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Abstract 

Photocatalysis is used in diverse areas such as air purification, degradation of dyes, 

self cleaning materials, solar cell, antibacterial printing applications etc. 

Photocatalysis is emerging as a potential method for hydrogen production from 

renewable sources. Hydrogen is considered as an energy carrier with high potential 

because of its high energy density and pollution free combustion products. At present, 

hydrogen is primarily produced from fossil fuels (95%) via steam reforming but the 

process is associated with formation of green house gas such as carbon dioxide. The 

faster depletion of the fossil fuels has necessitated exploring of alternative routes for 

production of hydrogen from the renewable energy sources. The alternative routes are 

also expected to reduce the emission of green house gases. The photocatalytic 

hydrogen production from water using solar energy is one of the alternative processes 

that have attracted attention as a pollution free method for generation of hydrogen. 

However, the major drawback of the water splitting process is low production of 

hydrogen. One possible way to enhance the hydrogen production is to develop 

catalysts with high activity. Another method that has been reported to increase the 

hydrogen production rate is modification of the feed by alcohol. Further, for better 

utilization of the solar radiation, it is essential to develop visible light active 

photocatalysts since 50 % of solar radiations are in visible region. Most of the 

photocatalysts investigated for hydrogen production, such as TiO2, ZnO, SrTiO3, ZnS, 

etc., are UV radiation active catalysts. The development of visible light active 

catalysts can be done either by using photocatalysts having band gap energies in 

visible region or modifying the UV light active catalysts by several techniques, such 

as doping, sensitization or coupling with other semiconductors, to modify the band 

gap energy towards visible light region.  

Among UV light active catalysts, titanium dioxide is one of the most widely 

investigated photocatalyst due to its advantageous features such as chemical and 

thermal stability, long durability, nontoxicity, low cost, high oxidizing power and 

photo-corrosion resistance. The objective of the present study was to develop a visible 

active catalyst with high activity for hydrogen production from water-methanol 

mixture. For this purpose initially titanium dioxide was selected as the base 

photocatalyst for the reason stated above. To enhance the visible light activity of 

titanium dioxide, it was modified with various metals and nonmetals. The titanium 
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dioxide was initially modified with varied amount of cerium oxide. The cerium 

modified titanium dioxide with highest activity was further doped with various non 

metals such as boron, carbon, nitrogen and sulphur. The titanium dioxide was also 

modified with different transition metals such as Cu, Fe and Ni and further 

comodified with nitrogen.  The effect of variation of nitrogen amount was studied for 

copper modified titanium dioxide catalyst. In the second phase, the titanium dioxide 

was coupled with indium oxide which is another visible light active but expensive 

semiconducting material. The effect of variation of indium oxide in coupled oxide 

was investigated. The coupled oxide was further modified with transition metal such 

as copper oxide. Thereafter the indium oxide was also coupled directly with other 

transition metals (Cu, Ni, Zn) and hydrogen activity was investigated. The influence 

of operation parameters such as, light intensity, catalyst amount, alcohol type and 

reaction time was studied. In the final phase, the kinetic model was developed for the 

most active catalyst. 

All the photocatalysts were prepared by co-precipitation method. The prepared 

photocatalysts were characterized by BET surface area and pore analysis, X-ray 

diffraction analysis (XRD), ultraviolet-visible diffuse reflectance spectroscopic 

analysis (UV-Vis), field emission scanning electron microscopic analysis (FESEM), 

photoluminescence spectroscopic analysis (PL) to investigate the physiochemical and 

optical properties. The energy dispersive X-ray spectroscopy (EDS) was used to study 

the chemical composition of the photocatalysts. The photocatalytic activity of all the 

catalysts was performed in batch reactor under visible light irradiation using water 

methanol mixture as feed. Predetermined amount of catalyst and light intensity was 

used. The evolved gas was collected using an inverted burette and analyzed using gas 

chromatographs equipped with thermal conductivity and flame ionization detectors. 

The liquid phase products were analyzed by HPLC.   

For cerium doped titanium dioxide, the cerium amount was varied in the range of 0.5-

9 at.%. Highest hydrogen evolution of 403 µmol/g/h was observed for titanium 

dioxide containing 2.5 at.% cerium. Incorporation of cerium 4f electronic states into 

TiO2 band structure decreased the band gap energy and absorption of visible light was 

enhanced. Higher light absorption in visible region resulted increased the number of 

photogenerated electrons. The incorporated Ce 4f electronic states also served as an 

electron trap reducing the rate of electron-hole pair recombination. The increased 
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efficiency in trapping of photogenerated electrons resulted in higher availability of 

these electrons for hydrogen production. The higher activity can also be attributed to 

higher surface area of the 2.5 at.% cerium containing sample. The higher surface area 

resulted in increased surface active sites and higher hydrogen evolution rate.  

The effect of calcination temperature on photocatalytic activity was studied for 2.5 

at.% cerium doped titanium dioxide. The hydrogen evolution was observed to initially 

increase with the calcination temperature from 350 to 650 °C and then decrease at 

higher calcination temperature of 750 °C. The initial increase in photoactivity with 

calcination temperature can be attributed to increased formation of crystalline anatase 

phase. The lower photoactivity at higher calcination temperature may be due to 

decrease in anatase amount with predominant presence of rutile phase.  

The 2.5 at.% cerium modified titanium dioxide  was codoped with 1 at.% of various 

nonmetals, such as boron, carbon, nitrogen and sulfur, to study the effect on the 

hydrogen production. The simultaneous incorporation of cerium and nonmetals to 

titanium dioxide resulted in narrower band gap and improved absorption of visible 

light. For the codoped catalysts the band gap energy was reduced by formation of 

additional impurity states within titanium dioxide matrix by the interaction of p-

orbitals of the nonmetal dopants and 2p-orbitals of oxygen. The relative position of 

the new states with respect to valence band of titanium dioxide depended on the 

properties of dopants and its position within the matrix. Photoluminescence studies 

showed that the radiative recombination rates of photogenerated electron-hole pairs 

were effectively suppressed by addition of cerium and nonmetals and contributed to 

higher activity. The hydrogen evolution rate was maximum for cerium and nitrogen 

codoped titanium dioxide with 1033 µmol/g/h and the highest activity can be 

attributed to its higher surface area, higher absorption of visible light and higher 

separation efficiency of electron-hole pairs. The lowest activity (135 µmol/g/h) 

observed for sulfur codoped catalyst may be attributed to its very low surface area as 

well as to lower mobility of the holes due to presence of the isolated states of sulphur 

which limited the number of charge carriers reaching the catalyst surface for reaction. 

For comparison, the photocatalytic activity of nitrogen modified titanium dioxide was 

also measured and the hydrogen evolution rate was 517 µmol/g/h which was slightly 

higher compared to that of cerium modified titanium dioxide (403 µmol/g/h) but 

much lower compared to that of cerium and nitrogen codoped titanium dioxide 
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catalyst (1033 µmol/g/h) suggesting that both the doping components were 

contributory to photocatalytic activity giving higher hydrogen production. 

The activity of transition metal modified titanium dioxide was studied by doping the 

titanium oxide with 2.5 at.% of copper, iron or nickel. The UV-visible spectra showed 

distinct red shift of the absorption edges for transition metal doped TiO2. The visible 

light absorption was also enhanced. The photocatalytic hydrogen evolution rate for 

copper, iron and nickel modified titanium dioxide was found to be 938, 269 and 250 

µmol/g/h, respectively. The higher activity for copper modified titanium oxide can be 

attributed to higher surface area and significant absorption of visible light. The 

significant absorption for copper doped titanium dioxide in visible region can also be 

attributed to its d electron transitions. The titanium dioxide modified with the 

transition metals was codoped with 1 at.% nitrogen and the effect on hydrogen 

production was investigated. Addition of nitrogen in transition metal doped titanium 

dioxide increased hydrogen production for all codoped catalysts. The enhancement in 

hydrogen production can be attributed to increased absorption of visible light and 

trapping of photogenerated electrons. Among codoped the highest hydrogen evolution 

rate was observed for copper and nitrogen comodified titanium dioxide with hydrogen 

production rate of 1109 µmol/g/h. For iron-nitrogen and nickel-nitrogen comodified 

titanium dioxide catalysts hydrogen productions were 499 and 405 µmol/g/h, 

respectively. The higher hydrogen production for copper-nitrogen comodified titania 

may be attributed to combined effect of higher surface area, increased absorption of 

visible light and enhanced efficiency in trapping of photogenerated electrons. To 

study the effect of variation of loading of nitrogen on hydrogen production rate, 

nitrogen amount was varied from 0.5 to 1.5 at.% for copper-nitrogen comodified 

titanium oxide. The loading of 1 at.% nitrogen was found to be optimum.  

In the second phase the titanium dioxide was coupled with another visible light active 

semiconductor material such as indium oxide and hydrogen production was 

significantly higher in comparison to pure indium oxide. The amount of indium 

oxides was varied in the range of 5-16 at.% to determine the optimum composition.  

With increase in indium oxide content, the surface area and visible light absorption 

for binary catalyst increased. Separation of photogenerated electron-holes was also 

enhanced in indium-titanium binary oxides. For pure indium oxide the hydrogen 

evolution was 1250 µmol/g/h which increased to 1546, 1735 and 1829 µmol/g/h for 5, 
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10 and 16 at.% indium oxide in binary oxides. The incorporation of 2 at.% copper 

oxide in titanium-indium binary oxide further enhanced the activity with hydrogen 

production of 2149 µmol/g/h. The higher activity of ternary catalyst can be attributed 

to the synergistic effects of increased surface area, stronger absorption in the visible 

light region and enhanced separation of photogenerated charge carriers. The 

schematic diagram for hydrogen generation over ternary catalyst is shown in Fig.1.  

 

 

 

 

 

 

 

 

 

 

Fig.1. Schematic diagram of hydrogen generation for copper-indium-titanium 

   ternary oxide 

 

Indium oxide was also coupled with transition metals (Cu, Ni, Zn) to study the effect 

on hydrogen production. All the indium-transition metal coupled oxides showed 

improved activity for hydrogen production compared to pure indium oxide. The 

hydrogen evolution activity was observed to be highest for indium-copper coupled 

oxide and the lowest for indium-zinc coupled oxide. The indium-copper coupled 

oxide showed a very significant improvement with hydrogen production of 1792 

mol/g/h which can be attributed to significantly enhanced surface area, charge 

separation as well as visible light absorption compared to indium oxide. For indium- 

zinc coupled oxide, since light absorbance and charge separation were not 

significantly enhanced, the increased activity can be attributed only to higher surface 

area of the coupled oxide with respect to indium oxide. The morphology of indium-

transition metal coupled oxides varied significantly with type of transition metals. The 
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Fig.2 shows the hydrogen production over various modified titanium and indium 

oxide based photocatalysts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Hydrogen production over various modified titanium and indium oxides 

based photocatalysts 

 

The overall possible mechanism steps for production of hydrogen from water-

methanol mixture are summarized below.  
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The product analysis showed that carbon dioxide was not formed for any catalyst or 

was below the detection level of the used gas chromatograph. For cerium and nitrogen 

codoped titanium dioxide catalyst both formaldehyde and formic acid were detected 

in liquid phase. On the other hand, for transition metal modified titanium dioxide as 
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well as titanium-indium coupled oxide, only formaldehyde was detected in liquid 

phase after completion of reaction. Formation of equivalent amount of hydrogen and 

formaldehyde for titanium-indium coupled oxide implied occurrence of partial 

oxidation of methanol.  

The influence of operational parameters such as, light intensity, catalyst amount, 

alcohol type and irradiation time was studied using the cerium and nitrogen codoped 

titanium dioxide photocatalyst. The hydrogen production rate was increased from 326 

to 1024 mol/g with increase in the light intensity from 5000 to 25600 lx. This 

enhancement in hydrogen production may be attributed to increased absorption of 

photons by photocatalyst at higher light intensity. This increased the number of 

available photogenerated charge carriers for redox reactions on the catalyst surface. 

The photocatalyst amount was varied in the range of 0.1 to 1 g and the highest 

hydrogen evolution was observed for 0.2 g of catalyst loading. With initial increase in 

catalyst amount, the absorption of photons increased thereby, increasing the hydrogen 

production. However, at high concentration of catalyst, the light reaching the catalyst 

surface was inhibited thereby, decreasing the light absorption and hydrogen 

production. The effect of using alcohol of higher carbon number than methanol was 

investigated by using ethanol and propanol under similar reaction conditions. It was 

observed that activity order was methanol > ethanol > propanol. The lower reactivity 

for the higher alcohol may be attributed to their higher bond energy. The durability 

test was performed for ten hours irradiation period with hydrogen evolution being 

recorded at every one hour. The hydrogen generation was significant for first 3 h of 

irradiation and thereafter, rate was slower. The total hydrogen evolution of 3687 

mol/g was obtained after 10 h of irradiation time. Based on the above results the 

optimum process conditions for photocatalytic hydrogen production were selected as 

0.2 g photocatalyst, 25600 lx light intensity with methanol as alcohol source. These 

process conditions were used for all the photocatalytic studies if not mentioned 

otherwise.  

Among all the visible light active catalysts developed for hydrogen production in this 

study, highest hydrogen production was observed for 2 at.% copper and 10 at.% 

indium oxide codoped titanium photocatalyst. This catalyst was further investigated 

for study of photocatalytic reaction kinetics. Kinetic data were collected by varying 

the mole fraction of methanol in the range of 0.05 to 0.25. The production of 
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hydrogen and formaldehyde increased with increase in the mole fraction of methanol 

in the aqueous solution. This may be due to the increased adsorption of the methanol 

molecules on the active sites of the catalyst surface. The kinetic parameters were 

determined using Power Law and Langmuir-Hinshelwood (L-H) models. The L-H 

models were developed for the simultaneous occurrence of hydroxyl mediated and 

hole mediated oxidation path, and for the hole mediated path alone. For each model, 

the optimum values of kinetic parameters were determined by minimizing the residual 

sum of squares between the calculated and experimental rate of methanol oxidation. 

The kinetic parameters were estimated using non-linear regression analysis. The 

Langmuir-Hinshelwood model that considered simultaneous occurrence of hydroxyl 

mediated and hole mediated oxidation paths was observed to best describe the 

experimental data than the model considering only hole mediated path. The kinetic 

rate constants were determined to be 8.65 x 10
-3

 (μmol/g)
-1

h
-1

 for hydroxyl mediated 

oxidation and 9.12 x 10
-3

 (μmol/g)
-1

h
-1

 for hole mediated oxidation of methanol.  

Thesis Organization  

The thesis has been organized as follows: 

Introduction, Literature review, Objective, Experimental details, Result and 

discussion, Conclusion and Recommendations.  
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1.1 Energy demand 

One of the main challenges in the 21
st
 century is to meet the growing energy demands. 

The energy requirement is projected to reach the value of 17 billion tons oil 

equivalents by 2035 (Chu and Majumdar, 2012). The world energy consumption 

values are presented in Fig.1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.1. Global energy consumption (http://www.eia.gov/forecasts/ieo/) 

 

Carbon based fossil fuels, such as petroleum, coal and natural gas, is the world’s 

largest sources of energy and also expected to continue to supply most of the energy 

used in near future (Fig.1.2). The major disadvantage of carbon based fossil fuels is 

that their combustion generates not only the air pollutants, such as sulphur oxides, 

nitrogen oxides, heavy metals, but also CO2, the major component of green house 

gases that contributes to global climate change (Scibioh and Viswanathan, 2004). The 

increase in green house gas emissions during the past centuries has increased the 

overall CO2 level by 31% (Panwar et al., 2011). In addition very high rate of 

consumption and limited availability are resulting in very fast depletion of fossil fuels. 

