solar energy provide readily available and continuous energy 

supply required for driving this conversion process. CO2 photocatalysis offers the 

possibility of utilising captured CO2 to synthesize chemicals and fuels with the aid of 

semiconductor catalyst(s) under light irradiation. Apart from solar energy, other readily 

accessible light sources can be used. Figure 2.1 highlights the typical photocatalytic process 

showing band gap formation in a typical semiconductor photocatalyst when exposed to 

light radiation. As shown in Figure 2.1, the band gap is the energy region extending from 

the bottom of the empty conduction band (CB) to the top of the occupied valence band 

(VB). When an electron excited by light energy migrates from the fully occupied valence 

band of the semiconductor located at an energy level (Ev) to a higher energy (Ec) empty 

conduction band, electron hole pairs are created if the absorbed light energy (hv) is greater 

than or equal to the band gap (Eg) of the semiconductor (Akpan and Hameed (2009), Koci 

et al. (2008a)). 
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Figure 2.1: Schematic of semiconductor photo-catalyzed reaction. 

Equation (2.1) present the formation of electron hole pairs (Koci et al. (2008a) where e
-
, hv 

and h
+
 represents the conduction band electron, photon energy and hole in the valence 

band, respectively. Equation (2.2) shows that the charge carriers may also recombine in the 

surface or bulk before reacting with adsorbed species, dissipating energy as heat or light 

while equation (2.3) shows the band gap energy (Eg) which is equal to the difference 

between the energy of the conduction (Ec) and the valence band (Ev). 

   Photocatalyst       e
-
 + h

+
  (2.1) 

    e
-
 + h

+
               heat  (2.2) 

          Eg     =    Ec - Ev             (2.3) 

The band gaps of some of the most commonly used photocatalysts are shown in Figure 2.2. 

Although some of these semiconductor photocatalysts such as Fe2O3 are low cost and 

possess suitable band gap energies for visible light absorption, they suffer from different 

limitations (Koci et al. (2008a)). Metal chalcogenides semiconductors e.g. CdS, PbS, CdSe 

hv 
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etc have been reported by Koci et al. (2008a) and Mills and Hunte (1997) as being 

susceptible to photocorrosion and low stability especially in aqueous media. The addition 

of sulphide or sulphite to the contacting solution has been described as a means by which 

photocorrosion can be partly suppressed. These semiconductors have also been reported to 

show some toxicity (Beydoun et al. (1999)). Since semiconductors like WO3, Fe2O3 and 

SnO2 possess conduction band edge values below the hydrogen potential, Gupta and 

Tripathi (2011) pointed out the use of an external electrical bias as a requirement needed to 

achieve hydrogen evolution during water splitting. Hematite (Fe2O3) has also been reported 

by Fox and Dulay (1993)) to show lower photoactivity compared to TiO2 and ZnO due to 

corrosion or the formation of short lived ligand-to-metal or metal-to-ligand charge transfer 

states. The formation of Zn(OH)2 on the surface of the semiconductor ZnO observed from 

its dissolution in water has been reported by Bahnemann et al. (1987) to cause instability 

and deactivation over time. On the other hand, TiO2 appears to be corrosion resistant and 

chemically stable (Carp et al. (2004)).  

 

 

 

 

 

 

 

 

Figure 2.2: Band gap of some photocatalysts with respect to the redox potential of different 

chemical species (Roy et al. (2010))  

Jeyalakshmi et al. (2013) also stated that large band gap semiconductors like TiO2 are more 

suitable for CO2 photoreduction due to sufficient positive and negative redox potentials in 
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the VB and CB respectively compared to smaller band gap semiconductors like CdS where 

the energy levels of either the VB or CB tend to be unsuitable for water oxidation and/or 

CO2 photoreduction. The photogenerated electrons and holes may recombine to generate 

heat energy or become trapped in surface sites, where reactions with electron accepting or 

donating species adsorbed on the surface of the semiconductor photocatalyst can occur 

(Diebold (2003), Akpan and Hameed (2009)). For redox reactions to take place, electron 

hole recombination must be minimized. The reduction potential of photo-generated 

electrons is the energy level at the bottom of conduction band while the energy level at the 

top of valence band determines the oxidizing ability of photo-generated holes which 

determine the ability of the semiconductors to undergo oxidations and reductions (Carp et 

al. (2004)). The redox potential levels of the adsorbate species and the band gap energy 

determine the likelihood and rate of the charge transfer processes for electrons and holes 

(Linsebigler et al. (1995)). For an electron to be donated to the vacant hole, the redox 

potential level of the donor is thermodynamically required to be above the VB position of 

the semiconductor, while that of the acceptor should be below the CB position. The 

reduction potentials for CO2 photoreduction with H2O to various products with reference to 

NHE at pH 7 are given below (Indrakanti et al. (2009); Vayenas et al. (2008)).   

  2H
+ 

+ 2e
- 
      H2   E

0
 = -0.41         (2.4) 

  H2O             1/2O2 + 2H
+
 + 2e

-
 E

0
 =  0.82         (2.5) 

  CO2
 
+ e

- 
      CO2

.
   E

0
 = -1.90         (2.6) 

  CO2
 
+ H

+
 + 2e

-
          HCO2

.
          E

0
 = -0.49         (2.7) 

 CO2
 
+ 2H

+
 + 2e

-
      CO + H2O   E

0
 = -0.53         (2.8) 

 CO2
 
+ 4H

+
 + 4e

-
          HCHO + H2O  E

0
 = -0.48         (2.9) 

 CO2
 
+ 6H

+
 + 6e

-- 
      CH3OH + H2O

.
 E

0
 = -0.38         (2.10) 

 CO2
 
+ 8H

+
 + 8e

-
          CH4 + 2H2O   E

0
 = -0.24         (2.11) 

       2CO2
 
+ 8H

+
 + 12e

-
      C2H4 + 2H2O

.
  E

0
 = -0.34         (2.12) 
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       2CO2
 
+ 9H

+
 + 12e

-
   C2H5OH + 3H2O  E

0
 = -0.33         (2.13) 

Several researchers have studied CO2 photoreduction using different semiconductors, 

including single catalysts like TiO2 (Chen et al. (2009)) and ZrO2 (Kohno et al. (2000)), 

double catalysts like Cu-Fe/TiO2-SiO2 (Nguyen and Wu (2008b)) and Cu-ZnO/Pt-K2Ti6O13 

(Guan et al. (2003b)), metal and compound oxides such as CuO (Qin et al. (2011), LaCoO3 

(Jia et al. (2009), Ga2O3 (Teramura et al. (2008) and ATaO3 where A represents Na, Li and 

K (Teramura et al. (2010). Colomenares et al. (2009), Bellardita et al. (2007), Malato et al. 

(2009), Koci et al. (2008a) and Usubharatana et al. (2006) reviewed the basic 

characteristics of an ideal semiconductor photocatalyst. These properties include the 

presence of a large surface area, cost-effectiveness, accessibility, resistance to 

photocorrosion or production of toxic by-products and the ability of the redox potentials of 

the photogenerated valence band and conduction band to be positive and negative in order 

for the electrons to act as an acceptor and donor, respectively. 

Palmisano et al. (2007) reported ZnO, CdS, TiO2, WO3 and NiO as the most frequently 

used semiconductors. However, compared to these semiconductors, TiO2 still remains the 

most researched semiconductor photocatalyst due to its availability, chemical stability, low 

cost, high photocatalytic activity and resistance to corrosion (Carp et al. (2004), Akpan and 

Hameed (2009), Colomenares et al. (2009), Lo et al. (2007), Fujishima et al. (2008), Koci 

et al. (2008a)).  

2.1.1 TITANIUM DIOXIDE 

The most common crystalline phases of TiO2 are rutile, anatase and brookite (Diebold 

(2003), Chen and Mao (2007)). Figure 2.3 depicts the crystalline bulk structure of anatase 

and rutile, while the bulk properties of the crystalline forms of TiO2 are presented in Table 

2.1. As shown in Table 2.1, anatase and rutile have lattice parameters (a and c) of 0.3733/ 

0.4584nm and 0.9370/0.2953nm respectively, in the unit cell based on the body centred 

tetragonal structure. The anatase form is the most suitable due to its larger surface area, 

stability and higher photocatalytic activity compared to the rutile form (Indrakanti et al. 

(2009), Li Puma et al. (2008), Bouras et al. (2007), Zeltner and Tompkin (2005)). The 

brookite form is not commonly accessible, difficult to synthesize and has not been proved 

for photocatalytic reactions (Watson et al. (2004), (Fujishima et al. (2008)).  
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Figure 2.3: Crystalline bulk structure of anatase and rutile illustrating the angles and bond 

lengths between atoms (adapted from Thompson and Yates (2006), Diebold (2003)). The 

red and grey colours depict oxygen and titanium atoms, respectively. 

Bouras et al. (2007) reported that optimal photocatalytic efficiency can be obtained from a 

mixture of anatase with a small percentage of rutile through a synergistic effect between the 

two crystalline phases as electron hole recombination is prevented by the creation of energy 

wells which serve as an electron trap formed from the lower band gap of rutile. Although 

TiO2 has several unique features, its use is limited due to its large band gap (see Table 1.1); 

as it can only be activated by ultraviolet light which represents 2-5% of sunlight 

(Colomenares et al. (2009), Kitano et al. (2007)). Since visible light accounts for 45% of 

the solar spectrum (Jia et al. (2009, Han et al. (2009)), there is a need to develop titania 

based photocatalysts which are active under the visible light spectrum.  

 

Rutile  

Anatase 
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Table 2.1: Bulk properties of crystalline forms of titanium dioxide (adapted from Diebold 

(2003) and Cui et al. (2008)) 

Properties 

Crystalline Forms 

Anatase Rutile Brookite 

Crystalline structure Tetragonal Tetragonal Rhombohedral 

Lattice constants (nm) a = b = 0.3733 

c = 0.9370 

a = b = 0.4584 

c = 0.2953 

a = 0.5436 

b = 0.9166 

c = 0.5135 

Bravais lattice Simple, Body 

centred 

Simple, Body 

centred 

Simple 

Density (g/cm
-3

) 3.83 4.24 4.17 

Band gap (eV) 3.2 3.0 _ 

Electron mobility,  

(cm
2
/V s) 

10 1 _ 

Refractive index (ng) 2.5688 2.9467 2.8090 

Standard heat capacity, 

C
o
p 

55.52 55.60 _ 

Dielectric properties 55 110-117 78 

Melting point/
o
C Turning into rutile 1870 Turning into rutile 

Boiling point/
o
C 2927* _ _ 

* at pressure pO2 101.325 KPa 

2.2 MODIFICATIONS OF TITANIUM DIOXIDE 

Since the time scale of electron-hole recombination of TiO2 has been reported to be two to 

three orders of magnitude higher than the desirable redox reactions (Indrakanti et al. 

(2009)), it is crucial to modify the physicochemical properties of TiO2 to improve process 

efficiency. Suitable modification of the optical and electronic properties of TiO2 results in 

not only the reduction of the band width via the incorporation of addition energy levels but 

increased lifetime of the photogenerated electrons and holes via effective charge carrier 

separation and suppression of electron-hole recombination. Furthermore, the textural 

properties such as the surface and bulk crystal structure, particle size and morphology can 
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also be modified. The photocatalytic activity of TiO2 for visible light can be increased by 

using organic and inorganic compounds as photosensitizers (dye sensitization), coupling 

semiconductors of different energy levels or doping with metals or non-metals to suppress 

recombination rate and thus increasing quantum yield (Colomenares et al. (2009), Malato et 

al. (2009), Cui et al. (2008), Chen and Mao (2007)). Table 2.2 highlights a summary of 

literature on CO2 photoreduction using different methods of TiO2 modifications. All these 

strategies are described below. 

2.2.1 DYE SENSITIZATION  

Carp et al. (2004), Malato et al. (2009), Ni et al. (2007) and Kalyanasundaram and Grätzel 

(2010) described dye sensitization as a means of increasing absorption towards the visible 

light region through the inducement of the photo-excited dye molecule. Various dyes which 

harvest visible light that have been used as sensitizers include rhodamine B, porphyrins, 

thionine, rose bengal, erythrosine B etc (Cho et al. (2001); Ross et al. (1994); Mele et al. 

(2002)). Electrons are transferred from the dye molecule to the conduction band of the 

semiconductor when the energy level of the dye molecule was more negative than the 

semiconductor. Figure 2.4 and equations (2.14) to (2.16) (Ni et al. (2007)) illustrate the 

reactions involved, including photo-excitation, injection of electrons and regeneration of 

dyes, respectively.      

    dye                    dye*           (2.14) 

        dye*           dye
+
 + e

-
          (2.15) 

    dye
+
 + e

-
          dye           (2.16) 

As shown in Figure 2.4, the transferred electron reduces the organic electron acceptor (EA) 

adsorbed on the surface. An ideal photosensitizer must undergo slow backward reactions 

and fast electron injection (Ni et al. (2007)) to attain high efficiency. It must also have high 

absorption spectrum in the visible light and infrared regions, with the excitation state 

having a long lifetime as well (Grätzel (2000), Chen and Mao (2007), Kumar and Devi 

(2011)). 

hv 

TiO2 
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Table 2.2: Modifications of TiO2 for CO2 photoreduction  

Modifications Photocatalyst 
Light 

source 
Reductant Products References 

Dye 

Sensitization 

Dye sensitized (perylene 

diimide derivatives) Pt 

impregnated on TiO2 

75W 

daylight 

lamp 

H2O 0.74mol/gcatal CH4 Ozcan et al. (2007) 

N3 dye ( Ru
II
(2,2′-

bipyridyl-4,4′-

dicarboxylate)2–Cu 

(0.5wt%)-Fe 

(0.5wt%)/TiO2 

Solar 

concentrator 

H2O vapour 0.617mol/gcatalh CH4 Nguyen et al. 

(2008) 

Ru/RuOx sensitized TiO2  Solar 

simulator 

H2O 900Lh
-1

 CH4 Thampi et al. 1987 

Semiconductor 

Coupling 

CdSe quantum dot (QD)-Pt 

/ TiO2 films 

300W Xe  

arc lamp, ≤ 

100mW/cm
2
 

H2O 48ppmg
-1

h
-1

 CH4, 

3.3ppmg
-1

h
-1

 CH3OH 

Wang et al. 

(2010a) 

23.2wt% AgBr-TiO2 150W Xe 

lamp 

0.2M KHCO3 128.56molg CH4 

77.87molg CH3OH 

13.28molg C2H5OH 

32.14molg CO 

Asi et al. (2011) 

PdS quantum dot (QD)-Cu 

/ TiO2 

300W Xe 

lamp 

H2O 0.82µmolg
-1

h
-1

 CO 

0.58µmolg
 -1

h
-1

 CH4 

0.31µmolg
 -1

h
-1

 C2H6 

Wang et al. (2011) 

CdS/TiO2 nanotubes 

 

Bi2S3/TiO2 nanotubes 

500W Xe 

lamp 

0.8g NaOH 

2.52g Na2SO3 
159.5molg /cat 

CH3OH 

224.6molg /cat 

CH3OH 

Li et al. (2012a) 

CeO2/TiO2 SBA-15 300W Xe 

lamp 

H2O <12mmol/g cat CH4 Wang et al. (2013) 
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Table 2.2: Modifications of TiO2 for CO2 photoreduction (continued). 

Modifications Photocatalyst 
Light 

source 
Reductant Products References 

Metal doping 0.5wt% Ru-TiO2 100W Hg 

lamp 

1M 2-

propanol 
200molg-Ti

-1
 CH4 Sasirekha et al. 

(2006) 

1wt% Ag-TiO2 Solar 

concentrator 

H2O vapour 4.12 mol/gcatalh 

CH3OH 

Wu et al. (2008), 

Wu (2009) 

3wt% CuO-TiO2 6 (10W) UV 

lamps, 2450 

µW/cm
2
 

H2O 2655 mol/gcatal 

CH3OH 

Slamet et al. 

(2005/2009) 

2wt% Cu-TiO2 8W Hg lamp 0.2N NaOH 1000 mol/gcatal 

CH3OH 

Tseng et al. (2002 

& 2004) 

TiO2 pellets 3 UVC 

lamps 

H2O 0.25molh
-1

 CH4 Tan et al. (2007) 

5.2wt% Ag-TiO2 8W Hg lamp 0.2M NaOH > 10mol/gcat CH4 + 

CH3OH 

Krejcikova et al. 

(2012) 

0.15% Pt-TiO2 nanotubes 300W Hg 

lamp 

H2O 4.8molh
-1

/gTi
-1

 CH4 Zhang et al. (2009) 

Pd/RuO2/TiO2 450W Xe 

short arc 

lamp 

0.05M NaOH 

0.05M 

Na2SO3 

72ppm HCOO
-
 Xie et al. (2001) 

2wt% Pd-TiO2 500W Hg 

lamp 

H2O 24.7x10
-8

 mol CH4 Ishitani et al. 

(1993) 

2wt% Cu-TiO2-SBA 15 400W halide 

lamp 

0.1N NaOH & 

H2O 
627molg

-1
h

-1
 CH4 Yang et al. (2009) 

0.5wt% Cu/TiO2- SiO2 Xe arc lamp, 

2.4mW/cm
2
 

H2O 60molg
-1

h
-1

 CH4, 

10molg
-1

h
-1

 CO 

Li et al. (2010) 

Kaolinite/ TiO2 8W Hg lamp 0.2M NaOH 4.5molg-cat CH4, 

2.5molg-cat CO, 

Koci et al. (2011) 

0.1wt% Y- TiO2 300W Hg 

lamp 

0.2M NaOH 384.62molg-cat 

HCHO 

Wei et al. (2011) 
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Table 2.2: Modifications of TiO2 for CO2 photoreduction (continued). 

Modifications Photocatalyst 
Light 

source 
Reductant Products References 

Metal doping 1wt% & 3wt% Ce-TiO2 

SBA 15 

450W Xe 

lamp 

H2O 1molg
-1

 CO Zhao et al. (2012) 

22.4wt% Cr-TiO2 Xe lamp H2O 8306ppm/V Nishimura et al. 

(2010) 

Non-metal 

doping 

N doped TiO2 /Ni 15 W  UV 

lamp/  

incandescent 

lamp 

0.2mol/L 

NaOH & 

Na2SO3 

482molg-cat 

CH3OH 

Fan et al. (2011) 

N doped TiO2 /Pt-Cu AM 1.5 

outdoor 

sunlight, 75-

102 mW/cm
2
 

H2O 111ppm/cm
2
h Varghese et al. 

(2009) 

N doped TiO2 nanotubes 500W 

tungsten / 

halogen 

lamp 

0.1N NaOH 1132.6molg-cat 

CH3OH 

921.6molg-cat 

HCHO  

12475.8molg-cat 

HCOOH 

Zhao et al. (2012) 

C doped TiO2 175W Hg 

lamp 

Na2SO3 2610.98molg-cat 

HCOOH 

Xue et al. (2011) 

I doped TiO2 450W Xe 

lamp 

H2O 2.4molg
-1

h
-1

 CO Zhang et al. (2011) 
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Figure 2.4: Excitation steps with a photosensitizer in the presence of an adsorbed organic 

electron acceptor, where CB, VB and EA represent the conduction band, valence band and 

electron acceptor respectively (Malato et al. 2009).  

The rate of electron injection and back electron transfer reactions from the dye molecule to 

the photocatalyst depend on the characteristics of the dye molecule and the properties of 

TiO2 and its interactions with the dye (Miller et al. (1995)). Gupta and Tripathi (2011) 

reported TiO2 as an ideal semiconductor for dye sensitized solar cells due to its stability, 

high refractive index which facilitates increased light absorption, high dielectric constant 

for electrostatic shielding of the injected electron from the dye molecule to the electrolyte 

and suitable conduction band edge below the energy level of several dyes. Grätzel et al. 

conducted CO2 photoreduction using Ru/RuOx sensitized TiO2 and obtained approximately 

900Lh
-1

 of methane using a solar simulator with light intensity of 0.08Wcm
-2

 (Thampi et 

al. (1987). Ozcan et al. (2007) also demonstrated the effect of dye sensitized (perylene 

diimide derivatives) Pt impregnated on TiO2 films on CO2 photoreduction. It was observed 

that methane production rate was enhanced to a maximum value of 0.74 mol/gcatal by 

adsorbing dye molecules to Pt-TiO2. When Pt was not loaded on TiO2 films, inactivity was 

observed in the presence of dye sensitizers. The N3 dye ( Ru
II
(2,2′-bipyridyl-4,4′-

dicarboxylate)2–(NCS)2 ) coated with Cu-Fe/TiO2 utilised by Nguyen et al. (2008) was 

found to be capable of visible light absorption, producing 0.617 mol/g-cat h of CH4 after 

5.5 hours. Data comparison between this sample and one without dye showed the stability 

of N3 dye sample over a wide light spectrum. Yuan et al. (2012) investigated the 

photoreduction of CO2 with H2O using a Cu (I) dye sensitised TiO2 based system. The 

introduction of the Cu (I) bipyridine complex was reported to be beneficial for charge 

separation in TiO2 under AM 1.5G conditions. Optimum CH4 production rate of ca. 

Excitation Charge 

Transfer 

Regeneration 
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7mol/g
-1

 was observed following 24 hours of visible light irradiation; with no CH4 

detected when the pure Cu (I) dye complex was used. However, instability, light and 

thermal degradation of dye molecules and disposal of undesired intermediates formed 

during reactions have been reported by Wang et al. (2010a), Gupta and Tripathi (2011) and 

Anpo (2004) as a major drawback associated with dye sensitization.  

2.2.2 COUPLING OF SEMICONDUCTORS  

The process illustrated in Figure 2.5 depicts the injection of conduction band electrons from 

small band gap semiconductor to the large band gap semiconductor such that energy gap 

steers the charge carriers from one semiconductor into the other resulting in spatial charge 

separation between the electrons and holes (Zhang et al. (2010), Shon et al. (2008), Ni et 

al. (2007)). The coupling of these semiconductors result in the balance of their Fermi levels 

(i.e. energy midway between the conduction and the valence band edges) such that electron 

flow is from the semiconductor with the higher Fermi level to the one with the lower Fermi 

level (Sigmund et al. (2009)). Excess negative charges are created in the semiconductor 

with the lower Fermi level while excess positive charges are created in the semiconductor 

with the highest Fermi level due to charge transfer. 

 

          

 

 

 

 

 

 

Figure 2.5: Coupling of semiconductors and charge carrier separation (Zhang et al. (2010)) 

Thus, coupled semiconductors benefit from extended band widths in the visible light and 

increased charge separation. Sigmund et al. (2009) reported that the injection of electrons 

or holes and their direction is dependent on the Fermi level and the band gap combination 
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of the semiconductors. Malato et al. (2009) and Sigmund et al. (2009) described the 

requirements for successful coupling as efficient and fast electron injection; ability of the 

small band gap semiconductor to be excited by visible light with its conduction band being 

more negative than that of the other semiconductor; proper positioning of the Fermi energy 

level and insusceptibility of the semiconductors to photocorrosion.  

Recently, Wang et al. (2010a) conducted studies of CO2 photocatalytic reduction over CdSe 

quantum dot (QD) loaded with Pt impregnated TiO2 films. Typical product yields of 48 

ppm g
-1 

h
-1

 (methane) and 3.3 ppm g
-1 

h
-1

 (methanol) were observed in gas phase using 

visible light irradiation of 420nm. They observed that charge injection into TiO2 was 

facilitated by the shift of the conduction band of CdSe into higher energy which initiated 

CO2 reduction. Process efficiency was also increased via charge separation due to electron 

transfer from CdSe to TiO2 such that reactions with adsorbates on the catalyst surface 

occurred. No activity was recorded when both semiconductors were used independently 

with the same wavelength of light. Ordered mesoporous silica SBA-15/TiO2 composites 

with varying ratios of CeO2 was synthesized by Wang et al. (2013) for the reduction of CO2 

with H2O under simulated solar irradiation. The addition of CeO2 was found to not only 

influence the light harvesting properties of TiO2 towards the visible light region but 

enhance the photocatalytic performance as well. The improved performance was ascribed 

to the separation of photogenerated charge carriers induced from the drift of TiO2 electrons 

to CeO2.  

Li et al. (2012a) utilized either CdS or Bi2S3 in the modification of the properties of TiO2 

nanotubes for CO2 reduction under visible light irradiation. The addition of either 

semiconductor was found to enhance visible light absorbance and photocatalytic activity of 

TiO2 nanotubes, with Bi2S3 exhibiting superior activity due to better surface area and CO2 

adsorption. Optimum methanol yields of 224.6mol/gcat and 159.5mol/gcat was observed 

using TiO2 nanotubes coated with Bi2S3 and CdS respectively. Heterojunction formation 

between the semiconductors was reported to play a crucial role in prolonging the lifetime of 

charge carriers and preventing electron/hole recombination. 

Despite its promising results, this technique is not widely applied due to its drawbacks. 

These include photo-corrosion in aqueous phase which affects the durability and stability of 

the catalyst through leaching out of dopant (Liang et al. (2010), Fujii et al. (1998)) and 
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difficulty in finding appropriate semiconductor pairs with excellent interfacial properties 

such that recombination of charge carriers can be reduced (Liu et al. (2010). 

2.2.3 METAL MODIFICATIONS 

The optical and electrochemical properties of TiO2 can be enhanced by the addition of 

metal ion(s). When these metals occupy non-lattice sites (i.e. interstitial), replace Ti in the 

substitutional sites or form aggregates on the surface of TiO2, they can cause changes in the 

properties of TiO2 (Sahu and Biswas (2011)), where the band structures and properties of 

TiO2 have been reported to be tailored by this process. The redox potential of 

photogenerated charge carriers and visible light absorption will be determined by the 

spectral distribution of the modified photocatalysts, which is invariably determined by their 

chemical states and dopant location (Liu et al. (2010)). Apart from these metals possessing 

their own catalytic activity, they also serve as a source of charge-carrier traps which can 

increase the life span of separated electron hole pairs, and thus enhance the efficiency and 

product selectivity for CO2 photoreduction (Linsebigler et al. (1995); Usubharatana et al. 

(2006)).  

Whether the metal ions are present in the lattice or TiO2 surface is dependent on two key 

factors: the preparation procedure where the amount and homogeneity of the metal ions in 

its host oxide are key parameters and the firing temperatures to which the samples have 

been subjected (Schiavello (1997)). Diffusion of the metal ions in TiO2 lattice is influenced 

by temperature; with higher temperatures favouring diffusion due to high thermal energy of 

the atoms. The mechanisms for metal modification are described below. 

2.2.3.1 METAL DOPING 

Neamen (2012) described doping as the process of adding foreign or impurity atoms into 

the crystal lattice of a semiconductor material. Alterations to the properties of the 

semiconductor can occur when controlled amounts of dopants are added to the 

semiconductor. Figure 2.6 shows the schematic representation of these lattice defects. 

When these impurity atoms are located at normal lattice sites i.e. substitution of the host 

atom occurs, they are referred to as substitutional doping. Substitutional doping can occur 

when one or more of the following criteria are met. This occurs when either the differences 
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in atomic radii of the atom types are less than 15%, dopant and host metals have similar 

crystal structures and electronegativities or comparable valences to ensure solubility 

(Ashby et al. (2009), Fahlman (2008)). 

 

 

 

 

 

Figure 2.6: Two dimensional representation of a single-crystal lattice showing (a) a 

substitutional impurity and (b) an interstitial impurity (Neamen (2012)) 

Conversely, when these impurity atoms are present between normal lattice sites, they are 

referred to as interstitial doping i.e. the host atom dislodged from its normal lattice sites is 

forced into voids between atoms (Neamen (2012); Ashby et al. (2009)). For interstitial 

doping, the likelihood of an atom occupying an interstitial site can be predicted by 

comparison of the radii of the interstitial dopant to the host metal (Fahlman (2008)). The 

greater difference between these atomic radii results in the dopants positioning itself in an 

interstitial site. The ionic radius ratio of the cation/anion (r
+
/r

-
) determines the preference of 

cations to occupy certain interstitial sites (Fahlman (2008)).  Interstitial sites may consist of 

cations with coordination numbers such as 4 (tetrahedral), 6 (octahedral) etc based on the 

radius ratio of these ions. As the values of the ionic radius ratio increases, the number of 

anions packed around the cation increase. In tetrahedral holes, the cations are packed 

between planes of anions in close-packed structures if the ionic radius ratio falls within 

0.225 and 0.414. Whilst the radius ratio falls within 0.414 and 0.732, if they are packed in 

octahedral holes if (Neamen (2012)). 

According to Pagot and Clerjaud (2013) and Seebauer and Kratzer (2009), the local 

distortion of the crystal lattice can occur in substitutional and interstitial doping due to the 

difference in the atomic radii of the dopants compared with the host atoms and their 

Substitutional 

impurity 

Interstitial 

impurity 
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chemical affinity with their surrounding atoms. In these lattice defects, the change in 

electric properties is caused by the disruption of the chemical bonding between the atoms 

and distortion of the geometric arrangement of atoms (Neamen (2012)). Vacancies may be 

created during the catalyst preparation process due to impurity atoms hopping from one 

vacancy to the other, thus remaining permanently in the substitutional lattice sites due to 

temperature decrease. The reactions of metal doping are described by the following 

equations, where M and M
n+ 

represents the metal and metal ion dopant, respectively 

(Malato et al. (2009), Ni et al. (2007)). 

    M
n+

 + hv         M
(n+1)

 + e
-
CB           (2.17) 

    M
n+

 + hv        M
(n-1)

  + h
+

VB           (2.18) 

    M
n+

 + e
-
CB        M

(n-1)
 
+
 as electron trap          (2.19) 

    M
n+

 + h
+

VB        M
(n+1)

 
+
 as hole trap          (2.20) 

Equations (2.17) and (2.18) depict the formation of energy levels in the band gap of TiO2, 

while (2.19) and (2.20) represents the transfer of electrons between TiO2 and metal ions. 

However, the energy level (M
n+

/M
(n-1)+

) must be less negative than conduction band (CB) of 

TiO2 while the energy level (M
n+

/M
(n+1)+

) must be less positive than valence band of TiO2.  

The incorporation of substitutional or interstitial metal dopants in the titania structure 

generates trap levels in the band gap and thus modifying the band gap after doping. As 

shown in Figure 2.7, the trap levels usually in the form of narrow bands are located below 

the lower conduction band edge. After modification, required energy level becomes hv ≥ 

(Eg-Et) where Et represents lower edge of the trap band level as opposed to hv ≥ Eg which is 

required for photon excitation before modification (Sigmund et al. (2009)). Consequently, 

electrons excited at these levels become trapped, with the holes having enough time for OH
.
 

generation such that electron/hole recombination is suppressed and overall process 

efficiency improved. The choice of metal dopant is determined by ability of the metal to 

exhibit multiple oxidation states, possess ionic radii and M
n+

/M
(n+1)

 energy levels closer to 

Ti
4+

 and the capacity to trap either electrons or holes.  
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(a) (b) 

Figure 2.7: Band structure of titania (a) before doping and (b) after doping where Eg, Ef, Φ, 

χ, and s represents the band gap energy, Fermi level, work function, electron affinity and 

semiconductor (Sigmund et al. (2009)). 

The type of dopant added will determine whether the dominant charge carrier in the 

semiconductor will be either holes in the valence band or electron in the conduction band 

(Neamen (2012)). Koci et al. (2008a) reported doping as a means of increasing the level of 

holes in the band gap to permit the excitation of electrons where mobile holes are created in 

the valence band (p-type) or addition of an energy level fully occupied with electrons in the 

band gap which accelerates excitation into the conduction band (n-type). Carp et al. (2004) 

described n-type and p-type dopants where the former acts as a donor centre of electrons 

and the latter conversely acts as acceptor centres of holes. Recombination centres are 

formed in p-type dopant as they have an affinity for hole formation once negatively 

charged, while electron hole recombination in n-type occurs due to increase in 

concentration of conduction electrons. They also reported that charge separation could be 

improved by co-doping to produce an overall beneficial effect. 

Extensive studies on the improvement of the electronic structure of TiO2 for pollutant 

degradation have been performed by doping with high energy transition metals by Anpo 

(2000), Anpo et al. (2001), Anpo et al. (2002), Anpo (2004), Anpo et al. (2005) and Anpo 

and Takeuchi (2003). Their results established that the amount and type of metal dopant as 

well as the method of synthesis were key factors in determining photocatalytic activity and 
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the extent of red shift that can be achieved in the visible light region. Comparisons between 

the absorption spectra of metal doped TiO2 synthesized by chemical doping (impregnation) 

and metal ion implantation were made. Samples synthesized by the latter method exhibited 

shifts in their absorption band towards visible light region (~600nm) caused by intense 

distance interaction between the metal ion and TiO2. In contrast, the samples prepared by 

the impregnation method experienced no shift, but absorption shoulders in the UV/Vis 

spectra. This was caused by the creation of impurity energy levels with the amount of metal 

ions dopant used determining their intensity.  

The electronic structure of TiO2 doped with transition metals (Cr, Fe, Co, V, Ni and Mn) 

was also examined by Umebayashi et al. (2002) using ab initio band gap calculations based 

on density functional theory. According to their work, a shift of the localized level to a 

lower energy was observed based on the increase of the atomic number of the dopant. 

Gupta and Tripathi’s review (2011) reported that incorporation of metal or its oxide into 

TiO2 structure may cause an increase in the recombination rate between photogenerated 

electrons and holes via the impurity energy level. Therefore, doping can be effective if the 

metal ions are doped near the photocatalyst surface where efficient charge transfer of the 

trapped electrons and holes can occur (Gupta and Tripathi (2011)).  

In the field of CO2 photoreduction, Nie et al. (2009) presented the formation of smaller 

particles as a way by which doping can alter recombination rate. As smaller particles have 

large surface to volume ratio, the migratory path is shorter such that the probability of the 

generated electrons and holes from the bulk undergoing recombination is reduced before 

reaching the surface. The dopant loading level plays a key role in CO2 photocatalytic 

activity as increased product yield can be obtained due to red shift towards visible light 

(Anpo (2000)). However, doping at high concentrations results in the metal ions becoming 

recombination centres (Gupta and Tripathi (2011)). Gupta and Tripathi (2011) further 

explained that increasing doping concentration results in a narrowed space charge layer 

where electron hole pairs within this region can be efficiently separated by the electric field 

before recombination. However, exceeding the optimum doping concentration results in an 

extremely narrow space charge layer such that light penetration depth exceeds the width of 

this space charge layer. Consequently, recombination rate increases due to the lack of a 

driving force to separate them. 



31 

 

Koci et al. (2010) used different loading ratios of Ag/TiO2 and observed an increase in 

product yield of methane and methanol, with 7% Ag/TiO2 showing the highest product 

yield compared to lower loading ratios of 1%, 3% and 5%. Conversely, Sasirekha et al. 

(2006) obtained an optimal Ru loading value of 0.5wt%, after which photocatalytic activity 

decreased for 1.0wt% due to increased electron hole recombination. Slamet et al. (2005, 

2009) also reported that Cu dopant in excess of 3 wt% could reduce photocatalytic activity 

by reducing the depth of light penetration, and thus inhibiting interfacial charge transfer. 

When the doping content of Fe
3+

 exceeded 0.03 wt%, Xin et al. (2007) recorded a decrease 

in photocatalytic activity due to electron hole recombination, while the opposite was 

observed for lower loading content (<0.03 wt%). 

Regarding product formation, extensive studies into the use of doped TiO2 in CO2 

photocatalysis have been conducted using various metals such as chromium (Nishimura et 

al. (2010)), copper (Slamet et al. (2009), Tseng et al. (2004), Wu et al. (2005) and (2008)), 

silver (Wu et al. (2008)), platinum (Zhang et al. (2009)), palladium and ruthenium (Xie et 

al. (2001)). Several primary products with their yields includes methane (4.8 molh-
1
/gTi

-1 

(Zhang et al. (2009)), methanol (2655 mol/gcatal (Slamet et al. (2009) and 4.12 mol/gcatal 

(Wu et al. (2008), Wu (2009)) and formate (72.3ppm (Xie et al. (2001)) respectively have 

been obtained. However, use of the costly ion-implantation system, thermal instability and 

increase in recombination centres has been described by Asahi et al. (2001) and Asahi and 

Morikawa (2007) as the drawbacks with this process. 

2.2.3.2  METAL SEMICONDUCTOR MODIFICATION 

The overall efficiency and surface properties of a semiconductor can be altered by the 

addition of a metal which is not chemically bonded to TiO2 (Sigmund et al. (2009). These 

metals act as an electron scavenger and thus facilitate the generation of holes. Ren and 

Valsaraj (2009) and Usubharatana et al. (2006) described the addition of metals as a source 

of charge-carrier traps which increased the life span of separated electron hole pairs and 

enhanced reaction rate. Figure 2.8 illustrates the band structure of TiO2 before and after 

contact with a metal. As shown in Figure 2.8, the comparison of a semiconductor with 

work function Φs to a metal with work function Φm > Φs results in the Fermi level of the 

semiconductor, EFs being higher than the Fermi level of the metal EFm.  
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When this metal is brought in contact with TiO2 (Fig. 2.8b), electrons will flow from the 

semiconductor to the metal until the two Fermi energy levels reach an equilibrium. An 

upward band bending is formed due to an excess of positive charges in TiO2 generated 

from the migrating electrons (Schiavello (1997)).  

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

Figure 2.8: Band structure of titania (a) before contact and (b) after contact with a metal, 

where the Schottky barrier is formed. (Φm and Ef
int

 represents the metal work function and 

Fermi level if titania is an intrinsic semiconductor respectively (Sigmund et al. (2009)). 
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Consequently, this bending at the metal-semiconductor interface creates a small barrier 

known as the Schottky barrier (Linsebigler et al. 1995). The Schottky barrier serves as an 

electron trap which prevents migrating electrons from crossing back to the semiconductor 

and thus preventing recombination. The schematic in Figure 2.9 also illustrates the 

mechanism of a metal modified semiconductor for photocatalysis where recombination is 

suppressed by the Schottky barrier of the metal in contact with the surface of the 

semiconductor. 

 

Figure 2.9: Metal modified semiconductor photocatalyst (adapted from Linsebigler et al. 

(1995)) 

As a result of this trapping mechanism, the photogenerated holes then diffuse to the surface 

of the semiconductor where oxidation of organic species take place (Linsebigler et al. 

1995). According to Schiavello (1997), photoreactivity can be negatively influenced by 

either a high concentration of metallic islands on the semiconductor surface or an 

enhancement of their size. When this occurs, reduced surface illumination of catalysts and 

increased recombination rate is observed. Krejcikova et al. (2012) conducted CO2 reduction 

studies using different loading ratios of Ag/TiO2and observed increased product yield of 

methane in the gas phase and methanol in the liquid phase with increasing Ag concentration 
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under 254nm UV irradiation over a 24 hours period. The increase in product yield 

compared to both commercial and synthesized pure TiO2 was attributed to higher Fermi 

level of TiO2 and Schottky barrier formation which facilitated electron transfer from the 

TiO2 conduction band to Ag particles and improved charge separation, respectively. 

Tseng et al. (2002) synthesized Cu loaded TiO2 nanoparticles for the photocatalytic 

reduction of CO2 under UV irradiation using NaOH as a reductant. CH3OH production was 

found to increase with increasing Cu concentration, after which a markedly decrease was 

observed when the loading ratio exceeded 2wt%. Optimum CH3OH production of 

118µmol/g was obtained using the 2wt% Cu-TiO2 sample following 6hrs of UV 

illumination. The formation of the Schottky barrier between Cu and TiO2 and the electric 

charge redistribution via semiconductor-metal contact was reported to facilitate electron 

trapping and thus promoting improved photo-efficiency. 

2.2.4 NON-METAL MODIFICATION  

Doping with non-metals has been reported by Liu et al. (2010) to be capable of creating 

heteroatomic surface structures and modifying the properties and activity of TiO2 towards 

visible light. Some of the non-metals that have been used include nitrogen (N) (Asahi et al. 

(2001), carbon (C) (Xue et al. (2011), sulphur (S) (Ohno et al. (2004), fluorine (F) (Kim et 

al. (2010) etc. Asahi et al. (2001) and Asahi and Morikawa (2007) described doping with 

anions as being more efficient for photocatalytic activity compared to cations because they 

do not form recombination centres caused by the presence of d states deep in the band gap 

of TiO2. Liu et al. (2010) reported that effective band gap narrowing can only occur by 

anion dopants if the non-metal has a comparable radius with O atoms and lower 

electronegativities than O, with the aim of facilitating uniform distribution and elevating 

the valence band. 

The band gap energy of TiO2 has been reported to be narrowed by a mixture of p states of 

the non metal dopant with the O 2p states of TiO2 via substitutional or interstitial doping 

(Asahi et al. (2001) and Asahi and Morikawa (2007)). Conversely, Valentin et al. (2005; 

2007) proposed that substitutional doping with N results in the formation of localized levels 

within the band gap, with the catalyst synthesis conditions determining whether either 

interstitial or substitutional nitrogen exists in the lattice of TiO2. On the other hand, 
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Serpone et al. (2009) attributed the origin of visible light absorption in their titania samples 

to the existence of colour centres instead of band gap narrowing via mixing of states as 

proposed by the authors above. 

First principle calculations by Asahi et al (2001) using anions (F, N, P, S and C) indicated 

the superior activity of N owing to the p states influencing band gap narrowing through 

combination with O 2p states. Although S doping showed similar photoresponse as N, they 

found the ionic radius of S too bulky to be integrated into the lattice of TiO2. Zhang et al. 

(2011) tested iodine doped TiO2 synthesized by the hydrothermal method and found that the 

calcination temperature influenced the rate of CO2 photoreduction under visible light 

irradiation. They observed that increased calcination led to reduced surface area. An 

optimal yield of CO (2.4µmolg
-1

h
-1

) was observed for the 10wt% sample calcined at 375
o
C. 

Xue et al. (2011) examined carbon doping for CO2 photoreduction by using citric acid as 

the carbon source and Na2SO3 as the reductant. After 6 hours irradiation using high 

pressure 175W mercury lamp, 2610.98 mol/g-cat of formic acid was produced. This was 

significantly higher than the undoped TiO2.  

Compared to other non metals, N doped TiO2 (TiO2-xNx) has been extensively studied 

because of its photoactivity towards visible light (Rehman et al. (2009), Liu et al. (2010)). 

Zhao et al. (2012) prepared N doped TiO2 nanotubes via hydrothermal method at different 

calcination temperatures. N doping into TiO2 nanotube framework was found to be 

effective for increasing the photoactivity of TiO2 in the visible light region compared to 

pure TiO2 and N doped TiO2. Optimum total organic carbon content (sum of the product 

yields of formaldehyde, methanol and formic acid) of 14,530 mol/g-cat was observed 

using the N-TiO2 nanotube sample calcined at 500
o
C for CO2 reduction with 0.1N NaOH as 

reductant following 12 hrs of light irradiation. 

The mechanism for anion doping still remain unclear due to different views emerging on its 

contributing effect towards the increase of photocatalytic activity. Since its quantum 

efficiency is still low (Morikawa et al. (2006, 2008), investigations have been conducted by 

codoping with metals to enhance the reaction rate. Several transition metals such as Pd, Fe 

and Pt have been used in the photodegradation of pollutants and dyes (Huang et al. (2007), 

Li et al. (2007), Cong et al. (2007)). The results of these researchers showed the increased 
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photocatalytic activity and absorbance of visible light by the metal ion modified TiO2-xNx 

compared to bare TiO2-xNx.  

CO2 photoreduction studies have been carried out by Varghese et al. (2009) using nitrogen 

doped titania nanotube arrays with metals (Pt and Cu) under outdoor AM 1.5 sunlight. 

They found the optimal nitrogen concentration to be 0.75 atom% with Cu doping 

generating greater hydrocarbon product yield of 104ppm/ (cm
2
h) compared to Pt doping. 

As both Pt and Cu have varying effects towards product selectivity, the combination of 

both metals resulted in an optimal yield of 111ppm/cm
2
h.   

2.2.5 CO-DOPING 

The properties of TiO2 can also be modified via co-doping, which can be achieved via the 

combination of metal/metal, non-metal/non-metal or non-metal/metal pairs. A synergistic 

effect (i.e. the non-metal can cause a red shift in the visible light region, while the metal can 

facilitate the transfer of photogenerated charge carriers thus suppressing recombination) can 

be obtained with an appropriate combination of co-dopants compared to their single ion 

doped or undoped TiO2 (Kumar and Devi (2011)). Apart from co-dopants facilitating band 

gap narrowing, their combination can result in the formation of different heterostructures 

(i.e. different electronic structures) with respect to TiO2 (Jeyalakshmi et al. (2012)). A 

heterostructure consisting of different combinations of non-metal and metal has the 

capacity for improved charge separation (metal) and visible light absorption (non-metal). 