This has initiated an intensive search for alternative energy sources to meet the 

increasing energy demand. In last few years, the global energy consumption from 

additional sources such as nuclear energy and renewable energy are increasing rapidly 
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Renewables

as can be observed from Fig.1.2. The major objective of alternative energy sources is 

to develop techniques to achieve clean and sustainable energy carriers that will solve 

the energy crisis as well as environmental issues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.2. Global consumption of various fuels (http://www.eia.gov/forecasts/ieo/) 

 

1.2 Hydrogen as energy carrier 

Hydrogen is considered as a future energy carrier because of its higher energy content 

per unit mass and its clean combustion characteristics. The combustion of hydrogen 

results in no emission of greenhouse gases. In addition hydrogen has wide range of 

flammability, low ignition energy and high diffusivity in air. Higher heating values 

(HHV) and energy content of hydrogen compared to other fossil fuels are listed in 

Table 1.1. The energy output from combustion of hydrogen is higher than the other 

conventional fuels. Also hydrogen has high heating value, which represents the true 

energy content of the fuel. Hydrogen is also used in wide variety of applications such 

as synthesis of methanol, petroleum refinement, ammonia and fertilizer manufacture, 

etc., (Pagliaro and Konstandopoulos, 2012; Rajeshwar et al., 2009). Hydrogen is the 

most abundant element in the universe but it is always in combined state with other 

elements due to its high reactivity.  
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Reforming 

Hydrogen Production 

Non-reforming 

Electrolysis/ 

Photoelectrolysis 

Biological 

process 

Thermochemical 

water splitting 

Photocatalytic 

water splitting 

Table 1.1. Comparison of higher heating value (HHV) and energy content of  

 hydrogen with that of other fuels (Rajeshwar et al., 2009) 

 

 

 

 

 

 

 

 

 

1.3 Hydrogen production methods 

Hydrogen production methods can be classified into two main categories such as 

hydrocarbon reforming and non-reforming processes as shown in Fig.1.3. Currently, 

hydrogen is mainly (95 %) produced by steam reforming process from fuels such as, 

natural gas, methanol, lighter hydrocarbons and coal (Wang et al., 2004; Turner, 

2004). The steam reforming of methane and naphtha are the primary methods. Steam 

methane reforming is an efficient technology because of high quality of its product 

compared to that of autothermal or partial oxidation. The disadvantage of steam 

reforming processes is the emission of carbon monoxide and carbon dioxide (Chen et 

al., 2004; Holladay et al., 2009).  

 

 

 

 

 

 

 

 Fig.1.3. Various hydrogen production technologies 

Fuel HHV (MJ/kg) Energy (kWh/kg) 

Methane 55.5 12.8 

Gasoline 47.5 12.4 

Diesel 44.8 11.8 

Methanol 20.0 5.0 

Hydrogen 141.9 33.3 
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Partial oxidation of hydrocarbons is less efficient than steam reforming process, 

because it requires very high process temperatures compared to steam reforming. The 

disadvantage is the production of higher levels of carbon monoxide with lower 

concentration of hydrogen. Autothermal reforming process does not require any 

external heat source and is relatively less expensive than steam methane reforming 

process. The main disadvantage of autothermal reforming process is the requirement 

of air or oxygen to control the oxygen-fuel and steam-carbon ratio for maintaining the 

reaction temperature and product gas composition (Lutz et al., 2004; Holmen, 2009; 

Ayabe et al., 2003; Semelsberger et al., 2004). 

In order to decrease the dependence on fossil fuels, significant development in other 

hydrogen generation technologies from renewable resources such as biomass and 

water is needed. Electrolysis coupled with renewable energy is emerging as the low 

emission technology. The future energy sources include biohydrogen, thermochemical 

water splitting and photoelectrolysis (Holladay et al., 2009). The renewable hydrogen 

production technologies can be classified into four categories such as thermal 

processes, electrolysis processes, photobiological processes and photolytic processes. 

In thermochemical water splitting, also called thermolysis, decomposition of water to 

hydrogen and oxygen will occur at 2500 °C. This technology needs high temperature, 

high pressure and corrosive resistant materials to generate hydrogen. Moreover, the 

sustainable heat sources and stable materials at this high temperature are not easily 

available. The high temperature of this process can create considerable explosion risk 

because of the presence of hydrogen and oxygen gas mixture in the thermolysis 

products (Funk, 2001; Andress et al., 2009; Holladay et al., 2009; Wang et al., 2012).  

In photoelectrolysis method, generation of hydrogen and oxygen from water splitting 

occur at the theoretical applied potential of 1.23 V. But in practice, the water splitting 

reactions will occur at 1.7 V due to the over potentials of hydrogen and oxygen at the 

respective electrodes (Vogel, 1961). Other major obstacles are instability of the 

materials in aqueous solution, electrochemical reaction, semiconductor band edge 

differences and improper matching of semiconductor band gap with the solar spectra. 

This method is more expensive process because of the higher production cost due to 

the over potentials (Bak et al., 2002; Holladay et al., 2009; Viswanathan, 2003).  
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Biological methods of hydrogen production can be classified as follows; (a) 

biophotolysis of water by green and blue-green algae (b) photo-fermentation (c) dark 

fermentation. Hybrid systems using photosynthetic and fermentative bacteria have 

also been under investigation (Kim and Kim, 2011; Dincer, 2012; Ngoh and Njomo, 

2012). The conversion of electrons and protons into molecular hydrogen with the help 

of enzymes is the main step of all biological hydrogen production processes (Ball and 

Wietschel, 2009). The green algae, Chlamydomonas reinhardtii decomposes water 

into hydrogen with no greenhouse gas emissions. The produced hydrogen ions in the 

medium are converted into hydrogen gas through the reduction of protons by 

hydrogenase enzyme (Tiwari and Pandey, 2012). The major drawback of this process 

is the inhibition of hydrogenase enzyme by the generated oxygen. Several methods 

are investigated to overcome the drawbacks of oxygen inhibition effect such as 

separation of oxygen from hydrogen, oxygen scavenging, immobilization of 

chloroplasts and gas purging (Miura et al., 1997). However in the sulfur-deprived 

culture medium, sustainable hydrogen evolution was observed in Chlamydomonas 

reinhardtii (Melis et al., 2000). Fermentative bacteria, such as Clostridium and 

Enterobacter sp., have also been investigated for hydrogen production. However, the 

yield is too low to be economically viable when compared to other chemical or 

electro-chemical processes (Das and Veziroglu, 2001).  

Among alternative energy sources solar energy is the most abundant and has the 

potential to meet the increasing world energy requirements. The solar energy striking 

the earth surface is about 3 x 10
24

 J/yr, which is approximately 10
4
 times the energy 

consumed on the planet per year (Bartels et al., 2010; Kaneko and Okura, 2002). The 

solar energy has been used to produce hydrogen mainly by water splitting reactions 

(Fujishima et al., 2008). However, water splitting is difficult to achieve because of the 

large positive standard Gibb’s free energy change (237 kJ/mol) (Chen et al., 2010). 

Various modification of methods and materials are under investigation to improve the 

photocatalytic conversion efficiency (Ni et al., 2007; Liao et al., 2012). However, 

only maximum efficiency of 18 % has been achieved so far in the laboratory scale 

(Peharz et al., 2007). In order to achieve high photoconversion efficiency, some of the 

important factors that are investigated include efficient separation of photogenerated 

charge carriers, suppression of backward reaction and utilization of a large fraction of 

the incident energy (Maeda and Domen, 2007; Guzman et al., 2013; Lin et al., 2009; 
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Wang et al., 2012). However, till date no photocatalyst system has emerged that can 

give economically viable yield of hydrogen by water splitting reaction. 

1.4 Thesis objective 

The main aim of this research was to develop highly active photocatalysts for 

hydrogen production from water-methanol mixtures under visible light irradiation. 

The detail research objectives of this thesis include; 

 Preparation of following photocatalysts and study the activity for hydrogen 

production under visible light :  

o Titanium oxide based photocatalytic system 

 Cerium and nonmetal (B, C, N, S) codoped TiO2 catalysts 

 Transition (Cu, Fe and Ni ) and nonmetal (N) doped TiO2 

o Indium oxide based photocatalytic system 

 Indium-titanium coupled oxide  

 Copper doped indium-titanium coupled oxide 

 Transition metal doped indium oxide (Cu, Ni, Zn) 

 Characterization of all the photocatalysts using surface area and pore analysis, 

X-ray diffraction analysis, ultraviolet-visible diffuse reflectance spectroscopic 

analysis, field emission scanning electron microscopic analysis, energy 

dispersive X-ray spectroscopic analysis and photoluminescence spectroscopic 

analysis to determine the physico-chemical and optical properties and correlate 

with hydrogen production activity 

 Effect of preparation methods such as calcination temperature on hydrogen 

production 

 Effect of various operational parameters such as light intensity, type and 

amount of alcohol, amount of catalyst and reaction time on hydrogen 

production 

 Determination of kinetics for most active photocatalyst. 
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2.1 Photocatalytic hydrogen production 

The initial step of photocatalytic reaction is the absorption of photons of energy 

corresponding to the band gap energy of the photoactive material. When light with 

energy equal to or greater than the band gap is incident on the photoactive material, 

the valence band electrons are excited to conduction band leaving positively charged 

holes in the former. These photogenerated conduction band electrons and valence 

band holes are transported from the bulk to surface and are expected to participate in 

reduction and oxidation reactions respectively. However these photogenerated 

electron and holes are unstable and tend to recombine. The charge carriers that are 

able to reach the surface of the photocatalyst without recombination can only take part 

in the redox reactions. The rate of charge carrier transfer depends on the position of 

lower conduction band edge and upper valence band edge and also on the redox 

potential of the adsorbates (Linsebigler et al., 1995). 

For hydrogen production from water, the adsorbed water is oxidized by 

photogenerated holes to produce the stoichiometric 2:1 mixture of gaseous H2 and O2. 

The hydrogen ions are reduced to hydrogen gas by photogenerated electrons. These 

reactions can be presented as follows: 

Oxidation:                 2 2H O + 2h  2H  + ½ O               (2.1)          

Reduction:                22H  + 2e  H                               (2.2)                     

Overall reaction:        2 2 2H O    H  + ½ O                        (2.3)                     

The water splitting reaction requires the Gibbs free energy change (∆G°) of 237 

kJ/mol to split one molecule of water in to H2 and O2 (Chen et al., 2010). The width 

of the band gap and the redox potential of the conduction and valence bands are 

important to facilitate the water splitting reaction. For hydrogen production, the 

bottom level of the conduction band should be more negative than the reduction 

potential of H
+
/H2 (0 V vs. NHE), while the top level of the valence band should be 

more positive than the oxidation potential of O2/H2O (1.23 V) for O2 formation. The 

complete decomposition of water is thus theoretically possible if a semiconductor has 

the minimum band gap energy of 1.23 eV (an absorption wavelength cut-off of 1008 

nm). However, the potential of the semiconductor’s band structure is just the 
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thermodynamic requirement. Other photocatalytic properties such as charge 

separation as well as mobility and lifetime of photogenerated electron-hole pairs also 

have significant effect on the activity of the catalyst. These properties are strongly 

affected by electronic structure, bulk properties and surface properties of the material. 

The photocatalytic activity of semiconductor materials is affected by following three 

basic parameters (Zhou et al., 2012; Maeda and Domen, 2007; Kudo, 2006; Alonso et 

al., 2009; Carp et al., 2004): 

     (1) Light absorption capacity  

     (2) Rate of reduction and oxidation of substrate by e

/h

+
 respectively, and 

     (3) Rate (or probability) of e

/h

+
 recombination.  

2.1.1 Charge carrier trapping 

For efficient photocatalytic reactions, the stabilization of charge carriers is as 

important as their formation and transfer. The stabilization of the charge carriers can 

be achieved by trapping the photogenerated electrons and holes. Trapping increases 

the lifetime of the charge carriers enhancing photocatalytic activity. Trapping of 

photogenerated electrons, holes or both can be achieved by doping with foreign atoms 

(Choi et al., 1994). The electron trapping is reported to take place within 30 

picoseconds (ps). The hole trapping on other hand is reported as a slower process 

taking an average time of 250 nanoseconds (Rothenberg et al., 1985). Skinner et al. 

(1995) reported 200 femtoseconds for the electron trapping and 30 picoseconds for 

electron-hole recombination. 

Doping of photocatalysts with foreign atoms/ions results in formation of additional 

energy states within the band gap of parent materials that act as trapping centers. It is 

important to have enough number of trapping states on the surface to achieve efficient 

charge separation. Trapping of electron and hole takes place, if the energy level of the 

pair M
n+

/M
(n-1)+

  is located below/near the conduction band  edge and the pair 

M
n+

/M
(n+1)+

 is located above/near to the valence band edge (Choi et al., 1994; Ni et 

al., 2007).   

Electron trapping: 

n (n 1)+M    M                     (2.4)cbe     
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Hole trapping: 

n+ (n+1)+M     M                    (2.5)vbh   

At optimum dopant concentration, the dopants can trap only one type of charge 

carriers and allow the other to reach the catalyst surface to take part in the desired 

redox reaction (Hoffmann et al., 1995). On the other hand, doped metal ions above the 

optimum concentrations are reported to decrease the photocatalytic activity due to the 

higher recombination rate of charge carriers (Dvoranova et al., 2002). Metal ions 

doped near the surface of photocatalysts particles are reported to allow a better charge 

transfer, while in case of deep doping metal ions can act as recombination centers. 

Choi et al. (1994) reported that metals such as V
4+

, Mn
3+

, Co
3+

, and Ru
3+

 can trap both 

electron and hole, whereas Cr
3+

 and Ni
2+

 can trap only hole. For example, by trapping 

of electron V
5+

 changes to V
4+

, thus the former can trap an electron but later can trap 

both electrons and holes. In case of Fe, Fe
3+

 change in valence state to Fe
2+

 by 

trapping an electron and can transfer the trapped electrons to Ti
4+

. This phenomenon 

of interfacial charge transfer can occur because the energy levels of Fe
3+

/ Fe
2+

  lies 

close to Ti
4+

/Ti
3+

 level. Litter (1999) reported that Cu and Fe have the ability to 

capture both electron and hole due to the position of the energy levels which lies close 

to conduction band and valence band edges of TiO2. The oxygen vacancies are also 

suggested to be involved efficiently in the electron trapping process (Gan et al., 2013). 

Increased oxygen vacancies resulted in more efficient trapping of photogenerated 

electrons. But presence of excess oxygen vacancies can act as recombination centers 

for photogenerated electrons. Nakamura et al. (2004) discussed that the interstitial 

nitrogen impurities can act as strong hole trapping sites.  

2.1.2 Visible light activity 

In order to utilize the visible light irradiation, the band gap value should be less than 

3.0 eV and the position of the band gap of the photocatalyst is also an important 

factor. There are only a limited number of known materials that could satisfy these 

requirements. For example, chalcogenides, such as CdS (2.4 eV) and CdSe (1.7 eV), 

have ideal band gap energies and band positions for the oxidation and reduction of 

water molecules under visible light. But they easily undergo photo-corrosion in water 

under irradiation, i.e. the material itself is oxidized by the hole produced in its valence 

band (Matsuoka et al., 2007; Kitano et al., 2007; Hashimoto et al., 2005). Several 
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approaches have been adopted in order to develop visible light active photocatalysts. 

One of the most effective ways is to convert UV active photocatalyst to visible light 

active catalyst by doping with metal ions. The doping of metal ions introduces 

additional energy levels within the band gap of the photocatalyst to facilitated visible 

light absorption. This can be achieved by replacing cations in the lattice of wide band 

gap photocatalyst. Anion doping is another approach to improve visible light activity. 

Incorporation of non metal ions shifts the valence band edge upwards by mixing of p 

orbitals of the dopant ions and oxygen 2p orbitals (Kudo and Miseki, 2009; Asahi et 

al., 2001). Modification by codoping with metal and nonmetal ions in the wide band 

gap has also been studied to enhance the visible light activity. Dye sensitization and 

semiconductor coupling are other effective methods to absorb the visible light energy. 

Dyes such as rhodamine B, crystal violet and Eosin etc., are used for improving the 

photocatalytic activity because of their redox property and visible light sensitivity. 

Coupled semiconductors are used to improve the separation efficiency and stability of 

charge centers. A small band gap semiconductor (visible light active) is coupled with 

a large band gap semiconductor (UV active) to increase the activity in visible light 

(Maeda, 2011; Chen et al., 2010; Ni et al., 2007). 

2.1.3 Effect of alcohol 

Alcohols such as methanol, ethanol, propanol, etc., have been reported to greatly 

enhance the photogenerated electron-hole separation, which results in higher quantum 

efficiency. Alcohols consume the valence band holes and undergo oxidation reaction 

thereby acting as efficient hole scavenger. This reduces electron-hole recombination 

and facilitates the accumulation of electrons in the conduction band which participate 

in reduction of hydrogen ions. Yang et al. (2006) studied activity of Pt-TiO2 in 

presence of different alcohols such as, methanol, ethanol, n-propanol, i-propanol and 

butanol. Based on the polarity of the solvents, the results exhibited a decrease in 

hydrogen generation rate from methanol to butanol. Bahruji et al. (2010) investigated 

hydrogen production from different alcohols over Pd-TiO2 catalyst. The formation of 

products depended on the nature of the substrate. With methanol, H2 and CO2 were 

observed while for ethanol and 2-propanol, methane was also obtained as the 

coproduct. The 1-propanol formed ethane and butanol generated propane and ethane. 

Wang et al. (2013) studied effect of concentration of methanol and ethanol on the 
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activity of the CoOx/TiO2 catalyst. The results showed that methanol had higher 

activity than ethanol.  

2.2 Photocatalytic systems 

Studies have been conducted to investigate the potential use of photocatalysts in 

various areas of interest (Lan et al., 2013; Fujishima et al., 2007; Nakata and 

Fujishima, 2012). The major area of investigation has been the photodegradation of 

pollutants along with the photocatalytic water splitting for hydrogen production (Ni et 

al., 2007). At present photocatalytic conversion of carbon dioxide is emerging as a 

new area of interest (Centi and Perathoner, 2009). Generally, semiconductors are used 

for photocatalytic hydrogen production due to their suitable band gap and the position 

of the band edges with respect to the potential required for water decomposition 

reaction. Metals cannot promote redox reactions due to overlap of the conduction and 

valence bands, while insulators have very large band gap (Nash, 2008). Hence, metals 

and insulators are not suitable for photocatalytic water splitting reactions. Metal 

oxides (SnO2, CaTiO3, KTaO3, α-Fe2O3, ZnO, SrTiO3, TiO2) and chalcogenides (CdS, 

NiS, CdTe) are the most commonly investigated semiconductor photocatalysts 

(Osterloh, 2008; Maeda, 2011; Chen et al., 2010).  

2.2.1 Titania based photocatalysts 

Honda and Fujishima (1972) first reported water splitting using a titanium dioxide 

(TiO2) electrode for water electrolysis giving hydrogen and oxygen. Photocatalysis by 

TiO2 in UV region has received great attention. Among various semiconductors, 

titanium dioxide is considered as one of the most promising material due to its high 

oxidation efficiency, nontoxicity, high photostability and environment friendly nature 

(Ide et al., 2013, Kudo, 2007; Daghrir et al., 2013). TiO2 exists in three 

crystallographic forms, anatase (3.2 eV), rutile (3.06 eV) and brookite (~3.2 eV) 

(Pelaez et al., 2012). Anatase TiO2 is the most stable form and can be converted to 

rutile phase by heating above temperature of 700 °C. In photocatalytic applications, 

anatase is reported to be more efficient than rutile due to the lower rates of 

recombination and higher surface adsorptive capacity (Li et al., 2007;   Hurum et al., 

2003). TiO2 as photocatalyst is used in many applications  such as the degradation of 

pollutants from water and air (Beydoun et al., 1999; Stathatos et al., 1999; Comparelli 
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et al., 2005), photocatalytic and photoelectrochemical hydrogen production (Abe, 

2010), solar cells (Deb, 2005; Mor et al., 2006) and sensors (Seeley et al., 2009; 

Galstyan et al., 2013) etc. Many researchers have reported the photocatalytic activity 

of TiO2 for hydrogen production from water under ultra violet (UV) irradiation 

(Tabata et al., 1995; Sato et al., 1980; Kutty et al., 1988; Sreethawong et al., 2006; 

Sakata et al., 1981; Wang et al., 2013). The main drawback of hydrogen production 

by photocatalytic water-splitting using TiO2 is the fact that titania is active only under 

UV light radiation due to its larger band gap (Tan et al., 2013). The UV light only 

accounts for about 4 % of the total solar energy while the visible light contributes 

about 50 %. , This limits the solar-hydrogen efficiency of TiO2. The efficiency is also 

reduced due to the quick recombination of conduction band electrons with valence 

band holes releasing energy in the form of heat or photons. 

Therefore, the important aspect for the application of TiO2 as photocatalyst is to 

enhance the photocatalytic efficiency in visible light region. In order to utilize the 

abundant source of light energy reaching the earth’s surface and to stabilize the 

photogenerated charge carriers different strategies, such as metal ion doping, anion 

doping, noble metal loading, metal ion-implantation, dye sensitization, semiconductor 

coupling, addition of electron donors (hole scavengers), addition of carbonate salts 

etc., were investigated (Liao et al., 2012; Rehman et al., 2009; Zhu and Zach, 2009; 

Paleocrassas, 1974; Nowotny et al., 2005; Nowotny et al., 2007; Ni et al., 2007)  

2.2.1.1 Modification with metals 

Doping is a strategy to alter the optical properties of the material by replacing Ti or 

oxygen sites in the TiO2 lattice with other element. The charge-transfer transition 

between the d electrons of the transition metals and the conduction or the valence 

band of TiO2 shifts the absorption edge to the visible light region (Teh and Mohamed, 

2011). The dopant induced new electronic states are formed within the electronic 

structure of TiO2, below the conduction band edge or above the valence band edge. 

These states influence the recombination rate of charge carriers, since the metal ions 

can act as electrons or hole traps (Choi et al., 1994). Efforts have been made to 

modify TiO2 by doping various metals in order to reduce the band gap and retard the 

recombination of photogenerated electron-hole pairs effectively. Combination of both 

the factors can enhance the photocatalytic activity of TiO2 under visible light (Litter, 
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1999; Kudo and Miseki, 2009; Tong et al., 2012; Maeda, 2011; Teoh et al., 2012; 

Chen et al., 2010). The new energy levels formed within the band gap of TiO2 by the 

metal ion dopants can alter the recombination rate of charge carriers, since the metal 

ions can act as electrons or hole traps (Choi et al., 1994). The metal dopant ions can 

occupy the lattice sites either at substitutional or interstitial position depending on the 

ionic radii of metal dopants compared to that of the matrix cation. Based on the 

valence states of the cationic dopants compared with that of valence state of titanium 

in TiO2, dopants could behave in two different ways either as electron donors 

(cationic dopants having higher valence states than that of host material cation) or 

electron acceptors (cationic dopants having lower valence states than that of host 

material cation) (Wieckowski et al., 2003). 

Karakitsou and Verykios (1993) studied the effect of different transition metal 

dopants such as (W
6+

, Nb
5+

, Ta
5+

, Ge
4+

, In
3+

, Zn
2+

, Li
+
) on TiO2 for 

photodecomposition of water. Among the different transition metals, the dopant 

cations having higher valence than those of Ti
4+

 were reported to show higher 

hydrogen production and the dopants cations having lower valence showed decreased 

hydrogen activity. The cationic dopants having equal valence state did not influence 

the efficiency for hydrogen production. Reddy et al. (2014) investigated Fe (0.2-2.0 

wt%) doped TiO2 for hydrogen production under visible light illumination and found 

that the absorption edge was red-shifted as the dopant concentration increased from 

0.2-2.0 wt%. The authors have shown that Fe
3+

 (0.5 wt%) ions doped on the surface 

of TiO2 resulted in maximum hydrogen production rate of 270 μmol/h compared to 

2.8 μmol/h for undoped TiO2. They have suggested that metal ion dopants located 

deep within the band gap of TiO2 behave as recombination center. Khan et al. (2008) 

also reported hydrogen production on Fe doped TiO2 from aqueous methanol solution 

and pure water. The hydrogen evolution of 12.5 μmol/h and 1.8 μmol/h, was observed 

from methanol solution and pure water respectively for 1.0 wt% Fe/TiO2. Copper 

doped titanium dioxide was reported to enhance hydrogen production significantly 

(Wu and Lee, 2004; Lee et al., 2013). The catalytic activity was attributed to the 

photogeneration of excited electrons in the conduction bands of both TiO2 and CuO. 

CuO was suggested to act as an active site for redox reactions (Bandara et al., 2005). 

The presence of CuO acted as effective electron traps and reduced the recombination 

rate of electron-hole pair (Choi and Kang, 2007). The optimum amount of CuO and 

Footer Page TH-1334_08610706



Chapter 2  Literature review  

18 

 

the crystalline structure were observed to be crucial for the catalytic activity of CuO-

TiO2. Sreethawong and Yoshikawa (2005) reported H2 production activity (360 

μmol/h) for Cu loaded TiO2 from aqueous methanol solution. They have reported that 

the cocatalyst doped at a lower concentration with uniform dispersion can acts as 

separation center and sink for photogenerated electrons. Yoong et al. (2009) prepared 

Cu or Ni doped TiO2 by precipitation method and wet impregnation method, the 

dopant loading amount was varied from 2-15 wt % and calcined at 300, 400 and 500 

°C. The catalyst prepared with 10% (wt) of Cu at calcination temperature of 300 °C 

by precipitation method was reported to result in higher hydrogen evolution of 8.5 

ml/h from aqueous methanol solution. Ni doped TiO2 also showed photocatalytic 

activity, but the hydrogen production rate was observed to be lower compared to that 

of Cu doped TiO2. Sasikala et al. (2009) prepared SnO2 doped TiO2 for hydrogen 

production under visible light irradiation. They suggested that the enhanced activity 

can be ascribed to highly dispersed phase of SnO2 on TiO2, which results in an 

efficient electron trapping and charge transfer.  

Incorporation of noble metals such as, platinum, gold and ruthenium was also 

reported to extend the light absorption of TiO2 band gap to the visible light region. 

Kitano et al. (2005) and Huang et al. (2011) reported Pt-TiO2 for hydrogen production 

activity. Their results showed that the higher visible light absorption and inhibition of 

recombination of charge carriers by Pt were responsible for higher activity. Sayama 

and Arakawa (1997) studied the photocatalytic hydrogen evolution of Pt loaded TiO2 

photocatalysts under UV irradiation with the addition of carbonate salts such as 

Na2CO3, NaHCO3, Li2CO3 and K2CO3. Pt-loaded TiO2 photocatalyst during reaction 

was covered with several types of carbonate species and the average rate of hydrogen 

production was found as 568 μmol/h using Na2CO3 aqueous solution. These carbonate 

species was reported to effectively suppress the back reaction of water splitting to 

form water and prevent the photo absorption of oxygen on the TiO2. Shi et al. (2007) 

reported hydrogen evolution of 3300 μmol after 5 h of irradiation period for Pt-TiO2 

from water-methanol solution under UV light irradiation. The authors proposed that 

excited electrons trapped in oxygen vacancies of anatase were transferred to Pt and 

retarded the recombination of charge carriers at oxygen vacancies in anatase. Similar 

transfer was not observed for rutile phase. Silva et al. (2011) investigated Au-TiO2 

catalyst for hydrogen production activity and suggested that the presence of Au 
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increased the separation of photogenerated charge carriers and consequently improved 

the photocatalytic activity. The effect of Ru/TiO2 for hydrogen production from 

methanol and water solution was reported by Sobczynski et al. (1989). Bowker et al. 

(2014) studied hydrogen generation on Au and Pd doped TiO2 catalysts from aqueous 

solution of methanol. The higher hydrogen activity was observed for Pd than Au 

doped TiO2 at low loadings. They also reported higher activity with increase in 

calcination temperature (200-400 °C) and loadings (0.001-0.5 wt%). But a sharp drop 

in the rate of hydrogen production was observed at loading higher than 0.1 wt% for 

both the catalysts. The authors reported higher activity for codoped Au-Pd/TiO2 and 

was attributed to the improved rate of trapping of photogenerated electrons. Chiarello 

et al. (2008) investigated hydrogen production from photoreforming of methanol and 

reported 30 times higher hydrogen production for Au-TiO2 prepared by flame 

pyrolysis (7890 mol/g/h) compared to that of titania (439 mol/g/h). Chiarello et al. 

(2009) also reported hydrogen production with improved activity for gold doped 

TiO2. An apparent photon efficiency of 6.3 % was reported under halogenide mercury 

lamp in photoreforming process of methanol. 

Dye sensitized metal doped titania was also studied for photocatalytic activity. Le et 

al. (2012) prepared rhodamine B sensitized Co doped TiO2 by impregnation method. 

The maximum hydrogen evolution rate of 227.3 μmol/g/h was obtained from 70 ml of 

pure water solution. The rhodamine B dye, absorbed on the catalyst surface, 

transferred the electrons to cobalt metal under visible light irradiation. They reported 

that the efficient electron transfer from dye to cobalt metal through TiO2 led to better 

hydrogen evolution efficiency than those of Co-TiO2 (hydrogen evolution rate, 37.67 

μmol/g/h). Ou et al. (2006) studied MWNT-TiO2-Ni (MWNT = mutiwalled carbon 

nanotubes) prepared by chemical vapor deposition for hydrogen evolution from 

aqueous methanol solution. The authors reported that MWNT could act as a sensitizer 

and transfer the photogenerated electrons of MWNT to TiO2. The electrons were 

thereafter can be transported to the isolated Ni particles present on the surface of TiO2 

for the reduction of water molecules. They reported hydrogen evolution of 38.1 

μmol/h for MWNT-TiO2-Ni under visible light radiation. Jin et al. (2007) studied 

hydrogen generation over eosin-sensitized CuO/TiO2 photocatalyst under visible light 

irradiation. The authors reported 5.1% apparent quantum efficiency for eosin dye-

sensitized 1.0 wt% CuO/TiO2 from diethanolamine-water solution. They also 
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investigated hydrogen production in the presence of different electron donors such as 

triethanol amine, diethanolamine, acetonitrile and triethylamine. Among the 

sacrificial electron donors, maximum hydrogen production of 127 μmol/10 h was 

reported for aqueous solution of diethanolamine and water. 

2.2.1.2 Modification with nonmetals 

Another approach to sensitize TiO2 in visible light region is doping with nonmetal 

elements such as nitrogen (Pelaez et al., 2012; Nosaka et al., 2005; Irie et al., 2003; 

Sathish et al., 2007; Sathish et al., 2005; Wang et al., 2013 ) carbon (Lettmann et al., 

2001; Valentin et al., 2005, Xu et al., 2006), sulphur ( Umebayashi et al., 2002; Ohno 

2004a; Yang et al., 2012; Yamamoto et al., 2004), fluorine (Wu et al., 2010; Li et al., 

2005; Hattori et al., 1999) and boron (Finazzi et al., 2009; Chen et al., 2006). Asahi et 

al. (2001) reported that N-doped TiO2 showed a significant shift of the absorption 

edge to lower energy in the visible light region. N2p level mixed with O2p was reported 

to result in narrow band gap and enhanced photoactivity for degradation of the 

acetaldehyde and methylene blue. Yuan et al. (2006) investigated N-TiO2 for 

hydrogen production under UV and visible light irradiation in the presence of Na2SO3 

as hole scavenger. The higher activity was attributed to the presence of more 

substitutional nitrogen. Joshi et al. (2012) reported hydrogen yield for N-TiO2 from 

water-ethanol solution, while Sreethawong et al. (2008) reported from aqueous 

methanol solution. It was reported that the boron oxide played an important role in the 

suppression of recombination of evolved H2 and O2 (Moon et al., 1998; Moon et al., 

2000). Boron incorporation in TiO2 was suggested to promote the partial reduction of 

Ti
4+

 to Ti
3+

, which can act as electron traps. Boron was also reported to create shallow 

traps for electrons and thereby prolong the life of photogenerated charge carriers.  Li 

et al. (2008) observed a decrease in band gap and higher photocatalytic activity under 

visible radiation for B-N-TiO2.  