Jeyalakshmi et al. (2012) described the critical factors crucial for successful co-doping as 

the selection of the compatible co-dopants and the method of introducing the dopants which 

affects the doping level. Several metallic and non-metallic combinations such as N – I 

(Zhou et al. (2009)), C - vanadium (V) (Yang et al. (2007)) and Ag – V (Yang et al. 

(2010)) have been used in the photodegradation of pollutants and dyes. The results of these 

researchers showed the increased photocatalytic activity and absorbance of visible light by 

the metal combinations compared to un-doped and single doped TiO2 systems.  

For metallic combinations for CO2 reduction, Richardson et al. (2012) evaluated the 

catalytic activity of sol-gel derived Mn-Cu/TiO2 nanocomposites of varying metal 

concentrations. After 24 hrs of UV irradiation, the photocatalytic activity of CO2 using 

0.1M NaOH and 0.25M KHCO3 was found to be promoted based on the coupling of Mn 
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and Cu doped titania photocatalysts compared to either commercial TiO2-P25 or single 

metal loaded samples. Improved results were due to electron transport to the dopant which 

suppressed electron /hole recombination. Maximum CH3OH yield of 238.6µmol/gcat was 

achieved using the 0.22wt%Mn / 0.78wt%Cu-TiO2 sample. The same trend was observed 

in a further study conducted by Richardson et al. (2013) using different sol-gel derived Cu-

Ga/TiO2 nanocomposites of varying metal concentrations. The photocatalytic activity was 

improved when Cu and Ga doped photocatalysts were used such that the 0.78wt% Cu / 

0.22wt%Ga-TiO2 sample gave the maximum HCHO yield of 394µmol/gcat when 

compared to single metal loaded samples or TiO2-P25. They reported that their optimized 

results were due to the rapid transfer of high energy electrons in their catalytic structures. 

For metallic and non-metallic combinations in CO2 reduction, Fan et al. (2011) introduced 

co-doped N and Ni onto TiO2 for CO2 reduction using 0.2mol/L of NaOH and Na2SO3. An 

increased red shift towards the visible light was observed using the co-doped samples 

compared to pure titania and individually doped samples of Ni-TiO2 and N-TiO2. An 

optimal methanol yield of 482µmol/gcat was observed after 8 hours of UV light irradiation 

using the 4wt%N-6wt%Ni/TiO2 sample compared to the methanol yield of the individually 

doped samples of 245.4 µmol/gcat of 4wt%N-TiO2 and 214.4µmol/gcat of Ni-TiO2. They 

suggested that improved activity was due to the improved properties (surface area and 

crystallinity) of the co-doped samples and the synergy created by the metal (Ni) acting as 

an electron trap and the non-metal (N) facilitating increased visible light absorption. 

Li et al. (2012b) demonstrated that co-doped mesoporous Pt-N/TiO2 photocatalysts had 

some inherent advantages over undoped TiO2. Using the optimum loading ratio of 0.2wt% 

Pt for the synthesis of the co-doped samples under NH3 atmosphere, they observed 

increased CH4 evolution rate with increasing nitridation temperature up to 525
o
C. After this 

temperature was exceeded, a subsequent decrease in CH4 evolution was observed. Optimal 

CH4 production rate of ca. 2.6µmol/gcat
-1

 was observed using the 0.2wt%Pt-TiO2 sample 

when the amount of doped N was 0.84% on the basis of lattice oxygen atoms under visible 

light irradiation. Improved activity under increasing nitridation temperature was due to the 

doping of more N atoms in the lattice position of oxygen in TiO2, which gave rise to 

improved visible light absorption. Above the optimum N doping concentration, decreased 
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photocatalytic activity was observed due to increased defect sites and non-stoichiometry of 

the samples. 

Co-doped samples were synthesized by Wang et al. (2010a) using commercial P25 TiO2 

nanoparticles and CdSe quantum dots (QDs). Pt was further incorporated by the wet 

impregnation methods onto the CdSe-TiO2 samples for the experimental investigation for 

CO2 reduction using H2O. They found that the use of co-catalyst, Pt with CdSe quantum 

dot (QD)-sensitized TiO2 heterostructures led to increased visible light absorption greater 

than their individual photoresponse. No photocatalytic activity was also observed when 

either CdSe or Pt doped on TiO2 was employed for CO2 reduction. However, the synergy 

between CdSe–Pt/TiO2 heterostructures was found to influence methane and methanol 

production under visible light irradiation with wavelength of 420nm. In order to further 

demonstrate the need for heterostructure formation in co-doped samples, Wang and co-

workers synthesized PbS-Cu/TiO2 samples with different sizes of quantum dots. Although 

they achieved optimal activity with the 4nm co-doped heterostructure, the drawback of 

photocorrosion observed from oxidation in their previous and current studies could not be 

surmounted. Zhang et al. (2012) prepared co-doped Cu/I-TiO2 samples with different 

concentrations using wet impregnation and hydrothermal methods. Under UV-Vis and 

visible light irradiation, the photoactivity of the co-modified sample was found to be higher 

than either of the single ion modified catalysts (Cu-TiO2 / I-TiO2). For CO production 

under visible light, the optimum yield of 6.74µmol/g
-1

 was observed on the 1wt%Cu-

10wt%I-TiO2 while the optimum yield of 12µmol/g
-1

 was observed on the 0.1wt%Cu-

10wt%I-TiO2 sample under UV-Vis light irradiation. The presence of the dopant was 

reported to reduce the crystal size and influence visible light absorption while Cu facilitated 

charge transfer and enhanced CO2 reduction. 

2.2.5.1 SUMMARY 

It can be concluded from the review presented in Section 2.2 that metal modification is an 

important strategy for not only improving the optical and electrical properties of TiO2, but 

also enhancing its photocatalytic activity for CO2 reduction. Despite extensive studies 

conducted in this field, there is a lack of characterization data providing detailed 

information on the correlation of loading or doping of different metal(s) or its oxide (i.e. 

influence of the dopant quantity and type, with its interaction within TiO2 framework or 
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surface) with CO2 photoreduction. Furthermore, it remains largely unknown how the 

interaction of dopant modifies the surface chemistry and reaction mechanism of TiO2. 

Therefore, the effect of several metals on TiO2 using different ratios will be investigated 

to identify the degree of dopant incorporation; chemical state, best doped catalyst with 

optimal photoactivity and the likely origin of charge carriers responsible for CO2 

photoreduction. A series of metals such as palladium (Pd), nickel (Ni), rhodium (Rh), 

copper (Cu), cobalt (Co), vanadium (V) and chromium (Cr) were selected as the metals of 

choice because of their ability to modify the electronic properties of TiO2 and increase its 

efficiency in either the ultraviolet or visible light region or a combination of both; thus 

enabling CO2 photoreduction to fuels.  

2.3 INFLUENCE OF PHYSICAL PARAMETERS ON CO2 REDUCTION 

The following factors listed below can influence CO2 photoreduction: type of reductant, 

temperature, pressure and particle size. These factors are discussed in the following 

sections. 

2.3.1 EFFECT OF REDUCTANT 

CO2 photoreduction using TiO2 can only be economically feasible if readily available 

sources of light energy and hydrogen are used. Water still remains the most abundant 

source of hydrogen that is readily available and inexpensive. Other reductants such as NH3, 

pure H2 gas etc. which serve as hydrogen sources are not readily available as primary feed 

stocks and require prior preparation (Dhakshinamoorthy et al. (2012)). However the 

drawback of utilising water is the low solubility of CO2 in water and the competition of the 

CO2 photoreduction process with hydrogen formation, as shown in equations 2.4 and 2.6 

which indicates that it is thermodynamically more favourable to reduce H2O than CO2 

(Koci et al. 2008b; Indrakanti et al. 2009; Kaneco et al. (1998)).  

Liu et al. (1998) investigated the role of solvents on the product selectivity for CO2 

reduction in an attempt to increase reaction yield. Their results indicated that the use of 

solvents with low dielectric constants such as CCCl4 and CH2Cl2 led to CO2
. –

 anion 

radicals being strongly absorbed on Ti sites due to the anions showing little solubility in 

these solvents of low polarity. CO production was the major product observed during this 



40 

 

reaction. When a high dielectric solvent such as water was used, the CO2
. –

 anion radicals 

were greatly stabilized by the solvents which led to weak interactions with the surface of 

the photocatalyst. The main production of formate was observed via the reaction of a 

proton with the carbon atom of the CO2
. –

 anion radical.  

Zhao et al. (2009) employed titania supported cobalt phthalocyanine (CoPc) nanoparticles 

for CO2 reduction in either NaOH or Na2SO3 solutions. Optimal production of formic acid 

and formaldehyde was observed at optimal concentration of 0.15M due to better solubility 

of CO2 in NaOH and the OH
-
 ions produced from NaOH acting as strong hole scavengers 

during the OH radical formation. They further explained that electron/hole recombination 

could be suppressed through the longer decay time of electrons since the holes are 

preoccupied in HCO3
-
 formation in the CO2 saturated system. Further addition of an 

optimal concentration of Na2SO3 (0.1M) led to an increase in formal acid production 

through increased hole scavenging and proton concentration within the semiconductor 

particle for CO2 reduction. The same phenomenon was also observed by Tseng et al. (2002) 

in their CO2 reduction studies using NaOH solution.  

The study conducted by Koci et al. (2008b) demonstrated the influence of the volume of 

reductant on CO2 photocatalytic studies using TiO2. The use of NaOH was reported to not 

only enhance CO2 solubility, but also facilitate improved CO2 reduction via OH radical 

formation which promoted the longer decay time of electrons. The production rate of CH4 

and CH3OH was found to increase when the volume of NaOH increased from 50 to 100ml 

then markedly decrease above these values. For example, the CH4 yield increased from 

7.5mol/g-cat to >8mol/g-cat when the volume of NaOH increased from 50 to 100ml, 

then decreased to <2mol/g-cat when 250ml of NaOH was used. 

Although the use of solvents other than water as hole scavengers can increase product 

selectivity and yield, they still remain economically unsustainable due to increased cost. 

2.3.2 EFFECT OF TEMPERATURE 

CO2 photocatalysis occurs at ambient conditions i.e. room temperature because the 

formation of electron/hole pairs occurs by the activation of light energy. An increase in 

reaction rate has been reported in the review of Usubharatana et al. (2006) to occur at high 
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temperatures due to increased collision frequency and diffusion rate. Herrmann (1999) 

noted that the optimum temperature required for photocatalysis was within 293 – 353K, 

with decreasing activity occurring outside this range. Conversely, Fox and Dulay (1993) 

stated that most photocatalytic reactions tend not to be overly sensitive to minor variations 

of temperature. 

Anpo et al. (1995) demonstrated that photocatalytic reactions proceed more efficiently at 

higher temperatures by using anchored titanium oxide catalysts for CO2 reduction. They 

observed increased production rates of CH4, CO and CH3OH under UV irradiation at 323K 

compared to 275K. Saladin and Alxineit (1997) studied the effect of temperature on CO2 

reduction using titania samples irradiated under UV light for 4 hours. They found that the 

production rate of CH4 increased when the temperature rises from 298 to 473K. They also 

concluded that thermal activation processes such as desorption played a crucial role in 

improved reaction rate at 473K. Based on model calculations, the reaction rate was not 

expected to be substantially improved after the maximum temperature of 200
o
C due to 

hindered absorption of reactants.  

Guan et al. (2003a) investigated the use of a hybrid catalyst Pt loaded potassium 

hexatitanate (K2Ti6O13) combined with Fe based catalyst supported on Y zeolite (Fe-Cu-K / 

day) for CO2 reduction under concentrated sunlight. They found that the Pt/ K2Ti6O13 

catalyst produced H2 from water decomposition while the Fe-Cu-K / day catalyst reduced 

CO2 with the resulting H2 into CH4, HCOOH and HCHO. The reaction temperature was 

found to promote the generation of the products listed above in addition to C2H5OH and 

CH3OH over the hybrid catalyst on temperature increase from 534 to 590K. They claimed 

that the simultaneous supply of photons and thermal energy from the solar concentrator was 

responsible for the optimal production of reaction products observed at 590K. The same 

phenomenon with higher production rate was also observed by Guan et al. (2003b) when 

they used a hybrid catalyst Pt loaded potassium hexatitanate (K2Ti6O13) combined with 

Cu/ZnO catalyst under concentrated sunlight at 583K. Researchers like Wang et al. (2010b) 

and Slamet et al. (2005) also observed increased methanol yield on temperature increase 

during CO2 reduction studies. 

Conversely, photoreduction studies conducted by Kaneco et al. (1999) demonstrated that 

temperature had no effect on the catalytic activity of their samples. The photocatalytic 
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activity of TiO2 suspended in supercritical CO2 was investigated. Formic acid production 

observed in the liquid phase was attributed to the reaction of water with reaction 

intermediates on the surface of TiO2. An increase in temperature at the rate of 278K from 

308 to 323K led to the steady state formation of formic acid. Koci et al. (2008b) reported 

that a temperature increase of 10K from 299K to 309K did not influence the hydrocarbon 

production rate for the photocatalytic reduction of CO2 using TiO2 following 4 hours of UV 

irradiation. 

Although increasing reaction temperatures have been reported to facilitate increased 

production rates by the review presented above, the cost of fabricating sophisticated high 

temperature photoreactor systems capable of maintaining the selected optimum 

temperatures and the source of thermal energy required to heat up solvents i.e. water has 

a high specific heat capacity, still poses a problem. 

2.3.3 EFFECT OF PRESSURE 

Koci et al. (2008b) and Liu et al. (2012) stated that an increase in CO2 pressure causes an 

increase in CO2 concentration in aqueous media and thus facilitating improved product 

selectivity. Experimental studies conducted by Mizuno et al. (1996) demonstrated the effect 

of CO2 pressure on CO2 reduction using TiO2 suspensions in H2O and NaOH. Methane, 

ethylene and ethane production was observed in the gas phase under pressurized conditions 

(2,500 kPa), with no hydrocarbon production detected under ambient pressure. Methane 

production was found to increase sharply with increased CO2 pressure. Slight increase in 

formic acid production was observed in the liquid phase under similar pressurized 

conditions. Overall, increased CO2 pressure accelerated CO2 reduction when both H2O and 

NaOH were used. 

On the other hand, formic acid and methanol production was observed in the liquid phase at 

ambient pressure. While a linear increase of formic acid was observed with slight pressure 

increase, methanol yield was found to reach at optimal rate at 1,000 kPa. Overall, the gross 

amount of hydrocarbons produced in the liquid phase exceeded that of the gaseous phase. 

Similar trend of increased hydrocarbon production was observed when NaOH was used as 

the hole scavenger under CO2 pressurized conditions. Additional reaction products such as 

ethanol and acetaldehyde were also detected in the liquid phase. They suggested that 
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improved reaction yield was due to the availability of CO2 on the surface of TiO2, which 

accelerated CO2 reduction. 

Koci et al. (2008b) demonstrated that the pressure influenced the rate of product yield 

obtained. They observed that the amount of CH3OH yield in the liquid phase increased 

when CO2 pressure was increased from 110 kPa (0.75mol/g-cat) to 130 kPa (1.5mol/g-

cat). Further pressure increase to 140 kPa led to reduced CH3OH yield. Conversely, CH4 

yield in the gas phase increased with increasing CO2 pressure from 120 kPa (2.75mol/g-

cat) to 140 kPa (4.5mol/g-cat). Kaneco et al. (1998) studied the photocatalytic reduction 

of CO2 under various pressures using TiO2 suspended in iso-propyl alcohol medium. The 

results show that the pressure increase from 200 to 2,800 kPa can increase methane 

production linearly. Conversely, the increased pressure conditions were found to inhibit 

formic acid production, with reaction product observed at only 750 kPa. The lack of 

ethylene formation was attributed to the accelerated formation of methane. An increase in 

methanol formation from 175 to 230mol/g-cat was observed by Tseng et al. (2002) when 

the CO2 pressure increased from 110 kPa to 125 kPa. Further pressure increase above 125 

kPa led to decreased methanol production rate of 85mol/g-cat.  

Although an increase in CO2 pressure have been reported to facilitate increased product 

yield and selectivity by the review presented above, the cost of fabricating sophisticated 

high pressure photoreactor systems still poses a problem. 

2.3.4 EFFECT OF PARTICLE SIZE 

The particle size has been described by Schiavello (1997) as a key parameter in 

photocatalytic processes since the interaction between the amount of absorbed and reflected 

photons and the reactants depends on it. Apart from nanostructured photocatalyst 

possessing high surface area, they also benefit from low refractive index which minimizes 

light reflection, high surface to volume ratio and rapid charge transfer (Erickson et al. 

(2011), Howe (1998)). Several researchers like Koci et al. (2009), Zhang et al. (1998) and 

Almquist and Biswas (2002) have established that photocatalysts in the form of 

nanoparticles are more effective than bulk powders.  
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According to Zhang et al. (1998), the rate of electron hole recombination can also be 

controlled by particle size since extremely small ultrafine particle (within the diameter 

range of few nanometres) experience surface recombination as opposed to large particles 

where volume recombination predominates. The problem of volume recombination can be 

overcome by reducing the particle size. During surface recombination, most of electron 

hole pairs photogenerated close to the surface undergo rapid recombination due to their 

shorter migratory paths, abundant surface trapping sites and limited driving force for charge 

separation (Neamen (2012)). This phenomenon has been reported to occur within certain 

size reduction.  

Zhang et al. (1998) further demonstrated that the number of available active surface sites 

and transfer rate of surface charge carrier increased with smaller particle sizes due to their 

larger surface area. They observed increased photoactivity in the decomposition of CHCl3 

when TiO2 particle size decreased from 21 to 11nm. Decreased photoactivity was also 

observed when the particle was further reduced to 6nm. Optimal photoactivity was 

demonstrated with the 10nm particle. On the other hand, Koci et al. (2009) proposed that 

the 14nm TiO2 particle was the optimal value for CO2 reduction since they obtained 

optimal methane and methanol production using this sample. When the particle size 

increased from 4.5 to 14nm, a subsequent increase in product formation was observed. A 

decrease was observed on further increase to 29nm. They attributed the decreased 

photoactivity observed in samples with particle size < 14nm to rapid flocculation which 

decreased availability of active sites. 

The model developed by Almquist and Biswas (2002) was used to elucidate the effect of 

particle size on TiO2 activity for the photo-oxidation of phenol. Particle sizes ranging from 

5 to 165nm were prepared from flame synthesized TiO2 and commercially available P25 

and anatase TiO2. The results also highlighted the strong dependence of particle size on 

photoactivity. Increased photo-oxidation occurred when the particle size increased from 5 

to 30nm and decreased when the particle size increased beyond this value. The optimal 

particle size range reported was within the range of 25 – 40nm. 

Several researchers like Li et al. (2011), Gupta and Tripathi (2011), Howe (1998) and 

Neamen (2012) have described the effect of particle size on the band gap of the 

photocatalyst. They proposed that semiconductor particles within the nanometre range 
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experience energy shift according to the size quantum effect which could accelerate 

reduction and oxidation reactions via the conduction and valence band respectively. This 

size quantization effect expected to cause an increase in the band gap energy results in a 

shift to larger redox potentials which increases rate constants for surface charge transfer. 

Banerjee (2011) also reported that the large fraction of surface atoms and high surface to 

volume ratio found in nanoparticles are responsible for enhanced light absorption through 

indirect electron transition at the boundary of the crystal i.e. surface or interface between 

two crystals.  

The critical review presented above has established that the product formation rate can 

be increased by controlling the particle size of TiO2 within a certain range. Since the 

particle size of TiO2 based photocatalysts has also been reported by Silija et al. (2012) 

and Hanaor and Sorrell (2011)) to be strongly dependent on its preparation route, it is 

imperative to tailor the textural properties via a versatile synthesis route. The section 

below summarizes some of the routes by which nano-sized particles can be synthesized. 

2.4 CATALYST PREPARATION 

TiO2 can be prepared through aqueous or gaseous routes and Table 2.3 highlights the 

advantages and disadvantages of each method. Carp et al. (2004) highlighted the duration 

of the processing times as the major difference between the gaseous and aqueous 

preparation methods. Some examples of aqueous methods include micro-emulsion, 

electrochemical synthesis, solvothermal and sol-gel, while gas phase methods include spray 

pyrolysis deposition, chemical vapour deposition and physical vapour deposition (Carp et 

al. (2004)).  

2.4.1  SOL-GEL METHOD 

Liu et al. (2000), Meille (2006), Akpan and Hameed (2009, 2010), and Watson et al. 

(2004) have reported sol-gel as the most frequently used method for synthesizing TiO2 

photocatalysts. This technique is not only noteworthy for achieving excellent chemical 

homogeneity but also deriving unique metastable structures at low temperatures as well. 
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Table 2.3: Advantages and disadvantages of different methods for the preparation of TiO2 photocatalysts 

Catalyst 

Preparation 

Method 

Advantages References Disadvantages References 

Chemical Vapour 

Deposition 

Suitable for uniform and 

pure films with high 

deposition rate 

Galindo et al. (2000); 

Choy (2003); Cui et al. 

(2008) 

Could be expensive if 

vacuum systems are used 

Choy (2003) 

Short processing time 

 

Carp et al. (2004) Difficulty in deposition of 

multiple source precursors 

due to various evaporation 

times 

High deposition 

temperature (600
o
C) 

Cui et al. (2008) 

Solvothermal Ease of control of 

parameters 

Lee et al. (2010) Long processing time Ou and Lo (2007) 

Calcination is not required Xie and Shang (2007) Requires high 

concentrations of NaOH Particles do not form 

aggregates 

Li et al. (2005) 

Particles are uniform and 

well dispersed 

Lee et al. (2010); Li et al. 

(2005) 

Sol-gel  High purity of materials Su et al. (2004); Akpan 

and Hameed (2009, 

2010); Tseng et al. (2004) 

Hydrolysis rate is difficult 

to control 

Wu et al. (2001); 

Li et al. (2004); 

Lam et al. (2008) 

Homogeneity  Lam et al. (2008); Gao et 

al. (2006); Tseng et al. 

(2010) 

 

Longer processing time 

compared to CVD and 

PVD 

Meille (2006) 
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Table 2.3: Advantages and disadvantages of different methods for the preparation of TiO2 photocatalysts (continued). 

Catalyst 

Preparation 

Method 

Advantages References Disadvantages References 

Sol-gel Versatile means of 

processing and control of 

parameters 

Colomenares et al. 

(2009); Tseng et al. 

(2010); Cui et al. (2008) 

  

Large surface area Meille (2006); Yu et al. 

(2000) 

Physical 

Vapour 

Deposition 

Does not require complex 

chemical reactions 

Choy (2003)  Expensive as vacuum 

systems are used 

Choy (2003) 

Low to medium deposition 

temperature 

Carp et al. (2004) Difficulty in deposition of 

multiple source precursors 

due to various evaporation 

times 
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The compositional and microstructural properties of the nano-sized samples can be 

tailored through the control of the precursor chemistry and processing conditions (Wang 

and Ying (1999), Banerjee (2011), Silija et al. (2012)). Brinker and Scherer (1990) 

defined a sol as a colloidal suspension of solid particles in a liquid where the colloid 

represents a suspension in which the dispersed phase is so small (~ 1-1000nm) that the 

gravitational forces are negligible and interactions are dominated by van der Waals 

attraction and surface charges. Inorganic metal salts like titanyl sulphate, titanium 

tetrachloride etc (non-alkoxide) and metal alkoxides e.g. titanium (IV) butoxide are 

usually employed as chemical precursors. Conversion from the liquid sol phase into the 

solid gel phase occurs due to solvent loss and complete polymerization (Lam et al. 

2008)). Wang and Ying (1999) described the pH of the reaction medium; 

water:alkoxide ratio and reaction temperatures as factors that influence the sol-gel 

procedure. Watson et al. (2004) demonstrated the preparation of more uniform and pure 

photocatalysts via the alkoxide route, while Sivakumar et al. (2004) used ammonium 

nitrate and titanyl sulphate as precursors. The rapid hydrolysis rate of titanium alkoxide 

has been reported by Li et al. (2004) and Lam et al. (2008) as a major drawback that 

makes this process difficult to control. Wu et al. (2001) synthesized copper doped 

titania nanoparticles using the improved alkoxide sol-gel process. This procedure was 

demonstrated by using chemical precursors such as titanium butoxide, butanol and 

glacial acetic acid. The improved sol-gel procedure differentiates from the conventional 

sol-gel procedure in which water was added directly (Yu et al. (2000), as the former 

requires the esterification reaction between acetic acid and n-butanol to gradually 

release the water source needed for hydrolysis. 

Equations (2.21) - (2.25) illustrate the chemical reactions that occur during a typical 

improved sol-gel reaction where R stands for C4H9 (Su et al., (2004), Wu et al. (2001)). 

The sol-gel process is initiated via hydrolysis and polycondensation of metal precursors 

(equations 2.21 – 2.24). Apart from esterification, the hydrolyzing water can also be 

introduced and controlled through oxolation, as shown in equation 2.22. During 

condensation, the crystal of the metal oxide can be formed when the constituent 

particles of the gel are pulled into a compact mass.  

 Esterification: 

 ROH + CH3COOH                      H2O + RCOOC2H5           (2.21)  
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 Oxolation:  

 Ti(OR)3 (OH) + Ti(OR)3 (OH)             (RO)3 Ti-O-Ti(OR)3 + H2O          (2.22) 

 Hydrolysis:  

Ti(OR)4 + H2O                          Ti(OR)3 (OH) + ROH          (2.23) 

 Condensation Dehydration: 

 Ti(OR)3 (OH) + Ti(OR)4                  (RO)3 Ti-O-Ti(OR)3 + ROH         (2.24) 

 Chelation: 

 

 

 

 

 

 

 

 

 

 

Additionally, acetic acid modifies and stabilises the hydrolysis process by altering the 

alkoxide precursor at molecular level and acting as a chelating ligand, such that Ti-OH 

bonds were formed when the bidental ligand was broken off (equation 2.25). The 

decrease in the hydrolysis rate results in the formation of fine particles of titania which 

are uniformly dispersed in solution as opposed to rapid precipitation from the 

conventional sol-gel procedure. Appropriate amount of metal precursor(s) can also be 

introduced within the hydrolysis and polycondensation phase depending on the weight 

(2.25) 

-4 ROH  + 2CH3COOH 

 

H

O 

R

O 

O

O 

OR RO 

Ti 

O 

H

O 

R

O 

OR RO 

O

O 

R

O 

Ti 

O

O 

R

O 

H3C  C 

O 

O 

CH3 

O 

O 

C 



50 

 

percent loading calculated from the amount of precursors used in the procedure. The 

synthesized nano-sized materials have been reported by Nishimura et al. (2010) as 

having special catalytic properties due to the integration of the active metal during the 

gelation stage (Nishimura et al. (2010)). The series of Cr doped TiO2 samples 

synthesized by the sol-gel method was found to promote the CO2 reforming 

performance of TiO2. Under their experimental conditions, the Cr-doped samples 

showed improved photoresponse in the visible light in their study compared to the pure 

TiO2 film. Optimum product yields of 92.5mmol/g-cat (CO), 15.1mmol/g-cat (CH4) and 

19.1mmol/g-cat (C2H6) was obtained using the 7wt% sample.  

Wei et al. (2011) synthesized sol-gel based Y-TiO2 nanoparticles for CO2 reduction 

using 0.2M NaOH as a reductant under UV irradiation. The addition of Y was found to 

promote photoefficiency, with the 0.1wt% Y-TiO2 sample showing the highest HCHO 

formation rate of 384.62µmol/g-cat. Li et al. (2010) synthesized silica supported Cu-

TiO2 nano-composites using the sol-gel method and observed CO as the main product 

for CO2 reduction using water vapour as a reductant. CH4 formation was not observed 

over the pure TiO2-SiO2 sample. However, the addition of Cu was reported to not only 

increase CO2 efficiency but increase the selectivity to CH4. The loading ratio of 0.5wt% 

Cu gave the optimum CO and CH4 production rate of 60 and 10µmol/gcat
-1

h
-1

. A recent 

study by Qi and Zhao (2013) on the photoreduction of CO2 using sol-gel based CuO 

doped samples of varying concentrations has shown that the optimal loading ratio was 

5wt%. CH3OH yields decreased from 27mg/g-cat to 7mg/g-cat when the doping ratio 

exceeded 5wt%. The superior photoreduction activity shown by this catalyst was due to 

its high surface area (31.8m
2
/g) compared to pure TiO2. 

2.4.1.1 HEAT TREATMENT (CALCINATION) 

Calcination is one of the means by which crystal growth can be controlled. The crystal 

growth influences the phase, shape, size and surface area of photocatalysts (Liu et al. 

2010). Sol-gel derived precipitates tend to be amorphous in nature and require heat 

treatment to remove organic molecules from the final products and induce 

crystallization (Su et al. (2004); Wang and Ying (1999); Brinker and Scherer (1990)). 

Amorphous TiO2 can be converted to anatase phase due to pore collapse of the TiO2 

powder during calcination (Gupta and Tripathi (2011)). At high temperatures, 

calcinations may result in phase transformation, reduced surface area, grain growth and 

particle aggregation, which affects the microstructure and textural properties 
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(crystallinity, surface area, morphology) of TiO2 (Gupta and Tripathi (2011); Su et al. 

(2004)). The removal of organics has been reported by Wu et al. (2001) and Gupta and 

Tripathi (2011) to occur at temperatures ≥ 400
o
C.  

Since photoconversion can only occur when the photogenerated holes and electrons are 

present on TiO2 surface, the surface phase of TiO2 exposed to reactant and light has 

been found to play a critical role in determining the rate of photoconversion by several 

researchers (Zhang et al. (2008); Bouras et al. (2007); Asi et al. (2011)). Consequently, 

a reasonable calcination temperature must be selected such that increased crystallinity is 

achieved with the surface area remaining intact and unchanged. Su et al. (2004), 

Researchers like Vijayan et al. (2010) and Schulte et al. (2010) demonstrated that their 

optimum activities were strongly dependent on the crystallinity of their nanostructures. 

Su et al. (2004) showed that optimal photocatalytic activity for decomposition of 

salicyclic acid can be achieved with the sample calcined at 500
o
C. The photoactivity 

decline was observed beyond this temperature due to reduced surface area and 

decreasing anatase fraction. The anatase to rutile fraction was found to decrease with 

increasing temperatures.  

Conversely, Vijayan et al. (2010) observed increased methane production using titania 

nanotubes calcined between 200 – 400
o
C for CO2 reduction owing to the combined 

effects of crystallinity and surface area. Declined activity was observed on further 

temperature increase. The anatase content was also found to play a critical role in the 

UV activation of nanotubes prepared by Schulte et al. (2010) for CO2 reduction. They 

also observed declined reactivity with increasing calcination temperature. Increased 

rutile content at near 680
o
C was found to tune the photoresponse towards the visible 

light region which further optimized reactivity of the samples. 

Amongst the crystalline phases of titania that can be formed during calcination, anatase 

has been reported to possess better photocatalytic activity for CO2 reduction compared 

to rutile due to higher surface areas and improved hole trapping arising from steeper 

band bending (Wang and Ying (1999); Liu et al. (2012)). Phase transformation from 

anatase to stable rutile can occur upon thermal treatment between temperatures of 350 – 

1100
o
C (Nair et al. (1999)) owing to different processing methods, precursors and 

techniques of determining this transition temperature (Hanaor and Sorrell (2011)). The 

presence of mixed crystalline phases of titania (i.e. anatase and rutile) has also been 

reported to show improved photocatalytic activity due to synergistic effect derived from 
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better charge separation and high surface area (Liu et al. (2012)). Improved charge 

separation and high reactivity at the anatase to rutile interface occurs during electron 

transfer from rutile to anatase at this interface where defect sites with unique charge 

trapping and adsorption properties can be created (Carneiro et al. (2011), Bouras et al. 

(2007), Liu et al. (2012)).  

Zhang et al. (2008) further investigated the relationship between the effect of 

calcination temperature and time on the surface phases and photocatalytic activities of 

TiO2. The transformation from anatase bulk phase to rutile occurred at 550
o
C, with the 

anatase phase still being maintained on the surface till 680
o
C. Further temperature 

increase to ≥ 700
o
C led to the complete conversion of the bulk anatase phase into rutile, 

with only 44% of the anatase phase being present on the TiO2 surface. They observed 

maximum hydrogen production for the samples calcined between 700 – 750
o
C because 

the surface was found to consist of a mixed phase of anatase and rutile particle, with the 

bulk consisting of almost pure rutile. Similar results were also observed for the samples 

calcined at 600
o
C for different time periods between 20 – 80hrs. These results were due 

to the formation of the surface-phase junction which was found to promote electron 

transfer from the conduction band of rutile to the trapping sites of anatase. Cybula et al. 

(2012) synthesized titania nanoparticles using TiO2 P25 and found the rate of CO2 

photoreduction to methane was much higher on temperature increase from 80 to 120
o
C 

and drying times from 5 to 20hrs. A marked decrease in photoreduction efficiency was 

observed on further temperature increase to 160
o
C and drying time of 35 hrs. 

Dopants can be introduced into sol-gel derived samples at molecular level through the 

mixing of titanium precursors with soluble dopant compounds. The introduction of 

dopants has been found to cause an increase or decrease on the degree of crystallinity 

and phase transformation, thereby subsequently altering the peak heights, areas and 

relative intensities (Hanaor and Sorrell (2011)). Phase transformation can be facilitated 

or inhibited by substitutional dopants when cations enter the anatase lattice and cause an 

increase and decrease in the level of oxygen vacancies through valence or reduction / 

oxidation effects. This leads to the subsequent rearrangement of atoms in the lattice of 

TiO2 through the substitution of Ti
4+

 with cations. Conversely, the formation of Ti 

interstitials may distort the anatase lattice thus restricting the lattice contraction 

involved in the phase transformation to rutile (Hanaor and Sorrell (2011)). The 

influence of iodine doping on the phase transformation and photocatalytic activity of 

TiO2 for CO2 reduction was evaluated by Zhang et al. (2011). The anatase fraction of 
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their iodine doped samples was found to increase with increased iodine concentration 

and calcination temperature while the brookite fraction was found to decrease under the 

aforementioned conditions. They attributed the optimal visible light activity of their 

5wt% I-TiO2, calcined at 375
o
C sample to combinational effect of increased surface 

area, improved visible light absorption and enhanced charge separation from the 

substitution of Ti
4+

 with I
5+

 which led to the generation of titania surface states trapping 

electrons and suppressing recombination. Asi et al. (2011) synthesized AgBr doped 

TiO2 that exhibited good crystallinity and optimal hydrocarbon production rate for the 

photoreduction of CO2 under visible light at calcination temperature of 500
o
C and 

doping concentration of 23.2wt%. They found that increasing the calcination 

temperature to 700
o
C resulted in the aggregation of the doped nanoparticles which 

explained the decreased in hydrocarbon production rate. 

2.4.2 OTHER METHODS 

Chemical vapour deposition (CVD) has been widely used in surface coating and is 

prepared via the vapour phase while the formation of films in physical vapour 

deposition (PVD) occurs when no chemical reaction takes place (Chen and Mao 

(2007)). Silija et al. (2012) described CVD as a better technique when compared to 

PVD because better durability, adhesion and uniformity can be achieved with this 

technique compared to the latter. The need for aging, drying and reduction is also 

eliminated with CVD. Extensive studies conducted by Choy (2003) detailed several 

variants of CVD and noted the complexity of chemical process as a major difference 

between CVD and physical vapour deposition (PVD) due to the chemical precursors 

and reactions used. This limitation can be overcome with the use of diagnostic tools and 

online monitoring. The kind of precursor and substrate used with the desired properties 

serves as a determining factor for the type of variant used (Li Puma et al. (2008)). 

Nishida et al. (2000) demonstrated the use of plasma enhanced CVD for the preparation 

of thin films of TiO2 while Galindo et al. (2000) reported the use of pulsed injected 

metal organic CVD technique towards the deposition of multilayer thin films.  

Wang et al. (2012) synthesized platinized TiO2 films via the aerosol chemical vapour 

deposition (ACVD) technique. The synthesized films which have unique one-

dimensional structure of TiO2 single crystals coated with Pt nanoparticles were reported 

to exhibit high photoefficiency for CO2 reduction with water vapour following 4hrs of 

UV irradiation. Maximum CH4 yield of 1361µmol/gcath
-1 

was exhibited by the Pt film 
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with deposition time of 20s. Overall, high surface area, single crystallinity of the one 

dimensional TiO2 films and efficient hole separation were the main reasons described 

by the authors for the enhanced photoactivity of the films compared to TiO2. 

Solvothermal method is used for TiO2 preparation at low temperatures (250
o
C) via 

organic or hydrothermal media (Carp et al. (2004)). Lee et al. (2010) noted that 

solvothermal method was capable of synthesizing smaller particles of greater stability 

and surface area compared with the ‘conventional’ sol-gel method. Chen and Mao 

(2007) and Lam et al. (2008) reported this method as having better control of physical 

properties of TiO2 i.e. size and crystalline features compared to the hydrothermal 

method. The selective photoreduction of CO2 into CH4 was studied using Pt-TiO2 

nanotube arrays under AM 1.5G sunlight by Feng et al. (2011). The Pt nanoparticles 

synthesized by the microwave assisted solvothermal technique were deposited within 

the TiO2 nanotube arrays. The photocatalysts were found to promote CO2 reduction to 

36µLg
-1

h
-1

 of CH4 due to the uniform distribution of Pt over the nanotube arrays which 

provided active reduction sites. In the presence of CO2 and H2O,  

Zhang et al. (2009) tested the photocatalytic activity of Pt-TiO2 loaded nanoparticles 

(NP) and nanotubes (NT) synthesized by impregnation and hydrothermal method, 

respectively. Using the optimal 0.12wt%Pt/TiO2-NP and 0.15wt%Pt/TiO2-NT samples, 

CH4 production rates of 3.9 and 4.836µmol h
-1

gTi
-1 

were obtained after a 34hrs UV light 

irradiation period. A temperature increase at the rate of 10K from 323 to 343K was 

observed to cause a substantial increase in the CH4 production rate, with the 

0.15wt%Pt/TiO2-NT sample showing the highest yield. The results were attributable to 

the effective collision between the charge transfer excited states of the Ti species and 

reactants. In addition to the methods described above, others methods such as 

impregnation (Solymosi and Tombacz (1994), Kohno et al. (1999)), soft template 

technique (Li et al. (2012b)), co-precipitation (Wu et al. (2012)) and radio frequency 

(RF) magnetron sputtering (Chen et al. (2009)) have also been used to synthesize TiO2 

photocatalysts for the photocatalytic reduction of CO2. 

2.4.3 SUMMARY 

This section has reviewed different techniques for synthesizing TiO2 based 

photocatalysts. For the purpose of this study, the catalyst will be prepared by an 

improved sol-gel technique using the alkoxide route which eliminates the limitation 
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associated with hydrolysis and prevents rapid precipitation that results in the 

formation of unstable colloidal sols.  

2.5 CATALYST CONFIGURATION: SUPPORTS 

Catalysts can be synthesized as powders (nanospheres, microspheres), crystals, films or 

immobilized by dip or spin coating onto substrates such as fibres, membranes, glass 

(Braham and Harris (2009)), monolithic ceramics (Tseng et al. (2010); Ola et al. 

(2012)), silica (Shioya et al. (2003)) and clays such as zeolite (Ikeue et al. (2001)), 

kaolinite (Koci et al. (2011)), montmorillonite (Kozak et al. (2010)) etc. The use of 

supports eliminates the need for post treatment separation, provides high surface area 

and mass transfer rate (Braham and Harris (2009)). The product selectivity, structure 

and electronic properties of TiO2 have also been reported to be modified by the use of 

supports (Anpo and Takeuchi (2003).  

However, the photocatalyst must be strongly adhered to the support and have light 

absorption properties to be effective. An ideal support must be resistant to degradation 

induced by the immobilisation technique and should provide firm adhesion between the 

support and the catalyst (Shan et al. (2010); (Dijkstra et al. (2001)). Mass transfer 

limitations and low light utilization efficiency due to little or no light absorption in the 

pores or channels of the catalyst coated supports are key limitations that have been 

identified with the use of supports (Yu et al. (2011)). Many researchers have focused on 

ways of anchoring photocatalysts onto supports since high photoconversion efficiencies 

and improved light harvesting can only be achieved through the combined use of 

optimized photoreactor and photocatalyst configurations. Nishimura et al. (2009) dip 

coated TiO2 on a silica-alumina gas separation membrane to obtain 3.5ppmV/h of CO 

after 336 hours, while Pathak et al. (2005) used the hydrophilic structural cavities in 

Nafion-117 membrane films to host TiO2 coated with nanoscale silver and obtained 

0.071mg
-1

 and 0.031mg
-1

 of methanol and formic acid after 5 hours. Their results were 

reproducible even when these films were reused.  

Cybula et al. (2012) employed a flat perforated steel or plastic tray as a support for the 

dispersion of TiO2 in a tubular reactor designed for CO2 photoreduction studies. They 

observed that the type of support used not only played a critical role in determining the 

amount of immobilized catalyst but also influenced the photoconversion rate when the 

same coating procedure was used. A decrease in catalyst loading and methane 
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production (from 90ppm to 34ppm) was observed when the support was switched from 

steel to plastic due to weaker adhesive properties of plastic compared to steel. 

Clays have been extensively used as supports in photocatalytic studies because of their 

low-cost and strong absorption capacity (Chong et al. (2010). Koci et al. (2011) used 

kaolinite/TiO2 in CO2 photoreduction and obtained CH4 and CH3OH yields of 4.5 

mol/g-cat and ~2.5 mol/g-cat after 24hours of irradiation. Kaolinite prevented 

particle aggregation and modified the acid-basic properties of the surface of TiO2. The 

use of montmorillonite as support in CO2 photoreduction has also been examined by 

Kozak et al. (2010). CH4, CH3OH and CO production was observed over ZnS after 24 

hours of irradiation.  

CO2 photoreduction studies by Shioya et al. (2003) and Li et al. (2010) employed silica 

as supports due to its even composition and orderly mesoporous structure with small 

channels. Sasirekha et al. (2006), Yang et al. (2009) and Li et al. (2010) attempted to 

improve this arrangement by doping with metals such as Ru and Cu. They found that 

the combination of metals with mesoporous silica enhanced the reaction rate due to 

effective TiO2 dispersion and improved absorption of CO2 and H2O on the surface of 

SiO2. Product yields of 60 molg-TiO2
-1 

h
-1 

and 10 molg-TiO2
-1 

h
-1 

were obtained for 

CH4 and CO respectively in a continuous flow photoreactor at an optimal doping ratio 

of 0.5wt% Cu using Xe arc light source (Li et al. (2010)). Maximum CH4 production of 

627 molg
-1 

h
-1 

was observed by Yang et al. (2009) with 2wt% Cu after 8 hours reaction 

time. Improved surface area and better dispersion of cerium (Ce)-TiO2 on mesoporous 

silica (SBA-15) was also demonstrated by Zhao et al. (2012) in their CO2 

photoreduction studies following 4 hours of UV-Vis irradiation. They found that an 

optimal amount of 3% Ce-TiO2 dispersed on the silica matrix (Ti:Si – 1:4) not only 

facilitated improved textural properties compared to pure TiO2 but resulted in an order 

of magnitude increase in CO (7.5 µmolg
-1

) and CH4 (7.9 µmolg
-1

) production. They 

reported that the adsorption property of mesoporous silica was one of the contributing 

factors due to the increased localized CO2 concentration near TiO2 surface where 

photocatalysis could occur. 

The use of a single or bundle of optical fibres for the remote delivery of light to reactive 

sites of coated photocatalysts have been studied by several researchers for wastewater 

treatment (Danion et al. (2004), Choi et al. (2001), Marinangelli and Ollis (1977, 1982), 

Peill and Hoffmann (1995)). All researchers observed increased degradation rates of 
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pollutants when the optical fibres were simultaneously used as a support and light 

distributing guide. In optical fibres, light is transmitted along the fibre core by the 

cladding with lower refractive index that traps light in the core through total internal 

reflection. Light can be primarily emitted at the end of the fibre (end emitting) or 

through the leakage of light as it travels from the fibre core to the cladding via the side 

surfaces (side emitting) (Xu et al. (2008)). During gas phase CO2 reduction studies, 

Wang et al. (2010b) obtained yields of 11.3 mol/g-cat h and 11.3 mol/g-cat h for 

methanol production under visible light irradiation and sunlight, respectively, when the 

optical fibres were coated with NiO/InTaO4. Although high catalyst loading and direct 

light excitation of coated catalyst films can be achieved when a bundle of optical fibres 

are coated, fragility of the optical fibres and the durability of their coatings has been 

described by Howe (1998) as drawbacks associated with their use. The durability and 

performance of these fibres are directly related to the adhesion of the catalyst coatings 

on the fibres and thickness of the coated layer which may not withstand severe 

gas/liquid continuous flow conditions (Du et al. (2008); Guczi and Erdohelyi (2012)). 