Khan et al. (2002) reported 8.35% photoconversion efficiency from a 150 W xenon 

lamp radiation for C-doped TiO2. Sakthivel and Kisch (2003) prepared carbon 

modified TiO2 by the hydrolysis of titanium tetrachloride with tetrabutylammonium 

hydroxide and reported superior activity for mineralization of 4-chlorophenol and azo 

dye remazol red. Recently, Liu and Syu (2013) prepared C/N doped TiO2 using ionic 

liquids as templates for the formation of mesoporous TiO2. For this catalyst 81.8 
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μmol/g/h of hydrogen evolution rate was reported from aqueous methanol solution 

under visible light irradiation. Pal et al. (2012) studied visible light driven hydrogen 

production for nonmetal doped titanium oxide using electron donors. TEOA (tri-

ethanolamine) showed hydrogen activity for C-TiO2 (2947 μmol/g/h), N-TiO2 (1008 

μmol/g/h) and S-TiO2 (1269 μmol/g/h). The direct electron transfer from electron 

donors to TiO2 was suggested to reduce the recombination of charge carriers and 

increase photoactivity. 

Umebayashi et al. (2003a and b) investigated the photocatalytic activity of sulphur 

incorporated TiO2 for degradation of methylene blue TiS2 as starting material. They 

suggested that the lattice oxygen sites were substituted by sulfur atoms and formed 

new sulphur doped impurity energy states above the valence band and narrowed the 

band gap. Periyat et al. (2008) reported that anionic sulphur doping may be difficult 

due to the larger ionic radius of S
2

(1.7Å) compared to that of O
2 

(1.22 Å). The 

visible light activity of anionic S doped TiO2 was attributed to the mixing of S3p state 

with O2p states. Yu et al. (2005) confirmed that substitution of Ti
4+ 

by S
6+ 

is 

chemically more favorable than replacing O
2 

with S
2

 ions. The cationic S doped 

TiO2 was studied by Ohno et al. (2003; 2004b) for the degradation of methylene blue 

under visible light radiation. They proposed that S
4+ 

atoms were incorporated as 

cations and replaced Ti ions. Niu et al. (2012) reported that photogenerated electrons 

can be trapped by the anchored sulphate group on the surface of TiO2. Naik et al. 

(2010) observed excellent photocatalytic activity of N and S incorporated TiO2 for 

photodegradation of phenol and methyl orange under direct solar light. The authors 

suggested that interaction of sulphate and nitrogen with titania enhanced the 

photocatalytic activity.  

2.2.1.3 Comodification with metal and nonmetals 

Recently it was observed that codoping of metal and nonmetal in TiO2 was able to 

enhance both the visible light absorption efficiency and separation of photo-generated 

charge carrier compared to that of single dopant. Visible light active photocatalysts 

have been reported by codoping TiO2 with metal and nonmetal such as V/N (Liu et 

al., 2011), Ni/N (Zhang and Liu, 2008), N/Sn (Wang et al., 2011), N/Fe (Yang et al., 

2010), C/V (Liu et al., 2011), etc. Selcuk et al. (2012) reported Ni-N codoped TiO2 

catalysts for hydrogen production from 10% aqueous methanol solution under visible 
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light irradiation. They have also investigated Fe-N-TiO2, Cr-N-TiO2, Pt-N-TiO2, N-

TiO2 and TiO2 for hydrogen production under the same conditions. Among these 

catalysts, Pt-N-TiO2 and Ni-N-TiO2 showed a hydrogen evolution rate of 11620 and 

2946 μmol/6h, respectively. The activity was attributed to the improved dispersion of 

Ni particles over N-TiO2. Ni nanoparticles were suggested to behave as an electron 

sink to separate the photoinduced electron-hole pairs effectively. Sasikala et al. (2010) 

investigated the photocatalytic activity of H2 evolution of In and N codoped TiO2 

prepared by polyol method under visible light irradiation. The authors found that the 

codoped catalyst showed much higher hydrogen production rate than that of single 

doped TiO2 catalyst due to the improved visible light absorption and charge carrier 

separation efficiency. Sreethawong et al. (2009) prepared Pt loaded N-doped TiO2 

with excellent photoactivity from aqueous methanol solution under visible light 

irradiation. It has been reported by the authors that the higher activity for hydrogen 

evolution can be attributed to the presence of Pt, which rapidly captured the electron 

and promoted the reduction reactions. 

Li et al. (2012) prepared Ga and N codoped TiO2 by sol-gel method having lower 

band gap and higher surface area than that of pure TiO2. They suggested that Ga 

doping created trapping centers for electrons, while N dopant created oxygen 

vacancies or new intra band gap states within TiO2 lattice. Ga
3+

 was also reported to 

increase the oxygen vacancies. Various cerium-nitrogen codoped catalysts were 

reported for photocatalytic degradation (Priyanka et al., 2014, Yu et al., 2010, Nasir et 

al., 2013). Sun et al. (2010) studied visible light photoactivity of Ce and N codoped 

TiO2 from water-methanol mixture. The maximum hydrogen evolution of 120 mol/h 

was obtained for Ce (0.6%)-N-TiO2 catalyst. Codoped TiO2 was reported to show 

better activity in the visible light region than single doped TiO2.  

2.2.2 Indium oxide based photocatalysts 

In2O3 is an important semiconductor material used in sensors, solar cells and 

photocatalysis (Gurlo et al., 1998, Calnan and Tiwari, 2010, Yin and Cao, 2012). It is 

an n-type semiconductor with a direct bandgap of 3.6 eV and an indirect bandgap of 

2.8 eV (Li et al., 2012). In2O3 based composite systems such as Ba2In2O5-In2O3 and 

In2O3-Ta2O5 have been reported for water splitting applications (Wang et al., 2005, 

Xu et al., 2011). Wang et al. (2005) investigated Cr-doped Ba2In2O5-In2O3 for 
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photocatalytic H2 production in the presence of methanol as a sacrificial reagent. They 

reported that the H2 evolution was higher for Cr-doped Ba2In2O5-In2O3 compared to 

that of Cr-doped Ba2In2O5 and Cr-doped In2O3 catalysts. Xu et al. (2011) reported 

enhanced hydrogen evolution activity for In2O3-Ta2O5 coupled oxide compared to that 

of the In2O3 catalyst. The higher activity of the catalyst was attributed to the 

synergistic effect of mesoporous structure and higher surface area of the catalyst. 

Chang et al. (2007) studied In2O3/CaIn2O4 for the photocatalytic degradation of 

methylene blue under visible light irradiation. They suggested that the coupled 

In2O3/CaIn2O4 showed improved activity than the single phased CaIn2O4 due to the 

difference in their band edges. In2O3 decorated TiO2 was investigated for 

photocatalytic decolorisation of methyl orange by Zhong et al. (2014). The 

photocatalytic activity of the In2O3-TiO2 was investigated for the degradation of 

rhodamine B. The results showed that the In2O3-TiO2 has higher activity than TiO2 

and In2O3 due to the better separation efficiency of the charge carriers (Mu et al., 

2011). Another study of In2O3-TiO2 by Niyomkarn et al. (2014) for degradation of 

azo dye showed that incorporation of In2O3 increased the surface area and inhibited 

the anatase-rutile transformation. The authors suggested that the enhanced 

photocatalytic activity was attributed to the higher surface area and lower electron-

hole pair recombination effect. Li et al. (2014) reported In2O3-TiO2 with significant 

photocatalytic activity for the decomposition of methyl orange and rhodamine B 

under visible light irradiation. Liu et al. (2014) reported In2O3-ZnO composites for 

methylene blue degradation under visible light irradiation. The improved 

photocatalytic activity was attributed to the strong visible light absorption and higher 

separation efficiency of the photogenerated electron-hole pairs. Zeng et al. (2013) 

showed In2O3-Bi2O3 with enhanced photoactivity for the degradation of methyl 

orange. They suggested that the increased activity was mainly due to the higher 

surface area and recombination of photogenerated charge carriers. From the literature 

studies, it can be observed that only few studies were reported for hydrogen 

production.  

2.2.3 Coupled semiconductor based photocatalysts  

Coupling between different semiconductors with proper band energy levels is another 

interesting approach to improve the charge separation efficiency. Transfer of the 
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charge carriers from small band gap semiconductors to the wide band gap 

semiconductors can occur with proper positioning of the conduction band and valence 

band. This ensures an efficient separation of photogenerated electron-hole pairs 

between the semiconductors. This transfer of charge carriers from small band gap to 

wide band gap semiconductors enhances the photoresponse of wide band gap 

material. The charge transfer process studied in CdS-TiO2 coupled system suggests 

that the interparticle electron transfer occurs within 500 femtoseconds to 2 

picoseconds (Evans et al., 1994). However, in many cases, due to the lesser electron 

transfer rate the migration of electrons from one semiconductor to the other makes the 

process inactive (Keller and Garin, 2003). This suggests that the effectiveness of the 

coupling of the semiconductor photocatalysts depends on the interfacial charge 

transfer between the two different semiconductors and its recombination rate. 

For the photocatalytic enhancement of TiO2 under visible light irradiation, CdS has 

been used as a sensitizer due to its lower band gap and more negative H
+
/H2 reduction 

potential. Recently, CdS-TiO2 prepared with Pt or Au gold as cocatalyst showed 

efficient hydrogen production under visible light irradiation (Cui et al., 2013; Fang et 

al., 2013; Strataki et al., 2010; Ju et al., 2011). SiC-TiO2 was reported for H2 

production from aqueous solution of ethanol under visible light illumination. The 

authors also studied the photocatalyst activity of SiC-TiO2 using NiOX and IrO2 as 

cocatalysts to enhance the activity. The results showed that the rate of hydrogen 

evolution was higher for IrO2/ SiC-NiOx/TiO2 compared to that of SiC-TiO2, 

IrO2/SiC-TiO2, NiOx/TiO2 or SiC-NiOx/TiO2 catalysts. The increased activity was 

attributed to the addition of NiO and IrO2 which acted as electron collector and trigger 

the oxidation reactions, respectively. The higher visible light absorption of SiC and 

the movement of electron-holes were reported to facilitate improved H2 evolution (Li 

et al., 2013). Majrik et al., (2013) recently reported hydrogen production activity of 

SnOx-TiO2 using Pt as cocatalyst from aqueous solution of methanol under UV and 

visible light irradiation. The increased H2 evolution was reported due to the surface Sn 

moieties which acted as electron trapping sites. Li et al. (2012) prepared Cu2O-Cu-

TiO2 nanotube arrays by two-step anodization method at 500 °C. The authors 

attributed the higher photocatalytic reaction rate to the efficient charge transfer 

between Cu2O and TiO2 due to a lower resistance of copper contact layer. Cheng et al. 

(2013) used Cu2O-CdS for visible light photocatalytic hydrogen production with a 
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yield of 238 μmol/h.  NiOx on CdS was studied for hydrogen production and a 

maximum evolution rate of 590.8 μmol/h was obtained with a quantum efficiency of 

8.6% at 400 nm in presence of methanol (Chen et al., 2014). CuO-Cr2O3 loaded 

carbon nanotubes sensitized with eosin Y showed visible light photoactivity for 

hydrogen production. The authors reported that the hydrogen evolution was increased 

due to the synergistic effect of eosin Y as sensitizer and triethanolamine as electron 

donor (Li et al., 2014). Lv et al. (2010) observed that the hydrogen evolution can be 

achieved using NaNbO3-In2O3 as photocatalyst and methanol as sacrificial reagent. 

The NiO-InVO4 has been studied by Lin et al. (2007) for water splitting reaction. The 

authors suggested that the addition of NiO improved the hydrogen evolution.  

2.3 Photocatalytic reaction kinetics 

Kinetic studies are important to understand the photocatalytic processes, design of 

photocatalytic reactors, optimization of photocatalysts as well as for efficient 

utilization of light. The photocatalytic reactions involves  series of elementary steps 

such as transportation of reactant to the catalyst surface, adsorption, absorption of 

photon, electron-hole pair generation, charge trapping, charge carriers migration, 

recombination, surface reaction, diffusion and desorption of the products or 

intermediates. The photocatalytic reaction rate (r) is a function of initial reactant 

concentration (Ci), catalyst amount (Cc) and the photon absorption rate (Pa) (Lasa et 

al., 2005).  

( , , )                                                        (2.6)i c ar f C C P  

The reaction rate is controlled by the surface kinetics. Mass transfer limitation can be 

neglected in a well mixed photoreactor system (Matthews, 1988). The most common 

method applied to analyze the kinetic data is Langmuir-Hinshelwood (L-H) model, 

which can relate the surface reactions with surface coverage of the substrate 

(Mathews, 1988; Turchi and Ollis, 1989). The reaction rate (r) is proportional to the 

surface coverage of the substrate (θx). 

 = /  =   /1                       (2.7)r x r s sr dc dt k k K C K C    

The kr is the reaction rate constant, Ks is the adsorption equilibrium constant of the 

reactant and C is the concentration of the substrate ‘x’. The reaction rate is reported to 

Footer Page TH-1334_08610706



Chapter 2  Literature review  

26 

 

be dependent on the light intensity showing a proportionality of I
0.5

 and I
1.0

 at high 

and low ligh intensities, respectively (Ohtani, 2014; Li et al., 2008; Malato et al., 

2009). The terms kr and Ks showed square-root dependency on light intensity.  

Other kinetic models such as, Eley-Rideal, have also been applied to study the rate 

expressions in terms of product formation and reactant consumption (Brosillon et al., 

2008). The most critical factor in the photocatalytic process is the quantum efficiency, 

which determines the practical importance of a photocatalytic technique. The 

efficiency involves the rate of photon absorbed by the photocatalyst (Sun and Bolton, 

1996). Detailed kinetic studies are limited for photocatalytic reaction. Matthews 

(1988) investigated the kinetics of photooxidation of various organic solutes for TiO2 

under UV irradiation. Li et al. (2008) estimated the kinetic parameter for degradation 

of rhodamine B at different light intensities and TiO2 content. The authors found that 

the reaction rate constant for rhodamine B increased with increase in the light 

intensity. They also suggested from their kinetic model that the reciprocal of the 

reaction rate constant and adsorption rate constant have dependency on the reciprocal 

of the square root of the light intensity. It was reported that reaction rate constant 

increased with increase in titania content and then decreased, whereas adsorption rate 

constant decreased with increase in the titania content. It was concluded that the 

rhodamine B degradation rate was determined by the titania amount and followed the 

first order kinetics. Lin et al. (2009) reported that the electron-hole pairs mainly 

resulted in chemical reactions and followed L-H kinetics for methylparaben 

degradation at low UV light flux. Different parameters such as pH, TiO2 amount and 

oxygen concentration were investigated for photodegradation processes of 

methylparaben. The amount of hydroxyl radicals and surface charge of the catalyst 

were influenced by the pH, which led to change in the overall rate. Also the removal 

time was observed to decrease linearly with increase in oxygen concentration. The 

authors showed that at higher oxygen concentration, the reaction rate increased 

linearly with increase in light intensity. In case of higher TiO2 loading, the authors 

stated that the decrease in reaction rate was due to the scattering of particles and 

decrease in light penetration. Turchi and Ollis (1990) proposed four modified 

mechanisms based on the hydroxyl radical reaction pathway. The hydroxyl group 

adsorbed on the catalyst surface and the holes generated in the valence band of 

semiconductor material were suggested to be involved in the photooxidation 
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reactions. The organic compounds or intermediates on the catalyst surface can be 

attacked by hydroxyl radical, while the valence band hole can attack the water as well 

as adsorbed intermediates formed during the water splitting reaction. Hydroxyl radical 

attack is stated as the predominant mechanism in aqueous photocatalytic processes. Ks 

was reported to be independent of light intensity by Turchi and Ollis (1990). On the 

other hand Xu and Langford (2000) investigated the degradation rate of acetophenone 

at different light intensities and proposed that increase in incident intensity decreased 

the Ks. Chen and Ray (1998) studied the photodegradation kinetics of nitrophenol as a 

function of different parameters such as initial pollutant concentration, light intensity, 

partial pressure of oxygen, catalyst concentration, pH, chloride ion and temperature. 

The degradation rate was observed to be pseudo first-order as a function of 

concentration of nitrophenol. At both low and high pH, they observed a slower 

photodegradation rate. The presence of chloride ion had negative effect on the rate of 

degradation at low pH. The calculated equilibrium adsorption constants of oxygen and 

nitrophenol were 9.98 atm
-1 

and 0.075 ppm
-1

. Nomikos et al. (2014) reported the 

kinetic study of methanol photoreforming on Pt/TiO2 catalyst at different initial 

methanol concentration and light intensity. The hydrogen production rate was 

increased with increase in the concentration of methanol. They also observed increase 

in the reaction rate with increase in the light intensity (up to 2.3mW cm
-2

) at lower 

methanol concentration. The authors reported that the hydrogen evolution was 

accompanied with CO2 formation in the presence of methanol, while only hydrogen 

production was observed using pure water. Sahu et al. (2009) studied the kinetics of 

hydrogen production from photocatalytic splitting of water over Pt-CdS catalyst. The 

hydrogen production rate was reported to increase up to 2 h of irradiation period and 

thereafter decreased. The authors suggested that hydrogen production rate is directly 

proportional to the concentration of sulfide ions adsorbed on the surface. 
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3.1 Materials used 

Titanium tetra isopropoxide [C12H28O4Ti, 97%] and zinc nitrate hexahydrate [Zn 

(NO3)2 6H2O, 98%] was procured from Sigma-Aldrich. Indium nitrate [In (NO3)3, 

99.99%] was obtained from Alfa Aesar. Copper nitrate trihydrate [Cu (NO3)2.3H2O,   

99%], cerium nitrate hexahydrate [Ce (NO3)2 6H2O, 99%], iron nitrate nonahydrate 

[Fe (NO3)3 9H2O,  98%], nickel nitrate hexahydrate [Ni (NO3)2 6H2O,  97%], 

ethanol (CH3CH2OH, 99.9%), urea (CH4N2O), boric acid (H3BO3,  99.5%), thiourea 

(CH4N2S, > 99%), ammonia (NH3, 25 wt%), formaldehyde (HCHO, 37-41 w/v%), D-

glucose (C6H12O6.H2O, > 99%), isopropanol (C3H8O,  99%), sodium hydroxide 

pellets (NaOH, 98%), methanol (CH3OH, 99.8%), acetonitrile (HPLC grade, CH3CN, 

99.8%) and methanol (HPLC grade, CH3OH, 99.7%) were purchased from Merck. All 

these chemicals were used as received without any further purification.  

3.2 Preparation of TiO2 based catalysts 

All the titanium oxide based photocatalysts were prepared by precipitation or 

coprecipitation method. 

3.2.1 Preparation of TiO2  

Titanium tetra isopropoxide was used as precursor of titanium oxide. The titanium 

tetra isopropoxide solution was prepared by dissolving requisite amount in 

isopropanol under continuous stirring for 10 min. Then, aqueous ammonia (25 wt %) 

was added dropwise to the titanium tetra isopropoxide solution until complete 

precipitation occurred. The resultant mixture was stirred for 2 h at room temperature. 

Thereafter it was placed in a water bath for overnight at 90 °C. The precipitate was 

filtered and washed repeatedly. The precipitate was dried at 100 °C for 24 h and 

finally calcined at 450 °C for 3 h. The sample is denoted as TiO2 in the text.  

3.2.2 Preparation of cerium and nonmetal doped TiO2  

The cerium nitrate hexahydrate was used as the precursor for cerium. The requisite 

amount of nitrate salt was dissolved in deionized water to prepare the corresponding 

solution. The cerium nitrate solution and aqueous ammonia were simultaneously 
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added dropwise to the solution of titanium tetra isopropoxide under continuous 

stirring. Addition of ammonia was continued until the precipitation was complete. 

Thereafter, similar steps were followed as used in case of preparation of titanium 

dioxide sample. Stirring of mixture for 2 h at room temperature was followed by 

keeping in a water bath for overnight at 90 °C. The obtained precipitate was filtered, 

dried and calcined at 450 °C for 3 h as described earlier. The preparation steps for 

CexTiO2 samples are shown in Fig.3.1. The cerium amount was varied in the range of 

0.5 to 9 at.%. The samples were denoted as CexTiO2 where x= 0.5, 2.5 and 9.0 at.%. 

 

 

 

 

 

 

 

 

 

 

Fig.3.1. Steps for preparation of cerium doped TiO2 

 

To study the effect of calcination temperature the Ce2.5-TiO2 containing 2.5 at % 

cerium, was calcined at different calcination temperatures (350, 550, 650 and 750 °C). 

For preparation of cerium and nonmetals codoped samples boric acid, glucose, urea 

and thiourea were used as precursors for incorporation of B, C, N and S respectively.  

The aqueous solution containing requisite amount of cerium nitrate and nonmetal 

precursors were added dropwise along with ammonia solution to titanium tetra 

isopropoxide solution for co-precipitation. The subsequent steps were similar as 

described earlier. The preparation steps for Ce-NM-TiO2 samples are shown in 

Appendix A (Fig.A.1). The loadings for Ce and nonmetals were 2.5 and 1 at.% of 

titanium respectively. The loadings of Ce (x) and nonmetals (y) are defined as   
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( .)
100 2.5 at.%

( .)

Ce at
x

Ti at
  

  
and  

( .)
100 1 at.%.

( .)

NM at
y

Ti at
  

  
In text the codoped samples 

are referred as Ce-NM-TiO2 where NM = B, C, N or S.  

3.2.3 Preparation of transition metal and nitrogen doped TiO2  

For preparation of transition metal doped titanium dioxide catalysts iron nitrate 

nonahydrate, copper nitrate trihydrate and nickel nitrate hexahydrate were used as 

precursors for Fe, Cu and Ni respectively.  In this case aqueous solution of respective 

metal nitrate was prepared. The metal nitrate solution and aqueous ammonia was 

added to titanium tetra isopropoxide solution for co-precipitation. The resultant 

mixture was stirred continuously for 30 min. Thereafter, the reaction mixture was 

transferred to a round bottom flask and refluxed for 6 h at 70 °C. The obtained wet 

precipitate was filtered, washed and dried at 120 °C for 24 h followed by calcination 

at 550 °C for 3 h. The preparation steps for transition metal doped TiO2 samples are 

shown in Fig.3.2. The loading of transition metals was maintained at 2.5 at.%. Based 

on the transition metals used, the samples were designated as M-TiO2 (M= Cu, Fe, 

Ni).  

 

 

 

 

 

 

 

 

 

 

 

Fig.3.2. Steps for preparation of transition metal doped TiO2 
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For preparation of transition metal and nitrogen codoped catalysts requisite amount of 

urea was added as nitrogen precursor to the solution containing respective metal 

nitrate salt. This aqueous solution was used for coprecipitation from titanium tetra 

isopropoxide solution followed by aging, filtration, washing, drying and calcination of 

the precipitate as described for transition metal doped titanium dioxide catalysts. The 

loading of transition metals was 2.5 at.%, whereas nitrogen was 1 at.%. The 

preparation steps for transition metal and nitrogen codoped TiO2 samples are shown in 

Appendix A (Fig.A.2).The transition metal and nitrogen codopedTiO2 samples were 

designated as M-1N-TiO2 (M= Cu, Fe, Ni). For comparison, N doped TiO2 was 

prepared using similar procedure without the addition of any transition metal 

precursor in aqueous solution.  

The photocatalysts containing copper and different amount of nitrogen were prepared 

keeping the copper amount at 2.5 at.%, where as nitrogen amount was varied from 0.5 

to 1.5 at.%. The preparation procedure was same as preparation of copper and 

nitrogen codoped catalyst. The amount of urea was varied to vary the nitrogen 

content. These codoped samples were represented as Cu-xN-TiO2 where x is 0.5, 1 or 

1.5 at.% loading of nitrogen.  

3.3 Preparation of In2O3 based catalysts 

All the indium oxide based catalysts were prepared by precipitation or co-

precipitation. 

3.3.1 Preparation of In2O3  

The required amount of indium nitrate was dissolved in deionized water under stirring 

condition for about 30 min. Then, sodium hydroxide solution (0.3 mol/l) was added to 

the nitrate solution until precipitation was complete. The obtained solution was 

transferred to a round bottom flask, attached to a condenser, and aged at 80 °C for 5 h. 

After washing and filtration, the precipitate was dried at 100 °C overnight and 

calcined at 550 °C for 4 h to obtain the indium oxide sample. It is denoted as ‘In’ in 

text.  
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3.3.2 Preparation of indium-titanium coupled oxide  

For preparation of indium-titanium coupled oxides, aqueous solution containing 

required amount of indium nitrate was added drop wise to the titanium tetra 

isopropoxide solution and stirred for 30 min. Thereafter, precipitation was carried out 

by addition of sodium hydroxide solution. The subsequent steps were similar as used 

for preparation of indium oxide. The preparation steps for indium-titanium coupled 

oxide samples are shown in Fig.3.3. The indium amount was varied as 5, 10 and 16 

at.% and the corresponding samples are designated as 5% In-Ti, 10% In-Ti and 16% 

In-Ti respectively in text.  

 

 

 

 

 

 

 

 

 

Fig.3.3. Steps for preparation of indium-titanium coupled oxide 

 

3.3.3 Preparation of copper doped indium-titanium oxide  

The ternary system containing copper-indium and titanium oxides was also prepared 

using co-precipitation technique. The indium nitrate solution was added drop wise to 

the titanium tetra isopropoxide solution and was stirred continuously for 30 min. 

Thereafter, aqueous solution containing required amount of copper nitrate and D-

glucose (0.1 mol/l) was added slowly to the above solution of isopropoxide and 
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indium nitrate.  The precipitation was carried out by addition of sodium hydroxide 

solution and slurry was aged for 5 h at 80 °C. Subsequent steps such as filtration, 

washing, drying and calcination were similar as used for preparation of indium oxide. 

The preparation steps for copper doped indium-titanium coupled oxide samples are 

shown in Appendix A (Fig.A.3). The sample is designated as 2%Cu-10%In-Ti in text 

containing 2 at.% Cu and 10 at.% In.  

3.3.4 Preparation of indium-transition metal coupled oxide 

The indium and transition metal coupled oxides were prepared from the aqueous 

solutions of indium nitrate and metal nitrates. Required amount of transition metal 

precursor was first dissolved in deionized water and stirred for 30 min. Then, the 

metal nitrate solution was added to the aqueous solution of indium nitrate under 

stirring condition for well mixing. The co-precipitation was carried out using sodium 

hydroxide solution (0.3mol/l). The precipitate was treated similarly as done for 

indium oxide preparation. The preparation steps for indium-transition metal coupled 

oxide samples are shown in Fig.3.4. The samples were abbreviated as In-TM, where 

TM= Cu, Ni, Zn. In case of preparation of In-Cu, D-glucose (0.1 mol/l) was added to 

aqueous solution of copper nitrate.  

 

 

 

 

 

 

 

 

 

 

Fig.3.4. Steps for preparation of indium-transition metal coupled oxide 
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3.4 Characterization of catalysts 

3.4.1 BET surface area and pore size measurements 

The surface area of the samples was determined from N2 isotherms collected at 77 K 

using a Beckman-Coulter SA
TM

 3100 analyzer. The sample tube was loaded with 

about 0.5-1.0 g of the photocatalyst. Prior to the experiment, the sample was degassed 

at 423 K for a period of 2 h. High purity nitrogen was used as adsorbate at liquid 

nitrogen temperature for adsorption experiments. The pore size distribution of the 

photocatalysts was determined from desorption branch of the isotherm using Barrett-

Joyner-Halenda (BJH) method.  

3.4.2 X-ray diffraction studies 

The X-ray diffraction (XRD) patterns of the various samples were recorded on a 

Bruker D2 phaser X-ray diffractometer using Ni filtered Cu Kα as radiation source 

(λ=1.5406 Å) in the 2θ range from 20 to 80° at a scanning rate of 1°/min with a step 

size of 0.02°/s. A beam voltage and beam current of 40 kV and 40 mA were used 

respectively. 

3.4.3 Field emission scanning electron microscopic studies 

Field emission scanning electron microscopic analysis was done using instrument of 

Zeiss-Sigma. For analysis samples were prepared as follows. The samples were 

dispersed in a solvent and sonicated for about15 min. Then a drop of suspension of 

sample was deposited on an aluminum foil which was mounted on a sample holder for 

gold coating. Gold coated sample was used for analysis.  

3.4.4 Energy dispersive X-ray spectroscopic analysis 

The composition of the samples was determined by EDS analysis (Energy Dispersive 

X-Ray Spectroscopy) equipped with SEM instrument (LEO 1430 VP). The powder 

sample was deposited on a carbon tape, followed by gold coating and then was 

mounted on the sample holder. The analysis was performed at three different 

locations and the average result was used. 
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3.4.5 UV-Visible diffuse reflectance absorption studies 

The diffuse reflectance UV-Vis spectra of the photocatalysts were measured on a 

Perkin Elmer Lambda 750 instrument equipped with a 60 mm labsphere specular 

reflectance accessory at room temperature. The baseline correction was done using a 

calibrated sample of barium sulfate as reference. The scan parameter was set with slit 

size 2 nm and scan in the spectral range of 250-650 nm. 

3.4.6 Photoluminescence spectroscopic analysis  

The photoluminescence (PL) measurements were performed in a Thermo Spectronic 

(Aminco Bowman Series 2) instrument with a Xe lamp as the excitation source at 

room temperature. The sample powder was dispersed in ethanol followed by 

sonication for 15 min. The emission spectra were collected at an excitation 

wavelength of 325 nm. The same quantity of sample amount was used for recording 

PL spectra of all the samples. The entrance and exit slit widths were fixed as same for 

all the measurements. 

3.5 Photocatalytic studies 

3.5.1 Experimental setup and procedure 

Photocatalytic activity studies were carried out in a three necked round bottom flask, 

used as the reactor, and placed in a water bath with water circulation arrangements as 

shown in Fig.3.5. The photocatalytic reaction was typically carried out by adding 0.2 

g of catalyst to aqueous solution of methanol under stirred condition if not specified 

otherwise. Aqueous methanol solution typically consisted of 25 ml water and 1 ml 

methanol. Before irradiation, the reaction mixture was de-aerated with N2 gas (50 

ml/min) for 30 min to completely remove the dissolved oxygen. Then the reaction 

mixture was irradiated with a 500 W tungsten halogen lamp (Halonix, India) as source 

of visible light. The lamp was placed approximately 15 cm away from the reactor. 

The emission spectrum of the lamp was measured in front of the reactor using Ocean 

optics USB4000 spectrometer. The emission spectrum of the used lamp is shown in 

Fig.3.6. As can be observed from Fig 3.6, the percentage of UV light in emission 

spectrum is negligible. Hence no UV filter was used. The temperature of the reaction 
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mixture was maintained at 34 °C using a water circulation bath, which also acted as 

an IR filter. The evolved gas was collected in an inverted burette by water 

displacement method. The products were analyzed using gas chromatograph equipped 

with thermal conductivity and flame ionization detector and high performance liquid 

chromatography (HPLC). 