Even though roughening of the fibre surface has been reported to increase durability of 

these coatings, the problem of uneven catalyst and light distribution has also emerged 

(Du et al. (2008); Guczi and Erdohelyi (2012)). Marinangelli and Ollis (1977, 1982) 

also reported that heat build-up from the bundled array of fibres can result in catalyst 

deactivation.  

The use of conductive materials like glass as supports have been extensively studied due 

to their ability to prevent total internal reflection through surface roughening which also 

provides better catalyst adhesion to the glass substrate and increases the amount of 

immobilised catalyst per unit area (Ray and Beenackers (1998)). Furthermore, Ray and 

Beenackers (1998) reported that utilising conductive materials serve as a means by 

which light can be transmitted to the catalyst film which is connected to an external 

potential that can move excited electrons thereby reducing electron hole recombination 

to improve process efficiency. The transparency of the glass material used can also limit 

the overall efficiency due to the catalyst receiving insufficient light e.g. Pyrex glass has 

been reported by Chen et al. (2000) to cut off UV light below 300nm. On the other 

hand, quartz glass is a better alternative as a light conducting material because of its 

excellent light transmission properties and its ability for increased contact efficiency, 

thus creating more active sites.  
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Conversely, the use of interconnected three-dimensional structures like the honeycomb 

monolith containing parallel straight channels has been exploited for industrial 

processes due to its potentially high surface to volume ratio, easy of scale-up through an 

increase of its dimensions and channels, control of structural parameters (i.e. pore 

volume, pore size and surface area) etc. (Nakata and Fujishima (2012); Lin and Valsaraj 

(2005)). Photocatalytic studies conducted using the monolith as a support has identified 

low light utilization efficiency due to little or no light absorption in the pores or 

channels of the honeycomb monolith as a major drawback associated with its use (Yu et 

al. (2011)). Not all immobilised photocatalyst may be activated due to limited light 

distribution arising from the catalyst coated on the outer surface absorbing most of the 

light and light intensity decaying rapidly along the opaque channels of the monolith 

(Dijkstra et al. (2001); Singh et al. (2007)). 

Overall, the main drawbacks which have been reported to exist for catalyst immobilized 

on supports include limited accessibility of the catalytic surface to photons and reactants 

and reduced active sites of catalysts due to insufficient light penetration (Chen et al. 

(2000); Chong et al. (2010)). Thus, the choice of an adequate support is of utmost 

importance since the overall process efficiency of the photoreactor is predominantly 

determined by the amount of activated photocatalysts. It is therefore imperative to 

utilise versatile materials with excellent light transmission properties that can 

simultaneously serve as catalyst carrier and provide high light transfer area via light 

distribution from the source to the photocatalyst present within the photoreactor. This 

can be achieved by threading the monolithic structures with optical fibres to eliminate 

limited light penetration through the internal channels of the monolith by acting as a 

light distributing guide. The quartz plate was also chosen as an additional support 

due to its ability to provide a high ratio of illuminated catalyst surface per unit area. 

2.6 PHOTOREACTOR DESIGN AND CONFIGURATION 

The configuration of catalyst particles in a photoreactor system is also another 

important factor that can influence the overall photocatalytic efficiency (Bideau et al. 

(1995); Ray and Beenackers (1998)). Commercialization of carbon dioxide utilization 

requires not only scientific insight into photocatalyst morphology and configuration but 

also a deep understanding of engineering aspects of these processes, upon which 

reliable photoreactor designs can be developed. Photoreactors are vessels where 

reaction products generated from the contact between photocatalysts, reactants and 



59 

 

photons are collected for separation and treatment from the bulk gas. The two key 

parameters which determine the types of photoreactors utilized in CO2 photoreduction 

are the phases involved (i.e. multiphase (gas-solid, liquid-solid, gas-liquid-solid etc.) 

and the mode of operation (i.e. batch, semi-batch or continuous) (Schiavello (1997)). 

Two-phase and three phase reactors are frequently used in CO2 photoreduction. Zeltner 

and Tompkin (2005) noted that an ideal photoreactor must have uniform light 

distribution throughout the entire system in order to achieve optimum results. The 

advantages and disadvantages of different types of photoreactor systems are 

summarised in Table 2.4. Photocatalysts can be generally tested in either suspended or 

immobilized forms. 

When powders are dispersed/suspended in a liquid medium; the quantum efficiency of 

the catalyst, absorption properties of both reactants and non-reactants in solution and 

surface light intensity determines the rate of reaction (Ray and Beenackers (1998)). 

Some of the key advantages of this system are that there is entire external surface 

illumination during reaction time if the particle size of the catalyst is small; with phase 

segregation not occurring if the solution is homogeneously mixed (Bideau et al. 

(1995)). Although slurry system designs offer high catalyst loading and ease of 

construction; separation of catalyst particles from the reaction mixture is a major 

drawback (Guczi and Erdohelyi (2012); Bouchy and Zahraa (2003)). The size of the 

catalyst crystals or aggregates (0.05µm to a few µm) will determine the nature of 

separation process required which could be expensive and time consuming (Schiavello 

(1997); Bouchy and Zahraa (2003)). However, the penetration depth of UV light into 

the reaction medium can also be limited by the strong light absorption of organic 

species and catalyst particles (Ray and Beenackers (1998); Nguyen and Wu (2008a)). A 

large proportion of catalyst surface area might be inactive due to low photon energy 

received, as most of the light irradiation is lost due to absorption by liquid when light 

approaches the catalyst through the bulk liquid phase (Ray (1999); Mukherjee and Ray 

(1999)). Conversely, the drawback of catalyst separation can be avoided by the gas 

phase system (i.e. catalysts are immobilized onto fixed supports e.g. plate, beads, fibers, 

monolith etc) designs. In these systems, photocatalysts can be coated on a support 

matrix placed inside the reactor around the light source or directly on the photoreactor 

wall. Light distribution becomes a limiting factor in this system which is influenced by 

the geometry of the light source and spatial distance between this light source and 

photocatalysts (Howe (1998)).   
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    Table 2.4: Advantages and disadvantages of photoreactor systems 

Two phase 

systems 
Advantages Disadvantages References 

Fixed Reactor  (I) The conversion rate per unit 

mass of the catalyst is high due to 

the flow regime close to plug 

flow 

 

(I) Catalysts are not easily replaced 

 

Usubharatana 

et al. (2006) 

(II) Low operating costs due to 

low pressure drop 

Fluidized Reactor (I) Temperature gradients inside 

the beds can be reduced through 

vigorous movements caused by 

the solid passing through the 

fluids 
 

(I) Filters (liquid phase) and 

scrubbers (gas) are needed 

Usubharatana 

et al. (2006) 

(II) Heat and mass transfer rates 

increase considerable due to 

agitated movement of solid 

particles 
 

(II) Flooding tends to reduce the 

effectiveness of the catalyst 

Liquid-phase 

Reactor 

(I) High catalyst loading (I) Difficulty of separating the 

catalyst from the reaction mixture 
 

Nguyen and 

Wu (2008a); 

Du et al. 

(2008) (II) Low light utilization efficiency 

due to absorption and scattering of 

the light by the reaction medium  
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    Table 2.4: Advantages and disadvantages of photoreactor systems 

Two phase 

systems 
Advantages Disadvantages References 

Liquid-phase 

Reactor 

 III) Restricted processing capacities 

due to mass transport limitations 

 

Gas/solid phase 

Reactor 

(I) High surface area (I) Temperature gradient between 

gas and solid surface is common 

Lo et al. 

(2007); Perego 

and Peratello 

(1999) 

(II) Fast reaction time 

Monolith Reactor (I) High surface to volume ratio 

and low pressure drop with high 

flow rate can be achieved 

(I) Low light efficiency due to 

opacity of channels of the monolith 

Van Gerven et 

al. (2007); Lin 

and Valsaraj 

(2005) (II) Configuration can be easily 

modified  

Optical Fibre 

Reactor 

(I) High surface area  and light 

utilization efficiency 

(I) Maximum use of the reactor 

volume is not achieved 

Sun et al. 

(2000); Lin 

and Valsaraj 

(2005) 
(II) Efficient processing 

capacities of the catalyst 

(II) Heat build-up of fibres can lead 

to rapid catalyst deactivation 
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Overall, gas phase systems offer more flexibility compared to the slurry systems if the 

design considers the spatial relationship between the reactor and the light source when 

choosing the support of choice. When powders are dispersed/suspended in a liquid 

medium; the quantum efficiency of the catalyst, absorption properties of both reactants and 

non-reactants in solution and surface light intensity determines the rate of reaction (Ray and 

Beenackers (1998)). Some of the key advantages of this system are that there is entire 

external surface illumination during reaction time if the particle size of the catalyst is small; 

with phase segregation not occurring if the solution is homogeneously mixed (Bideau et al. 

(1995)). Although slurry system designs offer high catalyst loading and ease of 

construction; separation of catalyst particles from the reaction mixture is a major drawback 

(Guczi and Erdohelyi (2012); Bouchy and Zahraa (2003)). The size of the catalyst crystals 

or aggregates (0.05µm to a few µm) will determine the nature of separation process 

required which could be expensive and time consuming (Schiavello (1997); Bouchy and 

Zahraa (2003)). However, the penetration depth of UV light into the reaction medium can 

also be limited by the strong light absorption of organic species and catalyst particles (Ray 

and Beenackers (1998); Nguyen and Wu (2008a)). A large proportion of catalyst surface 

area might be inactive due to low photon energy received, as most of the light irradiation is 

lost due to absorption by liquid when light approaches the catalyst through the bulk liquid 

phase (Ray (1999); Mukherjee and Ray (1999)). 

Conversely, the drawback of catalyst separation can be avoided by the gas phase system 

(i.e. catalysts are immobilized onto fixed supports e.g. plate, beads, fibers, monolith etc) 

designs. In these systems, photocatalysts can be coated on a support matrix placed inside 

the reactor around the light source or directly on the photoreactor wall. Light distribution 

becomes a limiting factor in this system which is influenced by the geometry of the light 

source and spatial distance between this light source and photocatalysts (Howe (1998)). 

Overall, gas phase systems offer more flexibility compared to the slurry systems if the 

design considers the spatial relationship between the reactor and the light source when 

choosing the support of choice.  

In order to reduce the limitations associated with the uniform distribution of light and those 

listed in Table 2.4, researchers like Peill and Hoffmann (1995); Sanchez et al. (1999), Sun 

et al. (2000) etc. have designed photoreactors using supports such as optical fibres and 
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monoliths. The conventional optical fibre reactor (OFR) has been modified by using fibres 

with different cores and coatings (Carneiro et al. (2009), Xu et al. (2008)), increasing their 

diameter to create ease of handling and the use of cooling systems (Wang and Ku (2003)) 

to eliminate the limitation of heat build-up. Wu et al. (2005, 2008) have conducted CO2 

photoreduction studies using the optical fibre reactor system. They coated optical fibres 

with Cu/TiO2 and Ag/TiO2 catalysts in the gaseous phase respectively. A maximum yield 

of 0.91 mol/g-cat h was observed using the loading ratio of 0.5wt% Cu-Fe/TiO2 for 

methane production.  

Maximum methanol yield of 0.45 mol/g-cat h was observed by Wu et al. (2005) using 

1.2wt% Cu/TiO2 under light intensity of 16 W/cm
2
 while methanol yield of 4.12 mol/g-cat 

h was observed by Wu et al. (2008) using 1wt% Ag/TiO2 under light intensity of 10 W/cm
2
. 

They both observed that methanol yield increased with an increase in light intensity. In 

particular, previous CO2 photoreduction studies conducted by Nguyen and Wu (2008) 

using optical fibres coated with Cu-Fe/TiO2 catalysts in the gaseous phase have 

demonstrated that the number of optical fibres can determine the rate of ethylene 

production and selectively increase or decrease the quantum yield. A maximum yield of 

0.91 mol/g-cat h was observed using the loading ratio of 0.5wt% Cu-Fe/TiO2 for CH4 

production.  

Lin and Valsaraj (2005) described the use of monolith as a catalyst immobilization medium 

presenting higher surface area compared to beads and plates. They further improved the 

configuration of the monolith reactor by using coated optical fibres placed in the channels 

of the monolith substrate. Du et al. (2008) and Carneiro et al. (2009) changed this 

arrangement by coating the inner surface of the monolith with catalysts instead of the 

fibres. They reported that monolith coating provided maximum exploitation of the 

combined advantages of the monolith and conventional optical fibre reactor system by 

eliminating heat build-up which could lead to the rapid deactivation of the catalyst coated 

fibres as a result of direct contact and uneven light and catalyst distribution due to fibre 

abrasion (Wang and Ku (2003)).  

Tan et al. (2006, 2007) designed a fixed bed gas-solid photoreactor for CO2 photoreduction 

using TiO2 pellets (Aerolyst 7708) affixed to a flat glass tray in order to increase absorption 
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capacity and contact area. The product yield of CH4 (200ppm) using ultraviolet light C 

(UVC) wavelength of 253.7nm was reduced to values lower than 100ppm on switching to 

ultraviolet light A (UVA) wavelength of 365nm after 48 hours of irradiation. Braham and 

Harris (2009) examined and compared the design of different photocatalytic systems and 

noted the fluidized bed reactor as being highly effective for photoreduction processes 

requiring CO2 gas streams if the limitations of the uneven light distribution and attachment 

method of the catalyst could be mitigated. Lastly, a high ratio of illuminated catalyst 

surface per effective reactor volume can be achieved with this configuration. 

This section has critically reviewed different photoreactor designs and configurations 

available for CO2 reduction. Since the gas phase system offers more flexibility in terms of 

reactor geometry which is crucial to the source of irradiation, it is the proposed 

photoreactor design for this thesis. However, both the liquid and gas phase photoreactors 

will be used in this study for comparison purposes. The former will be used due to the 

high catalyst loading while the latter will be used due to its flexible configuration and 

capacity to reduce the limitation of light efficiency in monolith reactors. Different 

supports such as the quartz plate and honeycomb monolith threaded with optical fibres 

will also be tested in the gas phase system to determine the one with the highest 

efficiency. In order to achieve high conversion efficiency, both photoreactor designs 

must take into account the material of construction, mass of catalyst and the spatial 

relationship between the reactor and irradiation source. 

2.7 ANALYTICAL TECHNIQUES 

Detailed information on the physicochemical properties of TiO2 can be obtained from 

various analytical techniques. This section describes the analytical techniques and how they 

are applied for catalyst characterization and product identification in this study.  

2.7.1 CATALYST CHARACTERIZATION 

The characterization of catalysts were carried out by using various techniques such as X-

ray diffraction (XRD), nitrogen adsorption isotherms, chemisorptions, X-ray photoelectron 

spectroscopy (XPS), mercury porosimetry (MP),  ultraviolet-visible spectroscopy (UV-
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Vis), scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) and 

transmission electron microscopy (TEM). 

2.7.1.1 X-RAY DIFFRACTION 

Information on the crystalline bulk structure, phase composition (both qualitative and 

quantitative) and the lattice constants and symmetry of given phases of catalysts can be 

obtained from X-ray diffraction (XRD). The schematic representation of the operating 

principle of detecting diffracted X-rays is presented in Figure 2.10. The principle of XRD 

diffraction is based on Bragg’s law from which different d-spacing can be acquired by 

varying the angle,  such that a plot of the integrated intensity of the resultant peaks and 

angular positions produces a diffraction pattern, which is representative of the identified 

compound (Hammond (2009), Dinnebier and Billinge (2008)). In a typical XRD procedure, 

beam of X-rays impinged on a crystalline material result in the multi-directional scattering 

of portions of this beam by the electrons associated with each atom or ion that lies within 

the beam’s path (Callister (2007)).  

 

 

 

 

 

 

 

Figure 2.10: Schematic of the principle for detecting diffracted X-rays (adapted from 

Gourgues-Lorenzon (2007)). 

The schematic in Figure 2.11 illustrates the paths of X-rays through two parallel planes of 

atoms separated by the interplanar spacing, dhkl. As shown in Figure 2.11, two rays labelled 

Sample surface 

(hkl) crystal planes of 

interplanar distance dhkl 

Diffraction cones 

Phosphor screen 

Primary electron beam 

(wavelength,) 

Low light 

camera 

2Ѳ 



66 

 

1 and 2 are scattered by atoms P and Q if a parallel beam of X-rays of wavelength  is 

incident on these two planes at an angle θ. If the path length difference between 1P1´ and 

2P2´ is equal to a whole number, n, of wavelengths, constructive interference of the 

scattered rays 1´ and 2´ will occur at an angle θ to these planes.  

 

 

 

 

 

 

 

 

Figure 2.11: Diffraction of X-rays by planes of atoms (A–A´ and B–B´) (adapted from 

Callister (2007)). 

If Bragg’s law is satisfied, the condition of diffraction becomes: 

                                                           n = 2dhklsin       (2.26) 

 

 

 

When a crystalline material is scanned, the diffraction angle and intensities of these 

diffracted beams are detected on an image plate detector as spots of different intensities at 

defined positions on the detector (Cullity (2011)). The position of the atoms in the crystal 

structure can then be calculated from diffraction patterns created by the interference of 
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Where:  

  n = order of reflection 

2 = the diffraction angle between the x-ray beams   

   = wavelength of x-rays 

 d = distance between identical lattice planes  
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diffracted X-rays from these atoms. The peaks produced at their corresponding angular 

positions (2θ) become intense and sharp if the samples have sufficient long range order and 

may become broader for crystallite sizes below 100nm (Ryan (2006)). The diffraction angle 

(2) is then plotted against the diffraction intensities.  

The Miller indices hkl define the d values derived from different lattice planes which are 

invariably defined by the lattice constants a, b, and c of a crystal structure (Schwarzenbach 

(1996)). For example, if the crystal is tetragonal with the lattice constants a and c, the 

Miller indices hkl and interplanar spacing d are given by  

                                                      
 

  
 
      

  
 
   

  
    

The diffraction angle 2 for any set of lattice planes hkl can be determined by combining 

equation 2.26 with plane spacing equation 2.27a which is dependent on the lattice 

parameters and the distance of adjacent planes to Miller indices for each crystal system 

(Waseda et al. (2011)). The corresponding general equation for tetragonal crystal systems 

becomes  

                                                           
   

 
 
      

  
 
   

  
      

Ryan (2006) reported that increasing lattice constants reflect the expansion of the crystal 

structure which occurs upon the substitution of smaller atoms by larger ones. The average 

grain or crystallite size of the catalysts can also be estimated by applying the Debye-

Scherrer equation. This is given in Equation (2.28) (Percharsky and Zavalij (2008); 

Hammond (2009)).  

 

     
 

      
               (2.28) 
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The effect of the presence or absence of dopants on the resultant phase structure of catalysts 

can be studied by XRD. As described in Section 2.4.1.1, the presence of dopants can alter 

the degree of crystallinity and phase transformation, thereby subsequently altering the peak 

heights, areas and relative intensities (Hanaor and Sorrell (2011)). The lattice spacing of 

doped crystalline materials can also undergo uniform or non-uniform changes. Waseda et 

al. (2011) proposed that a non-uniform change of the lattice spacing results in peak 

broadening and shift in peak position of the resultant diffraction peak while a shift in 

diffraction peak position only is observed when the lattice spacing changes uniformly.  

Sasirekha et al. (2006) observed decreased crystallinity and peak shift in 2θ values when 

varying concentrations of Ru was doped into the TiO2 matrix for the reduction of CO2. An 

increase in Ru concentration led to decreased lattice spacing of the doped photocatalyst 

compared to TiO2. Conversely, Sahu and Biswas (2011) identified peak broadening of the 

main anatase peaks of 101 and 201 as well as shifts in peak position with increasing dopant 

concentration for their Cu doped TiO2 nanoparticles. They suggested that the similarity in 

ionic radius of Cu
2+

 (0.73Å) to that of Ti
4+

 enabled lattice expansion and the substitutional 

doping of Ti in the lattice of TiO2. The same phenomenon was also observed by Xin et al. 

(2005) with increasing metal concentration for their Ag doped TiO2 nanonparticles 

synthesized for rhodamine (RhB) degradation. The crystallite growth of anatase peaks of 

the Fe doped TiO2 samples prepared by Zhu et al. (2006)) was restrained with increasing Fe 

concentration. A shift in peak position and peak broadening was observed due to the 

different atomic sizes of Fe
3+

 and Ti
4+

. The diffusion of Fe
3+

 along the c-axis in pure TiO2 

and the possibility of substitution with Ti
4+

 in the lattice of TiO2 were the reasons proposed 

for these changes. Tian et al. (2009) demonstrated the successful incorporation of V
4+

 ions 

in the crystal lattice of TiO2 using flame spray pyrolysis technique. Introduction of the V 

Where:  

  = the breadth of the beam at half the maximum peak intensity in which the 

angles are directly related to the direct beam (radians) 

K = shape correction factor which is a constant 

 = the wavelength source (1.5406 Angstroms) 

  = the thickness of the crystal (nm) 

  = the Bragg’s angle (degrees) 
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dopant led to the shift of the main anatase (101) peak compared to pure TiO2 peak 

indicating decrease lattice parameters and the occurrence of lattice distortion. The phase 

transition from anatase to rutile was also reported to be influenced by the lattice distortion 

caused by the substitution of V ions by Ti and the shrinkage of the unit cell parameters. The 

rutile content was found to increase with increasing V concentration. 

On the other hand, the loading of metals on the surface of TiO2 has been reported by 

several researchers to have no effect on the degree of crystallinity, lattice parameters and 

peak positions. XRD analysis of pure TiO2 and Cu/Fe-TiO2 composites of varying metal 

concentrations prepared by Nguyen et al. (2008) presented similar crystallinity. The phase 

composition, degree of crystallinity and lattice parameters were not modified by metal 

loading. Similar phenomenon was also observed by Huang et al. (2009) for Cu2O/TiO2 

nano heterostructures of varying concentrations. There was no variation in the diffraction 

pattern of these samples compared to pure TiO2, even when the metal concentration 

exceeded 50wt%. 

2.7.1.2 NITROGEN ADSORPTION ISOTHERMS 

The most commonly employed method for the characterization of microporous and 

mesoporous materials is physisorption. Information on the structural parameters of 

materials related to the pore size distribution, pore volume, specific surface area etc. can be 

determined by the interaction of molecules in the gas phase ( adsorptive) with the surface of 

a solid phase (adsorbent) (Ryan (2006), (Lynch (2003)). A film of adsorbed molecules i.e. 

adsorbate can be formed on the surface of the solid sample with increasing partial pressure 

of the gas due to van der Waal forces (Sing et al. (1985), Ryan (2006)). The surface and 

pore properties can be measured via the amount of adsorbed gas molecules by the solid 

sample. A nitrogen adsorption isotherm which provides information on the adsorption 

volume of nitrogen by solid samples is performed at liquid nitrogen temperature of 77K. 

Prior to the measurement of adsorption isotherms, all physisorbed species especially water 

must be removed from the surface of the adsorbent via outgassing which usually occurs by 

heating under vacuum at elevated temperatures (Lynch (2003)).  

The adsorption isotherms obtained after the adsorption of nitrogen on the interfacial layer at 

constant temperature and equilibrium pressure are classified according to IUPAC notation 
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to determine the nature of the materials (Figure 2.12). As shown in Figure 2.12, the 

adsorption isotherms of interest for this study are classified as type I and IV which are 

typical for microporous and mesoporous materials, respectively. According to Sing et al. 

(1985) and Lowells and Shields (1991), type I isotherms can be formed in microporous 

materials, whose pore sizes do not exceed few molecular diameters. Adsorption occurs 

primarily at low relative pressure. The formation of a plateau at higher pressures indicates 

that once the micropores are filled, limited surface adsorption would occur (Lowell et al. 

(2004)). Conversely, type IV isotherms formed in mesoporous materials show similar 

adsorption pattern to type II isotherms for non-porous materials except that at higher 

pressures, a meniscus is formed with an increased uptake of adsorbate observed as the 

pores are being filled (Lowells and Shields (1991), Ryan (2006)).  

 

 

 

Figure 2.12: IUPAC classification of adsorption isotherms (Sing et al. (1985), Lowell et al. 

(2004)).
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The data from these isotherms can also be used for the extrapolation of the surface area 

through the Brunauer-Emmett-Teller (BET) equation. The specific surface area (As) can be 

deduced if the number of adsorbed gas molecules in the layer next to the solid surface (Nm, also 

known as the monolayer capacity of a known mass of adsorbent) and the space occupied by one 

adsorbed molecule (Ag) is known (Lynch (2003)). Therefore, 

As = NmAg      (2.29) 

The monolayer capacity can be extrapolated using the BET method. The multilayer 

adsorption model from which the specific surface area can be derived is expressed as: 

    

    
 
  
 
 

 

   
 
      

   
  
 

  
      

 

 

 

 

 

ABET = NmNLAg    (2.31) 

The BET surface area (ABET) can then be calculated by inputting the value of Nm in the 

equation above, where NL and Ag represents the Avogadro constant and cross sectional area 

of nitrogen (0.162nm
2
) at 77K. This technique has been widely used for CO2 

photoreduction studies. For example, the BET surface area values of the I-TiO2 samples 

prepared by Zhang et al. (2011) at calcination temperature of 375
o
C showed a marked 

increase with increasing doping ratios when compared to pure TiO2. The calcination 

temperature was also reported to influence the surface area as an increase in calcination 

temperature from 450 to 550
o
C resulted in the reduction in surface area values from 99.4 to 

43.1m
2
/g for the 5wt% I-TiO2 sample respectively. Conversely, Slamet et al. (2005) 

proposed that the specific surface area was not significantly influenced by Cu loading on 

the surface of TiO2. A slight decrease in the surface area values were observed with 

Where:  

   = saturation pressure of the gas 

  = number of gas molecules adsorbed 

  = number of molecules in the monolayer adsorbed 

C = constant related to the enthalpy of adsorption in the first adsorbed layer 

 

 

(2.30) 
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increased Cu loading. This change was reported to have no effect on the reactivity of the 

catalyst. 

2.7.1.3 CHEMISORPTION (GAS ADSORPTION) 

According to Calvert (1990), chemisorption has been described by IUPAC as “the 

adsorption resulting from chemical bond formation between the adsorbent and adsorbate in 

a monolayer on the surface”. In other words, bond formation occurs between the surface 

atoms of gas molecules and active phases of the solid catalysts as opposed to physisorption 

where the chemical nature of the adsorptive remains unaltered by adsorption and desorption 

(Bond (1987)). This irreversible adsorption occurs at temperatures greater than the critical 

temperature of the adsorbate (Lowells and Shields (1991)). The active metal surface area, 

percent metal dispersion and crystallite size of catalyst materials can be determined by 

chemisorption. The schematic of a typical chemisorption analyzer is illustrated in Figure 

2.13.  

 

 

Figure 2.13: Schematic of a typical chemisorption analyzer where A and B represents the 

thermal conductivity detector (Lowell et al. (2004)). 
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Chemisorption only probes the active areas of the samples capable of forming chemical 

bond with the adsorptive gas i.e. adsorbed molecule must form an intermediate surface 

complex that is receptive to chemical reaction (Webb (2003)). Chemisorption will only 

occur if the available adsorption sites are available to reactant gas molecules. The catalyst 

samples must be activated via heating in a reductive gas atmosphere prior to chemisorption 

analysis in order to obtain active sites in a reactive form (Lynch (2003)). Pulse 

chemisorption which occurs at ambient pressure involves the introduction of known 

quantities (pulse) of reactive gas (adsorbate) into the sample cell via the injection loop until 

the sample becomes saturated (Lowell et al. (2004)). Signals are produced based on the 

amount of adsorbate that is not adsorbed. The surface of the sample becomes saturated 

when more than two peaks exhibit similar signal areas and no further adsorption occurs. 

The volume of reactive gas adsorbed by the sample, Vads (equation 2.32) after each injection 

can be deduced by the thermal conductivity detector based on the difference between the 

quantities of gas adsorbed and gas not taken up by the active metal site (Webb (2003), 

(Lowell et al. (2004)). 

 

       
   

 
   

  
   

  
     

        
   

 
  

  
   

  
     

          
   

 
   

  
   

  
     

       

 

 

 

 

Standard conditions (VSTP) must be applied to the value of Vads for correction based on the 

ambient pressure and temperature conditions. 

             
    

    
     

    

    
  

 

 

(2.32) 

Where:  

  
    = volume of gas injected for each pulse 

  
    = signal area resulting from each corresponding injection 

  
   = signal area resulting from the same volume injected at saturation 

 

 

 

 

 (2.33) 
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This value (    ) is equal to the monolayer volume, Vm. Different parameters such as the 

metal dispersion (%), active surface area and metal crystallite size can then be derived 

based on the values of the cumulative amount of adsorbate retained by the strongly 

adsorbing surface sites (Vm) extrapolated from the adsorption isotherms (Lowells and 

Shields (1991)). Although chemisorption has been used for CO2 photoreduction studies, 

nitrous oxide (N2O) has been widely used as the adsorbate (Tseng et al. (2002), Liu et al. 

(2012)). For example, Tseng et al. (2002) measured Cu dispersion of Cu-TiO2 

photocatalysts using chemisorption. The highest dispersion was observed by the 2wt%Cu-

TiO2 photocatalyst, after which the dispersion decreased with increased Cu loading ratios. 

A decline in photocatalytic activity was reported for samples with loading ratios above 

2wt% due to excess Cu ions masking the surface of TiO2. 

2.7.1.4 X-RAY PHOTOELECTRON SPECTROSCOPY 

The non-destructive analysis of the chemical state, electronic structure and the elemental 

phase composition of the surface of catalysts can be determined using X-ray photoelectron 

spectroscopy (XPS). XPS provides both quantitative and qualitative information on 

elemental information from signal intensities and chemical shifts of the binding energies of 

given photoelectrons originating from specific elements respectively (Verma (2007), Ryan 

(2006)). XPS originates from the analysis of the photoelectric effect proposed by Heinrich 

Hertz in 1887 where X-rays were used as the photon source for excitation while the 

practical XPS technique was pioneered and developed by K. Siegbahn in the 1960s. The 

fundamental equation used in XPS analysis given by Einstein in 1905 is: 

 

hv = EB + EK + φ     (2.34) 

 

Where:  

     = ambient atmospheric pressure  

    = ambient atmospheric temperature i.e. temperature of the injected gas 

     = standard atmospheric pressure (760mmHg)  

     = standard atmospheric temperature (273.15K) 
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The binding energy which is typical of the orbital where the photoelectron originates 

depends on the final state configuration after photoemission (Lee and Flynn (2006)). The 

electron bombardment of commonly used Mg or Al targets provides the primary source of 

characteristic X-rays (Alford et al. (2007)). X-rays within the range of 200 – 2000eV are 

used for probing the upper 10 to 100Å of the solid catalyst as this technique is sensitive to 

the surface region of the catalysts only (Tsakanov and Wiedemann (2007)). The energies of 

secondary electrons can only be analysed and detected if the electrons are excited by X-ray 

photon sources ejected from the surface of the sample (Hollander and Jolly (1970)).  

The interaction of a photon with a sample during a typical XPS procedure results in the 

complete transfer of the energy of the photon to the bound electron. Elements can be 

identified via the measurement of the kinetic energy of the electrons that escaped from the 

sample without energy loss i.e. photoelectron (Tsakanov and Wiedemann (2007)). 

Therefore, the photoelectron can be detected with kinetic energy, Ekin = hv - φ – EB in the 

vacuum, if photoabsorption takes place in a core level with binding energy EB (EB = 0 at EF 

where EF is the Fermi energy level) (Hufner (2003)). The incoming photon energy can be in 

the X-ray region of >1 keV or soft X-ray region between the range of 0.1 to 1 keV. The 

kinetic energy of the photoemitted electron measured by the electron analyzer depends on 

the chemical state of the atom and its atomic number, from which the atomic charge can be 

estimated (Tsakanov and Wiedemann (2007)). Figure 2.14 shows the schematics of an X-

ray photoelectron spectrometer where ejected photoelectrons triggered by the bombardment 

of the sample by X-rays of sufficient energies are collected by electron optics. The 

photoelectrons usually sorted in the electron energy analyzer are introduced into the 

electron detector where the number of electrons generated per energy interval is transduced 

to current. The current is then converted and processed into a spectrum (Lee and Flynn 

(2006)). The identification of atoms can be achieved by recording low resolution spectra 

Where:  

EK = Kinetic energy of the β-rays (photoelectrons) 

   = Incident photon energy 

EB = Electron binding energy 

 Φ = Work function 
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i.e. survey scans of the samples over a wide range of binding energies. The chemical states 

of these atoms of interest can then be identified via peak fitting of the high resolution 

spectra in binding regions of interest (Lee and Flynn (2006)).  

 

 

 

 

 

 

 

 

Figure 2.14: Schematics of an X-ray photoelectron spectrometer (Lee and Flynn (2006)). 

XPS spectra are usually plotted with respect to binding energy against the measured 

intensity of the photoelectrons counted over a defined time interval i.e. count rate (unit is 

counts per seconds (cps)) (Pleul and Simon (2008)). For non-conducting samples, uniform 

charge neutralization is achieved by the charge neutralizer filament above the sample 

surface emitting fluxes of low energy electrons. It should be noted that high resolution 

scans of non-conducting samples tend to shift 2.5eV down the energy scale due to the 

filament of the charge neutralizer putting negative charges onto the surface. The true 

binding energy can be calculated by charge correction, where lines of known binding 

energies such as carbon orbital (C1s) photoelectrons with binding energy of 285 + 0.2 eV 

are adopted as reference standards (Briggs and Seah (1990), Schild (2008)). XPS technique 

has been widely used for CO2 photoreduction studies. For example, Zhang et al. (2011) 

confirmed the presence of Ti, I and O elements in the XPS spectra of the I-TiO2 samples 

synthesized by hydrothermal method for CO2 reduction. The surface atomic concentration 

of I was found to increase with increasing metal concentration. Their results also showed 
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that I
5+

 ions substituted Ti
4+

 ions and were present in the I-O-Ti bond since the percentage 

of Ti
3+

 ions increased as the nominal I doping levels increased. Ti
3+

 ions were generated 

during the substitution of Ti
4+

 ions with I
5+

 ions due to charge imbalance. 

2.7.1.5 MERCURY POROSIMETRY  

The porous properties such as percent porosity, pore size and volume distribution etc. of 

solid materials can be measured by mercury porosimetry (MP). The theoretical principle of 

MP is based on the capillary law governing liquid penetration into small pores or capillaries 

(Lowell et al. (2004)). The concept of characterizing the structure of porous solids by 

forcing non-wetting liquids for pore penetration was pioneered by Washburn in 1921. The 

properties of mercury such as high surface tension and non-wetting properties make it an 

ideal candidate for the determination of size and volume distributions via the Washburn 

equation (Lowell and Shields (1991)). The equation postulated by Washburn in eqn. 2. 35 

provides a means by which pore size distribution can be examined via the amount of non-

wetting mercury introduced into the pores as a function of applied increasing pressure 

(D’Souzae (2008)).  

   
     

 
                               

 

 

 

 

The wetting or contact angle,  is a measure of the degree of wetting and can be used to 

calculate the pore diameter into which mercury intrudes at given pressure (Giesche (2006)). 

For wetting liquids, the liquids tend to rise in the pores or capillaries while liquids recede in 

the pores or capillaries for non-wetting liquids (Leon y Leon (1998)). Hence, mercury must 

be forced hydraulically into the pores. In other words, the entry of mercury into pore sizes 

larger than D cannot be resisted and requires only slight pressure, while the entry into pores 

Where:  

D = Pore diameter (assumes all pores are cylindrical) 

  = Surface tension of mercury 

 = liquid-solid contact angle 

P = Applied pressure 

 

 

 

(2.35) 
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smaller than D can be resisted by mercury and requires the application of greater external 

pressure, P (D’Souzae (2008)).  

In a typical MP procedure, the mercury penetrometer (Figure 2.15) also known as a 

dilatometer measures the intrusion and extrusion volumes of mercury. The penetrometer 

which consists mainly of a sample cup and capillary column has its stem plated with metal. 

This capillary has dual functions which entail transducing volume of mercury and acting as 

reserve for mercury in the course of analysis (Leon y Leon (1998)). The change in the level 

of mercury within the stem of the penetrometer due to sample intrusion and extrusion as a 

function of increasing and decreasing pressure cycles can be detected via the changes in 

capacitance with varying mercury levels (Lowells et al. (2004)). The length of the 

penetrometer stem filled with mercury varies with the capacitance of the penetrometer. A 

capacitance detector monitors the capacitance values of the stem in which the 

measurements can be transformed into volume measurements taking into consideration the 

diameter of the precision capillary (Lynch (2003), D’Souzae (2008)).  

 

 

 

Figure 2.15:  Cross-sectional view of a mercury penetrometer (D’Souzae (2008)) 
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Overall, the data generated from the low and high pressure measurements based on the 

weight of the sample and penetrometer are used to characterize the pore structure of the 

given material. 

2.7.1.6 ULTRAVIOLET-VISIBLE DIFFUSE REFLECTANCE SPECTROSCOPY 

The band gap, threshold wavelength and the absorbance of ultraviolet and visible light as a 

function of the reflectance can be measured using ultraviolet-visible diffuse reflectance 

spectroscopy (UV-Vis). UV-Vis procedure begins with the irradiation of solid samples with 

electromagnetic waves in the ultraviolet and visible light ranges and the analysis of the 

absorbed light through the resulting spectrum. This technique operates on the principle of 

the absorption of photons (energies within the range of 200-800nm) for the excitation of 

molecular electrons to higher energy orbitals (Kalantarzadeh and Fry (2008)). Murphy 

(2007) reported that the analytes used in UV-Vis measurement must have a thickness 

within the range of 1–3 mm; such that all incident light reflected on the analyte is scattered 

or absorbed before reaching the back surface of the sample.  

A typical UV-Vis spectrophotometer is shown in Figure 2.16. The surface of a powdered 

sample is illuminated with diffuse light generated from a beam of monochomatic light 

impinged on a spot of the integration sphere surface (Ulery and Drees (2008), Torrent and 

Barron (2002)). On illumination, a small fraction of light is reflected, while the remaining 

fraction is partly scattered and absorbed by the catalyst (Weckhuysen et al. (2000)). The 

scattered light diffusely reflected by the analyte and reference sample at different 

wavelengths is collected and detected by the integration sphere which converts this light 

energy from incoming photons into electric signals (Weckhuysen (2004)). The signals are 

then detected by the photomultiplier, interpreted and sent to the attached recording device. 

The measurement given by the difference between the reflectance of the reference sample 

and the analyte is recorded graphically in the form of an absorption spectrum, where the 

wavelength is usually plotted against the absorbance (intensity of the light) (Jackson and 

Hargreaves (2008)).  
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Figure 2.16: Schematics of a typical UV-Vis spectrophotometer (Owen (1996)

The band gap energy of the catalysts can be estimated using equation (2.36) which is based 

on the relationship between frequency (c/  ) and photon energy (Usubharatana et al. 

(2006)).  

   
    

 
                               

  (2.36) 

 

 

 

Park et al. (2010) illustrated how the threshold wavelength can be estimated from the 

absorption spectrum (Figure 2.17). As shown in Figure 2.17, the threshold wavelength can 

be determined by the extrapolation of the absorption edge (i.e. the region where the 

absorbance has a maximum increase with respect to the wavelength) and the baseline (i.e. 

the region where little or no change in absorbance is observed with respect to increasing 

wavelength). 

Where:  

  = threshold wavelength (nm) 

   = bandgap energy (eV) 
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Figure 2.17: UV absorption spectra showing how the threshold wavelength can be 

determined (Park et al. (2010)).  

UV-Vis technique has been widely used for CO2 photoreduction studies. For example, 

Zhang et al. (2012) observed shifts in the absorption edge with increased metal 

concentration for the UV-Vis spectra of the single and co-doped Cu-I/TiO2 samples 

synthesized by hydrothermal and wet impregnation techniques. Improved absorbance was 

attributed to the doping of I in the TiO2 lattice which resulted in intra band gap states in 

TiO2. The UV-Vis diffuse reflectance spectra of the ordered mesoporous CeO-TiO2 

composites synthesized by Wang et al. (2013) showed strong absorption in both UV and 

visible light region compared to mesoporous TiO2. The band gap energy was also found to 

increase with increasing Ce/Ti ratios. 

2.7.1.7 ELECTRON MICROSCOPY  

Electron microscopy is the most widely used technique for evaluating the textural 

properties of solid materials due to its superior resolution properties compared to optical 

microscopy. This improved resolution allows the features of materials to be examined 

within the nanoscale through the interaction of high energy beams of short wavelengths 

(0.005 to 1Å) with the analyte, as opposed to optical microscopes where glass lenses are 

employed with longer wavelengths of 4000 to 7000Å. Based on this criterion, scanning 
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electron microscopy and transmission electron microscopy will be used in the 

characterization studies of powder and monolith samples. 

2.7.1.7.1 SCANNING ELECTRON MICROSCOPY - ENERGY DISPERSIVE 

SPECTROSCOPY 

The textural properties of solid materials related to morphology and topography can be 

determined using scanning electron microscopy (SEM) while the elemental composition of 

samples can be evaluated using energy dispersive spectroscopy (SEM-EDS). Figure 2.18 

shows the schematic of signal collection during SEM. This technique is based on the 

interaction of focused electron beam with energies within the range of 0.5 to 35kV with 

solid materials (Razeghi (2009)). A typical SEM procedure begins with the scanning of the 

sample’s surface using an electron probe (also known as a focused electron beam). 

Secondary electrons are usually emitted due to primary electrons giving some of their 

energy to the analysed sample during electron bombardment ((Kalantarzadeh and Fry 

(2008)). The textural property observed is dependent on the emitted radiation generated 

from the impact of the electron beam i.e. backscattered (BSE) and secondary electrons (SE) 

are used for determining the elemental composition, morphology and topography, 

respectively (Lynch (2003)). The high vacuum mode and voltage of 30kV is used during 

SEM, while the low vacuum mode and voltage of 25kV is used for the SEM-EDS.  

The intrinsic details of samples such as size and morphology within tens of nanometres and 

several millimetres respectively can be determined using SE mode, while the two-

dimensional distribution of elements constituting a given area of sample can be detected 

using backscattered electrons with magnifications ranging from 5m to 500nm (Razeghi 

(2009)). The BSE mode (5kV) which utilises higher energy electrons tend to be sensitive to 

the atomic number of the scattering atom while the SE mode (25kV) is sensitive to the 

surface topology and utilises low energy electrons (Carter and Norton (2007)). The surfaces 

of SEM samples are usually coated with a thin film of gold to increase intensity of signals 

received and surface electrical conductivity (Goldstein et al. (2003)). The scintillator 

(photomultiplier) captures and collects the generated signals. These detected emitted 

signals transformed into electric signals are then amplified such that the image resolution 

correlates with the volume synonymous with the emitted signal used for the image 
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formation (Lynch (2003)). The images are then available for display on the cathode ray 

tube (CRT) and can be stored in a digital form in the computer for further processing. 

 

 

Figure 2.18: Diagram illustrating signal collection during SEM (adapted from Goldstein et 

al. (2003)). 

SEM has been widely used for CO2 photoreduction studies. For example, Sasirekha et al. 

(2006) studied the morphology of Ru-TiO2 samples using SEM. Despite the high doping 

ratio of 1wt%Ru, no significant difference could be observed between the morphological 

features of the bare supports and the doped samples. However, observation of the 

topography of these samples using TEM revealed the presence of small dark spots of Ru for 

the 0.5wt% sample. The micrographs indicated that these spots were non-uniformly 

dispersed amongst the TiO2 particles. 

2.7.1.7.2 TRANSMISSION ELECTRON MICROSCOPY 

Information on the elemental composition, crystallography and particle size distribution of 

nanomaterials can be obtained using transmission electron microscopy (TEM).  In a typical 

TEM procedure, an image is formed when an electron beam impinged on a thin sample 

(≤100nm) mounted in ultrahigh vacuum results in the transmission of only a certain 

fraction of electrons (William and Carter (2009), Fultz and Howe (2013)). Emitted 

electrons are usually accelerated to high voltages (20-1000 keV). The image formed is 

usually projected onto a charged coupled device (CCD) after it has passed through a 

magnifying lens. Data can be processed quantitatively using the CCD. Since various 
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signals, as shown in Figure 2.19 can be generated during the electron bombardment with 

the analyte, full characterization at high resolution can be achieved.  

 

 

 

Figure 2.19: Signals produced in TEM (adapted from Carter and Norton (2007)). 

Improved image resolution is dependent on the wavelength of the electron beam and 

quality of the lens system used. Carter and Norton (2007) reported that the thickness of the 

sample and the distance between objective lens and the sample were also contributing 

factors to the quality of image resolution. The morphology of nanomaterials such as the 

size and shape can be studied using low resolution mode. Apart from the crystallographic 

properties of nanomaterials (i.e. lattice constants, particle size and diffraction pattern) 

which can be studied using high resolution TEM, nanoparticles within the parent sample 

can also be characterized individually using this technique (William and Carter (2009)). 