 

 

 

 

 

 

 

                               1. N2 gas                               7. Thermocouple 

                               2. Flowmeter                        8. Product gas outlet     

                                 3. Halogen lamp                   9. Water bath 

                                                4. Magnetic stirrer              10.Gas collector 

                                                5. Reactor                           11.Cooling water inlet          

                                                6. Reactant mixture            12.Gas Chromatograph  

 

Fig.3.5. Schematic representation of experimental setup 

 

Blank experiments were conducted, in absence of light with presence of catalyst and 

also in presence of light without any catalyst. In both cases no hydrogen evolution 

was observed. The hydrogen evolution was observed only when reaction was carried 

out in presence of both light and catalyst. In both cases same feed mixture was used.   
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Fig.3.6. Emission spectrum of 500 W tungsten halogen lamp 

 

The effect of operational parameters such as light intensity, catalyst amount, alcohol 

type and irradiation time was investigated. The hydrogen production activity of the 

catalyst was investigated at different light intensities in the range of 5000 to 25600 

lux. In order to achieve different light intensities, a rheostat (1 kΩ) was used to vary 

the input current. The varying input current was monitored by ammeter (0-5 A). The 

light intensity of the lamp was measured using a lux meter (Lutron LX101) at a 

distance of 15 cm from the lamp at the position of reactor. The hydrogen production 

activity of the catalyst was investigated at different catalyst amount in the range of 0.1 

to 1.0 g. The effect of type of alcohol on photocatalytic activity of catalyst was 

studied using methanol, ethanol and propanol. The photocatalytic efficiency of 

catalyst was evaluated for a period of 10 h of irradiation time to investigate the 

durability of the catalyst. 

For kinetic analysis, the experiments were carried out using different concentration of 

methanol (2.3, 4.1, 5.1 and 7.4 mol/l). During the irradiation period, the gas phase 

sample was withdrawn at every 10 min for duration of 60 min at photoreactor outlet. 

The liquid phase products were analyzed, by taking an aliquot after every 10 min, for 

the detection of intermediates (formaldehyde and formic acid) and unconverted 

methanol. Before starting the photoreaction experiments, the lamp was switched on 
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for about 20 min to achieve stable and constant light intensity during the irradiation 

period. The reaction mixture was kept under constant stirred condition to maintain 

uniform suspension and minimize any effect of external mass transfer resistance. 

Since the catalysts were in form of fine powder effect of internal mass transfer 

resistance can be neglected. 

3.5.2 Product analysis 

Gas chromatographic analysis 

The gaseous products were analyzed using a gas chromatograph (Varian CP 3800 or 

Nucon 5765) equipped with carbosieve SII column and thermal conductivity detector. 

Nitrogen was used as the carrier gas with a flow rate of 20 ml/min. The oven 

temperature, detector temperature and injection temperature were 35 °C (isothermal), 

200 °C and 75 °C, respectively. The unconverted methanol was analyzed using Nucon 

5765 with capillary column (CP Sil 8 CB) and flame ionization detector. Temperature 

of injector, oven, and detector were 80, 200 and 150 °C, respectively. 

High performance liquid chromatographic analysis 

The liquid samples were analyzed for the detection of intermediates (formaldehyde 

and formic acid) by HPLC (Shimadzu, C18 column). The sample volume was fixed at 

10 l and the mobile phase was acetonitrile-water (60:40 v/v) with a flow rate of 

1ml/min. Three injections were performed for each sample to confirm the 

reproducibility of retention time and the peak area values. 

Calibration curves were initially determined for both gas chromatograph and high 

performance liquid chromatograph and used for quantitative determination of 

products. The calibration plots are given in Appendix B. 

 

Footer Page TH-1334_08610706



  

  

  

  

  

  

  

  

  

  

  

  

CChhaapptteerr  44 

  
RReessuullttss  aanndd  DDiissccuussssiioonn 

 

 
 

 
 

 
 

 
 

Footer Page TH-1334_08610706



Chapter 4                                                                                Results and discussion 

43 

 

4.1 Preliminary studies  

4.1.1 Effect of stirring 

The effect of external mass transfer resistance on hydrogen production, if any, was 

determined by measuring the hydrogen evolution at different stirring conditions. 

Three different stirring conditions were selected with increasing stirring speed. In the 

used instrument, position 1, position 5 and position 10 were chosen and experiments 

were carried out. The stirring speeds of the three positions were in the order of 

position 1 < position 5 < position 10. The hydrogen production at three stirring 

positions is presented in Fig.4.1. It was observed that, the rate of hydrogen evolution 

as a function of irradiation time did not change in the range of stirring speed used. 

The result suggested that the external mass transfer resistance can be neglected in 

presence of stirring. For all studies the stirring position of 5 was used. The internal 

mass transfer resistance can also be neglected as the catalyst was used in form of fine 

powder. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.1. Hydrogen production at different stirring conditions 
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4.1.2 Variation of light intensity 

Fig.4.2 shows the profile of light intensities determined as a function of time. The 

light intensity of the lamp was measured using the Lutron LX-101 luxmeter. The light 

source (500 W tungsten halogen lamp) was positioned approximately at a distance of 

15 cm away from the luxmeter and the measurements were taken as a function of 

time. From the results it can be observed that, for the first 10 min the light intensity 

gradually increased with increase in the irradiation time and thereafter, reached a 

maximum of 25600 lx and was stabilized. Hence, before starting the photocatalytic 

reactions, the lamp was switched on for about 20 min to achieve the stable light 

intensity. All the photocatalytic reactions were performed at condition of stable light 

intensity condition unless otherwise mentioned. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.2. Light intensity profile as function of time 
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4.2 Cerium doped titania 

4.2.1 Effect of cerium loading 

The cerium loading was varied in the range of 0.5 to 9 at.%.  

Characterization of photocatalysts 

The surface area and pore volumes of undoped TiO2 and CexTiO2 (x = 0.5, 2.5 and 9 

at.%) are shown in Table 4.1. Surface area and pore volume of titania decreased with 

addition of ceria. Structure modification and partial pore blockage in presence of 

cerium may be responsible for decrease in surface area and pore volume. Among Ce 

doped TiO2 samples, surface area of Ce2.5TiO2 was highest. The isotherm of Ce2.5TiO2 

and corresponding pore size distribution are shown in Fig.4.3. The Ce2.5TiO2 sample 

exhibited a type IV isotherm with a H1 type hysteresis loop associated with open-

ended cylindrical pores (Rouquerol et al., 1999, Sing et al., 1985). The pore size 

distribution of Ce2.5TiO2 showed the presence of both mesopores and macropores 

with pore diameter in the range of 3-148 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.3. N2 adsorption-desorption isotherms of Cex-TiO2 and TiO2 

             (inset: pore size distribution) 
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The actual composition of the prepared photocatalysts was determined by EDS and 

results are shown in Table 4.2 and 4.3. The actual cerium content in samples were 

determined to be 0.23, 2.45 ad 8.28 at.% for Ce0.5-TiO2, Ce2.5-TiO2 and Ce9.0-TiO2, 

respectively. Thus, the actual composition was in agreement with the intended 

composition of the photocatalysts within experimental error.   

 

Table 4.1. Surface area, pore volume and lattice parameters for undoped TiO2 

and CexTiO2  

 

Samples 

BET 

surface 

area 

(m
2
/g) 

Pore 

volume 

cc/g 

Lattice parameters 

Anatase Lattice 

distortion 

d 

spacing 

(Å) 
a (Å) 

(101) 

c (Å) 

(004) 

TiO2 84 0.45 3.7435 9.4217 0.378 3.4790 

Ce0.5-TiO2 26 0.08 3.7579          9.4712 0.346 3.4930 

Ce2.5-TiO2 70 0.36 3.7451 9.4599 0.268 3.4822 

Ce9.0-TiO2 41 0.19 3.7804 9.5421 0.632 3.5147 

 

 

Table 4.2. Energy Dispersive X-Ray Spectroscopic analysis for undoped TiO2    

and CexTiO2  

 

Sample name 
Elements (at.% ) 

Ce Ti O 

TiO2  39.26 60.74 

Ce0.5 -TiO2 0.12 52.08 47.80 

Ce2.5-TiO2 1.05 42.83 56.12 

Ce9.0-TiO2 1.95 23.53 74.52 
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Table 4.3. Comparison between the actual and intended composition for CexTiO2  

 

( )
(a)  x 100 

( )

Ce at

Ti at
 

 

 

The X-ray diffraction patterns of Ce doped TiO2 samples (Fig.4.4) shows that all the 

doped samples were dominated by anatase phase (2θ = 25.5°, 37°, 48°, 53.8°, 55.1°, 

64°, JCPDS 21-1272 ). For Ce2.5TiO2 both anatase and rutile phase (2θ = 28°, 36.1°, 

41.5°, JCPDS 21-1276) were observed. The intensity of the anatase peak (101) 

decreased with increase in cerium concentration suggesting decrease in crystallinity of 

the material. No characteristic peaks of CeO2 phase were observed in the XRD 

profiles, which suggested that the ceria was in well dispersed state. In addition, no 

peaks due to any Ce-Ti mixed oxides were observed in any samples. On addition of 

cerium oxide to TiO2, cerium ions can substitute Ti
4+ 

sites (Saliby et al., 2011) or can 

occupy the interstitial sites (Yu et al., 2010, Reddy et al., 2003) with Ce-O-Ti 

linkages. But this is expected to be associated with distortion in titania lattice due to 

larger size of Ce
4+

 (IR = 0.101 nm) and Ce
3+

 (IR = 0.111 nm) compared to Ti
4+

 

(IR=0.068 nm) ions. The distortion is expected to increase with cerium content and 

become significant at very high loading. This is confirmed by the lattice distortion 

values given in Table 4.1, which shows larger distortion for higher cerium loaded 

samples. The detail calculation of lattice parameters and lattice distortion is given in 

Appendix C. 

 

 

 

Sample name 

Actual  composition  

 (at.%) 

Intended composition 

(at.%) 

Cerium(x)
a
 Cerium(x)

a
 

Ce0.5 -TiO2 0.23 0.5 

Ce2.5-TiO2 2.45 2.5 

Ce9.0-TiO2 8.28 9.0 
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Fig.4.4. XRD patterns of undoped TiO2 and CexTiO2 

 

The UV-visible absorption spectra of TiO2 and CexTiO2 are shown in Fig.4.5 (A). All 

the cerium doped TiO2 samples showed intense absorption bands in the visible light 

region ranging from 400 to 500 nm. The Kubelka-Munk plots of Cex-TiO2 samples 

are shown in Fig.4.5 (B). The band gap values calculated using the Kubelka-Munk 

method were 3.01 eV (TiO2), 2.95 eV (Ce0.5-TiO2), 2.85 eV (Ce2.5-TiO2) and 2.15 eV 

(Ce9.0-TiO2). The detail of band gap energy calculation by Kubelka-Munk method is 

included as Appendix D. The decreased band gap energy values of cerium doped 

samples indicated formation of new energy levels within the TiO2 band gap and 

resulted in red-shift of the absorption edge (Chen and Burda, 2004). This shift can be 

attributed to incorporation of Ce 4f levels into the TiO2 crystal structure just below the 

conduction band of TiO2 and thereby reducing the effective bandgap (Magesh et al., 

2009). At higher loading significant visible light absorption was observed.   
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Fig.4.5. (A) UV-Visible diffuse reflectance spectra (B) Kubelka-Munk plot for 

   undoped TiO2 and Cex-TiO2  

 

 

The radiative recombination of electron-hole pairs in photocatalysts can be studied by 

the photoluminescence (PL) emission spectra. Fig.4.6 shows the room temperature 

photoluminescence spectra of the CexTiO2 catalysts in the range of 350-600 nm. For 

all the samples, six emission peaks appeared at 360, 396, 450, 468, 481 and 492 nm 

wavelengths and the corresponding transition energy were 3.44, 3.13, 2.76, 2.65, 2.8 

Footer Page TH-1334_08610706



Chapter 4                                                                                                Results and discussion 

50 

 

and 2.52 eV respectively. In literature the peak in the range of 360 -370 nm has been 

assigned to either anatase particle less than 10 nm (Li et al., 2004) or to self trapped 

excitons localized in TiO6 octahedral (Hu et al., 2011). In this study the emission peak 

at 360 nm can be ascribed to the latter as particle were much larger than 10 nm. The 

emission signal at 396 nm (3.13 eV) corresponded to the band gap transition of the 

anatase (Li et al., 2004). This agrees well with the band gap energy of titania 

calculated from UV-Vis spectra. The excitonic emissions in titania result due to 

presence of defects and oxygen vacancies. The bands at 450 and 468 nm can be 

attributed to free excitons and emission peaks at longer wavelength of 481 and 492 

nm can be attributed to the bound excitons (Yu et al., 2011, Zhang et al., 2002). The 

bound excitons results due to presence of oxygen vacancies (Yu et al., 2011, Wang et 

al., 2009, Selvam et al., 2012).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.6. Photoluminescence spectra for undoped TiO2 and CexTiO2 

 

It can be observed from the Fig.4.6, that all the cerium doped TiO2 showed lower PL 

intensity compared to TiO2 implying increased separation efficiency of excitons in 

former. In cerium doped samples formation of Ce 4f electronic states into TiO2 band 

structure, as discussed earlier, might serve as electron trap as represented by step 1 
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and reduce the rate of electron-hole pair recombination. With increase in cerium 

loading the peak intensity decreased suggesting increased stability of electron and 

holes. 

4 3(1)                                     Ce e Ce               

Photocatalytic activity studies 

The photocatalytic activities of CexTiO2 (where x = 0.5, 2.5 and 9.0 at.%) and 

undoped TiO2 samples for hydrogen production from water-methanol mixture shown 

in Fig.4.7. In visible light region, activity of undoped TiO2 was very low but all the 

cerium doped TiO2 showed significant photocatalytic activity and high hydrogen 

evolution. The H2 evolution rate of the samples was in the order of Ce2.5TiO2 > 

Ce0.5TiO2 > Ce9.0TiO2 >> undoped TiO2.  

 

 

 

 

 

 

 

 

 

 

Fig.4.7. Hydrogen production for undoped TiO2 and CexTiO2 

 

The enhanced activity of cerium doped TiO2 compared to undoped TiO2 can be 

attributed to their ability of absorption of light in visible light region as shown in 

Fig.4.5 (A). Further, photoluminescence studies showed that addition of cerium into 

TiO2 efficiently inhibited the recombination of photogenerated electron-hole pairs and 

this may have also contributed to higher activity of the cerium doped samples. The 
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photocatalytic activity was increased with increase in the amount of cerium loading 

up to 2.5 at.% and decreased with the further increase of the cerium loading. The 

higher activity of Ce2.5TiO2 can be attributed to higher surface area. The higher 

surface area resulted in increased surface active sites and higher hydrogen evolution 

rate. The lower photocatalytic activity for catalyst with higher cerium loading of 9 

at.% can be attributed mainly to lower surface area. The apparent quantum efficiency 

of the photocatalysts was calculated using the method followed by (Sasikala et al., 

2008). The apparent quantum efficiency of TiO2, Ce0.5-TiO2, Ce2.5-TiO2, and Ce9.0-

TiO2 were 1.9, 6.8, 8.0 and 5.9 % respectively. The details of calculation are given in 

Appendix E. 
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4.2.2 Effect of calcination temperature 

To study the effect of calcination temperature Ce2.5TiO2 catalyst was calcined at four 

different calcination temperatures, 350, 550, 650 and 750 °C. 

Characterization of photocatalysts 

Fig.4.8. presents the XRD patterns of Ce2.5TiO2 calcined at different calcination 

temperatures. Pure anatase phase was observed for Ce2.5TiO2 calcined at 350, 550 and 

650 °C, whereas both anatase and rutile phases were observed for sample calcined at 

750 °C. The sharpness and intensity of peaks increased with increase in calcination 

temperature indicating enhancement of crystallinity.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.8. XRD patterns of Ce2.5TiO2 at different calcination temperatures 

 

Fig.4.9. shows the hydrogen production for Ce2.5TiO2 photocatalysts prepared at 

different calcination temperatures. With increase in calcination temperature from 350 

to 650 °C, the hydrogen production increased from 281 to 549 µmol/g/h. Further 

increase in the calcination temperature to 750 °C decreased the hydrogen production 
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to 460 µmol/g/h. The increased hydrogen production can be attributed to higher 

crystallinity of the material. At 750 °C, the lower photoactivity may be due to the 

larger crystallite size and predominant rutile phase (85.2 %). The phase distribution of 

Ce2.5TiO2 calcined at different temperature is presented in Table 4.4. 

   

Table 4.4. Hydrogen production and phase distribution of Ce2.5TiO2 catalyst 

calcined at different temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.9. Hydrogen production for Ce2.5TiO2 at different calcination temperatures 
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4.2.3 Effect of cerium and nonmetal codoping 

Among different doped CexTiO2 catalysts (x = 0.5, 2.5 and 9.0 at.%), highest 

hydrogen production was obtained for Ce2.5-TiO2 sample. Therefore, the optimum 

loading amount of 2.5 at.% cerium was selected to investigate the effect of codoping 

of nonmetals on hydrogen production.  

Characterization of photocatalysts 

The surface area and pore volumes of undoped TiO2, Ce-TiO2, Ce-NM-TiO2 (NM = 

B, C, N, S) samples are shown in Table 4.5. Surface area and pore volume of titania 

decreased with addition of ceria. Structure modification and partial pore blockage in 

presence of cerium may be responsible for decrease in surface area and pore volume 

in cerium doped samples. The isotherm of Ce-TiO2 and corresponding pore size 

distribution are shown in Fig.4.10 (a). The Ce-TiO2 sample exhibited a type IV 

isotherm with a H1 type hysteresis loop associated with open-ended cylindrical pores. 

The pore size distribution of Ce-TiO2 showed the presence of both mesopores and 

macropores with pore diameter in the range of 3-148 nm. The codoped Ce-N-TiO2, 

Ce-C-TiO2 and Ce-B-TiO2 exhibited Type II isotherm with H3 hysteresis loop 

corresponding to slit-shaped pores (Fig.4.10 (b)). For sulphur codoped sample H1 

hysteresis loop was observed, which indicated presence of open cylindrical pores. 

Codoping of titania with nonmetals and cerium resulted in increase in surface area for 

Ce-B-TiO2 and Ce-N-TiO2 but surface area decreased for Ce-C-TiO2 and Ce-S-TiO2 

as shown in Table 4.5. Fig.4.10 (b) shows that the pore size distribution varied 

significantly with nonmetals. For Ce-N-TiO2 and Ce-B-TiO2, narrow pore distribution 

was obtained, with 39 % and 47 % pores being below 10 nm respectively. The pore 

size distributions of Ce-C-TiO2 and Ce-S-TiO2 codoped samples were much broader. 

The presence of significant amount of pores in the range of 20-50 nm may have 

contributed to their lower surface area. The surface area and pore size distribution 

results showed that the presence of type of nonmetal had significant effect on 

formation of porous network. The significant stabilization effect was observed for Ce-

N-TiO2 resulting in highest surface area.  

The actual composition of the prepared photocatalysts was determined by EDS and 

results are shown in Table 4.6. The actual cerium content in samples varied in the 

range of 2.39-2.49 at.% and nonmetal content varied in the range of 0.8 to 0.97 at.%. 
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The intended composition of cerium and nonmetals were 2.5 and 1 at.%, respectively. 

Thus, the actual composition agreed well with the intended composition of the 

photocatalysts within experimental error.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.10. N2 adsorption-desorption isotherms for (a) Ce-TiO2 (b) Ce-NM-TiO2 

   (NM = B, C, N, S) (inset: pore size distribution) 
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Table 4.5. Surface area, pore volume and lattice parameters for undoped TiO2, 

Ce-TiO2, Ce-NM-TiO2 (NM = B, C, N, S)  

 

Table 4.6. Energy Dispersive X-Ray Spectroscopic analysis and composition for 

undoped TiO2, Ce-TiO2, Ce-NM-TiO2 (NM = B, C, N, S)  

 

(a)  ( )
100 

( )

Ce at
x

Ti at
 

   (b) 
( )

100
( )

NM at
y

Ti at
     

 

Samples 

BET 

surface 

area 

(m
2
/g) 

Pore 

volume 

cc/g 

Lattice parameters 

Anatase Lattice 

distortion 

d 

spacing 

(Å) 
a (Å) 

(101) 

c (Å) 

(004) 

TiO2 84 0.45 3.7435 9.4217 0.378 3.4790 

Ce-TiO2 70 0.36 3.7451 9.4599 0.268 3.4822 

Ce-B-TiO2 87 0.57 3.7907 9.5197 0.271 3.5128 

Ce-C-TiO2 53 0.67 3.7659 9.5080 0.387 3.5013 

Ce-N-TiO2 158 0.06 3.7936 9.7181 0.301 3.2240 

Ce-S-TiO2 39 0.18 3.7727 9.7014 1.391 3.5174 

Sample 

name 

Elements (at.%) 
Actual composition 

(at.%) 

Ce Ti O B C N S 
Cerium 

(x)
a
 

Nonmetals 

(y)
b
 

TiO2  39.26 60.74       

Ce-TiO2 1.05 42.83 56.12     2.45  

Ce-B-TiO2 1.42 58.21 39.88 0.49    2.43 0.84 

Ce-C-TiO2 1.29 51.69 46.61  0.41   2.49 0.80 

Ce-N-TiO2 1.38 57.56 40.50   0.56  2.39 0.97 

Ce-S-TiO2 1.46 59.23 38.80    0.51 2.46 0.86 
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The X-ray diffraction patterns of Ce-TiO2 and Ce-NM-TiO2 are shown in Fig.4.11. 

All the samples, except Ce-N-TiO2, were dominated by anatase phase (2θ = 25.5°, 

37°, 48°, 53.8°, 55.1°, 64°, JCPDS 21-1272). For Ce-N-TiO2 significant amount of 

rutile phase (2θ = 28°, 36.1°, 41.5°, JCPDS 21-1276) was observed. In general, the 

phase transformation of anatase to rutile occurs at temperature above 600 °C and 

anatase phase is expected to be dominant for samples calcined at lower temperature of 

450 °C. Accordingly anatase phase was dominant in XRD profiles of all samples 

except Ce-N-TiO2. For Ce-N-TiO2 sample, the presence of significant amount of 

rutile phase suggests that nitrogen can catalyzes the anatase-rutile phase 

transformation significantly at lower temperature (Sidheswaran and Tavlarides, 2009). 

In addition Ce-S-TiO2 codoped sample was more amorphous in nature as observed 

from broad XRD peaks of low intensity compared to that of other nonmetal doped 

samples. No characteristic peaks of CeO2 phases were observed in the XRD profiles, 

which suggest that the ceria was well dispersed in TiO2 matrix or were below 

detection limit. In addition, no peaks due to any Ce-Ti mixed oxides were observed in 

any of the samples.   

As discussed earlier in section 4.1.2, in Ce-TiO2 the cerium ions can substitute Ti
4+ 

sites or can occupy the interstitial sites with Ce-O-Ti linkages. Due to larger size of 

cerium ions compared to that of titanium ions lattice distortion occurs. The lattice 

distortion values are shown in Table 4.5 and correspond to maximum strain observed 

in crystal lattice due to distortion by incorporation of dopant metals. Maximum value 

of lattice distortion was obtained, as expected for Ce-S-TiO2 sample, since sulphur 

has largest ionic radii among the nonmetals used. The corresponding change in lattice 

parameters for tetragonal titania lattice is also included in Table 4.5. With addition of 

Ce in TiO2, due to the lattice distortion the lattice parameters increased compared to 

that of undoped titania. Co-addition of nonmetals resulted in further increase in lattice 

parameter values. 
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Fig.4.11. XRD patterns of undoped TiO2, Ce-TiO2 and Ce-NM-TiO2  

           (NM = B, C, N, S) 

 

 

The FESEM images of undoped TiO2, Ce-TiO2, Ce-NM-TiO2 are shown in Fig.4.12.  

The images showed a definite change in morphology of the samples when cerium and 

nitrogen was added to titania suggesting that the dopants played a prominent role in 

development of material structure during co-precipitation. This resulted in different 

physical properties as observed in Table 4.5. Particles of irregular shape and size were 

observed for undoped titania where as ceria doped titania prepared by co-precipitation 

consisted of particles of regular size and shape. The particles were spherical in the 

range of 100-200 nm. The morphology again changed when titania was codoped with 

cerium and nonmetals. All the codoped Ce-NM-TiO2 samples were agglomerated in 

nature. 
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 Fig.4.12. FESEM images of (a) Undoped TiO2 (b) Ce-TiO2 (c) Ce-N-TiO2 (d) Ce- 

 S-TiO2 (e) Ce-B-TiO2 and (f) Ce-C-TiO2 
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The UV-visible absorption spectra of TiO2, Ce-TiO2 and Ce-NM-TiO2 are shown in 

Fig.4.13 (A). The Ce-TiO2 sample showed intense absorption bands in the visible light 

region ranging from 400 to 500 nm. The Kubelka-Munk plots of Cex-TiO2 samples 

are shown in Fig.4.13 (B). The band gap values calculated using the Kubelka-Munk 

method were 3.01 eV (TiO2), 2.85 eV (Ce-TiO2) 2.8 eV (Ce-B-TiO2), 2.6 eV (Ce-C-

TiO2), 2.2 eV (Ce-N-TiO2) and 2.1 eV (Ce-S-TiO2). The decreased band gap energy 

values of cerium doped sample as discussed earlier indicated formation of new energy 

levels within the TiO2 band gap and resulted in red-shift of the absorption edge. This 

shift was attributed to incorporation of Ce 4f levels into the TiO2 crystal structure just 

below the conduction band of TiO2 and thereby reducing the effective bandgap 

(Magesh et al., 2009). Addition of nonmetal to cerium doped TiO2 samples resulted in 

further shift in the bandgap energy to longer wavelength. For the codoped catalysts 

the band gap energy was affected by formation of additional impurity states within 

titania matrix by the interaction of p-orbitals of the nonmetal dopants (B, C, N, S) and 

2p-orbitals of oxygen (Zhao et al., 2004, Sathish et al., 2007, Yu and Yu, 2009, Tian 

et al., 2011). The relative position of the new states with respect to valence band of 

titania depends on the properties of dopants and its position within the matrix. 

Whether the nonmetal dopant would occupy anionic or cationic substitutional sites or 

interstitial site depends upon its size, chemical valence and electronegativity 

compared that of the host TiO2. The probability that a dopant will substitute oxygen 

depends on its electronegativity (Lu et al., 2012). As difference in electronegativity 

values of dopant and oxygen becomes smaller, the probability that dopant will 

substitute oxygen becomes higher. Substitutional dopants form the new band states at 

higher energy level compared to interstitial dopant (Valentin and Pacchioni, 2013). 

For boron codoped catalyst, it is difficult to replace Ti
4+

  sites by B
3+

 due to the 

smaller ionic radius of B
3+ 

(IR=0.023 nm) compared to Ti
4+

 (IR=0.068 nm). Therefore 

boron may replace either an oxygen atom or incorporate in the interstitial position in 

TiO2 matrix. But due to the lower electronegativity of boron, its probability of 

occupying the interstitial sites is higher. Similarly carbon can also substitute oxygen 

or occupy an interstitial site. In nitrogen codoped sample the substitution of oxygen 

sites
 
is most probable due to their closer electronegativity values (Kitano et al., 2007).  

Substitutions of S in both anionic and cationic sites of TiO2 have been reported in the 

literature (Umebayashi et al., 2002, Yu et al., 2005).  
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Fig.4.13. (A) UV-Visible diffuse reflectance spectra and (B) Kubelka-Munk 

      plot for TiO2, Ce-TiO2 and Ce-NM-TiO2 (NM = B, C, N, S)  

 

However, anionic sulphur substitution by S
2- 

(IR=0.17 nm) might be difficult because 

of its larger ionic radius than O
2-

 (IR=0.122 nm). But the cationic substitution of Ti
4+

 

(IR=0.068 nm) by S
6+

 (IR=0.029 nm) would be more favorable due to smaller size of 
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latter. When TiO2 is doped with sulphur, either the mixing of S 3p states with valence 

band O 2p states or the formation of isolated p-orbitals of S above the valence band 

contributed towards narrowing the band gap (Xiang et al., 2011). 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.14. Photoluminescence spectra for undoped TiO2, Ce-TiO2 and  

           Ce-NM-TiO2 (NM = B, C, N, S) 

 

Fig.4.14 shows the room temperature photoluminescence spectra of the TiO2, Ce-

TiO2 and Ce-NM-TiO2 samples in the range of 350-600 nm, respectively. As 

discussed in section 4.2.1, all the titania based catalysts showed six emission peaks at 

360, 396, 450, 468, 481 and 492 nm corresponding to band gap transitions and 

excitonic emissions. The lower PL intensity of Ce-TiO2 compared to that of TiO2 as 

discussed earlier is due to the cerium induced energy level in TiO2 band structure that 

serves as electron traps. As can be observed from Fig.4.14, the PL emission intensities 

of the cerium and nonmetal codoped samples further decreased in the order of TiO2 > 

Ce-TiO2 > Ce-B-TiO2 > Ce-C-TiO2 > Ce-N-TiO2 > Ce-S-TiO2. In the cerium and 

nonmetal codoped samples, the oxygen vacancies generated by substituting nonmetal 

dopants can act as additional effective traps for photo induced electrons thereby 

reducing the radiative recombination rate of charge carriers further. The 

photogenerated electrons are trapped by oxygen vacancies by non-radiative 

combinations (Wang et al., 2009).  The decreasing emission intensity order can be 
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attributed to increased oxygen vacancies resulted by increasing substitution effects 

from B to N as discussed in earlier section. In sulfur codoped samples the presence of 

isolated cationic S
6+

 dopant state may further act as surface trap states for 

photogenerated electrons thereby resulting in a significant decrease in the 

recombination rate and lowering the PL emission.  

Photocatalytic activity studies 

The photocatalytic hydrogen production from water-methanol mixture for TiO2, Ce-

TiO2 and Ce-NM-TiO2 (NM = B, C, N, S) catalysts are shown in Fig.4.15. The 

activity of undoped TiO2 was very low but Ce-TiO2 showed significant photocatalytic 

activity and high hydrogen evolution. The high activity of cerium doped TiO2 can be 

attributed to their ability of absorption of light in visible light region as shown in Fig. 

4.13 (A). This has also been discussed in section 4.2.1. Addition of nonmetals such as 

B, C and N to Ce-TiO2 samples further enhanced hydrogen evolution activity. This 

may be attributed to higher surface area, enhanced visible light absorption as well as 

lower recombination rate of electron-hole pairs in codoped samples. The highest 

activity of Ce-N-TiO2 among codoped samples may be attributed to its higher surface 

area, higher visible light absorption and lower recombination rate of electron-hole 

pairs compared to other nonmetals, B and C, doped samples. The activity of Ce-C-

TiO2 should be higher than Ce-B-TiO2 due to higher absorption of visible light and 

lower recombination of photogenerated electron-hole pairs for former as shown by 

absorption spectra (Fig.4.13 (A)) and PL spectra (Fig.4.14) respectively. But slightly 

higher hydrogen evolution observed for Ce-B-TiO2 compared to that of Ce-C-TiO2 

may be attributed to higher surface area of former providing more active sites. Much 

lower hydrogen production was observed for Ce-S-TiO2 sample, although it has 

enhanced absorption in the visible light region and efficient charge separation. The 

lower activity of Ce-S-TiO2 can be attributed to its very low surface area. Moreover 

the S may be in isolated state and that may lead to lower mobility of the holes and 

limits the number of charge carriers reaching the catalyst surface. This may have also 

resulted in lower photocatalytic activity in S doped samples. 
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Fig.4.15. Hydrogen production for undoped TiO2, Ce-TiO2 and Ce-NM-TiO2  

    (NM = B, C, N, S) 

 

The apparent quantum efficiency of the photocatalysts was calculated using the 

method followed by (Sasikala et al., 2008). The apparent quantum efficiency of TiO2, 

Ce-TiO2, Ce-B-TiO2, Ce-C-TiO2, Ce-N-TiO2 and Ce-S-TiO2 were 1.9, 8.0, 12.2, 11.1, 

20.6 and 2.7 % respectively. The calculated values agreed with the reported apparent 

quantum efficiency range of 2-22 % for different photocatalysts (Jin et al., 2007). For 

comparison the photocatalytic activity of N-TiO2 was also measured. The apparent 

quantum efficiency of N-TiO2 (10.3 %) was slightly higher than that Ce-TiO2 (8.0 %) 

but the efficiency increased significantly for codoped Ce-N-TiO2 to 20.6 % 

suggesting that both doping components were contributory to photocatalytic activity, 

as discussed earlier, giving higher hydrogen production. The results are shown in 

Fig.4.16.   
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Fig.4.16. Comparison of hydrogen production for Ce-TiO2, N-TiO2 and Ce-N- 

   TiO2 catalysts  

 

Based on the observed band gap energies of codoped samples the position of the 

impurity states and probable transitions of electrons are schematically shown in 

Fig.4.17. In Ce-TiO2 the photogenerated electrons are excited from the valence band 

to extended conduction band where electrons are trapped effectively by Ce
4+

/Ce
3+

 

couple. This results in accumulation of electrons in extended conduction band which 

can serve as hydrogen formation site. On addition of nonmetals to cerium doped 

titania, the excitation of electrons can also takes place from nonmetal induced 

impurity levels resulting in absorption of visible light. In liquid phase, formaldehyde 

and trace of formic acid were detected. In gas phase, only hydrogen was detected. The 

product formation suggested that the extent of oxidation of formaldehyde was low.  
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Fig.4.17. Schematic representation of hydrogen production over cerium and 

     nonmetal codoped TiO2 photocatalysts 

 

No detection of CO2 in gas phase suggested that the amount of CO2 formed, if any, by 

oxidation of formic acid was negligible and below the detection level of instrument.  