Bright field and dark field imaging modes are the most common imaging modes used in 

TEM. Images are usually formed using the direct beam only in bright field imaging while 

an elastically scattered beam is required for image formation in dark field imaging. 

Diffraction patterns can also be obtained from an elastically scattered beam. Information on 

the concentrations of different elements in nanomaterials can also be determined by the 

characteristic X-rays emitted during electron bombardment (Fultz and Howe (2013)). TEM 
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has been widely used for CO2 photoreduction studies. For example, the high resolution 

images of pure TiO2 and FeTiO3/TiO2 composites synthesized by Truong et al. (2012) 

indicated that the samples had spherical morphology and were uniformly dispersed. The 

surface-phase junction in the FeTiO3/TiO2 composites could also be observed from the 5nm 

micrograph of the 20wt% sample. Zhao et al. (2012) reported that the presence of TiO2 

nanoparticles were indiscernible from the SEM images but could be observed from the 5nm 

TEM micrograph of the Ce-TiO2/SBA-15 sample. The crystallite sizes of the samples 

observed from TEM were in agreement with the crystallite size calculated using Scherrer’s 

equation. 

2.7.1.8  INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION 

SPECTROSCOPY 

The detection and quantification of metals can be achieved by using inductively coupled 

plasma/optical emission spectroscopy (ICP-OES). This technique is based on the 

spontaneous photon emission of ions and atoms after injection into a radio frequency 

induced argon plasma (Hou and Jones (2000)). Analytes can be liquid, gas and solid 

samples, however the solid samples must be digested by acid prior to sample introduction 

in the nebulizer. The ICP system maintains the temperature at ~10,000K such that 

additional energy imparted by the plasma promotes the ions to an excited state (Hou and 

Jones (2000)).  The emitted photons generated after the ions relax from the excited to the 

ground state are collected with a concave mirror. The characteristic wavelength of the 

image formed at the aperture of the monochromator is transformed to an electrical signal. 

The photodetector then amplifies and processes the scans. The wavelength of the emitted 

photons with characteristic energies is used for element identification such that the total 

number of emitted photons is directly proportional to elemental concentration in the analyte 

(Wang (2004)). ICP-OES has been widely used for pollutant degradation. For example, 

Khakpash et al. (2012) quantified the amount of dopants in Cr-TiO2 samples prepared by 

chemical vapor deposition. The amount of doped elements was reported to be in good 

agreement with the concentration of elements present in their samples. 
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2.7.2 PRODUCT IDENTIFICATION AND ANALYSIS 

Gas chromatography and mass spectrometry are some of the most frequently used 

techniques for detecting and analyzed different constituent in gas mixtures. This section 

reviews the techniques used for real-time gas measurements.  

2.7.2.1 GAS CHROMATOGRAPHY 

The detection and quantification of volatile gas compounds can be achieved by using a gas 

chromatograph (GC) fitted with a column where separation of individual gas components 

can occur. Individual compounds can be separated based upon the partition and distribution 

of analytes between the mobile phase (i.e. carrier gas) and stationary phase which consists 

of the column (Fowlis (1995)). The difference in the volatility and structure of the 

compounds has been reported by Rood (2007) to be an influencing factor for its separation. 

Each analyte possesses its own unique retention time (i.e. time between sample injection 

and peak appearance) which is dependent on its interaction with the column and its 

chemical properties (Kolb and Ettre (1997)).  

The quantity of the analyte is proportional to the characteristic peak area. Rood (2007) 

proposed that the ability of the compound to be volatilized without thermal degradation and 

reaction with other compounds at temperatures between 350 – 400
o
C was a key criterion in 

determining its suitability for GC analysis. Figure 2.20 presents the schematic of a typical 

gas GC where continuous flow of carrier gas (e.g. helium) from the gas cylinder is usually 

circulated through the injector port, column and detector (McNair and Miller (2009)). The 

analyte is usually injected into the heated injection port from which it is vaporized and 

circulated into the column. After separation into different components occurs based on the 

relative solubility and vapour pressures, the components are then identified and quantified 

by the detector (McNair and Miller (2009)). Among detectors, the flame ionization detector 

(FID) is the most frequently used for hydrocarbon detection due to its robustness and high 

sensitivity (Fowlis (1995)). 
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Figure 2.20: Schematic diagram of the gas-chromatography system (adapted from McNair 

and Miller (2009)). 

2.7.2.2 MASS SPECTROMETRY 

Molecules can be identified through the measurement of their mass to charge ratio (m/z) in 

an ionized state via mass spectrometry (MS). As shown in Figure 2.21, a typical MS 

operated in vacuum consists primarily of 3 key elements which are the ion source, mass 

analyzer and ion detector (Nolting (2006)).  The MS is operated under high vacuum usually 

between 1 x 10
-6

 to 1 x 10
-8

 torr in order to prevent collisions between gas molecules 

(Nolting (2006)). The samples are converted into gas phase ions upon injection. These 

generated ions are then sorted according to their m/z ratios through electric or magnetic 

fields. The subsequent ion signals emerging from the mass analyzer are detected with an 

electron multiplier where the exact proportion of each ion can be determined (Malainey 

(2011)). The ion current is then converted into signals which are sent to a recording device 

and stored by a data system. The generated spectrum which is a representation of the signal 

intensity versus m/z of an ion generated from the analyte (Gross (2011)). 
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Figure 2.21: Basic components of the mass-spectrometry system (adapted from Gross 

(2011)). 
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        CHAPTER 3 

    EXPERIMENTAL METHODOLOGY 

This study entails the analysis of different TiO2 catalysts prepared by the improved sol-

gel method with the aim of establishing the effect of modifying the surface of the 

photocatalyst with metals using different carriers. The experimental design for this 

study includes catalyst synthesis, catalyst characterization, CO2 photoreduction and 

product identification and analysis. A detailed explanation of how the data used in this 

study was generated is discussed in this chapter. 

The flow sheet of the experimental design is illustrated in Figure 3.1, and each step is 

described in the sections below. The procedure used for synthesizing both the powder 

samples and dip coating the monoliths is given in Section 3.1. The analytical conditions 

and means of prepping the samples for catalyst characterization is presented in Section 

3.2, while the design and setup for the photoreactors is described in Section 3.3. Finally, 

Section 3.4 describes the procedure and analytical parameters used in carrying out CO2 

reduction experiments and product analysis.  

3.1 CATALYST SYNTHESIS 

All catalysts used during the experimental phase were synthesized by the improved sol-

gel method followed by drying and calcination. The improved sol-gel technique (section 

2.4.1) is effective for synthesizing materials with high purity and controlling the rate of 

hydrolysis (Su et al., (2004), Wu et al. (2001)). The synthesized powder catalysts 

(Section 3.1.1) were tested for CO2 photoreduction using a liquid phase reactor. In 

addition, metal loaded sol were immobilized on the supports (i.e. monolith) by dip-

coating (Section 3.1.2) and tested using an internally illuminated monolith reactor, 

while metal based nanoparticles immobilized on quartz plates (Section 3.1.2) were 

tested using a quartz plate photoreactor. TiO2 was chosen as the primary semiconductor 

catalyst in this study based on its unique properties, as described in Section 2.1.1. This 

photocatalyst was modified with different metals, including copper (Cu), rhodium (Rh), 

palladium (Pd), nickel (Ni), chromium (Cr), vanadium (V) and cobalt (Co).  
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      Figure 3.1: Experimental design   
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The metal precursors used in the experimental phase included rhodium (II) acetate (Rh2 

(CH3CO2)4, Sigma Aldrich), copper (II) chloride dihydrate (CuCl2.2H2O, Fisher Scientific), 

palladium (II) nitrate hydrate (Pd (NO3)2.2H2O, Acros Organics), nickel (II) nitrate 

hexahydrate (Ni (NO3)2.6H2O, Acros Organics), vanadium (V) oxide (V2O5, Fisher 

Scientific), cobalt (II) acetylacetonate (Co(C5H7O2)2, Acros Organics) and chromium (III) 

nitrate nonahydrate (Cr(NO3)3.9H2O, Acros Organics). 

3.1.1 CATALYST PREPARATION FOR LIQUID-PHASE REACTION 

In a typical synthesis procedure for metal based photocatalysts, a known amount of metal 

precursor(s) was homogeneously dissolved in 0.8 mol of acetic acid (CH3COOH, 99.8% 

Acros Organics) for 8 hours. Titanium (IV) butoxide (Ti (OC4H9)4, 99% Acros Organics) 

was added to n-butanol (C4H9OH, Fisher Scientific) with a volume ratio of 1:4 (titanium 

(IV) butoxide: n-butanol). The two solutions were magnetically stirred at 60rpm for 6 hours 

in order to allow esterification reactions take place (Section 4.1.1.1). Figure 3.2 presents the 

flow sheet for the improved sol-gel method. Esterification reactions between n-butanol and 

acetic acid gradually released the water needed for hydrolysis, and thereby regulating the 

rate of hydrolysis and preventing the precipitation of titania particles. The addition of acetic 

acid also modified the hydrolysis process by altering the alkoxide precursor to act as a 

chelating ligand such that Ti-OH bonds were formed when the bidentate ligand was broken 

off (Su et al., (2004), Wu et al. (2001)).  

After 6 hours, the hydrolysis reaction was completed as confirmed by pH monitoring 

(shown in Section 4.1.1). The homogeneous sol was then placed in a clean crucible and 

dried in a furnace (Carbolite, CWF 1100) by heating the sol from ambient temperature at a 

rate of 3K/minute to 423K for 2 hours. Calcination was done by further heating at a rate of 

5K/minute to 773K for 1 hour in order to burn off organic compounds and complete 

crystallization. The removal of organics was confirmed by thermogravimetric analysis 

(TGA) using a TA/Q600 analyzer at the rate of 10K/min to 773K. The resulting sample was 

crushed into powder using a mortar and pestle to obtain metal loaded TiO2 nanoparticles. 

To investigate the effect of loading different amounts of metal precursors on the 

photocatalytic performance on TiO2 nanoparticles (mass of metal/mass of TiO2 x 100), 
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single and co-doped TiO2 nanoparticles with different amount of Pd and Rh (0.01-1.5 wt 

%) were added individually or simultaneously under identical experimental conditions. 

 

 

 

 

 

 

 

 

 

Figure 3.2: Improved sol-gel technique in liquid-phase reaction 

The ranges of doping ratios were arbitrary chosen initially and then increasing or 

decreasing the ratios based on their photocatalytic activities. Pd and Rh/TiO2 based 

photocatalysts synthesized using the procedure described above were tested using the liquid 
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with poly methyl methacrylate (PMMA) core and fluorinated polymer cladding were 

supplied by Shiner Fibre Optics Co. Ltd, Taiwan. The honeycomb monolith which is 
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procedure, the monoliths were cleaned by ultrasonification for 40 minutes and dried at 

353K for 48 hours. The optical fibres were straightened by heating at 323K for 6 hours and 

subsequently cut into 2 sets of 177 pieces which were 6cm long. Five caves i.e. cuts with 

increasing depth up to 0.5mm in wedge shaped cavities were made on each optical fibre 

using a pen knife to increase light emission (Figure 3.3). Light emerged from the fibre 

through the leakage of light as it travelled from the fibre core to the cladding via the side 

surfaces. Part of the light was reflected and transmitted along the fibre while the rest 

emitted from the sides, penetrated and excited the titania based coatings present in the 

internal channels of the monolith. The light intensity down each fibre was uniform as the 

same material and dimensions were used. The average light intensity of the bundle of 

optical fibres with caves (2.53mW/cm
2
) was higher than the other bundle without caves 

(2.97mW/cm
2
). The light intensity of the 2 sets of optical fibre bundles with caves was 

similar (2.89 and 2.97mW/cm
2
). The quartz plate with dimensions of 4.5cm (width) by 

10.5cm (length) was also used as a support for this study. The surfaces of the quartz plates 

were roughened by sandblasting to provide strong adhesion and durability of the 

immobilized nanoparticles. The following subsections describe the process for synthesizing 

and immobilizing the sols onto the supports.  

 

 

 

 

 

Figure 3.3: Schematic of a side light emitting fibre with caves 
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metal based TiO2 precursors e.g. Pd, Rh etc. This was done to ensure deposition of the 

active phase of the catalyst on the SiO2 layer, where it can be photocatalytically active 

instead of being buried within the pores of the monolith. The procedure for synthesizing 

SiO2 sol was adapted from Brinker and Scherer (1990) and Brinker et al. (1993)). The same 

principle described in Section 2.4.1 is applied for the synthesis of anhydrous silica sol in 

this study where the alkoxide group (OR) is replaced with hydroxyl group (OH) to form 
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siloxane bonds (Si-O-Si) (Brinker and Scherer (1990)). For the preparation of SiO2 sol, 

tetraethyl orthosilicate (Si (OC2H5)4, Acros Organics) was dissolved in ethanol (C2H5OH, 

Acros Organics) with a volume ratio of 2:1. 

This mixture was diluted with a homogeneous solution of deionised water and ethanol with 

a volume ratio of 1:1. 0.1M hydrochloric acid (HCl, Fisher Scientific) was then added drop 

wise to adjust the pH value to 2. After 12 hours, 25 ml of polyethylene glycol (PEG, 

(C2H4O) n.H2O, Acros Organics) was added and stirred for another 6 hrs to prevent 

cracking of the coated layers during drying and to enhance viscosity. The monolith was 

submerged in the sol for 30 minutes to provide adequate time for the diffusion and 

absorption of the sol into the porous monolith walls. After withdrawing the monolith from 

the sol, excess solution was removed from the channels using an air gun. This process was 

repeated twice in order to ensure that the pores of the monolith were filled such that the 

volume fraction and pore size was reduced. The SiO2 coated monoliths were then dried and 

calcined in a furnace at 973K for 3 hours. 

3.1.2.2 TiO2 SOL   

For the synthesis of the metal loaded sol (Figure 3.4), the calculated amount of metal 

precursor e.g. Ni, Cu etc. was dissolved in 14ml of acetic acid and stirred for 8 hours. A 

mixture of titanium (IV) butoxide and n-butanol with a volume ratio of 1:4 was added to 

the solution containing the pre-dissolved metal precursor. The resulting solution was stirred 

at 100rpm for 16 hours. Subsequently, PEG solution was added to the metal loaded sol and 

stirred for 6 hours to prevent cracking of the coated layers during drying and enhance 

viscosity. Pure TiO2 sol was prepared without the addition of the metal precursors. The pre-

coated SiO2 monoliths were then submerged in the metal sol for 30 minutes. After blowing 

the excess slurry out with an air jet gun, the monoliths were dried and calcined in a furnace 

(Carbolite, CWF 1100). Metal based TiO2 nanoparticles were also prepared by first drying 

the sol at 353K and then further drying and calcination in a furnace at the same 

temperatures used for the monoliths. The range of doping ratios were chosen by developing 

arbitrary ratios then increasing or decreasing the ratios based on their photocatalytic 

activities. 
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Figure 3.4: Improved sol-gel technique in gas-phase reaction 
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3K/minute to 423K for 3 hours. M-TiO2 monoliths were obtained after calcination at 773K 

for 1 hour with the purpose of burning off organic compounds and completing 

crystallization. The weight of the monolith with the M-TiO2 coated layer was noted. All 

monoliths were withdrawn from either TiO2 or SiO2 sol at the same speed. 

 

 

Figure 3.5: Photographic representation of various parts of a dip coating machine 
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optical emission spectroscopy (ICP-OES) are discussed in this section. The working 

principle of the techniques listed above has been critically discussed in Section 2.7.1. 

3.2.1 XRD 

Detailed information about the crystallographic structure of the sample showing the 

integrated intensity, peak positions, planes and unit cell parameters were obtained by using 

a Hiltonbrooks X-ray powder diffractometer with a Philips PW 1050 goniometer and 

proportional detector. The Nickel filtered Cu K radiation was used, operating at 20mA 

and 40kV with a scan range of 5-65 (2θ), scan speed of 2 degrees (2θ) per minute and step 

size of 0.05. Approximately 3g of pure TiO2, single and co-doped metal based TiO2 

photocatalysts samples were filled into cavities which were placed in a sample holder. 

These were inserted in the diffractometer where X-rays were irradiated onto the samples 

rotating along with the detector. The X-ray signals were processed, recorded and converted 

to a count rate by the detector which was sent to the computer. Using the MDI Jade 5.0 

traces v.3 processing software, phase identification was done using the search/match option 

with the obtained results represented as X-ray counts (intensity) and peak positions at 2-

Theta (
o
) graphically. The generated XRD patterns were compared to the standard crystal 

database e.g. anatase (powder diffraction file (PDF) 21-1272) and the phases were 

identified. The crystallite size was calculated by using the Scherrer equation shown in Eq. 

2.27. The position of the peak with 100% relative intensity and the values of β (FWHM) 

was recorded and inputted in the software in order to estimate the crystallite size. The 

lattice parameters (a & c) of the crystal plane (101) in the tetragonal structure of anatase 

were also calculated for all the samples after peak fitting using Eq. 2.26. The standard 

deviations derived from the comparison of three scans were reported. The fraction of 

anatase to rutile was also calculated from the correlation between the relative intensities of 

the main anatase (101) and rutile (1 1 0) peaks developed from the equation by Spurr and 

Myers. This is given in Equation (3.1) (Spurr and Myers (1957)).   

 

   
 

       
  
  
 
     

(3.1) 
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3.2.2 BET SURFACE AREA 

The specific surface area was determined by the adsorption of an inert gas (nitrogen, N2) 

using a ChemBET TPR/TPD analyzer connected to a linear mass flow controller/gas 

blender. Prior to analysis, approximately 0.5g of catalyst sample was placed in a clean, dry 

and pre-weighed physisorption sample cell. The sample was degassed in vacuum by raising 

the temperature to 573K for 3 hours in order to remove moisture and contaminants. 

Analysis commenced by flowing a gas stream of 30%N2/ 70%He over the sample. The 

sample was placed in the Dewar flask (containing the coolant, liquid nitrogen) used for the 

cold trap during the adsorption step of BET surface area measurement. A constant low 

temperature was maintained during cooling such that interaction between the sample 

surface and the gas molecules causes detectable amounts of adsorption. The desorption step 

consisted of warming the sample cell by immersing it in a beaker containing tepid water. 

The sample was then calibrated in the final step via the injection of increasing volumes of 

adsorbate, N2 into the sample cell such that the peak height of the calibration peak does not 

exceed the desorption peak by + 10%. The surface area was then calculated using the BET 

equation (Section 2.7.1.2) by the TPRWin software. The error of the specific surface area 

of each measurement was reported by the instrument after each analysis.  

3.2.3 CO CHEMISORPTION 

Chemisorption measurements were conducted with a ChemBET TPR/TPD analyzer 

connected to a linear mass flow controller/gas blender. The metal surface area and 

dispersion were determined by injecting pulses of carbon monoxide (CO) gas over metal 

based TiO2 samples. After suitable in-situ preparation, the sample was titrated with small, 

known volumes (pulses) of reactive gas using the automatic gas injection loop. The detector 

identified excess gas, which did not react with the sample. The total volume of gas, which 

reacted with the sample, was automatically determined by thermal conductivity detector 

Where:  

   = weight fraction of anatase 

   = relative intensity of anatase (101) peak 

   = relative intensity of rutile (110) peak 
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(TCD). Active surface area was determined by the adsorption of a pure reactive (titration) 

gas from a mixture with a carrier (inert) gas such as helium, nitrogen, or argon. A small 

wad of quartz wool was added to one section of the stems of the quartz cell prior to analysis 

to minimize sample elutriation.  

Approximately 1 g of sample was placed in a clean, dry and pre-weighed long U-shaped 

chemisorption quartz sample cell containing the wad of quartz wool. Another wad of quartz 

wool was pushed down the quartz cell until it came in contact with the surface of the 

catalyst bed. In-situ sample preparation consists of drying or outgassing the catalyst in a 

flowing stream of carrier gas (helium (He)) by raising the temperature to 573K at the rate of 

10K/min for 30mins. Contaminants were carried away by the flowing gas stream as they 

left the surface of the catalyst, with moisture being removed as well. The sample 

temperature was increased at the rate of 10K/min to 673K and maintained at this 

temperature for 1 hour while the reducing gas stream of 5%H2/ 95%N2 flowed over the 

sample. At this stage, the compounded metal was reduced to its elemental form.  

The reducing gas was purged from the sample by changing the gas flow to He, which was 

maintained for 1 hour. The furnace was then set to cool to the desired titration temperature 

of 323K while He flowed over the sample. The sample was then titrated with pulses (fixed 

volumes) of CO. The change in gas composition due to the reaction with the sample was 

monitored and recorded by the TCD. The detector only recorded the quantity of gas that did 

not react with the available metal surface when CO flowed over the sample. This process 

was repeated until the surface of the sample became saturated such that the same signal 

area was observed in two or more peaks. The generated data were then analyzed by using 

the TPRWin software, from which the metal surface area and dispersion was obtained. 

3.2.4 XPS 

X-ray photoelectron spectroscopy (XPS) was performed by using a Kratos AXIS ULTRA 

with a mono-chromated Al kα X-ray source (1486.6eV) typically operated at 25mA 

emission current and 12kV anode potential. The base pressure in the chamber used for 

analysis was within the range of 1 x 10
-8

 - 7 x 10
-9

 Torr. The experiments were conducted 

under ultrahigh vacuum conditions to maintain sample integrity. Samples were placed in 

stubs or stuck to the sample bars using carbon tape. Emitted electrons from the sample 
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surface after X-ray irradiation were taken through the triple channel plate and delay line 

detector, (DLD) for electron detection and counting. The detector was operated in the fixed 

analyser transmission mode with pass energy of 20eV and 80eV for high resolution and 

wide scans, respectively. Typical high resolution and wide survey scans were done on each 

sample. The high resolution scans were charge corrected to the main C 1s peak = 285eV 

and subsequently quantified to determine the amounts of each element present based on the 

peak areas, using CASAXPS software with Kratos sensitivity factors. Spectral fitting was 

performed using CasaXPS software with a linear shape based on a Gaussian/Lorentzian 

mix of 70:30 (GL30). Chemical information of the samples was obtained after components 

were fitted under the peak envelopes.   

3.2.5 MP 

The porosity changes in the monoliths before and after coating were characterized using a 

mercury (Hg) porosimetry analyzer (Micromeritics Autopore IV 9520 V1.05) with Hg 

pressure in the range of 0.7 – 275,790 kPa. The dry weight of the sample (monolith strip) 

was recorded prior to analysis. The monolith strip was placed into the penetrometer and 

installed in the low pressure port. Low pressure analysis began with the evacuation of air 

and residual moisture from the pores of the sample. The penetrometer was then 

automatically filled with Hg after evacuation. Data were collected as mercury penetrated 

void spaces or large pores in the monolith strip with increasing pressure up to 345 kPa. The 

weight of the assembled penetrometer filled with mercury was then recorded at the end of 

the low pressure analysis.  

The assembled penetrometer was then installed in the high pressure port where data were 

collected by slowing increasing the pressure up to 275,590 kPa. An increase in pressure 

resulted in the intrusion of Hg into the smaller pores of the monolith. Since the intrusion 

and extrusion of different pore sizes of the monolith occurs at different pressures, the pore 

volume can be determined based on the residual volume of Hg left in the stem of the 

penetrometer. This residual volume was then measured by determining the electrical 

capacitance of the penetrometer. Data were then generated based on the volume of mercury 

intruded into the pores of the samples under applied increasing pressure. These pressures 

were then converted into pore sizes using the Washburn equation (Eq. 2.35). Information 

related to the porous properties of the monolith such as the % porosity, pore diameter, total 
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pore area and intrusion volume can be obtained from the data processed by the Autopore 

software. Blank corrections were carried out by using the same analysis parameters for an 

empty cell run i.e. assembled penetrometer without the monolith strip.  Corrections were 

made by comparing the data of the blank with the data generated from sample analysis in 

order to correct for the apparent volume intruded owing to compression of the sample, Hg 

and other components of the instrument. 

3.2.6 UV-VIS 

The band gap, threshold wavelength and the absorbance of ultraviolet light as a function of 

the transmittance was measured by using the diffusive reflective ultraviolet-visible 

spectrophotometer (Varian Cary 300). The tungsten halogen lamp was the light source with 

the spectral range between 200-800nm. The equipment was aligned and warmed up for a 

couple of minutes after initialization was completed. A blank test was performed to start the 

baseline correction and preset the wavelength to 200-800nm. Measurements were carried 

out by suspending approximately 1g of different catalysts in a quartz cell sample holder 

which was placed inside the spectrophotometer. The signals detected by the photomultiplier 

were interpreted and sent to the attached recording device. The data generated was 

processed by the Cary WinUV software (Version3.1). Experiments were repeated thrice, 

with the threshold wavelengths averaged and the standard deviations reported. 

3.2.7 SEM 

SEM-EDS was used for estimating the elemental composition by measuring the emitted X-

rays after scanning a section of the compacted pellets with an electron beam (15eV) using 

magnification ranging from 5m to 500nm. Examination of the morphology of the catalyst 

was also conducted by SEM. The micrographs of the samples were obtained by using a 

Quanta 600 model with FEI analysis software. The high vacuum mode and voltage of 30kV 

was used during SEM while the low vacuum mode and voltage of 25kV was used for the 

SEM-EDS. The powder samples were sprinkled on a double sided tape fixed on the 

specimen stub and compressed before the excess particles were blown off. The monolith 

strips were either analyzed directly or affixed on the tape placed on the specimen stub. The 

surfaces of the SEM samples were coated with a thin film of gold to increase intensity of 

signals received and surface electrical conductivity. After surface irradiation with electron 
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beams, signals in the form of backscattered electrons (SEM-EDS) and secondary electrons 

(SEM) were produced during this electron bombardment. The generated signals were 

collected and captured by the photomultiplier and amplified to produce images available for 

display on the cathode ray tube (CRT).  

3.2.8 TEM 

The morphology and particle size distribution of the samples were studied by TEM. TEM 

analysis was conducted using a JEOL 2100F instrument at an acceleration voltage at 200 

kV. The samples used in TEM analysis must be thin enough to allow the transmission of 

sufficient electrons such that the signals generated are sufficient to produce an image. The 

ultra thin sample preparation consists of dispersing approximately 0.004g of catalyst 

powder in 6 ml of acetone using ultrasonification for 5 minutes. A small amount of the 

suspension (e.g. 3 µL) was deposited onto a holey carbon film TEM grid (copper, 300 mesh 

Agar Scientific) placed on a filter paper. The grid was dried under an infrared lamp. The 

images were formed by collecting diffracted beams using the Gatan Orius camera. These 

images were subsequently processed by the ImageJ software, version 1.43. 

3.2.9 ICP-OES 

The elemental ratios of the metals contained within the samples were determined by the 

Varian Vista MPX ICP-OES system that used an echelle polychromator with a mega-pixel 

CCD detector. The system was operated within the wavelength range of 175-785nm which 

enabled elements to be detected simultaneously in a single experiment. The samples were 

introduced via polypropylene v-groove nebulizer with a 1.4mm injector and inert double 

pass spray chamber. Prior to sample injection, approximately 25mg of M-TiO2 samples 

were digested in a mixture of 5ml of H2SO4 and 0.5ml of HClO4. The solution was then 

made up to 100ml in deionised water. The data was processed by the ICP Expert software, 

from which the metal concentrations of the analytes were quantified after comparison with 

calibration standard concentrations for each element.  

3.3 PHOTOREACTOR SYSTEMS 

The different types of photoreactor configurations where photochemical reactions occurred 

are described in the section below. This section is divided into the liquid phase photoreactor 



                                    

103 

 

and gas phase photoreactor in which different supports were tested. The liquid phase 

photoreactor was developed during a previous PhD study (Liu (2012)) while the gas phase 

photoreactor was developed by the author of this thesis in collaboration with National 

Taiwan University. 

3.3.1 LIQUID-PHASE PHOTOREACTOR 

As shown in Figures 3.6, the liquid phase photoreactor is subdivided into three main 

components: the quartz vessel where contact between the reactants, photocatalysts and 

photons occurs, the lid which is made of Teflon and the quartz tube in which an alternative 

light source can be placed. The dimensions of the quartz reactor are 7.8cm x 9cm (diameter 

and height) with ports for sampling the gaseous products, measuring the pressure and gas 

(CO2) inlet.  

 

                        

Figure 3.6: The pictorial (A) and schematic (B) representation of the quartz vessel, lid and 

quartz tube of the liquid phase photoreactor  
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Light irradiation was produced by four 8W UVA fluorescent lamps (Sylvania , black light 

blue) with dimensions of 16mm and 150mm (diameter and height), with two lamps located 

opposite each other. The light intensity was determined by using a UVA digital radiometer 

that was placed inside the reactor prior to the experiment. This was rotated 45
o
 every 15 

minutes to get an average of 8 readings. The wavelength of UV radiation inside the reactor 

was 365nm with average light intensity of 3.22mW/cm
2
. The light intensity was monitored 

regularly in order to ensure similar light intensity was used during the experimental phase. 

The reactor was enclosed inside a gloved box to exclude the external light source, prevent 

UV leakage and maximise light energy within the reactor.  

3.3.1.1 LIQUID-PHASE PHOTOREACTOR FOR CO2 PHOTOREDUCTION 

The experimental setup for the liquid phase photoreactor system is presented in Figure 3.7. 

Approximately 1 gram of catalyst was suspended in 200ml of deionised water placed in the 

quartz vessel (Figure 3.7). 

Figure 3.7: Schematics of the assembled liquid phase photoreactor 

The magnetic stirrer adjusted to 240 rpm was used to ensure continuous mixing and thus 

preventing sedimentation. Ultra pure CO2 (Air Products, 99.9995% with impurities of N2 – 
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2ppm, CO – 0.5ppm,  H2O – 2ppm, O2 – 0.5ppm) gas was bubbled through the assembled 

quartz reactor at 1 bar for 20 minutes to saturate the solution and eliminate air completely. 

After 20 minutes, the pressure gauge was screwed with the pressure adjusted to 1 bar and 

held for another 15 minutes. Liquid and gas samples were extracted from the sampling 

ports using a gas tight syringe (Hamilton) and injected into the GC/FID. This was done to 

ascertain the absence of organic contaminants in the photoreactor system. CO2 supply was 

cut off after the 15 minutes reaction. The UV lamps were switched on and the curtains of 

the gloved box shut for 1.5 hours to enable photoreduction take place. After turning off the 

UV light, samples were extracted and injected into the GC/FID in order to determine the 

quantity of hydrocarbons generated from the photochemical reaction. Blank reactions were 

performed with and without the light source in the presence and absence of the catalyst to 

confirm that reactions were due to CO2 photoreduction. 

3.3.2 GAS-PHASE PHOTOREACTOR 

The multi-functional gas-phase photoreactor allows the use of different catalyst supports, 

including honeycomb ceramic monoliths threaded with optical fibres or quartz plate. As 

shown in Figures 3.8 and 3.9, the gas-phase photoreactor is subdivided into two main 

components: the lids which are made of stainless steel and the reactor vessel which consists 

of a cylindrical Pyrex glass unit. These two primary components which are lined with O-

rings to prevent any potential leak were assembled using 4 stainless steel rods. The Pyrex 

glass unit consists of the gas inlet and the reaction products outlet. The catalyst supports 

were placed in the centre of the photoreactor and supported by Teflon rings i.e. the 

monolith threaded with optical fibres was supported by two Teflon rings while the quartz 

plate was supported by only one Teflon ring. Light irradiation was transmitted into the 

photoreactor via the quartz window present in the top stainless lid (Figure 3.7). Circulating 

cooling water was applied to control the rise in temperature of the lamp during use. The 

light sources used during the experimental phase were a 500W halogen lamp (Faithful) and 

a 200W mercury lamp (Omnicure S2000) with influxes of visible and UV light measured to 

be 68.35 and 33.42mW/cm
2
, respectively. The light wavelength was adjusted for UVA light 

irradiation using 365nm filter, while the halogen lamp had its wavelength distribution 

within the range of 400-1100nm with its highest intensity at 500nm. The light intensity was 
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measured by a radiometer (R2000, Omnicure) at 4 different positions and the average of 

these 4 readings was used.  

    

R 0.15

R 0.25

 

                 

R 5.00

 

Figure 3.8: Components of the gas phase reactor. A: View of the top stainless lid with 

quartz window, B: View of the bottom stainless lid  

Light intensities at different positions of the assembled photoreactor were also measured in 

order to establish the interaction of light with the catalyst supports. The radiometer was 

rotated 60
o
 every 15 minutes to get an average of 6 readings. When UVA irradiance of 

3.4W/cm
2
 was used, average light intensities of 1.02mW/cm

2
 and 4.53mW/cm

2
 were 

obtained with the monolith threaded with optical fibres or quartz plate as supports, 

respectively. These results show that the light intensity per catalyst area is higher when the 
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quartz plate is used as a support. The transmission of light in the gas phase reactor when the 

quartz plate is used as a support differs from the monoliths threaded with optical fibres. For 

the quartz plate configuration, light falls directly on the surface of the quartz plate, where a 

portion of the transmitted light rays illuminates and activates the catalyst surface, while the 

remaining is reflected. For the monolith configuration, emitted light from the light guide 

travels to the reactor by means of the optical fibres and illuminates the catalyst coating 

present on the internal channels of the monolith. These results could influence the activity 

of the M-TiO2 photocatalyst as the review in Section 2.6 has established that the production 

rate increases with increased light intensity.  
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Figure 3.9: The pictorial (left) and cross sectional (right) representation of the Pyrex glass 

unit (unit: mm) 

3.3.2.1 GAS-PHASE PHOTOREACTOR FOR CO2 PHOTOREDUCTION 

The experimental setup for multi-functional gas-phase photoreactor containing the 

internally illuminated monoliths threaded with optical fibres or quartz plate is presented in 

Figures 3.10 and 3.11, respectively. The humidifier was connected before the gas inlet, 
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while the temperature and pressure were monitored via a type T thermocouple and pressure 

gauge, respectively, connected by 1/8" fittings after the product outlet. For the internally 

illuminated monolith reactor (Figure 3.10), a side light optical fibre was inserted into each 

channel of the monolith i.e. a total of 177 optical fibres and placed into a cylindrical Pyrex 

glass reactor with dimensions of 5.5cm X 11cm (diameter and height). Light was irradiated 

into the reactor using the light guide. For the quartz plate reactor (Figure 3.11), 

approximately 0.2g of catalyst was evenly dispersed on the quartz plate with dimensions of 

4.5cm X 10.5cm. The coated quartz plate was inclined at an angle of 15
o
 facing the light 

rays emitted through the quartz window.  

Figure 3.10: Schematic of the internally illuminated monolith photoreactor: 1) humidifier; 

2) flow meter; 3) 3-way valve; 4) 2-way valve; 5) pressure gauge; 6) monolith with optical 

fibres; 7) light guide; 8) gas outlet tube 

The photoreactors were wrapped in aluminium foil and placed in a gloved box to avoid 

external light interference. Leakage was tested by observing changes in the pressure gauge 

when purging with helium (He) gas. If leak-proof, the reactor was then purged with He for 

1 hour, then switched to CO2 (Air Products, 99.9995%) gas saturated with water vapour for 

1 hour at flow rate of 4ml/min. After 1 hour, the light source was turned on and readings 

were taken after 4 hours. The flow of CO2 saturated with water vapour was continuous 
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throughout the reaction. Products were analyzed using the gas chromatograph equipped 

with flame ionization detector (GC/FID) or mass spectrometer (MS). Blank reactions were 

performed with and without the light source in the presence and absence of the catalyst to 

confirm that reactions were due to CO2 photoreduction. 

Figure 3.11: Schematic of the quartz plate photoreactor: 1) humidifier; 2) flow meter; 3) 3-

way valve; 4) 2-way valve; 5) pressure gauge; 6) quartz plate; 7) light guide; 8) gas outlet 

tube 

3.4 PRODUCT IDENTIFICATION AND ANALYSIS 

A gas chromatograph (Thermo-Fisher, trace GC) equipped with flame ionisation detector 

and a mass spectrometer equipped with the quadrupole mass analyser (HAL 201-RC) were 

used for real-time gas measurements of reaction products generated from the contact 

between photocatalysts, reactants and photons. The product rate was derived from an 

average of three injections per sample experiments and the standard deviations reported. 

The quantum efficiency       was determined by using Eq. 3.1, where n represents the 

number of electrons required to convert CO2 to hydrocarbons (Tseng et al. (2002)). The 

quantum efficiency calculation is based on the assumption that light energy irradiated into 

the photoreactor systems from the light source were fully absorbed by the photocatalysts 

(Tseng et al. (2002)). 
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3.4.1 GAS CHROMATOGRAPHY 

A gas chromatograph (Thermo-Fisher, trace GC) equipped with flame ionisation detector 

(FID) and molecular sieve 5A column (Restek) was used for identifying and analysing the 

extracted gas samples, specifically for methane. The response factor of each gas compound 

was used in identifying specific compounds in gas mixtures. The response factor of 

methane was evaluated by injecting various concentrations of methane standards and set at 

1.34 minutes. However, a slight shift (+ 0.1 - + 0.18 minutes) in the response factor of 

methane was observed over time due to the nature of the column. The packing material of 

the column was made of zeolite which had the capacity to retain contaminants that could 

adsorb either methane or CO2 in its pore space. Therefore, the GC column was conditioned 

prior to analysis in an attempt to eliminate any residual gas present in the column from 

previous analysis and ensure reproducible response factors.  

During conditioning, the column was purged by circulating inert carrier gas (He) through 

the injection port, column and detector at a flow rate of 25ml/min as the base temperature 

of the detector and oven temperature were increased to 453K and 458K, respectively. After 

the total conditioning time of 20 minutes, the oven temperature was decreased to 323K with 

the flow rate set to 5ml/min. During analysis, approximately 0.4ml of gas samples was 

extracted from the sampling port of the photoreactor by using a 1ml gas syringe. The 

analytical program used for identifying methane consists of setting the base temperature of 

the FID detector to 523K and maintaining the oven temperature at 323K for 1 minute. The 

oven temperature was subsequently increased to 473K at the rate of 20K/minute and 

maintained for 1minute.  

Samples were injected into the heated GC injection port from which it was vaporized and 

circulated into the column. This was passed through the FID detector which generated 

electric signals and subsequently quantified the components. The signals were interpreted 

by the data system with the Chrom-Card software which generated chromatograms from 

which the peaks were identified and the area determined. The analyte concentration was 

(3.1) 

 

 
                        x mole of hydrocarbon production rate 

moles of U  photon irradiated into the reactor
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derived by measuring the peak area against the calibration standard with the results 

generated in an excel format in ppm. An average of three readings per sample was used. 

Figure 3.12 shows the calibration curve of methane used during this experimental study. 

The GC was cooled down to ambient temperature and pressure, and then turned off. The 

presence of hydrocarbons in aqueous solution was also evaluated by the GC/FID during the 

liquid phase experiments. A CP-PoraBOND Q column (Varian) was used for identifying 

and analysing the extracted liquid samples, specifically for methanol. The inlet of the GC 

was fitted with a liner containing quartz wool for trapping un-vaporized substances and 

thus preventing these substances from reaching the column. The aqueous suspensions were 

centrifuged prior to injection. The inlet temperature was set at 200
o
C.  
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Figure 3.12: Methane calibration curve using a molecular sieve 5A column for liquid phase 

analysis 

The response factor of methanol was evaluated by injecting various concentrations of 

methanol standards and set at 2.2 minutes. During analysis, approximately 0.6 μl of gas 

samples was extracted from the sampling port of the photoreactor by using a 1 μl gas 

syringe. The analytical program used for identifying methanol consist of setting the base 

temperature of the FID detector to 453K and maintaining the temperature of the right inlet 

at 473K in order to vaporize the sample at the inlet. The oven temperature was 

subsequently increased to 453K at the rate of 20K/minute and maintained for 20 seconds. 

Samples injected into the heated GC injection port were vaporized and circulated into the 



                                    

112 

 

column. This was passed through the FID detector which generated electric signals and 

subsequently quantified the components. The methanol concentration was derived by 

measuring this concentration against the calibration standard with the results generated in 

an excel format in ppm. An average of three readings per sample was used. Figure 3.13 

shows the calibration curve of methanol used during this experimental study.  
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Figure 3.13: Methanol calibration curve using a CP-PoraBOND Q column for liquid phase 

analysis 

Products generated from gas phase photoreduction studies using monoliths were also 

analyzed by another GC/FID (China Chromatograph, Taiwan) equipped with a 2m long 

Porapak QS column. The analytical program used for identifying gas compounds consist of 

setting the base temperature of the FID detector to 423K, inlet temperature at  423K and 

oven temperature at 353K. Gas compounds were automatically circulated through an online 

sampling loop (5ml) connected to the column of the GC. This was passed through the FID 

detector which generated electric signals and subsequently quantified the components. 

The signals were interpreted by the data system with the SISC chromatography software 

which generated chromatograms from which the peaks were identified and the area 

determined. The response factor of methanol and acetaldehyde was evaluated by injecting 

various concentrations of calibration standards and set at 6.8 and 11.8 minutes, 
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respectively. Figures 3.14 and 3.15 show the calibration plot and equations used in 

determining the concentration of the gas compounds.  
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Figure 3.14: Calibration curve of acetaldehyde using Porapak QS column for gas phase 

analysis 
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Figure 3.15: Calibration curve of methanol using Porapak QS column for gas phase 

analysis 
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The peak area was substituted into the relevant equation in order to determine the quantity 

of gas compounds with respect to 5ml of the initial sample injected. 

3.4.2 MASS SPECTROMETRY 

A mass spectrometer (MS, Hiden Analytical) equipped with capillary, quadrupole mass 

analyser (HAL 201-RC) and Faraday/Secondary electron multiplier (SEM) detectors with a 

micro board of type HAL 5 was used for identifying and analysing the gas samples 

extracted from the outlet of the gas-phase photoreactor. The MS was operated at a vacuum 

pressure of approximately 1 x 10
-7

 kPa. The compounds with varying masses were 

simultaneously measured by the multiple ion detectors (MID) within the acquisition range 

of 10
-4

 to 10
-14

 kPa and mass range of 0.40 to 200 amu at an increment of 0.01 amu. 

Approximately 5ml of gas samples were automatically extracted into the heated MS 

injection port (473K) from which the gas molecules were then vaporized and circulated into 

the capillary. This was passed through the MID to enable the simultaneous measurement of 

compounds of different masses. The subsequent ion signals were then processed by the 

MASsoft software version of 6.13.0.35.  

Each gas compound was determined by using a file created by Hiden Analytical in which 

ionization profile and mass characteristic of each compound was primarily assigned to 

eradicate peak overlaps. The file was installed prior to analysis and the MS was operated 

using the parameters described above. The file created for the reaction products is shown in 

Table 3.1 where the emboldened digits represent the mass of the compounds likely to be 

present in the bulk gas, CO2. The non- emboldened digits represent the percentage of the 

respective compounds found within that special mass. The grey coloured boxes represent 

the percentages with the least possible overlaps while the blue coloured boxes represent the 

percentages with high overlaps. The grey coloured boxes were chosen for identifying 

individual gas compounds and the respective masses under which they were present were 

the specific masses chosen for compound identification.  

As a result, hydrogen was identified with a specific ionization mass of 2, methane with 15, 

ethylene with 24, ethane with 25, methanol with 31, oxygen with 32, acetaldehyde with 41 

and ethanol with 43. After product identification, the partial pressures of the gas 

compounds were determined from an average of three values (usually in torr). These values 
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were converted into ppm through a concentration to partial pressure relationship developed 

for each gas compound based on standard calibration gas mixture.  

Table 3.1: Specific ionization mass distribution key used for MS identification of individual 

gas compounds 

 

Mass 

 

2 15 16 24 25 28 29 30 31 32 41 43 44 

Hydrogen 100 

            Methane 3 86 100 

          Ethylene 

   

4 11.7 

 

2.2 

      Ethane 

    

4.2 100 

 

26 

     Methanol 

     

6.4 

  

100 67 

   Oxygen 

  

11 

      

100 

   Acetaldehyde 

    

4.8 100 

    

4 27 

 Ethanol 

     

6.9 

  

100 

  

7.6 

 Carbon dioxide 

  

8.5 

         

100 

 

The calibration gas mixture with known quantities (ppm) of different hydrocarbons, as 

shown in Table 3.2 was supplied by Scientific and Technical Gas (STG) Limited. 

Table 3.2: Calibration values of hydrocarbons obtained from the MS 

Gas compound 

Concentration 

(ppm) 

Average partial 

pressure (kPa) 

Hydrogen 10 2.05E
-7

 

Methane 10 1.72E
-7

 

Ethylene 5 1.40E
-7

 

Ethane 5 1.48E
-7

 

Methanol 50 1.77E
-7

 

Oxygen 10 1.65E
-7

 

Acetaldehyde 50 1.63E
-7

 

Ethanol 50 1.55E
-7
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An average of the partial pressure values derived from three calibration experiments with 

respect to concentration is presented in Table 3.2. The concentration in ppm was then 

estimated by comparing the calibration values in Table 3.2 for each gas compound to the 

partial pressure of the analyte obtained from each photoreduction experiment. 
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CHAPTER 4 

   Pd, Rh, Ni and Cu-TiO2 PHOTOCATALYSTS FOR CO2 REDUCTION 

The chapter focuses on the study of the physicochemical properties of the pure and metal 

loaded TiO2 photocatalysts suspended or immobilized on supports and their CO2 

photocatalytic activities. The data related to catalyst synthesis and characterization of the 

TiO2 nanoparticles and monoliths are discussed in Section 4.1, while Section 4.2 describes 

the data related to catalyst characterization and CO2 photoreduction studies of the single 

and co-doped Pd/Rh-TiO2 nanoparticles and monoliths in the liquid phase and internally 

illuminated monolith (IIMR) photoreactors. The results of the catalyst characterization and 

CO2 photoreduction studies of the Ni-TiO2 nanoparticles and monoliths in the quartz plate 

and IIMR photoreactors are described in Section 4.3. Finally, Section 4.4 discusses the data 

related to catalyst characterization and CO2 reduction studies of the Cu-TiO2 nanoparticles 

and monoliths in the quartz plate and IIMR photoreactors.  

4.1 TiO2 NANOPARTICLES AND SiO2-TiO2 MONOLITHS 

All photocatalysts were synthesized by the sol-gel method described in Section 3.1.1, in 

which the hydrolysis of the titanium and silicon alkoxide precursors can be controlled as 

they are overly sensitive to water (Brinker and Scherer (1990)). The data related to catalyst 

synthesis and characterization is discussed in this section.  

4.1.1 TiO2 NANOPARTICLES 

The pH was monitored during catalyst synthesis in order to establish the time required to 

complete hydrolysis, while TGA was conducted to ascertain that the calcination 

temperature was sufficient to burn off the organic compounds.  

4.1.1.1 pH MONITORING OF TiO2 SOL 

For TiO2 sols, the hydrolysis rate of the alkoxide precursor was controlled by the 

esterification of acetic acid and butanol. As described in Section 3.1.1, the precipitation of 
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titania particles were prevented by the gradual release of water required for hydrolysis 

during the esterification process. The variation of pH during catalyst synthesis serves as a 

means by which completion of hydrolysis can be determined. Figure 4.1 shows the pH 

variation observed over time during TiO2 sol preparation. The pH was monitored during the 

synthesis of pure TiO2 sol after all the precursors were added and homogeneously mixed in 

the following order: titanium butoxide, n-butanol and acetic acid. The initial pH value of 

the transparent sol after the two precursors were added was 6.42 and then it decreased 

rapidly decreased to 2.25 following the addition of acetic acid. A subsequent increase in pH 

was observed over time until the 5
th

 hour. This indicated the complete utilization of acetic 

acid in the esterification reaction with butanol. No significant change was observed during 

the next 2 hours and the final pH value was measured at 3.13 during the 7
th

 hour and 

stabilized. After the 20
th

 hour, the pH value was 3.15.  
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Figure 4.1: pH variation over time during TiO2 sol preparation 

Therefore, the mixing time required for synthesizing the sol was set at ≥ 6hours, as this 

time was adequate for the hydrolysis reaction to be completed. Wu et al. (2001) and Wu 

and Yeh (2001) also employed pH monitoring as a means of determining the hydrolysis 

time required for the synthesis of titania nanoparticles. A similar trend of variation of pH 

values with time was observed in comparison to this study. 
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4.1.1.2 THERMOGRAVIMETRIC ANALYSIS OF TiO2 SOL 

The removal of residual organic compounds via calcination was confirmed by 

thermogravimetric analysis (TGA). Figure 4.2 illustrates the TGA results of the sol gel 

derived TiO2 conducted under air flow. A total weight loss of 33.7% was observed during 

analysis. The loss in weight was initiated before 373K and 525K. After 723K, no loss in 

weight was observed. The weight loss could be due to drying and dehydration of the 

precursors used during sol gel synthesis and combustion of organic residues, respectively. 

Wu and Cheng (2000) observed weight loss near 433K for sol gel prepared zirconia 

samples using TGA under airflow. The combustion of organics were reported to occur 

between 633-773K, while adsorbed water and n-butanol were reported to be volatilized 

below 393K given that the boiling point of n-butanol is 391K. A total weight loss of 45% 

was observed by Tian et al. (2013) during the TGA of sol gel TiO2 sample, where the 

removal of adsorptive H2O was reported to occur between 298 and 393K.  
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Figure 4.2: TGA of TiO2 sol  

Su et al. (2004) also reported that residual organics were removed from their sol gel TiO2 

samples at 673K. The calcination temperature for TiO2 samples was therefore fixed at 

773K for this work given that this temperature was sufficient to burn off organic residues. 
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4.1.1.3 CHARACTERIZATION OF TiO2 NANOPARTICLES 

Detailed information about the crystallographic structure of the sample including the crystal 

phase, grain size and peak positions were obtained by using XRD analysis. The XRD 

patterns showing the crystalline phase and peaks of sol gel derived pure TiO2 

photocatalysts calcined at different temperatures are presented in Figure 4.3. As shown in 

Figure 4.3a, no distinct crystal phase of anatase was observed after drying and calcination 

of the stable TiO2 sol at 573K. The TiO2 sample calcined at this temperature was 

amorphous due to incomplete crystallization. The other samples exhibited characteristic 

peaks that correspond to the phase structure of anatase (Joint Committee on Powder 

Diffraction Standards (JCPDS) Card File No.21-1272) and rutile (JCPDS Card File No.65-

0191). 

 

Figure 4.3: XRD patterns of sol gel derived pure TiO2 samples calcined at different 

temperatures (A and R represents anatase and rutile, respectively) 
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When raising the calcination temperature, increased crystal growth of anatase was 

observed. The amorphous phase observed in the TiO2-573K sample was converted to the 

crystalline phase of anatase at 673K. The relative intensity of the peaks was found to 

increase with a further temperature increase to 573K. At 873K, the crystalline phase was 

converted into a mixture of anatase and rutile. As described in Section 2.4.1, the 

transformation of anatase to rutile can occur as a result of thermal treatment (673 – 1473K) 

facilitating the bond breakage which causes the rearrangement of atoms to form rutile 

nuclei (Hanaor and Sorrell (2011)). The increased growth of the rutile nuclei has also been 

reported to occur at the expense of the anatase crystallites since the fraction of anatase 

crystallite decreases with increased rutile growth. The relative intensity and rutile fraction 

were found to increase at 973K compared to 873K, and at 1073K, the complete 

transformation of anatase to rutile was observed. 

Figure 4.3 clearly shows that increased thermal annealing facilitated the narrowing of the 

diffraction peaks; hence crystallinity became enhanced with the crystal grains increasing in 

size. The crystallite sizes of the sol-gel derived photocatalysts were quantified using the 

Scherrer equation shown in Eq. 2.27. The full width at half maximum intensity (FWHM) of 

the peaks with the highest intensities i.e. anatase (101) and rutile (110) were used in these 

quantifications. The phase content of anatase to rutile was calculated using Eq. 3.1. The 

FWHM, d spacing, average crystallite sizes, surface area and the phase content of anatase 

to rutile in the crystal lattice of the sol gel photocatalysts calcined at different temperatures 

are presented in Table 4.1. As shown in Table 4.1, the average crystallite sizes of the 

samples, i.e. anatase and rutile, increased with increasing calcination temperature. The 

phase content of anatase decreases and the phase content of rutile increases with increasing 

temperature. The TiO2-1073K sample had the highest crystal size. This is in agreement 

with the literature that thermal annealing influences the size and phase structure of the 

crystals (Yang et al. (2010), Su et al. (2004)).  

The BET specific surface area of the sol gel derived samples calcined at different 

temperatures is presented in Table 4.1.The specific surface areas of the samples decreases 

as the calcination temperature increases. The TiO2-573K sample which had the highest 

specific surface area of 112.20m
2
/g had the smallest crystallite size (0.72+0.12nm). A 

similar trend was observed by Su et al. (2004) was reported to be due to the agglomeration 
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of TiO2 nanoparticles with increased calcination temperature. The surface area is thereby 

reduced upon the formation of larger crystals with increasing calcination temperature. 

Based on the TGA and XRD results, the metal loaded TiO2 nanoparticles were calcined at 

773K. The XPS spectrum of Ti 2p on TiO2 is presented in Figure 4.4. The two broad peaks 

observed for TiO2 can be assigned to the Ti 2p spin orbit spitting into 2p3/2 and 2p1/2. 

Table 4.1: Crystalline properties of sol gel derived TiO2 photocatalysts calcined at varying 

temperatures 

Sample 

FWHM (radian) /  

d spacing (Å) 

Crystallite size (nm) / phase 

content (%) 

Surface 

area 

(m
2
/g) Anatase  Rutile Anatase  Rutile 

TiO2-573K 12.120 (4.132) - 0.72 (100.0) - 112.20 

TiO2-673K 0.880 (3.565) - 12.14 (100.0) - 77.36 

TiO2-773K 0.765 (3.524) - 13.83 (100.0) - 40.69 

TiO2-873K 0.545 (3.531) 0.425 (3.255) 23.29 (91.4) 34.86 (8.6) 36.55 

TiO2-973K 0.340 (3.537) 0.250 (3.263) 53.13 (39.7) 121.98 (60.3) 10.18 

TiO2-1073K - 0.235 (3.270) - 155.23 (100.0) 7.25 

450 455 460 465 470 475
0

2000

4000

6000

C
P

S

Binding energy (eV)
 

530 535 540 545
0

3000

6000

9000

Binding energy (eV)

C
P

S

 

Figure 4.4: XPS spectrum of Ti 2p (A) and O 1s (B) of sol-gel derived TiO2 calcined at 

773K  
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The 2p3/2 and 2p1/2 peaks appear at 458.79eV and 464.47eV, respectively. As shown in 

Figure 4.4, the peak for O 1s appears at 529.99eV and can be assigned to oxygen bound on 

TiO2. The Ti: O content of this sample is 1.42. These values are consistent with the values 

of 458.8eV and 530eV reported in the literature for anatase TiO2 (Moulder et al. (1992), 

Yang et al. (2010), Wagner et al. (2007)).  

The absorption spectrum in the range of 200-800nm for TiO2 is shown in Figure 4.5. The 

band gap energy of the catalysts was estimated using equation 2.36. The threshold 

wavelength of TiO2 is 403nm, with the band gap energy being 3.08eV.  
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Figure 4.5: UV-Vis diffuse reflectance spectrum of TiO2 calcined at 773K 

The band gap energy of the sol gel derived TiO2 differs from the value of standard TiO2 

with pure anatase phase (3.2eV) reported in Section 2.1.1. This difference could be due to 

the method of preparation. Sanchez and Lopez (1995) compared the band gap energy 

values derived from the sol gel derived pure TiO2 synthesized under acidic conditions (i.e. 

pH of sol was 3) with standard anatase TiO2. A similar trend of decreased band gap energy 

value compared to standard TiO2 was observed. This phenomenon was attributed to the 

formation of oxygen vacancies during the dehydration of the sol which led to stoichiometry 

deficiency of Ti and O during the sol gel process. Wu et al. (2001) also proposed that the 

band gap was dependent on the defects (i.e. vacancies) in the TiO2 lattice and crystalline 

structure which is strongly influenced by the method of preparation. 
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Representative TEM micrographs of different magnifications of TiO2 are illustrated in 

Figure 4.6. The morphology of the TiO2 nanoparticles was uniform, with the particle size 

distribution within the range of 10 – 15nm. The estimated particle sizes are in good 

agreement with the average crystallite size derived from XRD (Table 4.1). The high 

resolution TEM micrograph presented in Figure 4.6b shows that TiO2 is a polycrystalline 

material with the interplanar distance between the lattice fringes being 3.54Å. This value 

corresponds to the reported values of the 101 plane of anatase TiO2 (Wu et al. (2008), Zhao 

et al. (2012)).  

  

Figure 4.6: TEM micrograph of sol-gel derived TiO2 calcined at 773K  

4.1.2 SiO2-TiO2 MONOLITHS 

The monoliths were dip-coated with the sols prepared using the procedure described in 

Sections 3.1.2.1 and 3.1.2.2. The pH of the sols was monitored in order to prevent the 

precipitation of the alkoxide precursors (Section 4.1.1.1). 

4.1.2.1 pH MONITORING OF SiO2 and TiO2 SOL 

For SiO2 sols, a mixture of ethanol and water was directly added to tetraethyl orthosilicate 

(Section 3.1.21). The sol became turbid (milky white) due to the coagulation of SiO2 

particles which indicated hydrolysis had occurred. Wu and Cheng (2000) also observed that 

A B 

d=3.54Å 
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their sol became cloudy during the hydrolysis of zirconium alkoxide precursor. The pH of 

the SiO2 sol in this study was 7.1. Hydrochloric acid was then added drop wise to the 

mixture in order to stabilize the sol and thus facilitate the formation of smaller particles and 

decrease the gelation time. When the pH of the sol was 2, a clear and transparent sol was 

formed in which the monoliths were dip-coated. After drying and calcination, the weight of 

two layers of SiO2 coating on the monolith was 1.0146g. It can be inferred that the silica sol 

absorbed by the catalyst during dip coating was retained in the monolithic structure 

following calcination. For the TiO2 sol, the pH was 3.10 after 16 hours of stirring the 

precursors. The dual SiO2 coated monolith was then submerged into this sol. The weight of 

the TiO2 coating on top of the SiO2 layer after drying and calcination at 773K was 0.73g. 

4.1.2.2 CHARACTERIZATION OF SiO2-TiO2 MONOLITHS 

The morphology and thickness of the coatings were analyzed by SEM. Figures 4.7a - f 

illustrates the morphology of the pores of the bare monolith, SiO2 and TiO2 coated 

monoliths, respectively. Different size distribution within the range of 5 - 18µm of the pore 

spaces can be seen on the surface of the monolith in Figure 4.7a. After two layers of SiO2 

coating (16.54 µm), some of these pore spaces seem to have been filled with SiO2 (Figures 

4.7b). The catalysts (TiO2) were uniformly dispersed on the surface of the pre-coated SiO2 

layer (Fig. 4.7c) instead of being embedded within the pores of the monolith. Figures 4.7d – 

f shows the cross-sectional views of the monolith. Film thickness of 16.54 and 7.38µm 

were obtained after dip coating the monolith with SiO2 and TiO2 sol (Figure 4.7e and f).  

The uniformity of titania coating on the monolith channel was analysed by SEM, as shown 

in Figure 4.7g-i. The thickness of the TiO2 deposited layers present on the top, middle and 

bottom section of the monolith were 7.25µm, 7.87µm and 7.11µm, respectively. To further 

investigate the effect of coating SiO2 on the bare monolith, changes in porosity before and 

after SiO2 and TiO2 coatings were characterized by mercury porosimetry (MP), as 

presented in Figures 4.8 - 4.10 and Table 4.2. The bare monolith illustrated in Figure 4.8 

which presented a macropore distribution with the maximum centred at 3.84µm is in 

agreement with the literature (Moreno-Castilla and Perez-Cadenas (2010)). Pore sizes 

below 0.07 µm were not observed, but are found in the other samples.  
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Figure 4.7: SEM micrographs where A – C, D - F and G –I represents the top and cross 

sectional views of the bare monolith, SiO2 coated monolith and TiO2 on SiO2 monolith 

samples and sections of TiO2 coated monolith, respectively 
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Figure 4.8: Pore size distribution of the bare monolith samples where A represents the 

cumulative intrusion and B represents the differential intrusion volume 

 

Figure 4.9: Pore size distribution of SiO2 coated monolith samples where A represents the 

cumulative intrusion and B represents the differential intrusion volume 

A B 

A B 
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Figure 4.10: Pore size distribution of TiO2 coated monolith samples where A represents the 

cumulative intrusion and B represents the differential intrusion volume 

Table 4.2 shows the decrease in porosity and the total volume of Hg forced into the pores of 

the monolith under applied pressure after two layers of SiO2 coating and a layer of TiO2 

coating. The volume decreased with subsequent coatings. After the monolith was coated 

with SiO2 sol twice, the porosity of the monolith decreased from 59.37% to 44.27%.  

Table 4.2 Mercury porosimetry results of the monolith samples  

 

 Bare monolith SiO2-monolith TiO2/SiO2 monolith 

Porosity (%) 59.37 44.27 37.71 

Total intrusion volume (mL/g) 0.21 0.19 0.17 

Average pore diameter (Å) 420 283 157 

The intrusion volume also decreased for this pore range due to more accessible macropores 

being filled with SiO2 crystals. The log differential volume (Figure 4.9b) of Hg intruded 

which was calculated using the log of differential pore sizes also decreases compared to the 

bare monolith (Figure 4.8b). Different pore size distributions within the range of 0.01 - 0.09 

µm were now observed due to the space between the SiO2 crystals formed on the monolith 

(Figure 4.9). This is in good agreement with the SEM results of the monoliths which 

indicate that the pores were filled with SiO2. Smaller pore distribution was also observed 
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after 1 coat of TiO2 sol was applied on the pre-coated SiO2 monolith. The intrusion volume 

and porosity further decreased to 0.17 mL/g. and 37.71% due to smaller interparticle spaces 

created after TiO2 sol was coated on the monolith (Figure 4.10).  

The XRD pattern of the pure TiO2 monolith sample is presented in Figure 4.11. After 

calcination at 773K, the diffraction pattern corresponds to anatase phase TiO2. Additional 

peaks of rutile were observed at ca. 27.28
o
 and 36.03

o
. The crystallite sizes of this 

photocatalyst quantified using the Scherrer equation presented in Eq. 2.27 was 14.92nm 

and 12.04nm for anatase and rutile, respectively. The lattice constants (a & c) typical of the 

tetragonal structure of anatase calculated based on the anatase (101) diffraction peak were 

3.7892Å and 9.4803Å, respectively. BET measurement was conducted on pure TiO2 and 

the specific surface area was 26.72m
2
/g. 

The UV-Vis diffuse reflectance spectra within the wavelength range of 200-800nm for the 

SiO2 and TiO2 coated monoliths are shown in Figure 4.12. The band gap energy of the 

samples was estimated using equation 2.36. The threshold wavelengths of SiO2 and TiO2 

are 305 and 400nm, with the band gap energy being 4.07 and 3.1eV respectively. The band 

gap energy of TiO2 is lower than the reported values of anatase TiO2 (3.2eV). This is 

probably due to the presence of rutile phase in the sol gel synthesized sample. 

 

Figure 4.11: XRD pattern of sol gel derived pure TiO2 monolith sample calcined at 773K 

(A and R represents anatase and rutile respectively) 
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Figure 4.12: UV-vis diffuse reflectance spectra of SiO2 (A) and TiO2 (B) coated monoliths  

4.2 Pd/Rh-TiO2 NANOPARTICLES AND MONOLITHS 

4.2.1 INTRODUCTION 

The overall process efficiency of solar fuel production is determined by the 

physicochemical properties of the catalyst and its configuration in photoreactor systems. 

Previous studies have shown that the textural properties and photoconversion efficiency can 

be improved by anchoring photocatalysts onto supports (Section 2.5). Until now, it remains 

unclear how the combined role of Pd and Rh doping influences the performance of TiO2 for 

CO2 reduction in different photoreactor configurations. To gain this understanding, a series 

of single and co-doped Pd and Rh-TiO2 nanoparticles were tested in a liquid phase 

photoreactor system (Section 3.4.1). Since the effect of these metal loaded photocatalysts 

on supports have not been explored for CO2 reduction, these catalysts were immobilized 

onto ceramic honeycomb monoliths threaded with optical fibers (Section 3.4.2). The results 

from this catalyst configuration were compared to the suspended nanoparticles in H2O. 
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4.2.2. CATALYST CHARACTERIZATION 

4.2.2.1 MORPHOLOGY AND PHASE STRUCTURES 

To investigate the effect of loading different amounts of Pd and Rh on the photocatalytic 

performance on TiO2 nanoparticles, single and co-doped TiO2 nanoparticles with different 

amount of Pd and Rh (0.006 – 1.5 wt%) were loaded simultaneously under identical 

experimental conditions. Amongst the single loaded catalysts, 1wt% Pd and 0.01wt% Rh 

gave the maximum performance, and therefore, these ratios were then used for co-doping. 

Figures 4.13 and 4.14 illustrate the XRD patterns of 0.01wt% Rh-TiO2, 0.5wt%Pd-TiO2, 

1wt%Pd-TiO2, 1wt%Pd/0.006wt% Rh-TiO2 and 1wt%Pd/0.01wt% Rh-TiO2 for the metal 

loaded nanoparticles and monolith samples. After calcination at 773K, all diffraction peaks 

for the metal loaded nanoparticles can be indexed to the tetragonal anatase phase TiO2 

which was confirmed by comparison with the Joint Committee on Powder Diffraction 

Standards (JCPDS) Card File No.21-1272.  

 

Figure 4.13: XRD patterns of (1) 0.01wt% Rh-TiO2 (2) 0.5wt% Pd-TiO2 (3) 1wt% Pd-TiO2 

(4) 1wt% Pd/0.006 wt% Rh-TiO2 5) 1wt% Pd/0.01 wt% Rh-TiO2 nanoparticles calcined at 

773K (A: anatase, P1: palladium (II) oxide and P2: palladium metal) 

The phase structures of Pd elements on the surface of TiO2 nanoparticles were observed by 

the characteristic diffraction peaks of palladium (II) oxide (PdO) at ca. 33.8
o 

(JCPDS Card 
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File No.41-1107) for all the samples of both the metal doped nanoparticles and monoliths, 

except for the 0.01wt% Rh-TiO2 sample probably due to low metal loading ratio. The peak 

intensities of the peaks of PdO increased with increasing Pd concentration. Addition peaks 

of palladium (Pd) at ca. 40.1
o
 (JCPDS Card File No.46-1043) were further observed in the 

1wt% Pd-TiO2, 1wt% Pd/0.006 wt% Rh-TiO2 and 1wt% Pd/0.01 wt% Rh-TiO2 sample of 

the metal doped nanoparticles only (Figure 4.13). The diffraction patterns suggest that the 

samples are well crystallized with the crystallite grain size for anatase within 11.09 – 14.42 

nm (Table 4.3). The standard error of the crystallite size measurement via XRD is within 

the range of ± 0.1 - 0.2%. The crystallize size of the single and co-doped metal TiO2 

nanoparticles increased compared to crystallite size of pure TiO2 (Table 4.1). Additional 

peaks of rutile were detected for the monolith samples of 1wt% Pd-TiO2, 1wt% Pd/0.006 

wt% Rh-TiO2 and 1wt%Pd / 0.01wt% Rh-TiO2 at ca. 27.44
o
, 36.08

o
 and other positions; 

probably due to heat transfer along the parallel channels of the monolith. An increased 

growth of rutile nuclei was observed in the single and co-doped 1wt%Pd-TiO2 sample with 

increasing Rh concentration.  

 

Figure 4.14: XRD patterns of (1) 0.01wt% Rh-TiO2 (2) 0.5wt% Pd-TiO2 (3) 1wt% Pd-TiO2 

(4) 1wt% Pd/0.006 wt% Rh-TiO2 5) 1wt% Pd/0.01 wt% Rh-TiO2 monoliths calcined at 

773K (A, R and P represents anatase, rutile and palladium (II) oxide, respectively) 
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Table 4.3: Physicochemical properties of nano-sized metal doped TiO2 

 

 Crystallite size (nm) / 

phase content (%) 

Lattice  

parameters 

Surface area 

(m
2
/g) 

Bandgap 

(eV) 

EDS 

 (at %) 

Anatase Rutile  PdO a 

 (nm) 

c 

 (nm) 

Metal loaded 

nanoparticles  

0.01wt% Rh-TiO2 13.85 - - 3.7863 9.5113 46.44 2.98 0.20 

0.5wt% Pd-TiO2 14.06 - 16.05 3.6866 10.5104 40.78 3.06 0.40 

1wt% Pd-TiO2 14.06 - 24.13 3.7074 10.5182 46.23 3.01 0.64 

1wt%Pd/0.006wt% 

Rh-TiO2 
13.86 - 25.76 3.7298 10.5584 48.11 2.96 

Pd – 0.71 

Rh – 0.04 

1wt%Pd/0.01wt% 

Rh-TiO2 
14.42 - 32.14 3.7437 10.5984 47.47 2.96 

Pd – 0.71 

Rh – 0.16 

Monolith 

samples 

0.01wt% Rh-TiO2 12.52 - - 3.7533 9.634 43.44 2.95 0.24 

0.5wt% Pd-TiO2 11.91 - 10.91 3.6290 12.9047 43.53 3.04 0.37 

1wt% Pd-TiO2 
11.44 

(90.30) 

13.60 

(9.30) 
15.76 3.6441 12.9372 46.79 3.00 

0.69 

1wt%Pd/0.006wt% 

Rh-TiO2 

11.09 

(84.40) 

22.89 

(15.60) 
18.08 3.6472 12.9443 49.86 2.97 

Pd – 0.74 

Rh – 0.05 

1wt%Pd/0.01wt% 

Rh-TiO2 

10.57 

(80.60) 

23.12 

(19.40) 
20.96 3.6533 12.9846 51.13 2.91 

Pd – 0.74 

Rh – 0.21 
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The peak of rutile was not detected in the 0.01wt% Rh-TiO2 sample by XRD. This could 

also be due to the low metal content and the high dispersion of Rh all through the structure 

of TiO2. This is in agreement with other methods where different loading ratios were used 

(Sahu and Biswas (2011)). The relative intensity of the main anatase peak (101) of the 

monolith samples was higher than that of the metal loaded nanoparticles, with peak 

broadening occurring due to the decrease in crystallite size. The crystallite grain size for 

rutile was 12.04 nm for TiO2 (Section 4.1.2.2) and 23.12 nm for 1wt%Pd / 0.01wt% Rh-

TiO2, respectively. Comparison of the anatase (101) peak positions of the pure TiO2 

(25.30
o
) with peak positions of 0.5wt% Pd (25.45

o
) and 1wt% Pd-TiO2 (25.49

o
) 

nanoparticles indicates a shift towards higher angles with increased metal concentration. 

Similar trend was also observed for the Pd-TiO2 monoliths. The lattice constants (a & c) 

typical of the tetragonal structure of anatase calculated based on the anatase (101) 

diffraction peaks of the Pd-TiO2 samples are listed in Table 4.3. For the Pd doped 

monoliths, the lattice constant ‘a’ decreased compared to pure TiO2 and slightly increases 

with increased doping ratios while an increase along the ‘c’ axis occurs compared to pure 

TiO2 (Section 4.1.2.2). A similar trend is observed for the Pd doped nanoparticles. This 

suggests that Pd
2+

 ions might be incorporated in Ti
4+

 sites substitutionally due to the 

difference of the ionic radii between the host (0.68Å) and dopant (0.80Å) ions (Li et al. 

(2005)). This assumption cannot be made with certainty since the percentage of dopant 

present in the lattice as metal ions or oxides cannot be determined by XRD alone. 

Measurements like X-ray absorption spectroscopy (XAS) need to be made in the future to 

confirm this assumption.  

The BET specific surface areas of both the metal loaded nanoparticles and monoliths are 

shown in Table 4.3. The standard error of the surface area measurement via BET is within 

the range of ± 0.1 - 0.26%. It is evident from Table 4.3 that Pd and Rh doping influences 

the textural properties of the sol gel derived photocatalysts. The surface areas of the 

photocatalysts were within the range of 40.78 – 51.13 m
2
/g. An increase in specific surface 

area occurs as TiO2 doped with metals for the metal based TiO2 nanoparticles and monolith 

samples. For the co-doped monolith samples, an increase in surface area is observed 

compared to the 1wt% Pd-TiO2 sample while the surface area decreased on the addition of 

0.01wt%Rh and increases on the addition of 0.006wt% Rh for the co-doped nanoparticles. 

Figures 4.15 a and b show the surface morphology of the 1wt% Pd / 0.01wt% Rh-TiO2 
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nanoparticles and monolith. Aggregates of spherical shaped particles of varying sizes were 

observed from the SEM micrographs of 1wt% Pd / 0.01wt% Rh-TiO2 nanoparticles using 

the magnification of 140,000x. The metal phase of palladium (II) oxide was not observed 

on the SEM micrograph of the sample. For the monolith, no significant difference in 

morphology could be seen from the micrographs of the metal loaded TiO2 monoliths 

compared to pure TiO2 (Figure 4.7b). The atomic concentrations of the metallic elements of 

the samples listed in Table 4.3 using EDS confirm the presence of the metals. As shown in 

Figure 4.15c, the high resolution TEM (HRTEM) image of the 1wt% Pd / 0.01wt% Rh-

TiO2 monolith shows that the particles were polycrystalline with the size distribution within 

the range of 6 – 34nm. The crystal lattice spacing (3.58Å) of the sample corresponds to the 

anatase phase of TiO2. The metal phase of Pd could not be seen from the TEM image as 

well. The change in porosity of the 1wt% Pd / 0.01wt% Rh-TiO2 monolith was 

characterized by mercury porosimetry as presented in Figure 4.16. The porosity and total 

intrusion volume for the sample were 38.13% and 0.10 mL/g, respectively. A comparison 

between these values and the porosity (44.27%) and total intrusion volume (0.19 mL/g) for 

the SiO2 coated monolith (Section 4.1.2.2) indicates a decrease in porosity and total 

intrusion volume. As shown in Figure 4.16, the cumulative and log differential intrusion 

volume also decrease when compared to the micrographs of the SiO2 coated monolith 

(Figure 4.9).  

Figure 4.15: SEM micrographs of 1wt% Pd/0.01 wt% Rh-TiO2 (A) powder (B) monolith 

(C) high resolution TEM image of the monolith sample 
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Figure 4.16: Pore size distribution of 1wt%Pd/0.01wt% Rh-TiO2 monolith where A 

represents the cumulative intrusion and B represents the differential intrusion volume 

4.2.2.2 XPS ANALYSIS 

The high resolution XPS spectra of Pd 3d, Rh 3d and O 1s of 1wt%Pd/0.01wt% Rh-TiO2 

for both the powder and monolith samples before and after photocatalytic reaction are 

presented in Figures 4.17 and 4.18, respectively. As shown in Figure 4.17a, the two broad 

peaks observed for 1wt%Pd/0.01wt% Rh-TiO2 in both samples can be assigned to the Pd 

3d spin orbit splitting into 3d3/2 and 3d5/2. For the metal loaded nanoparticles, the Pd 3d3/2 

peaks formed a doublet with signals occurring at 340.1 eV and 340.7 eV, corresponding to 

base palladium metal and at 341.9 eV and 342.0 eV, corresponding to to the oxide present 

in Pd, respectively (Wagner et al. (2007), Noack and Zbinden (1990)). For the monolith 

samples, the peaks at 334.8 eV and 340.1 eV correspond to metallic Pd while peaks at 

336.4 eV and 341.8 eV correspond to the oxide present in Pd (Wagner et al. (2007), Noack 

and Zbinden (1990)). The surface atomic concentrations for the 1wt% Pd/0.01%Rh-TiO2 

powder sample are 0.25% (Pd) and 0.02% (Rh) while the atomic concentrations of Pd and 

Rh are 0.31% (Pd) and 0.07% for the monolith sample. Comparison of the surface atomic 

concentration values derived from XPS to the atomic values derived from EDS analysis 

(Table 4.3) for this sample might indicate that palladium was mainly present in the lattice. 

A B 
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Figure 4.17: XPS spectra of 1wt% Pd/0.01%Rh-TiO2 powder (left) and monolith (right) 

samples (A) Pd 3d (B) O 1s and (C) Rh 3d before photocatalytic reaction. 
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Figure 4.18: XPS spectra of 1wt% Pd/0.01%Rh-TiO2 powder (left) and monolith (right) 

samples (A) Pd 3d (B) O 1s and (C) Rh 3d after photocatalytic reaction. 
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For the powder sample, the XPS spectra of the O 1s region in Figure 4.17b shows that 

oxygen exists in three forms on the sample surface with the binding energies of 529.9, 

529.1 and 531.7eV. The main peak appears at 529.9eV and can be assigned to lattice 

oxygen O 
2-

. This value is consistent with the value of 530eV reported in the literature for 

anatase (Wagner et al. (2007)). The peak at 529.1eV probably corresponds to the O 1s peak 

of PdO. The binding energy of the O 1s peak of the Pd foil samples prepared by Kim et al. 

(1974) was at 529.3eV and corresponds to PdO. The other peak at 531.7eV can be 

attributed to the surface oxygen by hydroxyl species on the sample surface (Wang et al. 

(2013), Zhang et al. (2011)). Conversely, the binding energies of the O 1s peak for the 

monolith sample were at 530 and 531.6eV. The peak at 530eV is attributed to lattice 

oxygen O
2-

, while the peak at 531.6eV is attributed to surface adsorbed components of 

hydroxyl (OH
-
) group (Wang et al. (2013)).  

The two broad peaks for Rh observed in both powder and monolith samples can be 

assigned to the Rh 3d spin orbit splitting into 3d3/2 and 3d5/2 (Figure 4.17c). The 3d3/2 peaks 

for the monolith samples appear at identical positions of 309.6 eV, which corresponds to 

Rh2O3 (Wagner et al. (2007)). The Rh 3d5/2 peaks for the monolith sample appears at 314.4 

eV, while the peaks appear at 313.6 eV and 314.5 eV, respectively, for the metal loaded 

nanoparticles. 

The Ti 2p binding energies of the powder and monolith samples are 458.7eV for Ti 2p3/2 

and 464.4 and 464.3eV for Ti 2p5/2. This implies that Ti exists as Ti
4+

, which is consistent 

with the values of Ti
4+ 

in
 
pure TiO2 (Section 4.1.1.3) and those reported in the literature 

(Wagner et al. (2007)). After peak fitting, the relative concentrations of Pd species were 

calculated based on the summation of the corresponding peak areas, which gives a 3d5/2 and 

3d3/2 ratio equal to 44.9%/23.1% for Pd
2+

 and 12.5%/19.5% for Pd
0
 before photoreaction 

and 43.9%/23.9% for Pd
2+

 and 13.1%/19.1% for Pd
0
 after photoreaction. These results 

indicate that the 3d5/2 and 3d3/2 ratios of Pd species did not change significantly during the 

photoreduction process. The same trend was observed for the monolith samples. 

4.2.2.3. UV-VIS ANALYSIS 

The effect of Pd and Rh doping on TiO2 nanoparticles and monoliths was observed by the 

UV-vis diffuse reflectance in the wavelength ranges of 200-800nm, as shown in Figure 
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4.19. The band gap energies were in the range of 2.91-3.10 eV (Table 4.3). All experiments 

were repeated thrice for verifying reproducibility. The standard error of the band gap 

measurement via UV-vis is within the range of ± 0.04 - 0.15%. The band gap absorption of 

TiO2 for both the metal loaded nanoparticles and monolith samples exhibited similar 

absorption edges of ca. 400nm (Sections 4.1.1.3 & 4.1.2.2). The band gap energies of the 

catalysts decreased upon the addition of Pd and Rh, causing a slight shift of the absorption 

edge and light absorption towards the visible light region. Aside from the slight decrease in 

band gap energy observed for all the catalysts compared to TiO2, the shift towards visible 

light could be due to the charge transfer between the band edge (conduction or valence 

band) of the semiconductor and the d electrons of the dopant ion (Sahu and Biswas (2011). 

For the co-doped Pd samples, the presence of Pd and Rh also decreased the band gap 

energy when compared to the band gap energy of pure TiO2. The results are comparable to 

reported studies on Pd doped TiO2 catalyst (Yu et al. (2011).  

 

Figure 4.19: UV-vis diffuse reflectance spectra of powder (left) and monolith (right) (a) 

0.5wt%Pd-TiO2 (b) 1wt%Pd-TiO2 (c) 0.01wt%Rh-TiO2 (d) 1wt% Pd/0.006wt%Rh-TiO2 (e) 

1wt% Pd/0.01wt%Rh-TiO2 samples 

4.2.2.4. CO CHEMISORPTION 

The specific surface area and dispersion of the active Pd atoms available to catalyse surface 

reactions in the monolith samples were measured by using CO as an adsorbate (Section 

2.7.1.3). A 1:1 CO: Pd stoichiometry was assumed. Figure 4.20 presents the specific 



                                    

141 

 

surface area and dispersion of the Pd-TiO2 based monoliths. As shown in Figure 4.20, the 

Pd samples presented the highest values of both specific surface area (212m
2
/g) and 

dispersion (48%) when the doping ratio was 1wt%. With increasing Pd concentration, the 

surface area and dispersion of the metal atoms present in the samples decreased. The 

decrease is probably due to the formation and growth of 3 dimensional Pd crystallites 

which was confirmed by XRD and XPS for the metal based monoliths. Tseng and Wu 

(2002) and Tseng et al. (2004) observed that higher Cu loadings resulted in lower 

dispersion of this metal on the surface of Cu-TiO2 catalysts. The fraction of Cu present on 

the surface of TiO2 was also reported to influence methanol production during CO2 

reduction since an optimal amount of Cu needs to be dispersed on the photocatalyst surface 

to facilitate charge transfer and sustain their mobility. 
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Figure 4.20: Specific surface area and dispersion of Pd in Pd-TiO2 based monoliths (A) 

1wt%Pd-TiO2 (B) 1.5wt%Pd-TiO2 (C) 1wt% Pd/0.006wt%Rh-TiO2 (D) 1wt% 

Pd/0.01wt%Rh-TiO2 samples measured by CO chemisorption 

4.2.3. PHOTOREDUCTION OF CO2 WITH H2O  

4.2.3.1 LIQUID PHASE PHOTOREACTOR SYSTEM 

Figure 4.21 shows the production rate of methane over various metal loaded TiO2 

nanoparticles under UVA. Methane was found to be the major product in the gas phase, 

with other products such as acetaldehyde and methanol not being observed within the 
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detection limit of the GC for hydrocarbons, 0.05µg/ml in both the liquid and gas phase. All 

experiments were repeated thrice for verifying the reproducibility. It was observed that the 

loading of TiO2 with Pd and Rh enhanced the photocatalytic conversion compared to pure 

TiO2. The optimum amount of Pd and Rh loading on TiO2 was found to be 1wt% and 

0.01wt% for the single Pd and Rh loaded catalyst, respectively. Amongst these catalysts, 

the maximum production of methane, 0.06 µmol/g-cat h and 0.04 µmol/g-cat h was 

observed over the 1wt% Pd-TiO2 and 0.01wt% Rh-TiO2 catalyst, respectively, using the 

stirred batch annular photoreactor following 1.5 hours of light irradiation (Figure 4.21). 

After the optimal loading ratio of 1wt%, a decrease in photocatalytic activity was observed 

using higher loading ratios. Therefore, the loading ratio of 1wt%Pd was chosen for co-

doping with Rh to determine if the photocatalytic activity could be further improved. 
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Figure 4.21: Methane production rate over the metal loaded TiO2 nanoparticles following 

1.5hours of UVA light irradiation (A) TiO2 (B) 0.01wt%Rh-TiO2 (C) 1wt%Pd-TiO2 (D) 

1.5wt% Pd-TiO2 (E) 1wt% Pd/0.006wt%Rh-TiO2 (F) 1wt% Pd/0.01wt%Rh-TiO2  

Using the co-doped catalyst, 1wt%Pd/0.01wt%Rh-TiO2, methane production decreased to 

0.03 µmol/g-cath from 0.06 µmol/g-cath, while it increased to 0.07 µmol/g-cath using the 

1wt%Pd/0.006wt%Rh-TiO2 after 1.5 hours of light irradiation. The decrease could be due 

to the coverage of the surface of TiO2 from the increased metal concentration and thus 

inhibiting interfacial charge transfer due to insufficient amount of light energy available for 

activation of all the catalyst particles. Tseng et al. (2002) reported that the high 
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concentration of metal particles i.e. > 2wt% Cu can reduce photon absorption by TiO2, and 

thus resulting in lower efficiency.  

The mixing speed and the light source arrangement (placed at opposite sides of the reactor) 

can also be contributing factors, as the exposure of the catalyst to light irradiation and 

contact efficiency between the catalyst and reactants will be determined by these factors 

(Mukherjee et al. (1999)). Although the concentration of methanol and acetaldehyde were 

negligible in the liquid and gas phase, this result is consistent with literature which 

indicates that methane is the major product for CO2 photoreduction using Pd deposited 

TiO2 in the liquid phase reactor (Ishitani et al. (1993), Yui et al. (2011)). The production 

rate of methane was found to be 35 times higher than pure TiO2, with little or no methanol 

and acetaldehyde production observed in their system. These hydrocarbons were also not 

detected in the liquid phase when similar experiments were carried out in a liquid phase 

photoreactor system using copper as a support system (Liu et al. (2012)). 

4.2.3.2 INTERNALLY ILLUMINATED MONOLITH REACTOR SYSTEM 

 Figure 4.22 presents the production rate of methanol and acetaldehyde over different kinds 

of catalyst when the monolith threaded with optical fibers was used as a catalyst support. 

The experiments were repeated thrice to check for reproducibility, with the production rates 

averaged and the standard deviations reported. Acetaldehyde and methanol were found to 

be the major products in the gas phase, with the concentration of other products such as 

methane not detected within the detection limit of the GC for hydrocarbons which is 

0.05µg/ml. TiO2 shows negligible activity compared to the metal coated monolithic 

catalyst. When the 1wt%Pd-TiO2 sample was immobilized on the monolith threaded with 

optical fibers, only acetaldehyde production was observed, while methanol and 

acetaldehyde production were observed using the 0.01wt%Rh catalyst. Conversely, when 

Pd and Rh were employed as co-dopants, improved average acetaldehyde production rate 

of 0.21 µmol/g-cat h was measured using the 1wt%Pd/0.01wt%Rh-TiO2 catalyst after 4 

hours. Decreased product rates were observed when the loading ratio Rh was reduced to 

0.006wt%. As shown in Figure 4.22, the production rate of acetaldehyde over the 1wt%Pd-

TiO2 catalyst decreased from 0.06 µmol/g-cat h to 0.03 µmol/g-cat h when the monolith 

was used as a sole support without optical fibers.  
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Figure 4.22: Methanol and acetaldehyde production rate over the metal loaded TiO2 

monoliths threaded with optical fibers following 4 hours of UVA light irradiation (A) TiO2 

(B) 0.01wt%Rh-TiO2 (C) 1wt%Pd-TiO2 (D) 1wt%Pd-TiO2 without optical fibers (E) 1wt% 

Pd/0.006wt%Rh-TiO2 (F) 1wt% Pd/0.01wt%Rh-TiO2  

A similar phenomenon was demonstrated when Rh was deposited on pure TiO2 and WO3 - 

TiO2 (Solymosi and Tombacz (1994)). The deposition of Rh on pure TiO2 and WO3 - TiO2 

was found to influence product selectivity and production, as methanol and formic acid 

production were only observed on these catalysts and not on WO3 - TiO2 (Solymosi and 

Tombacz (1994)). The electronic interaction between Rh and TiO2 is attributed to their 

different work functions (4.98eV for Rh and 4.6eV for TiO2) ((Solymosi and Tombacz 

(1994)), Solymosi et al. (1985b)). Since the work function of the electrons in Rh and Pd 

(varies from 5.0- 5.12eV) (Erdohelyi et al. (1986), (Dean (1999)) is larger than that of the 

semiconductor, TiO2, electrons will flow from the semiconductor to these metals (Solymosi 

and Tombacz (1994), Erdohelyi et al. (1986)). Electron donating activities on Rh and Pd 

surfaces may promote CO2 activation to form the radical anion, CO2
-
. Light irradiation of 

the adsorbed layer containing CO2 can enhance the extent of electron transfer with its 

surface concentration of the adsorbate further increasing and undergoing CO2 reduction 

(Solymosi et al. (1985a). The production of hydrocarbons can thus be ascribed to the 

transfer of electrons from TiO2 to Rh and/or Pd which participated in CO2 reduction before 

electron-hole recombination or oxidation reaction occurred on the surface of TiO2.  
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Figure 4.23 shows the effect of reaction time on the production rate of methanol and 

acetaldehyde using the 0.01wt% Rh-TiO2 catalyst. The rate of methanol and acetaldehyde 

production steadily increases till the 8
th

 hour. The steady state production rates observed in 

Figure 4.24 was due to the presence of less vacant sites available to participate in 

photoreduction. Figure 4.24 shows the effect of reaction time on the production rate of 

methanol and acetaldehyde using the 1wt%Pd/0.01wt% Rh-TiO2 catalyst. Acetaldehyde 

formation on this catalyst was more favorable compared to methanol formation. Maximum 

acetaldehyde formation rate of ca. 0.26 µmol/g-cat h was achieved after 3 hours, while the 

rate of ca. 0.12 µmol/g-cat h was attained for methanol production after 4 hours. There was 

a decline in product formation rate for this catalyst after 4 hours which was probably due to 

insufficient photon energy to drive the reaction. Liu et al. (2013) also observed the same 

decline in production rates of CO and CH4 over Cu based TiO2 photocatalysts after 2 hours 

of light irradiation. This phenomenon was attributed to the saturation of adsorption sites 

with the intermediate products and the oxidation of products back into CO2 by the O2 

generated from the reaction.  
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Figure 4.23: Effect of reaction time on product rate using the 0.01wt%Rh-TiO2 monolith 

sample 

Overall, the presence of Pd and Rh enhanced the photo-activity of TiO2, with the metal 

loaded TiO2 coated monoliths demonstrating better product formation rates than the metal 
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loaded TiO2 nanoparticles suspended in the liquid phase photoreactor. This was probably 

due to increased light utilization efficiency, slight increased surface area and better contact 

efficiency between the monoliths and reactants (Table 4.3). Conversely, reduced 

penetration depth of UV light into the reaction medium was probably responsible for the 

lower fuel production rate in the liquid phase photoreactor system. Improved activity could 

also be due to the presence of the crystalline phase of anatase with a small percentage of 

rutile (Figure 4.14). The synergistic effect between the two crystalline phases probably 

retarded electron hole recombination through the creation of energy wells which serve as an 

electron trap formed from the lower band gap of rutile (Bouras et al. (2007)).  
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Figure 4.24: The effect of reaction time on product rate using the 1wtPd%/0.01wt%Rh-

TiO2 monolith sample 

The extent of mixing and mass transfer rate have been identified as the plausible reasons 

for the difference between the slurry batch and the continuous gas phase monolith reactors 

in the degradation of 1, 2 dichlorobenzene in waste water stream (Lin et al. (2002)). They 

also identified the difficulty in maintaining homogeneous dispersion due to particles 

aggregation and insufficient light utilization by titania particles as drawbacks in liquid 

phase photoreactor compared to continuous gas phase monolith systems. Lin et al. (2002) 

also observed that the latter presented better processing rates and throughput compared to 

the former i.e. the liquid phase photoreactor is limited in the processing volume of the 

reactants at any given time as opposed to larger reactant volume in the continuous gas 
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phase monolith systems. Due to the different configurations of the photoreactors, the 

estimation of the space yield or throughput, product rate and quantum efficiency were used 

as standards for evaluating the performance of CO2 photoreduction in the system here. 

Table 4.4 highlights the optimal parameters used in both systems for these quantifications.  

Table 4.4: Comparison between the liquid phase and internally illuminated monolith 

photoreactor using the 1wt%Pd/0.01wt%Rh-TiO2 catalyst 

 

a 
Catalyst loading was measured from the difference between the dry weight of the monoliths coated 

with SiO2 and M-TiO2 where M represents the metal. 
b
 Light intensity was measured by rotating the radiometer at 60

o
C every 15 minutes to get an 

average of 6 readings at the corners of the photoreactor. 
c
 Production rate was derived from the average production rate following 4 hours of light 

irradiation. 
d
 Space yield was measured based on the reactor volume of 216 cm

3
.  

e
 Quantum efficiency = (number of electrons (n) x mole of hydrocarbon production rate / mole of 

UV photon absorbed by the catalyst) x 100 where  n represents 6 for methanol, 8 for methane and 

12 for acetaldehyde.  

The space yield which represents the production rate formed per time and volume of the 

reactor was higher in the internally illuminated monolith reactor than the liquid phase 

System Liquid phase photoreactor   Internally illuminated monolith 

photoreactor 

Catalyst loading 
a
 0.1522g 0.1099g 

Light source Mercury lamp, UVA 

3.22 mW/cm
2
 

Mercury lamp, UVA 

41.62 mW/cm
2 b

 

Pressure 1.0 bar 1.0 bar 

Temperature 25
o
C 25

o
C 

Product type Methane Methanol / Acetaldehyde 

Product rate  

(µmol/g-cat h) 

0.03 0.10 / 0.21
c
 

Space yield 
d 

( µmol/h m
3
) 

42.28 50.88 / 106.85 

Quantum 

efficiency
 e
 

0.002%   0.015% / 0.047% 
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(batch) photoreactor. The product rate of the 1wt%Pd/0.01wt% Rh-TiO2 catalyst is higher 

in the internally illuminated monolith reactor than the liquid phase photoreactor (Table 4.4). 

The photon flow for each reactor system must also be considered when calculating the 

quantum efficiency which represents the number of reacted molecules per photon absorbed 

(Du et al. (2008)). The quantum efficiency of the internally illuminated monolith reactor, 

0.047% is 23.5 times higher than that of the liquid phase reactor, 0.002%.  

This is due to the low light utilization efficiency of the liquid phase reactor which results 

from absorption and scattering of the light by the reaction medium. There is also restricted 

processing capacity due to mass transport limitations (Nguyen et al. (2008)). Conversely, 

higher conversion efficiency has been demonstrated with the monolith photoreactor due to 

its flexible configuration, which allows maximum exploitation of the combined advantages 

of the high surface area of the monolith and the elimination of uneven light distribution via 

the optical fibres. 

4.2.4. OVERALL SUMMARY OF Pd-TiO2 

This section represents the first report of the combined role of the metals (palladium (Pd) 

and rhodium (Rh)) loading on the performance of TiO2 for CO2 reduction and their effect 

on supports such as the monolith. The presence of Pd and Rh were found to significantly 

improve the functional properties and photocatalytic activity of TiO2 for CO2 

photoreduction under UVA light irradiation. By varying the configuration of catalyst 

particles in different photoreaction systems, improved fuel production rates were obtained 

by simultaneously using efficient supports and metal co-doping. Improved activity was 

observed over metal loaded TiO2 ceramic honeycomb monolithic structures threaded with 

optical fibres than the metal loaded TiO2 nanoparticles suspended in aqueous media. The 

quantum efficiency of the internally illuminated monolith reactor was 23.5 times higher 

than that of the liquid phase reactor due to the combined advantages of the high surface 

area of the monolith and the elimination of uneven light distribution via the optical fibres 

being exploited. The internally illuminated monolith reactor system can be employed to 

futher improve photoconversion rates once promising photocatalysts have been identified 

for CO2 photoreduction.  
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4.3 Ni-TiO2 NANOPARTICLES AND MONOLITHS 

4.3.1 INTRODUCTION 

Titanium dioxide (TiO2) still remains the most researched semiconductor photocatalyst due 

to its unique properties; however, its use is limited due to rapid electron-hole recombination 

and low absorption of 2-5% solar energy (Section 2.1.1). Since visible light accounts for 

45% of the solar spectrum, there is a need to develop titania based photocatalysts which are 

active under both ultraviolet and visible light spectrum for CO2 reduction. The review in 

Section 2.2 has established that the loading of metal or metal oxide on the surface of titania 

via the introduction of defects into the lattice can tailor its band width towards the visible 

light, while the use of supports eliminates the need for post treatment separation and 

provides high surface area. It is therefore imperative to improve electron hole separation via 

heterojunction formation between n-type TiO2 and p-type NiO such that the probability of 

the photogenerated charge carriers undergoing recombination is reduced. Given that little is 

known about the effect of immobilizing nickel based TiO2 nanomaterials onto supports i.e. 

ceramic honeycomb monoliths threaded with optical fibers and quartz plates (Section 3.4.2) 

for CO2 reduction, experimental analyses were conducted to fill this knowledge gap.  

4.3.2. CATALYST CHARACTERIZATION 

4.3.2.1 MORPHOLOGY AND PHASE STRUCTURES 

A series of Ni doped TiO2 photocatalysts within the range of 0.5 – 2 wt % were prepared by 

the sol-gel method (Section 3.1.2.2). Different adding periods of the metal precursor i.e. 0 

and 8hr was varied during the preparation of the metal loaded nanoparticles, with the 

nanoparticles prepared at the 8hr addition designated as Ni-8h for comparison. The XRD 

diffraction patterns of the Ni-doped TiO2 nanomaterials are presented in Figure 4.26. 

Anatase was the only crystalline phase observed after calcination at 773K for the Ni-doped 

TiO2 samples. No XRD peaks attributed to the rutile phase were detected in these samples 

as opposed to the diffraction pattern of pure TiO2 (Figure 4.11), where additional peaks of 

rutile were detected at peak positions of 27.4
o
 and 36.1

o
. Nickel peaks in its metal or oxide 

phase were not observed for all sol-gel derived catalysts, either due to the nature and high 
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dispersion of a large amount of smaller Ni crystallites in TiO2 structure or their small 

crystallite size could not be detected by XRD. 

 

Figure 4.25: XRD pattern of the Ni doped nanomaterials (1) 0.5wt%Ni-TiO2 (2) 1wt%Ni-

TiO2 (3) 1.5wt%Ni-TiO2 and (4) 2wt%Ni-TiO2 (A represents anatase) 

The crystallite size of all doped Ni-TiO2 based samples calculated from the Scherrer 

equation was within the range of 8.96 - 12.79 nm. The standard error of the crystallite size 

measurement via XRD is within the range of + 0.08 – 0.21%. The crystallite size obtained 

at 0.5wt% was 12.79 nm compared to 8.96 nm at 2wt% doping ratio (Table 4.5). The 

relative intensity of the peaks of doped Ni-TiO2 weakens and broadens compared to pure 

TiO2. An increase in Ni loading resulted in peak broadening of the main anatase peaks (101 

and 201) of the nanoparticles, which are ascribed to the decrease in crystallite size (Figure 

4.25). The same decreasing trend in crystallite size was observed by the Ni-8h samples as 

the crystallite size obtained at 0.5wt% was 13.28 nm compared to 12.23 nm at 2wt% 

doping ratio. The decreasing crystallite size with increasing metal concentration occurs as a 

result of the grain growth being inhibited. Shifu et al. (2008) and Fan et al. (2011) also 

observed that Ni
2+

 inhibits grain growth and phase transformation from anatase to rutile due 

to substitutional doping. 
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Table 4.5: Some important structural, optical and electrical properties of Ni-TiO2 

photocatalysts determined by XRD, BET, ICP-OES and UV-Vis 

Photocatalysts Lattice 

parameters 

Crystallite 

size (nm) 

SBET 

(m
2
/g) 

ICP-OES 

Ni (wt %) 

Band 

gap 

(eV) a (Å) c (Å) 

0.5wt% Ni-TiO2 3.7905 9.4888 12.79 72.35 0.49 3.02 

1.0wt% Ni-TiO2 3.7900 9.4931 10.10 83.19 0.93 2.98 

1.5wt% Ni-TiO2 3.7898 9.4975 9.67 92.78 1.44 2.92 

2.0wt% Ni-TiO2 3.7897 9.5005 8.96 105.00 1.88 2.87 

These results are also consistent with previous findings, as the rutile peak was also detected 

for pure TiO2 but not with increased Ni loading on calcination at 773K (Shifu et al. (2008),  

Fan et al. (2011)). Shifu et al. (2008) further explained that the inhibition of the crystal 

grain growth results in the decrease of the crystallite size which causes an increase in 

specific surface area. Table 4.5 shows the lattice constants (a & c) for the Ni-TiO2 samples 

calculated based on the anatase (101) diffraction peaks of the samples. Comparison of the 

value of the lattice constant ‘a’ of TiO2 with the doped samples shows that the addition of 

Ni has little effect, with the values remaining almost constant. However, the ‘c’ values 

clearly show a slight increase upon Ni doping, which is in agreement with the literature 

(Devi et al. (2010)). Thus, this suggests that Ni
2+

 ions might be incorporated into the crystal 

lattice of TiO2 substitutionally due to the comparable ionic radius of Ni
2+

 (0.69 Å) and Ti
4+

 

(0.68 Å) (Ahrens (1952)).  

The BET specific surface area of the Ni loaded TiO2 based photocatalysts were within the 

range of 72.35 – 105.00m
2
/g (Table 4.5). The standard error of the surface area 

measurement via BET is within the range of + 0.06 – 0.3%. An increase in specific surface 

area of TiO2 (52.50m
2
/g) occurs with an increase in Ni loading. The surface area of the sol-

gel (Ni-8h) derived catalysts also increases from 80.85m
2
/g to 104.10m

2
/g in comparison 

with pure TiO2. The BET specific surface areas are consistent with XRD, where an increase 

in Ni loading suppresses the grain growth of anatase due to its insertion in the TiO2 lattice. 
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This increased surface area is probably due to the strong interaction between Ni
2+

 and Ti
4+

, 

which causes lattice expansion and decreased grain growth. Aggregates of nanosized 

spherical particles of homogeneous shapes and varying sizes from 5 - 14 nm were observed 

from the transmission electron microscopy (TEM) micrographs using different 

magnifications (Figure 4.26).  

The high resolution (HR) TEM images of 0.5wt%Ni-TiO2 illustrated in Figure 4.26a 

indicate that the particles were highly crystallized compared to Figure 4.26b, where an 

amorphous crystal structure is clearly evident in the 2wt% Ni-TiO2 sample. The HR-TEM 

results are in agreement with the XRD results which indicate that the loading ratio 

influences the level of crystallinity and grain growth of anatase nuclei. Figure 4.27 shows 

the change in porosity of the 2wt% Ni-TiO2 monolith characterized by mercury 

porosimetry. As shown in Figure 4.27a and b, the intensity of the cumulative and log 

differential intrusion volume of the 2wt% Ni-TiO2 coated monolith decreased when 

compared to the micrographs of the SiO2 coated monolith (Figure 4.9).  

 

Figure 4.26: TEM micrographs of (A) 0.5wt% Ni-TiO2 and (B) 2wt% Ni-TiO2 samples 
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Figure 4.27: Pore size distribution of 2wt%Ni-TiO2 monolith where A represents the 

cumulative intrusion and B represents the log differential intrusion volume 

The porosity and total intrusion volume for the 2wt%Ni-TiO2 sample was 34.52% and 0.16 

mL/g. A comparison between these values and the porosity (44.27%) and total intrusion 

volume (0.19 mL/g) for the SiO2 coated monolith (Section 4.1.2.2) indicates a decrease in 

porosity and total intrusion volume. This indicates that the catalysts were mostly dispersed 

on the surface of the pre-coated SiO2 layer instead of being embedded within the pores of 

the monolith.    

4.3.2.2 ICP-OES and XPS ANALYSIS 

The metallic content of the samples quantified by ICP-OES analysis are listed in Table 4.5. 

The bulk elemental ratios of the sample are in agreement with the nominal elemental ratios 

of the samples. The high resolution XPS spectra of Ni 2p, Ti 2p and O 1s of 2wt%Ni -TiO2 

are presented in Fig. 4.28. As shown in Figure 4.28a, the two broad peaks observed for 

2wt%Ni-TiO2 can be assigned to the Ni 2p spin orbit splitting into 2p3/2 and 2p1/2. The Ni 

2p3/2 and 2p1/2 peaks formed doublets with signals occurring at 855.6 eV, 861.8 eV, 873.8 

eV and 879.1eV. The peaks at 861.8 and 879.1eV are characteristic satellite peaks of Ni
2+

. 

All peak positions correspond to the oxide present in Ni, which is assigned to NiO species 

(Wagner et al. (2007)).  
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Figure 4.28: XPS spectra of 2wt% Ni-TiO2 (fresh: left and used: right) samples (A) Ni 2p 

(B) Ti 2p and (C) O 1s. 
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The relative concentrations of Ni
2+

 were calculated based on the summation of the 

corresponding peak areas, which gives a 2p3/2 and 2p1/2 ratio equal to 41.2%/58.8% before 

photoreaction and 43.3%/56.7% after photoreaction. The 2p3/2 and 2p1/2 ratios of Ni
2+

 did 

not change significantly during the photoreduction process. 

As shown in Figure 4.28b, the two peaks observed at 458.8eV for Ti 2p3/2 and 464.6eV for 

Ti 2p1/2 correspond to Ti
4+

 in TiO2 (Moulder et al. (1992), Wagner et al. (2007)). These 

values are consistent with the values of Ti
4+ 

in
 
pure TiO2 (Section 4.1.1.3) and those 

reported in the literature (Yang et al. (2010)). The O 1s peaks in Figures 4.28c can be fitted 

into three types of chemical states.  The binding energies at 530.0eV can be assigned to the 

bulk oxygen bound on TiO2. This value is consistent with the value of 530eV reported in 

the literature for anatase TiO2 (Sim et al. (2013), Wagner et al. (2007)). The peak at 

531.0eV probably corresponds to the O 1s peak of NiO.  

The binding energy of the O 1s peak of the pumice supported nickel catalysts prepared by 

Venezia et al. (1995) was at 531.0eV and corresponds to NiO. The other peak at 532.2eV 

can be attributed to the surface oxygen by hydroxyl species or chemisorbed oxygen on the 

sample surface (Wang et al. (2013), Zhang et al. (2011)). Shifu et al. (2008, 2009) reported 

that electron hole recombination could be suppressed due to the interaction of the 

photogenerated electron hole pair with readily available chemisorbed oxygen on the surface 

of TiO2. 

4.3.2.3. UV-VIS ANALYSIS 

The absorption spectra for the Ni-based photocatalysts synthesized by the sol-gel method at 

various loading ratios are presented in Figure 4.29. A comparison of the absorption spectra 

of the 0.5wt%Ni-TiO2 samples showed slight shift compared to the spectrum of TiO2 for 

both the metal loaded nanoparticles and monolith samples (Section 4.1.2.2). This could be 

due to the low Ni concentration used during sample synthesis. The absorption spectra of the 

resulting Ni-based TiO2 photocatalysts showed increased shift in the visible light with 

increased Ni loading concentration.  
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Figure 4.29: UV-vis diffuse reflectance spectra of Ni-TiO2 samples where the nickel 

precursor was added prior to hydrolysis (A) and after hydrolysis (B) 

The band gap energies of the Ni-based catalysts were within the range of 2.87-2.99eV, with 

the largest red shift occurring for the 2wt% Ni sample. The standard error of the band gap 

measurement via UV-vis is within the range of ± 0.03 - 0.11%. The adding periods (0 or 

8h) for the Ni precursor seem to have little effect on the absorption edge. Thus, the 

presence of Ni modified the band gap energy of TiO2. These results are consistent with the 

findings of Li et al. (2003) and Wang et al. (2001), where increasing metal loadings results 

in a shift of the absorption edges of the TiO2 based samples. The formation of defect 

centres generated from the substitution of Ti
4+

 by Ni
2+

 ions through its incorporation into 

the TiO2 crystal structure has been reported to cause this change in optical absorption (Sahu 

and Biswas (2011)). Ganesh et al. (2012) reported that the increased absorption and 

sharpness of the spectra of the Ni-TiO2 samples with increased doping ratio was due to the 

charge transfer from the valence band created by the 2p orbitals of the oxide cations to the 

conduction band created by the 3d orbitals of the Ti
4+

 cations. Sim et al. (2013) observed a 

similar trend and attributed the shift to the overlap of the 3d level of conduction band in 

Ti
4+

 with the d level of Ni
2+

 resulting in the charge transfer transition between the electrons 

in the d level of Ni
2+

 and the conduction band of TiO2.  
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4.3.3. PHOTOREDUCTION OF CO2 WITH H2O  

4.3.3.1 GAS PHASE PHOTOREACTOR SYSTEM 

The Ni-based catalysts present on the monolith threaded with optical fibers and the quartz 

plates were used to reduce vapor-phase CO2 for 4 hours using UVA or visible light 

irradiation. Figures 4.30 (I - III) show that various products were formed including 

significant amounts of hydrogen, methanol, acetaldehyde and ethanol. Other minor 

products of methane, ethylene and oxygen were also detected in concentrations < 7.71 

µmol/gcath and < 2.26 µmol/gcath for the quartz plates and monolith threaded with optical 

fibers, respectively. The photoreduction studies showed that the modification of TiO2 with 

Ni can increase the product rates of these hydrocarbons compared to TiO2. The CO2 

reduction experiments were repeated thrice and the average yields and error bars are 

illustrated in Figure 4.30. As shown in Figure 4.30 (I), the product rates of hydrogen, 

methanol, ethanol and acetaldehyde steadily increase with an increase in doping ratio to 

give an optimal ratio of 1.5wt%Ni-TiO2 after which reduced product rates were observed 

for the subsequent higher doping ratios under UVA light. The rate of hydrogen and 

methanol are observed to evolve rapidly; with maximum product rate of 18.13 µmol/gcath 

and 5.58 µmol/gcath, respectively, for the catalysts coated on the monolith threaded with 

optical fibers and 61.69 µmol/gcath and 19.51 µmol/gcath, respectively, for the catalysts 

dispersed on the quartz plates. Hydrocarbon evolution is higher under UVA light irradiation 

when the quartz plate is used as a catalyst carrier compared to the monolith threaded with 

optical fibres due to the improved light distribution in the quartz photoreactor system 

(Section 3.3.2). Figure 4.30 (II) presents the CO2 photoreduction results under visible light 

irradiation for Ni-based catalyst carriers. The product rate steadily increases with an 

increase in loading ratio to give maximum product rates at an optimal ratio of 1.5wt%Ni-

TiO2 for the internally illuminated monolith photoreactor system. Following 4 hours of 

visible light irradiation, vapor-phase CO2 was reduced to hydrogen, methanol, ethanol and 

acetaldehyde by the quartz plate photoreactor system using water as a reductant to obtain an 

optimal ratio of 1wt%Ni-TiO2 (Figure 4.30 (II)). Figure 4.30 (II) shows the photoreduction 

results of the catalysts in which the Ni precursor was added at the beginning of the sol- gel 

process, while Figure 4.30 (III) shows the results where the precursor was added at the 8
th

 

hour (Ni-8h) after which hydrolysis had been completed.  
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Figure 4.30: The effect of Ni loading amount on product rate using catalyst carriers: 

monolith threaded with optical fibers (M) and quartz plates (Q) under UVA (I) and visible 

(II) irradiation (III) Ni-8h samples using quartz plates as a catalyst carrier under visible 

light irradiation ((A) TiO2, (B) 0.5wt% Ni-TiO2, (C) 1wt% Ni-TiO2, (D) 1.5wt% Ni-TiO2 

and (E) 2wt% Ni-TiO2 photocatalysts) 
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A comparison between the two graphs indicates better product rate with sol-gel derived 

catalysts with Ni precursors added before hydrolysis occurred. The product rates achieved 

by the Ni-TiO2 based photocatalysts were an order of magnitude higher than that of pure 

TiO2.  

4.3.3.2 CORRELATION BETWEEN CATALYST CHARACTERIZATION AND 

YIELDS OF PHOTOCONVERSION 

Overall, the Ni based photocatalysts demonstrated improved photoreduction activity in UV 

and visible light region compared to pure TiO2. These results can be attributed to the 

incorporation of Ni
2+

 in the substitutional sites of TiO2 after calcination, strong metal–

support interactions and accessible active metal sites arising from the appropriate metal 

dispersion and loading amount. The decrease in crystallite size with increased Ni loading 

and lattice expansion observed in the XRD patterns of these samples explains the peak 

broadening observed, which is associated with substitutional doping. The expansion of the 

lattice of the metal loaded TiO2 samples also indicates the likelihood of Ni
2+

 ions 

substituting Ti
4+

 due to the similarity of the ionic radii of the dopants to the host ion, Ti
4+

.  

The XRD results are also consistent with BET results obtained from the Ni based samples, 

where higher surface area values were observed with decreased grain growth of anatase. 

Colon et al. (2006), Zhang et al. (1998) and Yang et al. (2009) observed this same 

phenomenon and attributed the high surface values to the lattice expansion caused by 

substitutional doping retarding grain growth and thus forming smaller crystallites. Colon et 

al. (2006) further explained that the thermal decomposition of nitrate from the Cu precursor 

could be responsible for the increase in surface porosity during calcination. Regalbuto 

(2006) also reported that calcination increases microporosity and specific surface area as 

many organic residues which cause pore blockage are thermally decomposed. 

The influence of these substitutional ions is further confirmed by the change in light 

absorption properties and electronic structure of the metal loaded TiO2 samples observed in 

the UV-Vis spectra when compared to pure TiO2. Sahu and Biswas (2011) reported that 

metal ions located in the bulk of TiO2 cause lattice deformation owing to the rearrangement 

of the neighboring atoms compensating for charge deficiency. This charge compensation 

effect introduces oxygen vacancies due to the presence of metal ions in TiO2 lattice sites. 
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They further explained that the shift in the band gap occurred due to lattice deformation 

affecting the electronic structure. Electronic states introduced by substitutional metal ions 

on the bottom of the conduction band edge of TiO2 cause the formation of a new higher 

unoccupied molecular orbital (Li et al. (2005)).  

Li et al. (2005) reported that oxygen vacancies have the capacity of increasing the lifetime 

of holes due to their strong trapping effect of photo-excited electrons. The improved 

photoreduction activity of the metal loaded TiO2 based samples observed in this study was 

therefore due to efficient electron hole separation induced by the trapping effect of 

substitutional metal ions in the lattice of TiO2 via the p-n junction formation between NiO 

and TiO2. The sol-gel derived Ni based photocatalysts demonstrated better photoactivity in 

the visible light region compared to Ni-8h photocatalysts. This improved activity could be 

due to larger surface area and accessible active metal sites arising from the appropriate 

metal dispersion, loading and band width presented by the optimal loading ratio compared 

to the Ni-8h sample.  

Table 4.6 shows the production rates of CO2 photoreduction obtained using NiO-TiO2 in 

this study and the literature. The results of this experimental work can be compared with 

research conducted by Rajalakshmi (2011) where NiO and CuO doped TiO2 were used for 

CO2 photoreduction. The metal precursor was added by sol-gel and impregnation, with H2O 

as the reductant. The 6wt%NiO-TiO2 and 3wt%CuO-TiO2 catalysts exhibited the optimal 

selectivity for methane production, with product yields of ca. 2µmol/g respectively under 4 

hours irradiation using 77W mercury lamp. Fan et al. (2011) observed methanol production 

using Ni doped TiO2 for CO2 reduction with 0.2mol/L of NaOH and Na2SO3 as reductants. 

An optimal methanol yield of 7.51µmol/gcath and 3.59µmol/gcath was observed after 8 

hours of UV (365nm) and visible (400-780nm) light irradiation respectively using the 

6wt%Ni/TiO2 sample. Improved activity of the doped photocatalysts compared to pure 

TiO2 was attributed to Ni
2+

 acting as an electron trap thus facilitating enhanced charge 

separation. The decline in methanol production rate after the optimal doping ratio was 

exceeded was due to the close proximity of the photogenerated holes and Ni
2+

 such that the 

photogenerated electrons required for CO2 reduction were suppressed. 
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Table 4.6: Production rates of CO2 photoreduction obtained using NiO-TiO2 photocatalysts 

 

Taking into account the timeframe of irradiation and type of lamp used, the methane and 

methanol production rate of the optimal catalyst (1.5wt%Ni-TiO2, 7.71µmol/gcath) observed 

in this present study using the quartz plate system was higher when compared with studies 

by Rajalakshmi (2011) and Fan et al. (2011)). The improved conversion rates can be 

attributed to the higher surface area values of the optimal catalyst (92.78 m
2
/g) when 

compared to 63.05 m
2
/g for Fan et al. (2011). Another plausible reason could be the 

enhanced light distribution efficiency achieved with the quartz plate reactor configuration 

in this present study (Section 3.3.2). In order to establish the effect of catalyst carriers on 

TiO2, results from this work were compared to the results of Wang et al. (2010) and 

Nguyen and Wu (2008) where extensive research has been conducted using the optical 

fiber as catalyst carriers. Wang et al. (2010) obtained methanol production rate of 11.3 

mol/g-cath when optical fibres coated with NiO/InTaO4 were used for CO2 reduction 

under sunlight. Nguyen and Wu (2008a) performed CO2 photoreduction experiments using 

different doping ratios of 0.25wt%, 0.5wt% and 1wt% where the loading amount for both 

Cu and Fe were the same. An optimal doping ratio of 0.5wt% was obtained with methane 

production rate being 0.91mol/gcath after 4 hours of UVA irradiation (225mW/cm
2
). A 

comparison between their results and these present results indicates that higher methane 

and methanol production rates were achieved in this study. Although this does not provide 

a strong basis as different metal dopants, irradiation time, light intensity and reactors were 

used; the effect of catalyst carriers in facilitating improved light distribution was 

established from their results and this present work. 

Catalyst 

loading 

Product rate Reaction conditions 

(reductant, 

temperature) 

System Reference 

1.5wt% CH4: 7.71µmol/gcath 

CH3OH: 19.51µmol/gcath 

H2O, 293K Gas phase Present study 

6wt% CH4: ca. 2µmol/gcath 

 

0.2N NaOH, room 

temperature 

Liquid phase Rajalakshmi (2011) 

6wt% CH3OH : 7.51µmol/gcath 0.2 mol/L NaOH & 

Na2SO4, 348K 

Liquid phase Fan et al. (2011) 
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Reduced photoactivity was observed after the optimal doping ratio was exceeded in this 

present study. This result could be due to the coverage of the surface of TiO2 from the 

increased metal concentration and thus inhibiting interfacial charge transfer due to 

insufficient amount of light energy available for activation of all the catalyst particles. 

Slamet et al. (2005, 2009) reported that copper dopant in excess of 3 wt% could reduce 

photocatalytic activity by reducing the depth of light penetration, and thus inhibiting 

interfacial charge transfer. When the doping content of Fe
3+

 exceeded 0.03 wt%, Xin et al. 

(2007) recorded a decrease in photocatalytic activity due to electron hole recombination, 

while the opposite was observed for lower loading content (<0.03 wt%). Shifu et al. (2009) 

and Liu and Chen (2011) observed decreased photoreduction activity when the optimum 

doping ratio of 1wt% and 0.5wt%NiO were exceeded, respectively. The decreased 

photoactivity was attributed to the dopants acting as recombination centres of electrons and 

holes, decreasing the thickness of the space charge layer on the surface of the photocatalyst 

and thus reducing photon absorption. Gupta and Tripathi (2011) reported that when the 

doping concentration is high, the space charge region becomes very narrow i.e. the light 

penetration depth of TiO2 greatly exceeds the width of the space charge layer thus causing 

recombination since there is no driving force to separate them.  

4.3.3.3 PRODUCT FORMATION  

ICP-OES have established the possibility of Ni
2+

 being present in the lattice of TiO2. 

Consequently, a number of nano p-n heterojunctions will be formed when NiO is doped 

into the lattice of TiO2. Figure 4.31 shows the schematics of the charge separation in NiO-

TiO2 photocatalyst. The p-n junctions created at equilibrium results in the formation of an 

internal electric field. Upon light irradiation, this inner electric field separates the 

photogenerated electron-hole pairs and causes them to travel in opposite directions such 

that the photogenerated electrons and holes move to conduction band of n-TiO2 and valence 

band of p-NiO, respectively (Shifu et al. (2009)). In order for product formation to occur, 

photogenerated carriers (electron hole pairs) must migrate to the surface of TiO2 and 

participate in the reduction and oxidation process (Kokorin and Bahnemann (2003)).  

The relative position of the band edges of TiO2 has been reported by Kokorin and 

Bahnemann (2003) to determine its redox functioning i.e. for reduction to occur; the 

conduction band (ECB) of TiO2 must be more negative than the redox potential level, while 
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oxidation by valence band (EVB) holes will only occur if the EVB is more positive than the 

relevant redox potential. The redox potentials of CO2 to hydrogen, methanol and ethanol at 

pH 7 and 298K are -0.41, -0.38 and -0.33 V vs NHE, respectively (Indrakanti et al. (2009), 

Vayenas et al. (2008)). Based on these values derived from the literature, the ECB level of 

NiO (-0.69) is sufficiently negative to reduce CO2 to these products (Xu and Schoonen 

(2000)). The redox potentials of the other products detected in this study (methane (-

0.25V), ethylene (-0.34V)) are also less negative than the ECB values of these compounds 

and hence their formation is feasible.  

 

Figure 4.31: Schematic of charge separation in NiO-TiO2 photocatalyst  

Oxidation can also occur on the surface of TiO2 as the EVB level of NiO (3.05) is 

sufficiently positive to oxidize CO2 to oxygen (Xu and Schoonen (2000)). The results from 

UV-Vis and XRD discussed in Section 4.3.2 already indicate the possibility of efficient 

electron hole separation occurring due to the charge compensation effect introducing 

oxygen vacancies. This photogenerated electrons and holes then undergo redox reactions 

with the electron donors and acceptors adsorbed on the surface of TiO2 to derive fuels and 

oxygen as demonstrated in this study.  

The production rate values for the Ni-TiO2 based photocatalyst in the quartz plate 

photoreactor system is higher than the values of the internally illuminated photoreactor 

configurations. This improved conversion efficiency demonstrated by the Ni-TiO2 based 
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photocatalyst in the quartz plate photoreactor system is due to enhanced charge separation 

at the junction interface between p-NiO and n-TiO2 with suitable band potentials. Secondly, 

the use of quartz which is a conductive material provides a means of transmitting light to 

the catalyst film which is connected to an external potential that can move excited electrons 

and thus reducing electron hole recombination to improve process efficiency (Bideau et al. 

(1995)). Lastly, a high ratio of illuminated catalyst surface per effective reactor volume can 

be achieved with this unique reactor configuration which enables light to be distributed 

uniformly to the surface of the photocatalyst and thus providing better accessibility of the 

catalytic surface to photons and the reactants during both UV and visible light irradiation. 

4.3.4. OVERALL SUMMARY OF Ni-TiO2 

This work represents the first study of Ni-TiO2 coated catalyst carriers such as quartz plate 

and monolithic structures threaded with optical fibers) for CO2 photoreduction in UV and 

visible light region. The sol-gel derived Ni-based TiO2 photocatalysts were found to 

significantly improve the activity and selectivity of TiO2 towards UV and visible light 

region due to the substitutional metal ions not only causing changes in the electronic 

structure and light absorption properties of TiO2, but also altering the surface area, grain 

size and degree of phase transformation; which was dependent on the metal concentration. 

The production rates are higher than those reported in the literature that used similar 

catalyst combination and supports. The results obtained using the quartz plate photoreactor 

system was one order of magnitude higher than the internally illuminated monolith system 

threaded with optical fibers. More importantly, the improved conversion efficiency 

demonstrated with the use of the quartz plate as catalyst and light carrier is ascribed to the 

unique reactor configuration which allows better accessibility of the catalytic surface to 

photons and the reactants during both UV and visible light irradiation.  

4.4 Cu-TiO2 NANOPARTICLES AND MONOLITHS 

4.4.1 INTRODUCTION 

The tailoring of the properties of titanium dioxide (TiO2) by the addition of metals that are 

relatively inexpensive and readily available for CO2 photoreduction systems is highly 

desirable. In this respect, copper remains the metal of choice. Although previous studies 

have established that the addition of copper can improve the efficiency of TiO2 (Table 2.2), 
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little is known about the effect of these materials on supports i.e. the monoliths and quartz 

plates for the photocatalytic reduction of CO2. Accordingly, experimental analyses using 

copper based nanomaterials immobilized on supports such as the ceramic honeycomb 

monoliths and quartz plates were conducted. 

4.4.2. CATALYST CHARACTERIZATION 

4.4.2.1 MORPHOLOGY AND PHASE STRUCTURES 

A series of Cu doped TiO2 photocatalysts were prepared by the sol-gel method (Section 

3.1.2.2). The XRD diffraction patterns of Cu-doped TiO2 nanomaterials within the range of 

0.5 – 2 wt % are presented in Figure 4.32.  

 

Figure 4.32: XRD pattern of the Cu-doped nanomaterials (1) 0.5wt%Cu-TiO2 (2) 1wt%Cu-

TiO2 (3) 1.5wt%Cu-TiO2 and (4) 2wt%Cu-TiO2 (A and R represents anatase and rutile, 

respectively) 

The crystalline phase of anatase and rutile were observed after calcination at 773K. The 

rutile phase was detected in these samples at peak positions of 27.4
o
 and 36.1

o
. Copper 

peaks in its metal or oxide phase were not observed either due to the nature and high 

dispersion of Cu in TiO2 structure or their small particle size. Slamet et al. (2005, 2009) 
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observed the absence of Cu
2+

 peaks in the diffraction patterns of samples with loading 

ratios less than 3wt%. Cu
2+

 peaks with increasing intensities were observed when the 

loading ratio was increased from 3 – 10wt%. They attributed the absence of Cu
2+

 peaks to 

the high dispersion of the dopant species, while detection of the peaks via XRD was 

possibly due to the dopant species exceeding its dispersion capacity as a result of all vacant 

sites being occupied. Cu ions can also be easily incorporated into the crystal lattice of TiO2 

substitutionally due to the comparable ionic radius of Cu
2+

 (0.72 Å) and Ti
4+

 (0.68 Å) 

(Ahrens (1952), Waseda et al. (2011)). These results suggest that Cu
2+

 doping into the 

lattice of TiO2 causes the gradual transformation of anatase to rutile with increasing metal 

concentration.  

The crystallite size of all doped Cu-TiO2 based samples calculated from the Scherrer 

equation was within the range of 16.37 - 19.12 nm. The standard error of the crystallite size 

measurement via XRD is within the range of ± 0.1 - 0.4%. An increase in Cu loading 

resulted in peak broadening of the main anatase peak (101 and 201) of the nanomaterials 

(Figure 4.37), which is ascribed to the decrease in crystallite size, as shown in Table 4.7.  

Table 4.7: Some important structural, optical and electrical properties of Cu-TiO2 

photocatalysts determined by XRD, BET, ICP-OES and UV-Vis 

Photocatalysts Crystallite size (nm) 

/ phase content (%) 

Lattice 

parameters 

wt% of Cu Band gap 

(eV) 

Anatase Rutile a (Å) c (Å) XPS ICP 

0.5wt% Cu-TiO2 19.12 

(96.00) 

5.97 

(4.00) 

3.8166 9.4943 0.37 0.53 2.96 

1.0wt% Cu-TiO2 18.69 

(94.60) 

8.51 

(5.40) 

3.8186 9.4981 0.74 0.99 2.82 

1.5wt% Cu-TiO2 18.29 

(90.80) 

8.77 

(9.20) 

3.8206 9.507 0.93 1.60 2.74 

2.0wt% Cu-TiO2 16.37 

(89.10) 

25.51 

(10.90) 

3.8295 9.5242 1.21 2.03 2.61 

The crystallite size of anatase decreases as the rutile crystallites increase; with higher Cu 

loading (Table 4.7). An increment in the extent of anatase-to-rutile transformation is 
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observed with increased Cu loading; with the 2wt%Cu-TiO2 sample showing maximum 

growth of rutile nuclei. This is due to the ability of Cu in enhancing the particle sintering 

process i.e. accelerating densification and grain growth, thus promoting mineral phase 

transformation (Nair et al. (1999)). These results suggest that Cu
2+

 doping into the lattice of 

TiO2 causes the gradual transformation of anatase to rutile with increasing metal 

concentration. The lattice constants (a & c) of the Cu-TiO2 samples calculated based on the 

anatase (101) diffraction peaks of the samples are listed in Table 4.7. Comparison of the 

values of the lattice constants (a & c) of TiO2 with the doped samples shows that the values 

increased upon Cu doping. The lattice parameters of the Cu based samples increases as the 

crystallite size of anatase decreases. This could be as a result of Cu
2+

 ions substituting Ti
4+

 

sites due to the difference of the ionic radii of the metal ions (Wu et al. (2006)).  

The BET specific surface area of the Cu-TiO2 based photocatalysts were within the range 

of 37.52 – 88.96m
2
/g. The standard error of the surface area measurement via BET is 

within the range of + 0.02 – 0.5%. An increase in specific surface area of TiO2 (52.50m
2
/g) 

occurs with an increase in Cu loading. Aggregates of nanosized spherical particles of 

homogeneous shapes and varying sizes from 5 - 27 nm were observed from the 

transmission electron microscopy (TEM) micrographs using different magnifications 

(Figure 4.33). Energy dispersive spectroscopy (EDS) revealed that Cu was dispersed on the 

surface of TiO2 with its morphological features not changed by doping. The high resolution 

(HR) TEM images of 1wt%Cu-TiO2 in Figure 4.40 indicate that the particles were highly 

crystallized. The SEM micrograph of the 1wt%Cu-TiO2 monolith is presented in Figure 

4.34. The catalyst (Cu-TiO2) nanoparticles were uniformly dispersed on the surface of the 

pre-coated SiO2 layer, where they can be photoactive instead of being buried within the 

monolith pores. Spot analysis on the SEM-EDS micrographs confirmed the presence of the 

metal loaded TiO2 on the SiO2 layer. 
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Figure 4.33: TEM micrographs of 1wt%Cu-TiO2  

 

Figure 4.34: SEM and EDS spot analysis micrograph of the of 1wt%Cu-TiO2 monolith 

The change in porosity of the 1wt% Cu-TiO2 monolith characterized by mercury 

porosimetry is presented in Figure 4.35. As shown in Figure 4.35, the intensity of the 

cumulative and log differential intrusion volume of the 1wt% Cu-TiO2 coated monolith 

decreased when compared to the micrographs of the SiO2 coated monolith (Figure 4.9). The 

decrease is based on changes in pore filling of the monolith since fewer pores were filled. 
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The porosity and total intrusion volume for the 1wt%Cu-TiO2 sample was 35.04% and 0.17 

mL/g.   

 

Figure 4.35: Pore size distribution of 1wt%Cu-TiO2 monolith where A represents the 

cumulative intrusion and B represents the log differential intrusion volume 

A comparison between these values with those for the SiO2 coated monolith (44.27% and 

0.19 mL/g) (Section 4.1.2.2) indicates a decrease in porosity and total intrusion volume. 

This may indicate that the catalysts were mostly dispersed on the surface of the pre-coated 

SiO2 layer instead of being embedded within the pores of the monolith.    

4.4.2.2 ICP-OES and XPS ANALYSIS 

Table 4.7 lists the quantitative analysis of the as-prepared calculated from ICP-OES and 

XPS analysis. The ICP-OES analysis of the Cu-TiO2 samples suggests that Cu was present 

in the TiO2 matrix. The bulk elemental ratios of the sample are in agreement with the 

elemental concentration present in the precursor. As shown in Table 4.7, the bulk elemental 

ratios calculated from ICP-OES are much higher than the surface elemental ratios derived 

from XPS. This suggests that the added metals were not primarily located on the surface 

but present in the crystal lattice via substitution of the Ti
4+

 ions with Cu
2+

 ions. The high 

resolution XPS spectra of Cu 2p, Ti 2p and O 1s of 2wt%Cu -TiO2 sample is presented in 

Fig. 4.36.  
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Figure 4.36: XPS spectra of 2wt% Cu-TiO2 sample (A) Cu 2p (B) Ti 2p and (C) O 1s. 
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As shown in Figure 4.36a, the two broad peaks observed for 2wt%Cu-TiO2 can be assigned 

to the Cu 2p spin orbit splitting into 2p3/2 and 2p5/2. The Cu 2p3/2 and 2p1/2 peaks formed 

doublets with signals occurring at 932.7eV, 934.4 eV, 952.0 eV and 954.3 eV. All peak 

positions correspond to the oxide present in Cu, which is assigned to CuO species (Wagner 

et al. (2007), (Li et al. (2010a)).  

The characteristic satellite peak for Cu
2+

 was also observed at 942.3 eV (Liu et al. (2013)). 

Colon et al. (2006) reported that the key difference between Cu
1+

 and Cu
2+

 species was the 

prominent satellite peak present on the high binding energy sides. These satellite peaks 

which have been reported to be responsible for the shakeup transitions by ligand to metal 

3d charge transfer cannot be found in metallic Cu and Cu
1+

 species, due to their completely 

filled 3d shells (Colon et al. (2006)). The satellite peaks were observed at 941.7 eV and 

942.5 eV for 1wt% Cu/N-TiO2 and 1wt% Cu-TiO2 samples calcined at 600
o
C. Liu et al. 

(2013) also observed satellite peaks at 942.2eV and 942.4eV for 1wt% and 5wt% Cu-TiO2 

samples prepared by simple precipitation, respectively. The XPS spectra of binding 

energies for Ti 2p are shown in Figure 4.36b. The peaks observed at 458.8eV and 465.3eV 

correspond to Ti
4+

 in TiO2 while the peaks at 457.8eV and 463.8eV corresponds to Ti
3+

 in 

Ti2O3 (Wagner et al. (2007)). Ti
3+

 peaks were probably generated to maintain 

electroneutrality by Cu
2+ 

substituting Ti
4+

, since the ionic radii of Cu
2+

 (0.72Å) and Ti
4+

 

(0.68Å) are close (Zhang et al. (2012), Zhang et al. (2011)). These results are in agreement 

with Zhang et al. (2012), where Ti
3+

 peaks were observed at 457.7eV and 463.4eV for 

1wt%Cu-10wt%I-TiO2 sample.  

The XPS spectra of the O 1s region in Figure 4.36c shows that oxygen exists in three forms 

on the sample surface with the binding energies of 529.5, 530.1 and 531.7eV. The main 

peak appears at 529.9eV and can be assigned to the bulk oxygen bound on TiO2. This value 

is consistent with the value of 530.1eV reported in the literature for anatase TiO2 (Wagner 

et al. (2007)). The peak at 529.5eV probably corresponds to the O 1s peak of CuO 

(Kurmaev et al. (1995). The other peak at 531.7eV can be attributed to surface adsorbed 

components of hydroxyl (OH
-
) species (Li et al. (2010a), Wang et al. (2013), Zhang et al. 

(2011)).  
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4.4.2.3. UV-VIS ANALYSIS 

The absorption spectra for the Cu-based photocatalysts synthesized by the sol-gel method at 

various loading ratios are presented in Figure 4.37. A comparison of the absorption spectra 

of the 0.5wt%Cu-TiO2 sample showed slight shift compared to the spectrum of TiO2 for 

both the metal loaded nanoparticles and monolith samples (Section 4.1.2.2). This could be 

due to the low Cu concentration used during sample synthesis. The absorption spectra of 

the resulting Cu-based TiO2 photocatalysts showed increased shift in the visible light with 

increased Cu loading concentration. The band gap energies of the Cu-based catalysts were 

within the range of 2.61-2.96eV, with the largest red shift occurring for the 2wt% Cu 

sample.  
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Figure 4.37: UV-vis diffuse reflectance spectra of Cu-TiO2 samples  

The standard error of the band gap measurement via UV-vis is within the range of ± 0.04 - 

0.28%. Thus, the presence of Cu modified the band gap energy of TiO2. These results are 

consistent with the findings of Colon et al. (2006), Liu et al. (2013), Slamet et al. (2005) 

and Xin et al. (2008), where increasing metal loadings results in a shift of the absorption 

edges of the TiO2 based samples. The defects created in the TiO2 network and crystalline 

structure has been reported by Slamet et al. (2005) to determine the band gap. The 

absorption edge between 400-600nm has been reported by Colon et al. (2006) to be 

attributed to the presence of (Cu-O-Cu)
2+

 clusters. Sahu and Biswas (2011) also observed 
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increased absorption with increasing Cu
2+

 concentration. The change in light absorption 

was attributed to the incorporation of Cu
2+

 ions into TiO2 crystal lattice via the substitution 

of Ti
4+

 by Cu
2+

 atoms. Increased Cu
2+

 concentration was also reported to increase oxygen 

vacancies due to charge compensation effect. 

4.4.3. PHOTOREDUCTION OF CO2 WITH H2O  

4.4.3.1 GAS PHASE PHOTOREACTOR SYSTEM 

The Cu-based catalysts present on the monolith threaded with optical fibers and the quartz 

plates were tested for CO2 photoreduction using UVA and visible light irradiation. Figures 

4.38-4.39 show that various products were formed including significant amounts of 

hydrogen, methanol, acetaldehyde and ethanol after 4 hours of light irradiation. Other 

minor products (methane, ethylene and oxygen) were also detected in concentrations < 9.94 

µmol/gcath and < 1.55 µmol/gcath for the quartz plates and monolith threaded with optical 

fibers, respectively. The presence of Cu was found to increase the product rates of these 

hydrocarbons compared to TiO2. The CO2 reduction experiments were repeated thrice, with 

the production rates averaged and the standard deviations reported in the figures below.  

As shown in Figure 4.38, the product rates of hydrogen, methanol, ethanol and 

acetaldehyde steadily increases with an increase in doping ratio to give an optimal ratio of 

0.5wt%Cu-TiO2 and 1wt%Cu-TiO2 for the monolith and quartz plate photoreactor systems, 

respectively, after which reduced product rates were observed for the subsequent higher 

doping ratios under UVA light. Hydrogen and methanol were favorably produced; with 

maximum product rate of 12.55 µmol/gcath and 3.92 µmol/gcath, respectively, for the 

catalysts coated on the monolith threaded with optical fibers and 79.95 µmol/gcath and 

24.29 µmol/gcath, respectively, for the catalysts dispersed on the quartz plates. The higher 

hydrocarbon evolution observed under UVA irradiation when the quartz plate was used as a 

catalyst carrier compared to the monolith threaded with optical fibres was due to the 

improved light distribution in the quartz photoreactor system (Section 3.3.2). Figure 4.39 

presents the CO2 photoreduction results under visible light irradiation for Cu-based 

catalysts coated on catalyst carriers.  
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Figure 4.38: Effect of Cu loading amount on product rate using catalyst carriers: monolith 

threaded with optical fibers (M) and quartz plates (Q) under UVA irradiation ((A) TiO2, (B) 

0.5wt% Cu-TiO2, (C) 1wt% Cu-TiO2, (D) 1.5wt% Cu-TiO2 and (E) 2wt% Cu-TiO2 

photocatalysts) 

 

Figure 4.39: Effect of Cu loading amount on product rate using catalyst carriers: monolith 

threaded with optical fibers (M) and quartz plates (Q) under visible light irradiation ((A) 

TiO2, (B) 0.5wt% Cu-TiO2, (C) 1wt% Cu-TiO2, (D) 1.5wt% Cu-TiO2 and (E) 2wt% Cu-

TiO2 photocatalysts) 
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Maximum product rate was achieved at an optimal ratio of 0.5wt%Cu-TiO2 for the 

internally illuminated monolith photoreactor system. Following 4 hours of visible light 

irradiation, vapor-phase CO2 was reduced to hydrogen, methanol, ethanol and acetaldehyde 

by the quartz plate photoreactor system using water as a reductant to obtain an optimal ratio 

of 1wt%Cu-TiO2 (Figure 4.39).  

4.4.3.2 CORRELATION BETWEEN CATALYST CHARACTERIZATION AND 

YIELDS OF PHOTOCONVERSION 

The improved photoreduction activity demonstrated by the Cu based photocatalysts in UV 

and visible light region compared to pure TiO2 can be attributed to the incorporation of 

Cu
2+

 ions into the TiO2 matrix and good bi-crystallized TiO2 structure (i.e. crystallite phase 

of anatase with a small percentage of rutile) with high surface area values (Table 4.7). The 

review in Section 2.4.1 has established that the presence of impurities (i.e. organic and 

inorganic), structure of the precursor (including the degree of hydration and oxygen to 

metal distance) and the gel structure were likely reasons for the differences in phase 

transformation behavior between metal modified titania. Phase transformation can be 

facilitated by substitutional dopants when cations enter the anatase lattice and cause an 

increase in the level of oxygen vacancies through valence or reduction / oxidation effects 

(Hanaor and Sorrell (2011)).  

Results from XRD and ICP-OES confirm that the presence of Cu in the TiO2 framework. 

The decrease in crystalline size with increased Cu loading observed in the diffraction 

patterns of the Cu doped samples explain the peak broadening observed which is associated 

with substitutional doping. Nair et al. (1999) reported that cations with oxidation states of 

3+ or lower tend to increase the oxygen vacancies in the lattice of TiO2 if placed within the 

lattice points. This increased concentration causes the subsequent rearrangement of atoms 

and reorganization of the structure for rutile phase in the lattice of TiO2 through the 

substitution of Ti
4+

 with cations (Hanaor and Sorrell (2011), Xin et al. (2008)). Based on 

this, an increase in the concentration of oxygen vacancies will occur, which will enhance 

the nucleation process (i.e. anatase to rutile transformation) as also observed in this study 

(Colon et al. (2006), Nair et al. (1999)).  
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The phase transformation of Cu based TiO2 samples with increased metal concentration 

observed in this study were probably enhanced due to increased concentration of oxygen 

vacancies which simultaneously increased atomic mobility. Sahu and Biswas (2011) 

reported that the addition of metal dopants can alter the crystal phase of TiO2, with the 

degree of mineral phase transition being dependent on the metal type and concentration. 

This same phenomenon was observed by Nair et al. (1999), where increased enhancement 

was observed over CuO doped TiO2 samples compared to NiO doped TiO2. Colon et al. 

(2006) also observed lower anatase content with increased Cu concentration due to the 

higher amounts of dopants favoring the rutilization process. The influence of these 

substitutional ions is further confirmed by the change in light absorption properties and 

electronic structure of the metal loaded TiO2 samples observed in the UV-Vis spectra when 

compared to pure TiO2. According to Li et al. (2005), electronic states introduced by 

substitutional metal ions on the bottom of the conduction band edge of TiO2 cause the 

formation of a new higher unoccupied molecular orbital. This molecular orbital narrows the 

band gap, as also found in this study (Figure 4.37) and thus influences photon absorption.  

The synergistic effect between the two crystalline phases in the Cu based samples could 

also be another plausible reason for improved activity. Improved charge separation and 

high reactivity at the anatase to rutile interface occurs during electron transfer from rutile to 

anatase at this interface where defect sites with unique charge trapping and adsorption 

properties can be created (Carneiro et al. (2011), Bouras et al. (2007), Liu et al. (2012)). 

Bouras et al. (2007) and Zhang et al. (2008) reported that electron hole recombination can 

be retarded through the creation of energy wells and surface anatase/rutile phase junction 

which serve as electron traps formed from the lower band gap of rutile thus facilitating 

charge separation and increasing the lifetime of photogenerated electrons and holes. The 

presence of mixed crystalline phases of titania (i.e. anatase and rutile) has also been 

reported to show improved photocatalytic activity due to synergistic effect derived from 

better charge separation and high surface area (Liu et al. (2012)).  

After the optimal doping ratio of Cu
2+

 was exceeded (0.5wt% and 1wt% for the monolith 

and quartz plate photoreactor systems), reduced photoactivity was observed. This result 

could be due to the coverage of the surface of TiO2 with increased metal ions which 

inhibited interfacial charge transfer due to insufficient amount of light energy available for 
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activation of all the catalyst particles. Li et al. (2010b) reported that copper dopant below or 

above the optimum value of 0.5 wt% resulted in reduced production rates. The decrease in 

production rates at lower doping ratios below the optimum value was attributed to low Cu 

concentration while reduced catalytic activity at higher loadings were attributed to excess 

Cu species acting as recombination centres for photogenerated electrons and holes. When 

the doping content of Cu
2+

 exceeded 5 wt%, Tian et al. (2013) recorded a decrease in 

photocatalytic activity due to electron hole recombination. According to Schiavello (1997), 

photoreactivity can be negatively influenced by either a high concentration of metallic 

islands on the semiconductor surface or an enhancement of their size. When this occurs, 

reduced surface illumination of catalysts and increased recombination rate is observed. The 

different optimal doping ratios observed in this study might be due to dissimilar light 

interaction with the supports arising from the photoreactor configurations (Section 3.3.2). 

4.4.3.3 PRODUCT FORMATION  

XRD and ICP-OES results have established that Cu was present in the lattice of TiO2 lattice 

with the chemical state being CuO, as demonstrated by XPS. Several researchers have 

reported that Cu
2+

 species were the active sites on Cu based TiO2 catalysts for the 

degradation of rhodamine B (Xin et al. (2008)), photocatalytic water splitting (Li et al. 

(2010a)) and CO2 reduction (Slamet et al. (2005, 2009), Tian et al. (2013)). This is in 

agreement with the results observed in this study where Cu
2+

 were the primary Cu species 

and enhanced the efficiency of CO2 photoreduction compared to pure TiO2. Furthermore, it 

is generally accepted that CuO can trap photoexcited electrons from the conduction band of 

TiO2 and these trapped elections can participate in reduction reactions with the surface 

adsorbed species thus preventing electron-hole recombination. The relative position of the 

band edges of TiO2 has been reported by Kokorin and Bahnemann (2003) to determine its 

redox functioning i.e. for reduction to occur; the conduction band (ECB) of TiO2 must be 

more negative than the redox potential level while oxidation by valence band (EVB) holes 

will only occur if the EVB is more positive than the relevant redox potential. The redox 

potentials of CO2 to hydrogen, methanol and ethanol at pH 7 and 25
o
C are -0.41, -0.38 and 

-0.33 V vs NHE, respectively (Indrakantii et al. (2009), Vayenas et al. (2008)). Based on 

these values derived from the literature, the ECB level of CuO (-0.36) is sufficiently 

negative enough to reduce CO2 to these products (Xu and Schoonen (2000)). The redox 
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potentials of the other products detected in this study not listed here are also less negative 

than the ECB values of these compounds hence their formation is feasible.  

Oxidation can also occur on the surface of TiO2 as the EVB level of CuO (2.84) is 

sufficiently positive enough to oxidize CO2 to oxygen (Xu and Schoonen (2000)). The 

results from UV-Vis and XRD discussed in Section 4.3.2 already indicate the possibility of 

efficient electron hole separation occurring due to the charge compensation effect 

introducing oxygen vacancies. This photogenerated electrons and holes then undergo redox 

reactions with the electron donors and acceptors adsorbed on the surface of TiO2 to derive 

fuels and oxygen as demonstrated in this study. The improved production efficiency 

demonstrated by the Cu based TiO2 photocatalysts compared to pure TiO2 when using the 

quartz plate photoreactor system in this study may be attributed to improved charge 

separation at the anatase to rutile interface and the presence of Cu
2+

 species serving as 

electron traps which suppressed electron-hole recombination.  

4.4.4. OVERALL SUMMARY OF Cu-TiO2 

Sol gel derived Cu-TiO2 photocatalysts were successfully immobilized onto quartz plate 

and monolithic structures threaded with optical fibers and tested for CO2 with H2O in the 

gaseous phase for the first time. Results showed that the copper species present in the 

substitutional sites of the TiO2 matrix were able to modify the crystalline and optical 

properties of TiO2. The increase in Cu concentration facilitated the anatase to rutile 

transformation due to the substitution of Cu
2+

 by Ti
4+

 in the TiO2 structure. Upon UV and 

visible light irradiation, the Cu doped photocatalysts exhibited improved activity compared 

to pure TiO2. Quartz plate as a catalyst carrier was found to significantly improve the 

photoconversion rates in comparison with monolithic structures. More importantly, the 

improved conversion efficiency was due to improved charge separation at the anatase to 

rutile interface and the presence of Cu
2+

 species serving as electron traps which suppressed 

electron-hole recombination. 
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  CHAPTER 5 

           V, Cr and Co-TiO2 PHOTOCATALYSTS FOR CO2 REDUCTION 

This chapter focuses on the study of the physicochemical properties of the pure and metal 

loaded TiO2 photocatalysts and their CO2 photocatalytic activities under visible light. 

Section 5.1 describes the catalyst characterization and CO2 photoreduction studies of V-

TiO2 nanoparticles and monoliths in the quartz plate and internally illuminated monolith 

(IIMR) photoreactors. The catalyst characterization and CO2 photoreduction studies of the 

Cr-TiO2 nanoparticles and monoliths in the quartz plate and IIMR photoreactors are 

analyzed in Section 5.2. Finally, Section 5.3 discusses the catalyst characterization and CO2 

reduction studies of the Co-TiO2 nanoparticles and monoliths in the quartz plate and IIMR 

photoreactors.  

5.1 V-TiO2 NANOPARTICLES AND MONOLITHS 

5.1.1 INTRODUCTION 

The development of nanostructured visible light photocatalytic systems capable of 

harnessing the energy from the sun is imperative for producing carbon based fuels and 

chemicals. The critical review in Section 2.2 concluded that metal modified TiO2 can 

enhance photocatalytic efficiency compared to pure TiO2. Vanadium (V) is one of the 

naturally occurring transition metals, and composites of V doped TiO2 have not only shown 

‘red shift’ in the absorption spectra in the visible light region, but also enhanced 

degradation of organic compounds (Wu and Chen (2004), Yang et al. (2009), Tian et al. 

(2009)) and photocatalytic water splitting (Wu et al. (2011), Dholam et al. (2011)). 

However, V doped TiO2 has not been studied for the photocatalytic reduction of CO2 using 

H2O as a reductant. Moreover, the effect of these metal loaded TiO2 photocatalysts on 

supports has not been explored for CO2 reduction. Therefore, this work focuses on V based 

catalysts immobilized onto ceramic honeycomb monoliths threaded with optical fibers and 

quartz plates and tested for CO2 photoreduction (Section 3.4.2).  



                                    

180 

 

5.1.2. CATALYST CHARACTERIZATION 

5.1.2.1 MORPHOLOGY AND PHASE STRUCTURES 

The XRD diffraction patterns of a series of V doped TiO2 photocatalysts within the range 

of 0.1 – 2 wt % synthesized by the sol-gel method are presented in Figure 5.1. After 

calcination at 773K, all diffraction peaks for the metal loaded nanoparticles can be indexed 

to the tetragonal anatase phase TiO2 which was confirmed by comparison with the Joint 

Committee on Powder Diffraction Standards (JCPDS) Card File No.21-1272.  

 

Figure 5.1: XRD pattern of the V doped nanomaterials (1) 0.1wt%V-TiO2 (2) 0.5wt%V-

TiO2 (3) 1wt%V-TiO2 (4) 1.5wt%V-TiO2 and (5) 2wt%V-TiO2 (A and R represents anatase 

and rutile, respectively) 

Addition peaks of rutile at ca. 27.4
o
 and 36.1

o
 (JCPDS Card File No.65-0191) were further 

observed in the 1.5wt% and 2wt%V-TiO2 samples. Vanadium peaks in its metal or oxide 

phase were not observed in samples with doping ratios within 0.1wt% - 1.5wt% either due 

to the high dispersion of vanadium species in TiO2 structure or their small particle size 

(Zhou et al. (2010), Tian et al. (2009)). As shown in Figure 5.1, the phase structures of V 

elements on the surface of 2wt%V-TiO2 photocatalyst were observed by the characteristic 

diffraction peaks of vanadium (IV) oxide (VO2) at ca. 14.9
o 

and 29.9
o 

(JCPDS Card File 
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No.42-0876) and vanadium (V) oxide (V2O5) at ca. 20.3
o 

and 31.0
o 

(JCPDS Card File 

No.42-0876). A similar trend was observed by Li et al. (2007) and Zhao et al. (1999) for 

their Ti1-xVxO2 films. The peaks of rutile and V2O5 were observed when x = 2 (Li et al. 

(2007)) and x = 0.25 (Zhao et al. (1999)) for the sol gel derived films calcined at 773K and 

973K, respectively. Schimmoeller et al. (2008) and Kubacka et al. (2007) observed the 

presence of V
4+

 and V
5+ 

peaks in the diffraction patterns of samples with loading ratios 

greater than 7wt% and 5wt%, respectively. Schimmoeller et al. (2008) attributed the 

presence of the peaks to a fraction of V
4+

particles nucleating homogeneously as individual 

particles while the other fraction condensed heterogeneously on TiO2. Kubacka et al. 

(2007) reported the formation of vanadate type (V
5+

) clusters presumably at the sample 

surface as a plausible reason for the peak appearance.  

Table 5.1: Some important structural, optical and electrical properties of V-TiO2 

photocatalysts determined by XRD, BET, ICP-OES and UV-Vis 

Photocatalysts Crystallite size (nm) 

/ phase content (%) 

Lattice 

parameters 

SBET 

(m
2
/g) 

ICP-OES Band gap 

(eV) 

Anatase Rutile a (Å) c (Å) V (wt %) 

0.1wt% V-TiO2 13.18 - 3.8244 9.4891 97.03 0.23 2.91 

0.5wt% V-TiO2 12.88 - 3.8193 9.5213 97.27 0.52 2.85 

1.0wt% V-TiO2 12.23 - 3.8167 9.5607 100.20 1.55 2.79 

1.5wt% V-TiO2 11.97 

(91.40) 

6.95 

(8.60) 

3.7912 9.8301 118.20 2.15 2.36 

2.0wt% V-TiO2 11.33 

(88.20) 

25.12 

(11.80) 

3.7901 9.8528 106.40 3.96 2.18 

 

The diffraction patterns suggest that the samples are well crystallized with the crystallite 

grain size for anatase calculated from the Scherrer equation being within 11.33 – 13.18 nm 

(Table 5.1). The standard error of the crystallite size measurement via XRD is within the 

range of ± 0.1 - 0.3%. The crystallize size of anatase for the V-TiO2 nanomaterials 

decreased compared to crystallite size of pure TiO2. As shown in Table 5.1, the crystallite 

size of rutile also increased with increasing V concentration. This is consistent with the 

findings of Tian et al. (2009) where increased rutile content was observed with increasing 
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V doping. They suggested that the substitution of Ti with V ions for their samples calcined 

at 673K might have decreased the thermal stability of anatase and thus facilitated phase 

transformation to rutile. An increase in V loading resulted in peak broadening of the main 

anatase peak (101 and 201) of the nanomaterials, which is ascribed to the decrease in 

crystallite size, as shown in Table 5.1. V
4+

 ions can also be easily incorporated into the 

crystal lattice of TiO2 substitutionally due to the similarity of its tetragonal crystal structure 

and ionic radius of V
4+

 (0.63 Å) with Ti
4+

 (0.68 Å) when compared to V
5+ 

(Gu et al. 

(2007)). V
5+

 ions have an ionic radius of 0.59 Å (Ahrens (1952)) and an orthorhombic or 

tetragonal pyramidal crystal structure (Yang et al. (2010)). Furthermore, Gu et al. (2007) 

explained that at lower V doping ratios, the majority of the V
4+

 ions remain in the Ti
4+

 

lattice via substitution due to the thermal stability of Ti-O-V linkages. Pure VO2 phase was 

also reported to be formed from the excess V
4+

 ions generated from increased metal 

concentration, while the V2O5 phase was formed from the oxidation of VO2 clusters during 

calcination.  

Table 5.1 lists the lattice constants (a and c) for the V-TiO2 samples calculated based on the 

anatase (101) diffraction peaks of the samples. Comparison of the values of the lattice 

constants ‘a’ of TiO2 with the doped samples shows that the values increased upon the 

addition of vanadium ions (0.1wt%), and then a subsequent decrease upon increased metal 

concentration was observed and addition of V in concentrations greater than 1.5wt% results 

in similar values (3.7901Å) to that observed for pure TiO2 (3.7892Å). An increase of the ‘c’ 

axis values also occurred on comparison with pure TiO2. Based on these results, it can be 

inferred that lattice expansion occurred due to the substitution of Ti
4+

 sites with vanadium 

ions. A previous study by Yang et al. (2010) attributed the lattice expansion along the ‘c’ 

axis of the V-TiO2 samples to the incorporation of vanadium atoms in the crystal lattice of 

TiO2. The broadening of the main anatase peak and the shift of these peak positions 

observed in this study could be due the replacement of some Ti
4+

 ions with V
4+

 or V
5+

 ions 

accompanied by lattice expansion. Since XRD cannot determine the percentage of dopant 

present in the lattice as metal oxide clusters (V
4+

 or V
5+

), it is important to make such 

quantification in the future using XAS to understand the role of the individual metal oxide 

detected by XRD. The BET specific surface area of the V-TiO2 based photocatalysts were 

within the range of 97.03 – 118.2m
2
/g. The standard error of the surface area measurement 

via BET is within the range of + 0.1 – 0.31%. An increase in specific surface area of TiO2 



                                    

183 

 

occurs with an increase in V loading. Aggregates of nanosized spherical particles of 

homogeneous shapes and varying sizes from 7 - 31 nm were observed from the 

transmission electron microscopy (TEM) micrographs using different magnifications 

(Figure 5.2). Energy dispersive spectroscopy (EDS) revealed that V was dispersed on the 

surface of TiO2 with its morphological features not changed by doping, as previously 

observed for other metals (Sections 4.2 – 4.4). The high resolution (HR) TEM images of 

1wt%V-TiO2 (Figure 5.2) indicate that the particles were highly crystallized.  

 

Figure 5.2: TEM micrographs of 1wt%V-TiO2  

The SEM micrograph of the 1wt%V-TiO2 monolith is presented in Figure 5.3. SEM-EDS 

micrograph confirmed the presence of the metal loaded TiO2 on the SiO2 layer. The V-TiO2 

photocatalysts were uniformly dispersed on the surface of the pre-coated SiO2 layer, where 

they can be photoactive instead of being buried within the monolith pores. The change in 

porosity after the monolith sample was coated with 1wt%V-TiO2 is presented in Figure 5.4. 

As shown in Figure 5.4, the intensity of the cumulative and log differential intrusion 

volume of the 1wt%V-TiO2 coated monolith decreased when compared to the micrographs 

of the SiO2 coated monolith (Figure 4.9). The porosity and total intrusion volume for the 

1wt%V-TiO2 sample was 36.88% and 0.16 mL/g.   
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Figure 5.3: SEM and EDS spot analysis micrograph of 1wt%V-TiO2  

 

Figure 5.4: Pore size distribution of 1wt%V-TiO2 monolith where A represents the 

cumulative intrusion and B represents the log differential intrusion volume 

A comparison between these values with those for the SiO2 coated monolith (44.27% and 

0.19 mL/g, Section 4.1.2.2) indicates a decrease in porosity and total intrusion volume. This 

may indicate that the catalysts were mostly dispersed on the surface of the pre-coated SiO2 

layer instead of being embedded within the pores of the monolith.    
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5.1.2.2 ICP-OES and XPS ANALYSIS 

The metallic content of the samples quantified by ICP-OES analysis are listed in Table 5.1. 

The bulk elemental ratios of the samples are higher than the nominal elemental ratios of the 

samples. The high resolution XPS spectra of V 2p, Ti 2p and O 1s of 2wt%V-TiO2 sample 

calcined at 773K are presented in Fig. 5.5. The binding energy of the V 2p1/2 core level at 

524.7eV is characteristic of vanadium (IV) oxide, while the binding energies of  V 2p3/2 at 

516.3eV and 517.4eV are characteristic of vanadium (IV) oxide and vanadium (V) oxide, 

respectively (Wagner et al. (2007), Bhattacharyya et al. (2008)). This indicates that V 

species exist in the TiO2 lattice in the form of V
4+

 and V
5+

. These values are consistent with 

the binding energies of V 2p3/2 measured for V doped TiO2 (Wu and Chen (2004)). The 

presence of V
4+

 species in the sol gel derived vanadium doped TiO2 samples were probably 

due to the reduction of V
5+

 by the decomposition of organics from starting materials (Liu et 

al. (2009) and Yang et al. (2007)). This is supported by the appearance of both V
4+

 and V
5+

 

in the XRD pattern of the 2wt% V-TiO2 sample (Figure 5.1). The relative concentrations of 

V species were calculated based on the summation of the corresponding peak areas, which 

gives a 2p3/2 and 2p1/2 ratio equal to 56.9%/12.3% for V
5+

 and 16.3%/14.5% for V
4+

 before 

photoreaction and 57.2%/13.3% for V
5+

 and 15.2%/14.3% for V
4+

 after photoreaction. 

These results indicate that the relative concentrations of V species did not change 

considerably during the photoreduction process. 

In Figure 5.5b, the peak at 458.9eV is assigned to the Ti 2p3/2 of TiO2 while the peaks at 

464.7eV are assigned to the Ti 2p1/2 of TiO2, respectively (Wagner et al. (2007). The XPS 

spectra of the O 1s region (Figure 5.5c) shows that oxygen exists in three forms on the 

sample surface with the binding energies of 529.6, 530.2 and 531.8eV. The peak at 

529.6eV probably corresponds to the O 1s peak of V2O5 (Lindblad et al. (1999). The main 

peak appears at 530.2eV and can be assigned to the bulk oxygen bound on TiO2. This value 

is consistent with the values reported in the literature for anatase TiO2 (Banares et al. 

(1996)). The other peak at 531.8eV can be attributed to the surface oxygen by hydroxyl 

species (Zhou et al. (2010)).  
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Figure 5.5: XPS spectra of 2wt% V-TiO2 (fresh: left and used: right) samples (A) V 2p, (B) 

Ti 2p, and (C) O 1s.  
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5.1.2.3. UV-VIS ANALYSIS 

The absorption spectra for the V-based photocatalysts synthesized by the sol-gel method at 

various doping ratios are presented in Figure 5.6. A comparison of the absorption spectra of 

the V-TiO2 based photocatalysts with the spectrum of pure TiO2 (3.1eV) showed red shift 

to longer wavelengths. The optical properties of TiO2 were tuned towards the visible light 

by the substitution of Ti
4+

 by V
4+

 or V
5+

 ions.  
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Figure 5.6: UV-vis diffuse reflectance spectra of V-TiO2 samples  

Several researchers have reported that the absorption band of V
4+

 is centred at 770nm, 

while the absorption band of V
5+

 is lower than 570nm (Yang et al. (2007, 2010)). Based on 

the spectra of the V-based photocatalysts in this study, it can be inferred that both V
4+

 and 

V
5+

 ions coexist in the samples, which is consistent with XRD and XPS results. The tailings 

observed in the absorption band of V-TiO2 samples have been reported to be assigned to the 

charge transfer transition from the 3d orbitals of V
4+ 

species to the TiO2 conduction band 

(Yang et al. (2010), Bhattacharyya et al. (2008)). Absorption spectra of the resulting V-

based TiO2 photocatalysts showed increased shift in the visible light with increased V 

doping concentration.  

The band gap energies of the V-based catalysts were within the range of 2.18-2.91eV, with 

the largest red shift occurring for the 2wt% V-TiO2 sample. The standard error of the band 
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gap measurement via UV-vis is within the range of ± 0.04 - 0.28%. Thus, the presence of V 

modified the band gap energy of TiO2. These results are consistent with the findings of Wu 

and Chen (2004), Yang et al. (2010), Gu et al. (2007) and Bhattacharyya et al. (2008), 

where V doping results in a red shift of the absorption edges and decrease in band gap 

energies of the TiO2 based samples when compared to pure TiO2. The absorption edge 

between 380-794nm and increased light absorption observed by Bhattacharyya et al. (2008) 

were attributed to the presence of vanadium species in both V
4+

 and V
5+

 states and the 

creation of mid gap energy levels via V doping in the lattice of TiO2.  

5.1.2.4. CO CHEMISORPTION 

The specific surface area and dispersion of the active V atoms available to catalyse surface 

reactions in the photocatalysts were measured by using CO as an adsorbate with adsorption 

stoichiometry of 1:1 (Section 2.7.1.3). Figure 5.7 presents the specific surface area and 

dispersion of the V based photocatalysts measured by CO chemisorption.  
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Figure 5.7: Specific surface area and dispersion of V in V-TiO2 photocatalysts measured by 

CO chemisorption. 

As shown in Figure 5.7, the highest values of both specific surface area (696m
2
/g) and 

dispersion (90 %) were observed for the 0.1wt%V-TiO2 sample. The surface area and 

dispersion of the metal atoms present in the samples decreased with increasing V 
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concentration. It can be inferred that at low doping ratios, V was uniformly dispersed on 

TiO2 surface, while decreased dispersion and metal surface areas were observed at 

subsequent higher doping ratios. The decreased metal surface area could be due to an 

excess amount of metals blocking the pore space of TiO2, which led to reduced metal 

dispersion and formation of aggregates on the surface of the photocatalyst (Liu (2012)). 

5.1.3. PHOTOREDUCTION OF CO2 WITH H2O  

5.1.3.1 GAS PHASE PHOTOREACTOR SYSTEM 

The V-based catalysts coated on the monolith threaded with optical fibers and the quartz 

plates were tested for CO2 photoreduction using visible light irradiation for 4 hours. The 

major products formed include hydrogen, methanol, acetaldehyde and ethanol (Figure 5.8). 

Other minor products including methane, ethylene and oxygen were also detected in 

concentrations < 5.83 µmol/gcath and < 4.87 µmol/gcath for the quartz plates and monolith 

threaded with optical fibers, respectively.  

 

Figure 5.8: Effect of V doping amount on product rate using catalyst carriers: monolith 

threaded with optical fibers (M) and quartz plates (Q) under visible light irradiation ((A) 

TiO2, (B) 0.1wt% V-TiO2, C) 0.5wt% V-TiO2, (D) 1wt% V-TiO2, (E) 1.5wt% V-TiO2 and 

(F) 2wt% V-TiO2 photocatalysts) 
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The presence of V was found to increase the product rates of these hydrocarbons compared 

to TiO2. The CO2 reduction experiments were repeated thrice, with the production rates 

averaged and the error bars are presented in Figure 5.8. All the V-TiO2 photocatalysts show 

improved product rates when compared to pure TiO2. As shown in Figure 5.8, the product 

rates of hydrogen, methanol, ethanol and acetaldehyde steadily increases with an increase 

in doping ratio to give an optimal ratio of 0.5wt%V-TiO2 and 1.5wt%V-TiO2 for the 

monolith and quartz plate photoreactor systems, respectively, after which reduced product 

rates were observed for the subsequent higher doping ratios under visible light. 

Hydrogen and methanol were favorably produced; with maximum product rate of 

39.12µmol/gcath and 16.15µmol/gcath, respectively, for the catalysts coated on the monolith 

threaded with optical fibers and 47.89µmol/gcath and 18.49µmol/gcath, respectively, for the 

catalysts dispersed on the quartz plates. Hydrocarbon evolution is higher under visible light 

irradiation when the quartz plate is used as a catalyst carrier compared to the monolith 

threaded with optical fibres. The higher product rate can be attributed to the improved light 

utilization efficiency observed when the quartz plate was used as a support (Section 3.3.2). 

5.1.3.2 CORRELATION BETWEEN CATALYST CHARACTERIZATION AND 

YIELDS OF PHOTOCONVERSION 

The enhanced photoreduction activity demonstrated by the V based photocatalysts in the 

visible light region compared to pure TiO2 when using the quartz plate photoreactor system 

can be attributed to the incorporation of V ions in the crystal lattice of TiO2, increased 

visible light absorption, strong metal–support interactions and accessible active metal sites 

arising from the appropriate metal dispersion and loading amount. Efficient electron hole 

separation induced by the trapping effect of substitutional metal ions in the lattice of TiO2 

via the p-n junction formation between V2O5 and TiO2 might also contribute to the 

improved photoreduction activity. The decrease in crystallite size of anatase with increased 

  loading and lattice expansion along the ‘c’ axis observed in the XRD patterns of these 

samples explains the peak broadening observed, which is associated with substitutional 

doping (Section 5.1.2.1). XRD results are also consistent with BET results obtained for the 

V based samples, where higher surface area values were observed with decreased grain 

growth of anatase. As reported in Section 2.2.3.1, the formation of smaller crystallites 

reduces the probability of the photogenerated electrons and holes from the bulk undergoing 
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recombination before reaching the surface due to their large surface to volume ratio. 

Consequently, the reduction in crystallite size and higher surface areas when compared to 

pure TiO2 can facilitate improved photocatalytic efficiency. 

The influence of these substitutional ions is further confirmed by the change in light 

absorption properties and electronic structure of the metal loaded TiO2 samples observed in 

the UV-Vis spectra when compared to pure TiO2. The increased red shift and optical 

absorption observed in the visible light region was due to defect centers created by the 

substitution of Ti
4+

 with increasing V ions in the crystal lattice of TiO2. Therefore, the band 

gap energy required for the migration of valence band electrons to the conduction band is 

reduced, leading to the availability of more photogenerated charge carriers to participate in 

the reduction of CO2. Conversely, increased recombination rate of the photogenerated 

charge carriers may increase with high V concentration due to vanadium species (V
4+

) 

acting as both electron and hole traps and thus creating multiple trap sites. After the optimal 

doping ratio of V was exceeded (0.5wt% and 1.5wt% for the monolith and quartz plate 

photoreactor systems), reduced photoactivity was observed during this present study.  

The reduced photoactivity could be due to the coverage of the surface of TiO2 with 

increased metal ions which inhibited interfacial charge transfer due to insufficient amount 

of light energy available for activation of all the catalyst particles. The increased 

concentration of V ions can also act as recombination centers of holes and electrons 

(Section 2.2.3.1). Bhattacharyya et al. (2008) observed maximum conversion rates using 

5mol%V doped TiO2 sample, after which drastic reduction was observed for the 10mol% 

sample. The decline in activity was ascribed to presence of excess V ions facilitating the 

increased electron generation and the narrowed band width probably contributing to reverse 

electron transfer and hole quenching. Tian et al. (2009) reported that vanadium ions above 

the optimal doping ratio of 1wt% resulted in reduced degradation rates of 2, 4-

dichlorophenol (2, 4-DCP). The decreased degradation rates were attributed to excess V 

species reducing surface illumination of catalysts and reducing the contact area between 

TiO2 and the organic pollutant. When the doping content of V exceeded 3 wt%, Wang et al. 

(2011) recorded a decrease in photocatalytic oxidation of 1-phenlethnol due to electron hole 

recombination.  
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Several researchers have reported that V
4+

 species were the active sites on V based TiO2 

catalysts for the photo-degradation of ethene (Bhattacharyya et al. (2008)), toluene 

(Kubacka et al. (2007) and methylene blue (Gu et al. (2007)). Furthermore, it is generally 

accepted that V
4+

 can act as both an electron and hole trap and thus charge separation can 

be favoured by the charge transfer transition from V
4+

 to the conduction band of Ti
4+

 level, 

while V
5+

 can serve as an electron acceptor only (Serpone et al. (1994), Kubacka et al. 

(2007)). Based on this, the photogenerated electrons and holes then undergo redox reactions 

with the electron donors and acceptors adsorbed on the surface of TiO2 to derive fuels and 

oxygen as demonstrated in this study.   

5.1.4. OVERALL SUMMARY FOR V-TiO2 

Photocatalytic reduction of CO2 with H2O under visible light irradiation using V-TiO2 

coated monolithic structures threaded with optical fibers and quartz plate is reported for the 

first time in this study. The defect centers created by the substitution of Ti
4+

 with increasing 

V ions in the crystal lattice not only modified the crystallinity of TiO2 but significantly 

improved its visible light harvesting properties in comparison with TiO2. VO2 was 

identified to be the electron trap site that facilitated multi electron reactions and suppressed 

electron-hole recombination. Superior photocatalytic activities under visible light 

irradiation relative to that of pure TiO2 were observed at optimal doping ratios of 0.5 wt% 

and 1.5wt%. The decline in production rate observed upon increased V concentration was 

due to the coverage of the surface of TiO2 with excess metal particles, as confirmed by CO 

chemisorption. More experiments such as XAS are necessary to determine the percentage 

and position of dopants in TiO2 lattice. 

5.2 Cr-TiO2 NANOPARTICLES AND MONOLITHS 

5.2.1 INTRODUCTION 

The doping of transitional metals especially Cr in the lattice of TiO2 can cause enhanced 

bathochromic shift from the UV region to longer wavelengths in the visible light region and 

thus improving its band width via the introduction of additional energy levels within the 

band gap of TiO2 (Zhang et al. (2008)). However, the influence of Cr doping on the 

performance of TiO2 for the photocatalytic reduction of CO2 has not been fully exploited 
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(Section 2.2). Given that little is known about the effect of immobilizing Cr based TiO2 

nanomaterials onto supports i.e. ceramic honeycomb monoliths threaded with optical fibers 

and quartz plates for CO2 reduction, experimental analyses were conducted to fill this 

knowledge gap.  

5.2.2. CATALYST CHARACTERIZATION 

5.2.2.1 MORPHOLOGY AND PHASE STRUCTURES 

The XRD diffraction patterns of the sol-gel derived Cr doped TiO2 photocatalysts are 

shown in Figure 5.9. All diffraction peaks for the metal loaded nanoparticles can be 

indexed to the tetragonal anatase phase TiO2 which was confirmed by comparison with the 

Joint Committee on Powder Diffraction Standards (JCPDS) Card File No.21-1272.  

 

Figure 5.9: XRD pattern of the Cr doped nanomaterials (1) 0.1wt%Cr-TiO2 (2) 0.5wt%Cr-

TiO2 (3) 1wt%Cr-TiO2 (4) 1.5wt%Cr-TiO2 and (5) 2wt%Cr-TiO2 (A and R represents 

anatase and rutile, respectively) 
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Chromium peaks in its metal or oxide phase were not observed even at the highest doping 

ratio of 2wt%, due to the high dispersion of chromium species in TiO2 structure. Peng et al. 

(2012) and Tian et al. (2012) also observed the absence of Cr diffraction peaks arising from 

the segregation or precipitation of Cr in different phases. Rutile peaks at ca. 27.4
o
 and 36.1

o
 

(JCPDS Card File No.65-0191) were further observed in the diffraction pattern of the 

2wt%Cr-TiO2 samples. The crystallite grain size for anatase calculated from the Scherrer 

equation was within 10.43 – 13.82 nm (Table 5.2). The standard error of the crystallite size 

measurement via XRD was within the range of ± 0.13 - 0.27%. The crystallize size of 

anatase for the Cr-TiO2 nanomaterials decreased with increasing Cr concentration 

compared to crystallite size of pure TiO2 (Table 5.2). Similar phenomenon was previously 

observed by several researchers for Cr doped TiO2 samples (Zhu et al. (2006), Peng et al. 

(2012), Liu et al. (2011)). This decrease in crystallite size was explained due to the 

presence of Cr-O-Ti bonds in the doped samples that probably inhibited the coalescence of 

crystal grains which invariably suppressed the growth of anatase crystallites.  

Table 5.2: Some important structural, optical and electrical properties of Cr-TiO2 

photocatalysts determined by XRD, BET, ICP-OES and UV-Vis 

Photocatalysts Crystallite size (nm) 

/ phase content (%) 

Lattice 

parameters 

SBET 

(m
2
/g) 

wt% of Cr Bandgap 

(eV) 

Anatase Rutile a (Å) c (Å) ICP XPS 

0.1wt% Cr-TiO2 13.82 - 3.8014 9.5508 91.35 0.11 0.02 2.94 

0.5wt% Cr-TiO2 13.60 - 3.8087 9.5437 102.90 0.54 0.06 2.79 

1.0wt% Cr-TiO2 11.81 - 3.8174 9.4212 120.20 0.95 0.39 2.64 

1.5wt% Cr-TiO2 10.77  - 3.8267 9.416 119.60 1.52 0.60 2.51 

2.0wt% Cr-TiO2 10.43 

(90.30) 

8.60 

(9.70) 

3.9555 8.1528 62.16 1.79 0.93 2.12 

An increase in Cr loading resulted in peak broadening of the main anatase peak (101 and 

201) of the nanomaterials, which is ascribed to the decrease in crystallite size, as shown in 

Table 5.2. Cr
3+

 ions can also be easily incorporated into the crystal lattice of TiO2 

substitutionally due to the similarity of the ionic radius of Cr
3+

 (0.63 Å) with Ti
4+

 (0.68 Å) 

(Ahrens (1952)). Table 5.2 shows the lattice constants (a and c) for the Cr-TiO2 samples 
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calculated based on the anatase (101) diffraction peaks of the samples. Comparison of the 

values of the lattice constants ‘a’ of TiO2 with the doped samples shows that the values 

increased upon the addition of Cr ions.  

A decrease along the ‘c’ axis also occurred on comparison with pure TiO2. Based on these 

results, it can be inferred that the lattice expansion occurred due to the substitution of Ti
4+

 

sites with Cr ions. Overall, it can be inferred from these results that the crystallinity of TiO2 

was modified by Cr doping. The BET specific surface area of the Cr-TiO2 based 

photocatalysts were within the range of 62.16 – 120.2m
2
/g (Table 5.2). The standard error 

of the surface area measurement via BET is within the range of + 0.1 – 0.3%. An initial 

increase in specific surface area of TiO2 occurs with an increase in Cr doping and a 

subsequent sharp decrease was then observed upon increased Cr concentration with values 

> 1.5wt%. This could be due to pore blockage arising from excess metal particles. 

Spherical nanoparticles of homogeneous shapes and varying diameters from 6 - 15 nm were 

observed from the transmission electron microscopy (TEM) micrographs using different 

magnifications (Figure 5.10). It was confirmed from EDS analysis that Cr was dispersed on 

the surface of TiO2 with the morphological features of the 1wt%Cr-TiO2 sample not 

changed by doping. The high resolution (HR) TEM images of 1wt%Cr-TiO2 in Figure 5.10 

indicate that the particles were crystalline in nature. 

 

Figure 5.10: TEM micrographs of 1wt%Cr-TiO2  
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The SEM micrograph of the 1wt%Cr-TiO2 monolith is illustrated in Figure 5.11. Spot 

analysis on the SEM-EDS micrographs confirmed the presence of Cr on the SiO2 layer. The 

Cr-TiO2 photocatalysts were mostly dispersed on the surface of the pre-coated SiO2 layer, 

where they can be photoactive instead of being buried within the monolith pores. 

 

Figure 5.11: SEM and EDS spot analysis micrograph of 1wt%Cr-TiO2  

The change in porosity of the 1wt% Cr-TiO2 monolith was studied by mercury 

porosimetry, as illustrated in Figure 5.12.  
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Figure 5.12: Pore size distribution of 1wt%Cr-TiO2 monolith where A represents the 

cumulative intrusion and B represents the log differential intrusion volume 

The porosity and total intrusion volume for the 1wt%Cr-TiO2 sample was 32.94% and 

0.16mL/g. As shown in Figure 5.12, the intensity of the cumulative and log differential 

intrusion volume of the 1wt%Cr-TiO2 coated monolith decreased when compared to the 

micrographs of the SiO2 coated monolith (Figure 4.9). The decrease is based on changes in 

pore filling since more pores were filled. A decrease in porosity and total intrusion volume 

was also observed when the porosity and intrusion volume were compared with the values 

for the SiO2 coated monolith (44.27% and 0.19 mL/g, Section 4.1.2.2). 

5.2.2.2 ICP-OES and XPS ANALYSIS 

ICP-OES and XPS were used to determine the bulk elemental composition, surface 

composition and electronic states of the elements. Table 5.2 presents the actual content of 

the Cr doped TiO2 samples measured by ICP and XPS. The metallic content of the Cr 

dopant are almost the same as the nominal values for the samples. The surface Cr content 

determined by XPS is much lower than the bulk Cr content measured by ICP. This implies 

that the Cr dopants are present in higher concentration at the interior than the exterior of the 

TiO2 nanoparticles. The high resolution XPS spectra of Cr 2p, Ti 2p and O 1s of 2wt%Cr-

TiO2 sample are presented in Fig. 5.13. The binding energies of the Cr 2p3/2 and Cr 2p1/2 

core levels at 576.5eV and 586.3eV are characteristic of chromium (III) oxide, respectively 

(Wagner et al. (2007)). This indicates that Cr species exist predominantly in the TiO2 lattice 

sites in the form of Cr
3+

. These values are consistent with the binding energies of Cr 2p3/2 

measured for Cr doped TiO2 (Pan and Wu (2006), Peng et al. (2012), Zhu et al. (2006)). 

In Figure 5.13b, the peak at 458.7eV is assigned to the Ti 2p3/2 of TiO2 while the peak at 

464.7eV is assigned to the Ti 2p1/2 of TiO2, respectively (Wagner et al. (2007)). The XPS 

spectra of the O 1s region in Figure 5.13c shows that oxygen exists in two forms on the 

sample surface with the binding energies of 530.4 and 531.6eV. The main peak appears at 

530.2eV and can be assigned to the bulk oxygen bound on TiO2. This value is consistent 

with the values reported in the literature for anatase TiO2 (Peng et al. (2012)). The other 

peak at 531.6eV can be attributed to the surface oxygen by hydroxyl species on the sample 

surface (Zhu et al. (2006), Chen and Liu (2011)).  
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Figure 5.13: XPS spectra of 2wt% Cr-TiO2 sample (A) Cr 2p (B) Ti 2p and (C) O 1s.  
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5.2.2.3. UV-VIS ANALYSIS 

Figure 5.14 shows the absorption spectra of the Cr-based photocatalysts. A red shift and 

enhancement of the light absorption properties of the Cr-TiO2 based photocatalysts towards 

the visible light region was observed for all the Cr-TiO2 based photocatalysts when 

compared with the spectrum of pure TiO2 (3.1eV). The optical properties of TiO2 were 

tuned towards the visible light by the substitution of Ti
4+

 by Cr
3+

 ions. The incorporation of 

Cr ions in the TiO2 matrix is responsible for the shift towards the visible light region due to 

the charge transfer transition from the 3d orbitals of Cr
 
species to the TiO2 conduction 

band. The tailings observed in the absorption band of Cr-TiO2 samples have been reported 

to be assigned to Cr doping creating additional energy levels (Cr 2p level) and oxygen 

vacancies within the band gap of TiO2 (Peng et al. (2012)). Absorption spectra of the 

resulting Cr-based TiO2 photocatalysts showed increased shift in the visible light with 

increased Cr doping concentration. The band gap energies of the Cr-based catalysts were 

within the range of 2.12-2.94eV, with the largest red shift occurring for the 2wt% Cr-TiO2 

sample. 

 

Figure 5.14: UV-vis diffuse reflectance spectra of Cr-TiO2 samples (a) 0.1wt%Cr-TiO2 (b) 

0.5wt%Cr-TiO2 (c) 1wt%Cr-TiO2 (d) 1.5wt%Cr-TiO2 and (e) 2wt%Cr-TiO2 

The standard error of the band gap measurement via UV-vis is within the range of ± 0.08 - 

0.18%. These results are consistent with the findings of Liu et al. (2011), Tian et al. (2012) 
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and Pan and Wu (2006), where Cr doping results in a red shift of the absorption edges and 

decrease in band gap energies of the TiO2 based samples when compared to pure TiO2.  

5.2.2.4. CO CHEMISORPTION 

Figure 5.15 presents the specific surface area and dispersion of the Cr based photocatalysts 

measured by CO chemisorption with adsorption stoichiometry of 1:1. The specific surface 

area and dispersion of the active Cr atoms available to catalyse surface reactions in the 

photocatalysts were measured by using CO as an adsorbate (Section 2.7.1.3). The Cr-TiO2 

samples presented highest values of both specific surface area (342m
2
/g) and dispersion 

(64%) when the doping ratio was 0.1wt% (Figure 5.19). With increasing Cr concentration, 

the surface area and dispersion of the metal atoms present in the samples decreased. This 

implies that at low doping ratios, Cr was uniformly dispersed on TiO2 surface while 

increased Cr concentration led to reduced dispersion and metal surface area. The decreased 

metal surface area could be due to an excess amount of metals blocking the pore space of 

the photocatalyst. This led to a reduced amount of metals dispersed on the surface on the 

photocatalyst, as shown in Figure 5.19. 
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Figure 5.15: Specific surface area and dispersion of Cr in Cr-TiO2 photocatalysts measured 

by CO chemisorption. 
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5.2.3. PHOTOREDUCTION OF CO2 WITH H2O  

5.2.3.1 GAS PHASE PHOTOREACTOR SYSTEM 

The photocatalytic activities of Cr-based catalysts coated on the monolith threaded with 

optical fibers and the quartz plates were evaluated for CO2 photoreduction using visible 

light irradiation for 4 hours. As shown in Figure 5.16, various products were formed, 

including hydrogen, methanol, acetaldehyde and ethanol. Other minor products of methane, 

ethylene and oxygen were also detected in concentrations < 3.49 µmol/gcath and < 0.5 

µmol/gcath for the quartz plates and monolith threaded with optical fibers, respectively. 

Doping of Cr improves the photocatalytic activity due to the dopant facilitating the light 

absorption of TiO2 towards the visible light region. The CO2 reduction experiments were 

repeated thrice and the average yields and error bars are illustrated in Figure 5.16. All the 

Cr-TiO2 photocatalysts show improved product rates when compared to pure TiO2.  

 

Figure 5.16: Effect of Cr doping amount on product rate using catalyst carriers: monolith 

threaded with optical fibers (M) and quartz plates (Q) under visible light irradiation ((A) 

TiO2, (B) 0.1wt% Cr-TiO2, C) 0.5wt% Cr-TiO2, (D) 1wt% Cr-TiO2, (E) 1.5wt% Cr-TiO2 

and (F) 2wt% Cr-TiO2 photocatalysts) 

As shown in Figure 5.16, the product rates of hydrogen, methanol, ethanol and 

acetaldehyde steadily increase with higher doping ratios to give an optimal ratio of 
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0.5wt%Cr-TiO2 and 1wt%Cr-TiO2 for the quartz plate and monolith photoreactor systems, 

respectively. Decreased product rates were also observed for the subsequent higher doping 

ratios under visible light. Hydrogen and methanol were favorably produced for these 

optimal catalysts; with maximum product rate of 28.08µmol/gcath and 11.74µmol/gcath, 

respectively, for the catalysts dispersed on the quartz plates and 3.59µmol/gcath and 

1.49µmol/gcath, respectively, for the catalysts coated on the monolith threaded with optical 

fibers. Hydrocarbon evolution is higher under visible light irradiation when the quartz plate 

is used as a catalyst carrier compared to the monolith threaded with optical fibres.  

5.2.3.2 CORRELATION BETWEEN CATALYST CHARACTERIZATION AND 

YIELDS OF PHOTOCONVERSION 

The improved photocatalytic activity of the Cr-TiO2 photocatalysts in the visible light 

region compared to pure TiO2 can be attributed to increased visible light absorption and 

accessible active metal sites arising from the appropriate metal dispersion and loading 

amount. The decrease in crystallite size of anatase with increased Cr concentration explains 

the peak broadening observed which is associated with substitutional doping (Section 

5.2.2.1). XRD results are also consistent with BET results obtained for the Cr based 

samples, where higher surface area values were observed with decreased grain growth of 

anatase. Consequently, the reduction in crystallite size and higher surface areas when 

compared to pure TiO2 can facilitate improved photocatalytic efficiency due to their large 

surface to volume ratios which reduces the probability of electron-hole recombination.  

XRD and ICP-OES results have established that Cr was doped into the TiO2 lattice, with 

the chemical state being predominantly Cr
3+

, as measured by XPS. The substitution of Ti
4+

 

with increasing Cr atoms in the crystal lattice causes lattice deformation owing to the 

rearrangement of the neighboring atoms compensating for charge deficiency. This charge 

compensation effect results in the generation of oxygen vacancies during calcination (Tian 

et al. (2012)). The influence of these substitutional ions is further confirmed by the change 

in light absorption properties of the Cr doped TiO2 samples observed in the UV-Vis spectra 

when compared to pure TiO2. The incorporation of Cr
3+ 

ions in the TiO2 matrix can increase 

the optical absorption towards the visible light region which subsequently facilitates the 

photocatalytic activity of TiO2 in the visible light. Therefore, the band gap energy required 
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for the migration of valence band electrons to the conduction band is reduced, leading to 

the generation of photogenerated charge carriers that can initiate CO2 reduction.  

Since the redox potential of Cr
3+

 has been reported to be located above the valence band of 

TiO2, electrons can migrate from the energy level of Cr
3+

 to the conduction band of TiO2 

(Tian et al. (2012), Chen and Liu (2011)). The redox potentials of CO2 to hydrogen, 

methanol and ethanol at pH 7 and 25
o
C are -0.41, -0.38 and -0.33 V vs NHE, respectively 

(Indrakantii et al. (2009), Vayenas et al. (2008)). Based on the values derived from the 

literature, the ECB level of Cr2O3 (-0.77) is sufficiently negative enough to reduce CO2 to 

these products (Xu and Schoonen (2000)). Oxidation can also occur on the surface of TiO2 

as the EVB level of Cr2O3 (2.73) is sufficiently positive enough to oxidize CO2 to oxygen 

(Xu and Schoonen (2000)). Accordingly, the photogenerated electrons and holes then 

undergo redox reactions with the electron donors and acceptors adsorbed on the surface of 

TiO2 to derive fuels and oxygen as demonstrated in this study. Hydrogen was the main 

product detected in the gas phase because two photoelectrons are required for its formation. 

The redox potentials of the other products detected in this study not listed here are also less 

negative than the ECB values of these compounds hence their formation is feasible. This 

photogenerated electrons and holes then undergo redox reactions with the electron donors 

and acceptors adsorbed on the surface of TiO2 to derive fuels and oxygen as demonstrated 

in this study. 

Conversely, increased recombination rate of the photogenerated charge carriers may 

increase with high Cr concentration due to Cr species acting as both electron and hole traps 

and thus creating multiple trap sites. After the optimal doping ratio of Cr was exceeded 

(0.5wt% and 1wt% for the quartz plate and monolith photoreactor systems), reduced 

photoactivity was observed during this present study. This result could be due to the 

coverage of the surface of TiO2 with increased metal ions which inhibited interfacial charge 

transfer due to insufficient amount of light energy available for activation of all the catalyst 

particles. The reduced surface area and dispersion could also contribute to the reduced 

photocatalytic activity. Tian et al. (2012) observed maximum conversion rates using 

1wt%Cr doped TiO2 sample, after which drastic reduction in the degradation rates of 2, 4-

dichlorophenol was observed for the other samples. The decline in activity was ascribed to 

presence of Cr2O3 clusters acting as recombination centres of holes and electrons. When the 
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doping content of Cr exceeded 0.2wt%, Zhu et al. (2006) recorded a decrease in 

photocatalytic dye degradation due to electron hole recombination. The different optimal 

doping ratios observed for the quartz plate and monoliths in this study might be due to 

dissimilar light interaction with the supports arising from the photoreactor configurations 

(Section 3.3.2). Since product formation only occurs when photogenerated carriers migrate 

to the surface of TiO2, the photoconversion rate will be determined by the amount of 

activated photocatalysts available to undergo surface reactions. 

5.2.4. OVERALL SUMMARY FOR Cr-TiO2 

The photocatalytic reduction of CO2 with H2O using sol gel derived Cr-TiO2 immobilized 

onto quartz plate and monolithic structures threaded with optical fibers were performed for 

the first time under visible light irradiation. XRD analysis demonstrated that Cr doping can 

effectively decrease the content of anatase in TiO2. The optical properties of TiO2 were 

substantially tuned towards the visible light with increased Cr concentration when 

compared to pure TiO2. The incorporation of Cr ions in the crystal lattice of TiO2 improved 

the photocatalytic activity of TiO2 in the visible light with optimal doping concentrations of 

0.5wt% and 1wt% for the quartz plate and monolith photoreactor systems, respectively. 

Conversely, high Cr concentration was detrimental to visible light photocatalytic activity 

due to the Cr species acting as multiple trap sites and thus facilitating electron-hole 

recombination.   

5.3 Co-TiO2 NANOPARTICLES AND MONOLITHS 

5.3.1 INTRODUCTION 

The effects of Co doping on the phase transformation and photocatalytic activity of TiO2 

has been studied by several researchers (Barakat et al. (2005), Hamadanian et al. (2010), 

Shifu et al. (2010)). These composites of Co doped TiO2 have not only shown ‘red shift’ in 

the absorption spectra of the visible light region, but also enhanced degradation of organic 

compounds. However, Co doped TiO2 has not been studied for the photocatalytic reduction 

of CO2 using H2O as a reductant. Since the effect of these metal loaded photocatalysts on 

supports have not been explored for CO2 reduction, these catalysts were immobilized onto 

ceramic honeycomb monoliths threaded with optical fibers and quartz plates (Section 

3.4.2).  
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5.3.2. CATALYST CHARACTERIZATION 

5.3.2.1 MORPHOLOGY AND PHASE STRUCTURES 

All diffraction peaks for the Co doped TiO2 photocatalysts can be indexed to the tetragonal 

anatase phase TiO2 which was confirmed by comparison with the Joint Committee on 

Powder Diffraction Standards (JCPDS) Card File No.21-1272 (Figure 5.17). 

 

Figure 5.17: XRD pattern of the Co doped nanomaterials (1) 0.1wt%Co-TiO2 (2) 

0.5wt%Co-TiO2 (3) 1wt%Co-TiO2 (4) 1.5wt%Co-TiO2 and (5) 2wt%Co-TiO2 (A represents 

anatase) 

Cobalt peaks in its metal or oxide phase were not observed even at the highest doping ratio 

of 2wt% due to the high dispersion of cobalt species in TiO2 structure. This result is 

consistent with the findings of Hamadanian et al. (2010) and Huang et al. (2006) where 

anatase was the only phase of TiO2, with no secondary metal phase observed. Barakat et al. 

(2005) observed only peaks corresponding to the pure anatase phase when the temperatures 

were increased from 723K - 873K for their Co doped samples. The presence of rutile phase 

and Co diffraction peaks were not detected until the calcination temperature was increased 
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to 923K and 973K, respectively. The crystallite grain size for anatase calculated from the 

Scherrer equation was within 10.06 – 12.06 nm (Table 5.3). The standard error of the 

crystallite size measurement via XRD was within the range of ± 0.1 - 0.2%.  

Table 5.3: Some important structural, optical and electrical properties of Co-TiO2 

photocatalysts determined by XRD, BET, ICP-OES and UV-Vis 

Photocatalysts Crystallite 

size (nm) 

Lattice 

parameters 

SBET 

(m
2
/g) 

ICP Band gap 

(eV) 

Anatase a (Å) c (Å) Co (wt%) 

0.1wt% Co-TiO2 12.06 3.5445 9.4061 76.31 0.10 3.04 

0.5wt% Co-TiO2 11.89 3.538 9.4528 94.26 0.47 2.98 

1.0wt% Co-TiO2 11.26 3.5381 9.4897 99.06 0.96 2.83 

1.5wt% Co-TiO2 10.24 3.5311 9.5354 102.00 2.22 2.64 

2.0wt% Co-TiO2 10.06 3.531 9.5492 106.40 2.60 2.51 

 

The crystallize size of anatase for the Co-TiO2 nanomaterials decreased with increasing Co 

concentration compared to crystallite size of pure TiO2 (Table 5.3). The peak intensities 

decreased with increasing d-values of the anatase (101) peaks of the Co-doped TiO2 

samples after Co doping. An increase in Co loading resulted in peak broadening of the main 

anatase peak (101 and 201) of the nanomaterials, which is ascribed to the decrease in 

crystallite size, as shown in Table 5.3. The lattice constants (a and c) for the Co-TiO2 

samples calculated based on the anatase (101) diffraction peaks of the samples are listed in 

Table 5.3. Comparison of the values of the lattice constants ‘a’ of TiO2 with the doped 

samples shows that the values decreased upon the addition of cobalt ions (0.1wt%Co). The 

addition of increasing Co concentration had little effect on the values of ‘a’ and the values 

remained almost constant. However, the ‘c’ values clearly show a marked increase upon Co 

doping. This trend is consistent with the results observed by Barakat et al. (2005) and Das 

et al. (2009) for their Co doped TiO2 samples. The similarity of the ionic radius of Co
2+

 

(0.72 Å) with Ti
4+

 (0.68 Å) could be responsible for the change in lattice parameters of the 

samples when compared to pure TiO2 (Ahrens (1952)). Based on these results, it can be 

inferred that the larger Co ions were incorporated in the TiO2 lattice.  
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The BET specific surface area of the Co-TiO2 based photocatalysts were within the range 

of 76.31 – 106.4m
2
/g (Table 5.3). The standard error of the surface area measurement via 

BET is within the range of + 0.13 – 0.40%. An increase in specific surface area of TiO2 

occurs with an increase in Co loading. Spherical nanoparticles of homogeneous shapes and 

varying diameters from 7 - 25 nm were observed from the transmission electron 

microscopy (TEM) micrographs using different magnifications (Figure 5.18). Energy 

dispersive spectroscopy (EDS) revealed that Co was dispersed on the surface of TiO2 with 

its morphological features not changed by doping. The high resolution (HR) TEM images 

of 1wt%Co-TiO2 in Figure 5.18 indicate that the particles were crystalline in nature.  

 

Figure 5.18: TEM micrographs of 1wt%Co-TiO2  

The SEM micrograph of the 1wt%Co-TiO2 monolith is presented in Figure 5.19. Spot 

analysis on the SEM-EDS micrographs confirmed the presence of the Co element on the 

SiO2 layer. The Co-TiO2 photocatalysts were mostly dispersed on the surface of the pre-

coated SiO2 layer, where they can be photoactive instead of being buried within the 

monolith pores. Figure 5.20 shows the pore size distribution and change in porosity of the 

1wt%Co-TiO2 monolith sample characterized by mercury porosimetry. 
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Figure 5.19 SEM and EDS spot analysis micrograph of 1wt%Co-TiO2  

 

Figure 5.20: Pore size distribution of 1wt%Co-TiO2 monolith where A represents the 

cumulative intrusion and B represents the log differential intrusion volume. 

As shown in Figure 5.20, the intensity of the cumulative and log differential intrusion 

volume of the 1wt%Co-TiO2 coated monolith decreased when compared to the 

micrographs of the SiO2 coated monolith (Figure 4.9). The porosity and cumulative 

intrusion volume decreased due to changes in pore filling of the monolith. The porosity and 
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total intrusion volume for the 1wt%Co-TiO2 sample was 32.19% and 0.11mL/g. A 

comparison between these values with those for the SiO2 coated monolith (44.27% and 

0.19 mL/g, Section 4.1.2.2) indicates a decrease in porosity and total intrusion volume. This 

may indicate that the catalysts were mostly dispersed on the surface of the pre-coated SiO2 

layer instead of being embedded within the pores of the monolith.    

5.3.2.2 ICP-OES and XPS ANALYSIS 

Table 5.3 lists the metallic content of the Co doped TiO2 samples measured by ICP-OES. 

The metallic content of the Co samples are almost the same as the nominal values for the 

samples, except for the 1.5 - 2wt% samples where the doping ratios are slightly higher. The 

chemical composition and oxidation states of Co 2p, Ti 2p and O 1s of 2wt%Co-TiO2 

sample are presented in Fig. 5.21. As shown in Figure 5.21a, the binding energy of the Co 

2p1/2 core level at 796.4eV and Co 2p3/2 core level at 780.4eV are characteristic of cobalt 

(II) oxide, respectively (Wagner et al. (2007)). The shake-up satellite peaks of Co 2p3/2 and 

Co 2p1/2 which are characteristic of the high spin Co
2+

 are also present at binding energies 

of 786.1eV and 802.5eV, respectively. This indicates that Co species exist in the TiO2 

lattice sites in the form of Co
2+

. These values are consistent with the binding energies of Co 

2p3/2 and Co 2p1/2 measured for Co doped TiO2 (Huang et al. (2006), Shifu et al. (2010)).  

No obvious difference can be observed from the Co 2p peaks of the sample before and after 

the photocatalytic reaction (Figure 5.21a). In Figure 5.21b, the binding energy of the Ti 

2p3/2 core level at 458.8eV and Ti 2p1/2 core level at 464.7eV are characteristic of Ti
4+

 in 

TiO2, respectively (Wagner et al. (2007)). The XPS spectra of the O 1s region in Figure 

5.21c show that oxygen exists in two forms on the sample surface with the binding energies 

of 530.2 and 532.1eV. The main peak appears at 530.2eV and can be assigned to the bulk 

oxygen bound on TiO2. This value is consistent with the values reported in the literature for 

anatase TiO2 (Peng et al. (2012)). The other peak at 531.6eV can be attributed to the 

surface oxygen by hydroxyl species or chemisorbed oxygen on the sample surface (Chen 

and Liu (2011)).  
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Figure 5.21: XPS spectra of 2wt% Co-TiO2 sample (A) Co 2p (B) Ti 2p and (C) O 1s.  
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5.3.2.3. UV-VIS ANALYSIS 

The absorption spectra for the Co-based photocatalysts synthesized by the sol-gel method at 

various doping ratios are presented in Figure 5.22. A comparison of the absorption spectra 

of all the Co-TiO2 based photocatalysts with the spectrum of pure TiO2 (3.1eV) showed a 

red shift and enhancement of the light absorption properties towards the visible light region.  

 

Figure 5.22: UV-vis diffuse reflectance spectra of Co-TiO2 samples (a) TiO2 (b) 0.1wt%Co-

TiO2 (c) 0.5wt%Co-TiO2 (d) 1wt%Co-TiO2 (e) 1.5wt%Co-TiO2 and (f) 2wt%Co-TiO2 

The optical properties of TiO2 were tuned towards the visible light by the substitution of 

Ti
4+

 by Co
2+

 ions. The incorporation of Co
2+

 ions in the TiO2 matrix is responsible for the 

shift towards the visible light region due to the charge transfer transition from the 3d 

orbitals of Co species to the TiO2 conduction band. Absorption spectra of the resulting Co-

based TiO2 photocatalysts showed increased shift in the visible light with increased Co 

doping concentration. The band gap energies of the Co-based catalysts were within the 

range of 2.51-3.04eV, with the largest red shift occurring for the 2wt% Co-TiO2 sample. 

The standard error of the band gap measurement via UV-vis is within the range of ± 0.1 - 

0.25%. Thus, the presence of Co modified the band gap energy of TiO2. These results are 

consistent with the findings of Shifu et al. (2010), where Co doping results in a red shift of 
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the absorption edges and decrease in band gap energies of the TiO2 based samples when 

compared to pure TiO2.  

5.3.2.4. CO CHEMISORPTION 

The specific surface area and dispersion of the Co based photocatalysts was evaluated by 

CO chemisorption using a CO:Cosurface stoichiometry of 1 (Figure 5.23). Co dispersion and 

surface area increases with decreasing loading ratio as shown in Figure 5.23. The Co-TiO2 

samples presented highest values of both specific surface area (607m
2
/g) and dispersion 

(90%) when the doping ratio was 0.1wt%. This implies that at low doping ratios, Co was 

uniformly dispersed on TiO2 surface while increased Co concentration led to reduced 

dispersion and metal surface area. The decreased metal surface area could be due to an 

excess amount of metals blocking the pore space of the photocatalyst. This led to a reduced 

amount of metals dispersed on the surface on the photocatalyst, as shown in Figure 5.23.  
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Figure 5.23: Specific surface area and dispersion of Co in Co-TiO2 photocatalysts measured 

by CO chemisorption. 

5.3.3. PHOTOREDUCTION OF CO2 WITH H2O  

5.3.3.1 GAS PHASE PHOTOREACTOR SYSTEM 

The Co-based catalysts coated on the monolith threaded with optical fibers and the quartz 

plates were tested for the photoreduction of CO2 using H2O following 4 hours of visible 
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light irradiation. Figure 5.24 shows that various products were formed including significant 

amounts of hydrogen, methanol, acetaldehyde and ethanol.  

 

Figure 5.24: Effect of Co doping amount on product rate using catalyst carriers: monolith 

threaded with optical fibers (M) and quartz plates (Q) under visible light irradiation ((A) 

TiO2, (B) 0.1wt% Co-TiO2, C) 0.5wt% Co-TiO2, (D) 1wt% Co-TiO2, (E) 1.5wt% Co-TiO2 

and (F) 2wt% Co-TiO2 photocatalysts) 

Other minor products including methane, ethylene and oxygen were also detected in 

concentrations < 7.86 µmol/gcath and < 2.37 µmol/gcath for the quartz plates and monolith 

threaded with optical fibers, respectively. Co doping improves the photocatalytic activity 

due to the dopant facilitating the light absorption of TiO2 towards the visible light region. 

The CO2 reduction experiments were repeated thrice, with the production rates averaged 

and the standard deviations are illustrated in Figure 5.24. Improved product rates were 

observed over the Co-TiO2 photocatalysts compared to pure TiO2. As shown in Figure 

5.24, the product rates of hydrogen, methanol, ethanol and acetaldehyde steadily increases 

with an increase in doping ratio to give an optimal ratio of 1wt%Co-TiO2 and 1.5wt%Co-

TiO2 for the quartz plate and monolith photoreactor systems, respectively, after which 

reduced product rates were observed for the subsequent higher doping ratios under visible 

light. Hydrogen and methanol were favorably produced for these optimal catalysts; with 

maximum product rate of 62.91µmol/gcath and 26.12µmol/gcath, respectively, for the 
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catalysts dispersed on the quartz plates and 36.36µmol/gcath and 15.13µmol/gcath, 

respectively, for the catalysts coated on the monolith threaded with optical fibers. 

Hydrocarbon evolution is higher under visible light irradiation when the quartz plate is used 

as a catalyst carrier compared to the monolith threaded with optical fibres.  

5.3.3.2 CORRELATION BETWEEN CATALYST CHARACTERIZATION AND 

YIELDS OF PHOTOCONVERSION 

The increased visible light absorption and specific surface area upon Co doping are key 

factors that influenced the photocatalytic activity of the Co-TiO2 photocatalysts in the 

visible light region compared to pure TiO2. Due to the decrease in crystallite size, change in 

lattice parameters and decreased peak intensities with increasing d-values of the anatase 

(101) peaks, it can be inferred that Co doping influences the crystallinity of pure TiO2. 

XRD results are also consistent with BET results obtained for the Co based samples, where 

higher surface area values were observed with decreased grain growth of anatase. XRD and 

ICP-OES results have established that Co was doped into the TiO2 lattice. The light 

absorption properties of the photocatalysts are extended towards the visible light region 

upon Co doping, which implies that the formation of photogenerated charge carriers will be 

enhanced. These photogenerated electrons and holes then undergo redox reactions with the 

electron donors and acceptors adsorbed on the surface of TiO2 to derive fuels and oxygen 

as demonstrated in this study. However, increased recombination rate of the photogenerated 

charge carriers may increase with high Co concentration due to cobalt species (Co
2+

) acting 

as both electron and hole traps and thus creating multiple trap sites.  

The main products detected in the gas phase were hydrogen and methanol because two and 

six photoelectrons were required for their formation, respectively. The enhanced 

photoreduction activity exhibited by the optimal doped catalysts might be due to the 

efficient electron hole separation induced by the trapping effect of substitutional metal ions 

in the TiO2 lattice via the p-n junction formation between CoO and TiO2. The different 

optimal doping ratios observed in this study might be due to dissimilar light interaction 

with the supports arising from the photoreactor configurations (Section 3.3.2). After the 

optimal doping ratio of Co was exceeded (1wt% and 1.5wt% for the quartz plate and 

monolith photoreactor systems), reduced photoactivity was observed during this present 

study. This result could be due to the coverage of the surface of TiO2 with increased metal 
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ions which inhibited interfacial charge transfer due to insufficient amount of light energy 

available for activation of all the catalyst particles. The reduced surface area and dispersion 

could also contribute to the reduced photocatalytic activity. Hamadanian et al. (2010) 

observed maximum degradation rates using 0.5wt%Co doped TiO2 sample, after which the 

degradation rates of methyl orange decreased for the other samples. The decrease in 

photocatalytic activity was ascribed to Co particles acting as recombination centres for 

photogenerated electrons and holes. Based on the CO2 photoreduction results presented 

above, it is therefore evident that photoreduction is strongly dependent on the doping ratio 

rather than the band width of the Co-TiO2 photocatalysts.  

5.3.4. OVERALL SUMMARY FOR Co-TiO2 

Co-TiO2 photocatalysts immobilized onto monolithic structures and quartz plates were 

successfully prepared by sol-gel and dip coating process for the first time. The effect of 

varying doping concentrations of Co on TiO2 was investigated by performing the 

photocatalytic reduction of CO2 under 4 hours of visible light irradiation. The incorporation 

of Co
2+

 ions in TiO2 lattice resulted in a decrease in crystallite size of anatase and 

enhancement of the optical absorption to longer wavelengths in the visible light region. 

Results showed that the photoconversion rates were remarkably enhanced for the Co-doped 

TiO2 supports when compared to undoped TiO2 at optimal doping concentrations of 1wt% 

and 1.5wt% for the quartz plate and monolith photoreactor systems, respectively. Together 

with the process advantage of the sol-gel method and photoconversion rates, Co based 

supports serves as promising photocatalysts for future applications. This enhanced 

photoreduction activity is attributed to the efficient electron hole separation induced by the 

trapping effect of substitutional metal ions in the TiO2 lattice via the p-n junction formation 

between CoO and TiO2.  
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  CHAPTER 6 

                  CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

The utilization of CO2 as a direct feedstock for photocatalytic conversion into fuels using 

solar energy and semiconductor photocatalysts is a potential sustainable option due to its 

low energy input and profitable products. Amongst semiconductor photocatalysts, titanium 

dioxide (TiO2) is particularly noteworthy for its unique properties; however, its use for CO2 

reduction is limited due to its large band gap; as it can only be activated by ultraviolet (UV) 

light which represents 2-5% of sunlight. Consequently, it is imperative to investigate the 

photoconversion of CO2 using TiO2, particularly, the modification of the physicochemical 

properties and configuration of TiO2 in photoreactor systems in order to improve CO2 

conversion to fuels that are suitable for use in existing energy infrastructure.  

The optical properties and photocatalytic activities of TiO2 can be enhanced through the 

addition of metals. Previous studies described in the critical review have demonstrated the 

feasibility of using numerous transitional metal ions as potential dopants for UV or visible 

light induced photocatalysis. Subsequently, Pd, Rh, Ni, Cu, V, Cr and Co were chosen in 

this research to act as metals; creating electron hole pairs, extending light absorption in the 

visible light region and suppressing the rate of recombination thus maximizing this process 

for better product yield. Whether or not this metal doped TiO2 (M-TiO2) photocatalysts 

were suspended or immobilised in a photoreactor system; the total illuminated 

photocatalyst surface determined the rate of reaction. Since the textural properties can be 

enhanced by immobilizing catalysts onto fixed substrates in photoreactor systems, supports 

with light transmission properties were employed for this study.  

This present work, placed within the field of carbon dioxide photoreduction, represents the 

first study of these metal based TiO2 supports for CO2 reduction; with the aim of 

optimizing product formation and selectivity. These supports served as catalyst carrier and 

provided high light transfer area via light distribution from the source to the photocatalyst 

present within the photoreactor. The loading of these metals that function in the UV and 
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visible light onto different TiO2 based catalyst supports (honeycomb ceramic monoliths 

threaded with optical fibres or quartz plate) and the correlation between their 

physicochemical properties and photoconversion for CO2 photoreduction have not been 

reported in the literature. Therefore, this work focused on the study of the effects of metal 

ion doping on the properties and performance of TiO2 for CO2 reduction in different 

photoreactor configurations using UV or visible light irradiation. Overall, the results 

demonstrate that metal doping modifies the physicochemical properties of the catalysts and 

improves the photoconversion rates of TiO2 under UV and visible light irradiation. The 

doping ratio of these metals played a key role as this process can be better controlled to 

determine the optimal ratio and product yield, after which reduced activity is observed. 

Detailed comparison between the efficiency of different photoreator systems such as the 

liquid phase reactor, quartz plate reactor and the internally illuminated monolith reactor 

using several catalysts indicates that the conversion rates achieved by the quartz plate 

reactor was near one order of magnitude higher than the other reactors. For example, the 

optimum methanol production rates achieved by TiO2 photocatalysts modified by Cu and 

Co ions were over 20 times higher than the typical formation rate of 1mol/gcath after 4 

hours of visible light irradiation, respectively (Figure 6.1 and 6.2).  
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Figure 6.1: Optimum product yield of M-TiO2 photocatalysts under UVA irradiation where 

M represents monolithic structure threaded with optical fibers and Q represents quartz 

plate.  
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Figure 6.2: Optimum product yield of M-TiO2 photocatalysts under visible light irradiation 

where M represents monolithic structure threaded with optical fibers and Q represents 

quartz plate. 

More importantly, the improved conversion efficiency demonstrated with the use of the 

quartz plate as catalyst and light carrier is ascribed to the unique reactor configuration 

which allows better accessibility of the catalytic surface to reactants and photons during 

photocatalytic reaction. Lastly, a high ratio of illuminated catalyst surface per effective 

reactor volume can be achieved with this unique reactor configuration which enables light 

to be distributed uniformly to the surface of the photocatalyst. More detailed conclusions 

related to this thesis objectives are presented below. 

6.1.1. EFFECT OF METAL DOPING ON TiO2 PROPERTIES AND CO2 

PHOTOREDUCTION 

A series of M-TiO2 photocatalysts were synthesized by the sol-gel method in order to 

evaluate their physicochemical properties and photocatalytic activities in the UV or visible 

light region. Single and co-doped Pd/Rh-TiO2 nanoparticles and monoliths were tested in 

the liquid phase and internally illuminated monolith photoreactor systems under UV light. 

The other metal (Ni, Cu, V, Cr, Co and V) doped photocatalysts were tested in the 

internally illuminated monolith and quartz plate photoreactor systems under UV or visible 
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light irradiation. Apart from the crystalline phase of anatase observed in all the M-TiO2 

photocatalysts after calcination at 773K, dopant peaks in its metal or oxide phase were 

observed in both Pd- and V-TiO2 photocatalysts only. The phase structures of Pd were 

observed by the characteristic diffraction peaks of palladium (II) oxide (PdO) and 

palladium (Pd) at ca. 33.8
o
 and 40.1

o
, while the phase structure of V elements were 

observed by the characteristic diffraction peaks of vanadium (IV) oxide (VO2) at ca. 14.9
o 

and 29.9
o 

and vanadium (V) oxide (V2O5) at ca. 20.3
o 

and 31.0
o
, respectively. The peak 

intensities of the peaks of PdO increased with increased Pd concentration. A mixture of the 

crystalline phase of anatase and rutile were observed for the V-, Cr- and Cu-TiO2 

photocatalyts. The rutile fractions in these samples were observed to be dependent on the 

doping ratio where the peak intensities also increased with increasing metal concentration. 

The incorporation of Ni
2+

 and Co
2+

 in the crystal lattice of TiO2 was found to inhibit grain 

growth of anatase crystallites and its phase transformation from anatase to rutile. The 

decrease in crystallite size with increased metal concentration observed in the XRD patterns 

of all M-TiO2 photocatalysts explains the peak broadening observed which is associated 

with substitutional doping. These results suggest that the dopants are incorporated in the 

substitutional sites of TiO2 after calcination, due to the similarity of the ionic radii of the 

dopants to the host ion, Ti
4+

. This assumption cannot be made with certainty since the 

percentage of dopant present in the lattice as metal ions or oxides and its actual location 

cannot be determined by XRD alone. Measurements like XAS need to be done in the future 

to confirm this assumption.  

The XRD studies are also consistent with BET results for the M-TiO2 samples, where 

higher surface area values were observed with decreased grain growth of anatase. The 

metal atoms were found to be replacing some of the Ti atoms in the crystal lattice of TiO2 

during the sol-gel synthesis, thus causing a change in optical absorption. The band gap 

energies of all the M-TiO2 photocatalysts decreased when compared to pure TiO2. A shift 

of the absorption edges of the resulting M-TiO2 samples towards the visible light region 

with increasing metal concentration was observed. The increased absorption of these 

photocatalysts in the visible light region can be attributed to the charge transfer of the 3d 

electrons of the dopant ions to the conduction band of TiO2. The V-, Cr- and Co-TiO2 

photocatalysts exhibited the highest red shifts in the visible light region (~600nm) when 

compared to the other metal doped samples. The tailings observed in the absorption band of 



                                    

220 

 

these samples was due to doping of these ions creating additional energy levels and oxygen 

vacancies within the band gap of TiO2. SEM-EDS analysis confirmed that all the metals 

were present with the morphological features of these samples remaining unchanged by 

doping while the bulk metallic content was confirmed by ICP-OES. The bulk elemental 

values were in agreement with the nominal values for most of the samples. Aggregates of 

nanosized spherical particles of homogeneous shapes and varying sizes from 6 - 31 nm 

were observed from the TEM micrographs using different magnifications.  

The photoreduction studies conducted have shown that the modification of the 

semiconductor, TiO2 with metals can increase the product rates from 0.01mol/gcath to 

69.40mol/gcath and 79.95mol/gcath after 4 hours of UVA and visible light irradiation, 

respectively. In this study, the main products of CO2 photoreduction detected in the gas 

phase were hydrogen and methanol because it requires two and six photoelectrons for these 

product formations to occur, respectively. Among all the tested M-TiO2 photocatalysts, the 

Cu-TiO2 and Co-TiO2 samples had the best photoactivity under the UV and visible light 

irradiation, respectively. All the M-TiO2 samples had higher photocatalytic activities when 

compared to pure TiO2. The product rates did not increase beyond the maximum capacity 

when the optimal doping ratios were exceeded, even though maximum light absorption 

were observed for all the 2wt% M-TiO2 samples. Since product formation only occurs 

when photogenerated carriers migrate to the surface of TiO2, the product rate will be 

determined by the amount of activated photocatalysts available to undergo surface 

reactions. It can be inferred that high metal concentration was detrimental to UV or visible 

light photocatalytic activity due to surface coverage by adsorbed reaction intermediates and 

increased recombination of photogenerated electron-hole pairs. It is therefore evident that 

photoreduction is strongly dependent on the doping ratio rather than the band width of the 

samples.  

6.1.2. INFLUENCE OF SUPPORTS IN OPTIMIZING LIGHT EFFICIENCY AND 

CO2 REDUCTION 

The effect of the use of supports such as monoliths threaded with optical fibers and quartz 

plates in modifying the efficiency of TiO2 to increase the product rate and selectivity has 

also been demonstrated. By varying the configuration of Pd-TiO2 photocatalysts in different 

photoreaction systems, improved fuel production rates were obtained by simultaneously 



                                    

221 

 

using efficient supports and metal co-doping. Improved activity was observed over metal 

loaded TiO2 ceramic honeycomb monolithic structures threaded with optical fibres than the 

metal loaded TiO2 nanoparticles suspended in aqueous media. This could be due to 

increased contact efficiency between the monoliths and reactants which increased active 

sites and eliminated limited light penetration through the internal channels. The quantum 

efficiency of the internally illuminated monolith reactor was 23.5 times higher than that of 

the liquid phase reactor due to the combined advantages of the high surface area of the 

monolith and the elimination of uneven light distribution via the optical fibres being 

exploited.  

The product rate when using the quartz plate photoreactor system was nearly one order of 

magnitude higher than the internally illuminated monolith system threaded with optical 

fibers for all the M-TiO2 photocatalysts. For the catalysts immobilized on the quartz plates, 

the highest product rate was observed over the 1wt%Cu-TiO2 and 1wt%Co-TiO2 

photocatalysts under UV and visible light, respectively. The highest product rate was 

observed over the 1.5wt%Ni-TiO2 and 0.5wt%V-TiO2 photocatalysts for the internally 

illuminated monolith threaded with optical fibers under UV and visible light, respectively. 

The different optimal doping ratios observed in this study might be due to dissimilar light 

interaction with the supports arising from the photoreactor configurations. The improved 

photoactivity demonstrated by these photocatalysts can be attributed to the substitutional 

metal ions not only causing changes in the electronic structure and light absorption 

properties of TiO2, but also altering the surface area, grain size and degree of phase 

transformation; which was dependent on the metal concentration. Oxygen vacancies 

introduced due to the charge compensation effect caused from the rearrangement of 

neighboring atoms in the bulk of TiO2 have the capacity for trapping photo-excited 

electrons thus contributing to efficient electron hole separation. The photogenerated 

electrons and holes then undergo redox reactions with the electron donors and acceptors 

adsorbed on the surface of TiO2 to derive fuels (i.e. hydrogen, methanol, etc.) and oxygen 

as demonstrated in this study. 

6.2. RECOMMENDATIONS 

This work has focused on the synthesis and characterization of suspended and immobilized 

metal doped TiO2 photocatalysts for the reduction of CO2 under UV and visible light using 



                                    

222 

 

different photoreactor configurations. Although this developing technology has the capacity 

to provide alternative energy while capitalizing on existing energy infrastructures, the 

economic and technical challenges must be overcome for commercialization to occur. From 

an economic perspective, capital expenditure and cost of feedstock (CO2, H2O and solar 

energy) will drive the fuel price. The origin (i.e. atmospheric or flue gas) and nature (dilute 

or concentrated) of CO2 for fuel production determines the overall cost which will be more 

significant than H2O. The cost of H2O will be determined by quality and location while 

capital cost of equipment e.g. solar collectors will also have an impact on the economics. 

Although the combined cost of CO2 recovery from a concentrated flue gas stream has been 

estimated to be $39 - $80/metric tonnes (Stechel and Miller (2013)), efforts are being made 

to reduce cost. Aside from economics, the overall process efficiency of CO2 reduction is 

largely dependent on the reactor configuration and physicochemical properties of the 

catalyst. It is desirable to scale up this system based on the design and development of these 

parameters. The choice of TiO2 was prompted by its unique properties which make it an 

ideal candidate for simultaneous water splitting and CO2 photoreduction. There is no 

constraint associated with the use of titanium and copper species due to their abundance in 

the earth crust and rocks. Conversely, Co, Cr, Pd, Rh and V have moderate to limited 

reserves and an upsurge in their use can be managed by recycling (Achzet et al. (2012)). 

Therefore, further work on the development of nanostructured TiO2 based photocatalysts 

should entail the following: 

 Testing of the existing photocatalysts to evaluate the performance and processing 

capacity in a given reactor volume. 

 Detailed mechanistic studies of the metal based TiO2 photocatalysts using 

techniques like XAS to probe the physicochemical properties, structure of the 

dopant at an atomic scale and origin of the promotional effect of the dopants. 

A deep understanding of engineering aspects of CO2 reduction is required for the 

development of highly efficient photoreactors designs. Since the gas phase system offers 

more flexibility in terms of reactor geometry, further work is encouraged on the required 

operation conditions and photocatalyst designs. In order to achieve high conversion 

efficiency, photoreactor designs must take into account the material of construction, its 

thickness, mass of catalyst, reactor geometry (length, volume etc), flow rate and the 
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relationship between the reactor and irradiation source. The modeling of the effect of 

reactor designs and operation parameters on CO2 reduction is also required to extrapolate 

results for the design of pilot scale systems. Furthermore, this work can be extended to 

include the use of flue gas generated from power plants as a feedstock for CO2 reduction. 

Different compositions of flue gas streams can be used directly or indirectly in order to 

ascertain the effect of impurities and the concentration of CO2 required in achieving 

maximum conversion rates. Results from using concentrated CO2 gas streams derived from 

the flue gas can also be tested and compared to pure flue gas streams to determine the most 

suitable option. 

Finally, while the results of this study suggest that maximum hydrocarbon rates can be 

achieved in the quartz plate photoreactor system, the optimization of novel photoreactor 

systems that can address the key limitation of light distribution will be required to achieve 

large scale fuel production.  
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