The reduction and oxidation reactions occurring in conduction band and valance band 

respectively can be represented as follows (Wu and Lee, 2004; Choi and Kang, 2007). 

(2) Photocatalyst + hν  e + h                             

Reduction reaction 

+

2(3) 2e + 2H H                                               cb

   

Oxidation reactions: 

+

3(4) CH OH 2h 2H +HCHO                        vb

   

2 2 2(5) HCHO + H O  HCO H + H                         

 

The photocatalyst absorbs photon to generate electrons and holes. The methanol is 

oxidized by holes to generate hydrogen ions and formaldehyde. The hydrogen ions 

are reduced by photogenerated electrons. In addition to proposed hole mediated path 

as shown in the above reaction scheme, methanol can also enhances hydrogen 

generation by reacting with hydroxyl radicals generated from photocatalytic water 
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splitting (Chiarello et al., 2011). For oxidation of formaldehyde to formic acid, the 

extra oxygen atom is provided by water through hydroxyl radical. Intermediate 

products were only detected in liquid phase and no intermediate products were 

detected in gaseous phase in present study.  

Summary 

Cerium doped samples synthesized by co-precipitation method were found to be 

potential photocatalysts for hydrogen generation under visible light radiation. Doping 

of titania with cerium induced distinct red shift of the absorption edge in visible light 

region. Among cerium doped titania, Ce2.5TiO2 gave highest hydrogen evolution rate 

of 403 µmol/g/h. The higher activity of Ce2.5TiO2 can be attributed to highest surface 

area and significant absorption of visible light.  

Nonmetal modification of cerium doped titania catalyst further enhanced the visible 

light absorption and separation efficiency of photogenerated electron-hole pairs. The 

effective band gap energies of codoped samples depended on properties of nonmetals. 

The surface area and phase distribution was also modified in presence of nonmetal. 

Highest hydrogen evolution rate of 1033 mol/g/h was observed for cerium-nitrogen 

codoped sample. The higher photoactivty of Ce-N-TiO2 can be attributed to higher 

surface area, higher light absorption and efficient charge separation.  
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4.3 Transition metal doped titania 

The titania was doped with 2.5 at.% of different transition metals, such as copper, iron 

and nickel and effect on hydrogen generation was studied.  

4.3.1 Effect of transition metal doping 

Characterization of photocatalysts 

The nitrogen adsorption-desorption isotherms and pore size distributions of M-TiO2 

(M = Cu, Fe, Ni) samples are shown in Fig.4.18. All the M-TiO2 photocatalysts 

exhibited Type III isotherm with H3 hysteresis loop corresponding to slit shape pores. 

The hysteresis volume was highest for Cu-TiO2 and lowest for Ni-TiO2 sample. The 

pore size distribution (inset) showed a broad distribution in the range of 2-120 nm for 

all samples. The BET surface area and pore volume of the samples are shown in Table 

4.7. The surface area of the M-TiO2 samples varied in the range of 20-41 m
2
/g, 

depending on the type of the dopant metals. The surface area was observed to be 

highest for Cu-TiO2 with 41 m
2
/g. The variation in the surface area of the catalysts, at 

similar metal loading, may be attributed to the difference in formation of porous 

network during co-precipitation in presence of different metals.  

 

 

 

 

 

 

 

 

 

 

Fig.4.18. N2 adsorption-desorption isotherms of M-TiO2 (M = Cu, Fe, Ni);  

      (Inset: pore size distributions) 
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Fig.4.19 shows the XRD patterns of M-TiO2 catalysts. Anatase phase was observed to 

be dominant in all samples with peaks  at 2θ = 25.3°, 36.9°, 48.0°, 53.9°, 55.1° and 

62.1° (JCPDS No: 21-1272-TiO2-Anatase). No characteristic peaks corresponding to 

transition metal oxides were detected in any of the samples suggesting that the metal 

oxides were in a highly dispersed state. The lattice parameters and lattice distortion 

values of the samples are given in Table 4.7.  

 

Table 4.7. Surface area, pore volume and lattice parameters of M-TiO2, M-1N-

TiO2, Cu-xN-TiO2 (M = Cu, Fe, Ni; N = nitrogen; x = 0.5, 1, 1.5 at.%) 

 

 

The lattice distortion values correspond to the maximum strain observed in the crystal 

lattice due to incorporation of dopant metals. The origin of lattice distortion for doped 

TiO2 can be attributed to the difference between the ionic radii of dopant ions and Ti
4+ 

ion. The effective ionic radii of used transition metals ions are; Cu
2+

: 0.073 nm, Fe
3+

: 

0.064 nm, Ni
2+

: 0.072 nm and Ti
4+

: 0.068 nm (Hsiang and Liu, 2009; Ganesh et al., 

2012). The higher lattice distortion as observed for Cu-TiO2 and Ni-TiO2 may be 

attributed to the higher ionic radius of copper and nickel ions as compared to that of 

Catalyst 

BET 

surface 

area (m
2
/g) 

Pore 

volume 

(cc/g) 

Lattice parameters  

Anatase 
Lattice 

distortion 
a (Å) (101) c (Å) (004) 

Cu-TiO2 41 0.17 3.8390 9.5440 0.317 

Fe-TiO2 20 0.18 3.8027 9.5685 0.248 

Ni-TiO2 25 0.15 3.7885 9.5197 0.309 

Cu-1N-TiO2 49 0.23 3.8747 9.5416 0.486 

Fe-1N-TiO2 30 0.60 3.8036 9.5807 0.415 

Ni-1N-TiO2 46 0.53 3.8375 9.5685 0.497 

Cu-0.5N-TiO2 54 0.70 3.8580 9.5220 0.432 

Cu-1.5N-TiO2 26 0.14 3.8876 9.6178 0.743 

TiO2-Anatase 84 0.97 3.7852 9.5139 - 
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titanium ions. The Cu
2+

 and Ni
2+

 ions are more likely to reside in the interstitial sites 

of the TiO2 lattice due their larger ionic radii compared to that of Ti
4+

. The value of 

lattice parameters of the M-TiO2 catalysts were higher compared to that of TiO2 due 

to the distortion of the lattice. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.19. XRD patterns of M-TiO2 (M = Cu, Fe and Ni) 

 

The FESEM images of M-TiO2 samples are shown in Fig.4.20 (a, c and e). All the 

catalysts were in agglomerated state. For Cu doped titania, the particles were less 

agglomerated and had spherical shape. For the Fe doped TiO2, the agglomeration 

seemed to be highest. 
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Fig.4.20. FESEM images of (a) Cu-TiO2 (b) Cu-1N-TiO2 (c) Fe-TiO2 (d) Fe-1N- 

  TiO2 (e) Ni-TiO2 and (f) Ni-1N-TiO2  

 

The optical absorption properties of M-TiO2 and TiO2 samples are shown in Fig. 4.21 

(A). The M-TiO2 samples exhibited significant absorption in visible light region 

compared to TiO2 sample. The band gap energy of the oxides was estimated by the 

Kubelka-Munk method by extrapolating the straight line portion of (αhν)
1/2

 vs hν plot 

to the energy axis. The Kubelka-Munk plots of M-TiO2 samples are shown in Fig.4.21 
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(B). The band gap values obtained for the oxides were 3.0 eV (TiO2), 2.3 eV (Cu-

TiO2), 2.5 eV (Fe-TiO2) and 2.55 eV (Ni-TiO2). The shift toward visible light 

absorption for doped titania has been attributed to the formation of intra band states 

by dopant transition metals within the titania bandgap.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.21. (A) UV-Visible diffuse reflectance spectra and (B) Kubelka-Munk  

     plot of undoped TiO2 and M-TiO2 (M = Cu, Fe and Ni)  
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Fig.4.22 shows the PL spectra of M-TiO2 and TiO2 samples. For all samples signals 

were obtained in the range of 350 to 600 nm. Six distinct peaks at about 360, 395, 

450, 470, 481 and 492 nm wavelengths were observed for TiO2. The corresponding 

transition energy values are 3.44, 3.13, 2.76, 2.65, 2.8 and 2.52 eV, respectively. As 

discussed in section 4.2.1, these peaks corresponded to band gap transition of anatase 

(395 nm) and emissions of free and bound excitons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.22. Photoluminescence spectra of undoped TiO2 and M-TiO2 

                 (M = Cu, Fe and Ni)  

 

Addition of transition metals to titania drastically reduced the intensity of the peaks 

suggesting reduction in the rate of radiative recombination of photogenerated 

electrons with valence band holes. This can be explained as follows. The transition 

metals can exist in multiple valance states such as Cu
+2

/Cu
+1

/Cu
0
, Fe

+3
/Fe

+2
/Fe

0
 and 

Ni
+2

/Ni
0
. These transition metals when incorporated into the TiO2 crystal lattice can 

act as trap for photogenerated electrons resulting in non-radiative combinations as 

shown below. 
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Where ‘n’ represent the valence state of metal ‘M’ and ‘e’ is the photogenerated 

electron. This trapping mechanism reduces the rate of radiative recombination of 

photogenerated electrons with holes in valence band of titania decreasing the peak 

intensity. The stability of the photogenerated electrons is expected to increase the 

photoactivity of doped titania. 

For M-TiO2 catalysts, the peak intensity was minimum for Cu-TiO2 and maximum for 

Ni-TiO2. This suggests that non-radiative trapping of photogenerated electrons was 

maximum for Cu doped titania and minimum in presence of nickel. The relative 

trapping efficiency of transition metals is expected to depend on ease of accepting 

electrons, on other words on reduction potential. Hence the transition metal with more 

positive reduction potential with respect to that of titanium will have higher ability of 

trapping electrons. The reduction potentials of the transition metals are summarized in 

Table 4.8 (Nakamura et al., 2007; Litter, 1999; Slamet, 2005; Rajeshwar et al., 2002).  

 

Table 4.8. Reduction potential values of the transition metals 

 

 

 

 

 

 

 

 

 

 

 

All the transition metals have positive reduction potential values with respect to that 

of titanium and hence all are expected to show some trapping efficiency. The copper 

with positive reduction potentials for all electronic transitions is expected to show the 

highest non-radiative electron trapping efficiency and hence the lowest peak intensity 

was observed for Cu-TiO2 sample. Similarly nickel with lowest reduction potential is 

expected to be least efficient for electron trapping. 

 

Reduction reactions Reduction potential (V) 

Ti
4+

/Ti
3+

 -0.670 

Fe
2+

/Fe
0
 -0.440 

Ni
2+

/Ni
0
 -0.257

 
   

Cu
2+

/Cu
+
 0.159 

Cu
2+

/Cu
0
 0.340 

           Cu
+
/Cu

0
 0.520

 
 

Fe
3+

/Fe
2+

 0.771 
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Photocatalytic activity studies 

The photocatalytic hydrogen production over transition metal doped TiO2 is shown in 

Fig.4.23. Under the experimental conditions, the hydrogen production over 

unmodified titania, having surface area of 84 m
2
/g and mainly anatase phase, was 96 

µmol/g/h from water-methanol solution. In comparison, all the transition metal doped 

titania samples showed higher activity. The photocatalytic hydrogen production was 

highest for Cu-TiO2 (938 µmol/g/h). For Fe-TiO2 and Ni-TiO2, the hydrogen 

production was 269 and 250 µmol/g/h, respectively. For Cu-TiO2, the highest 

efficiency for trapping the photogenerated electrons contributed to higher availability 

of electrons for reduction of hydrogen at conduction band and resulted in higher 

activity. The higher activity for Cu-TiO2 can be also attributed to higher surface area 

and significant absorption of visible light.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.23. Hydrogen production for M-TiO2 and M-1N-TiO2 (M = Cu, Fe and Ni) 

 

For Ni-TiO2, lowest activity can be attributed its highest rate of recombination 

photogenerated electrons as observed in PL spectra as well as to lowest absorption of 

visible light. The apparent quantum efficiency of Cu-TiO2, Fe-TiO2 and Ni-TiO2 were 

determined to be 18.7, 5.3 and 5.0 % respectively. 
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4.3.2 Effect of transition metal and nonmetal codoping 

Effect of codoping of TiO2 with transition metals and nonmetal on hydrogen 

production activity was studied using nitrogen as the nonmetal. The loading of 

transition metal was maintained at 2.5 at.% and that of nitrogen at 1 at.%.  

Characterization of photocatalysts 

The nitrogen adsorption-desorption isotherms and pore size distributions of M-1N-

TiO2 (M = Cu, Fe, Ni) catalysts are shown in Fig.4.24. For codoped M-1N-TiO2 

samples, the isotherms were of type III and shape of hysteresis loop depended on type 

of transition metal dopant. For Cu-1N-TiO2 photocatalyst, H3 loop was observed but 

for Ni-1N-TiO2 and Fe-1N-TiO2 samples, H2 loop corresponding to ink bottles pores 

was observed. The pore size distributions of the catalysts are shown in the inset of 

Fig.4.24. All the codoped photocatalysts, except Ni-1N-TiO2, showed a broad pore 

size distribution in the range of 2-120 nm. For Ni-1N-TiO2 a narrower pore size 

distribution in the mesoporous region of 2-20 nm was observed.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.24. N2 adsorption-desorption isotherms for M-1N-TiO2 

                 (M = Cu, Fe and Ni; Inset: pore size distributions) 
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The X-ray diffraction patterns of metal and nitrogen codoped TiO2 catalysts are 

shown in Fig.4.25. All the codoped catalysts exhibited only anatase phase. The lattice 

parameters and lattice distortion values of the samples are given in Table 4.7. The 

lattice distortion values increased slightly with the addition of nitrogen in codoped 

samples compared to that of respective M-TiO2 sample. The result suggested 

incorporation of nitrogen in the titania lattice. Nitrogen is reported to substitute 

oxygen in titania matrix and the ionic radius difference between nitrogen (0.146 nm) 

and oxygen (0.138 nm) anions may have resulted in lattice distortion. The lattice 

parameters increased as observed in Table 4.7.  

The surface area and pore volume of all the M-1N-TiO2 samples were observed to be 

higher compared to the respective M-TiO2 samples (Table 4.7). The observed increase 

in the surface area and pore volume of all codoped samples suggest increased network 

formation with incorporation of nitrogen. Addition of nitrogen to transition metal 

doped titania seemed to further increase the agglomeration nature of the catalysts as 

shown in Fig.4.20 (b, d, f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.25. XRD patterns of M-1N-TiO2 (M = Cu, Fe and Ni) 
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The UV-Vis diffuse reflectance spectra and the Kubelka-Munk plot of codoped M-

1N-TiO2 samples are shown in Fig.4.26 (A) and (B). The band gap energy values 

obtained from the Kubelka-Munk method were 2.15, 2.5 and 2.6 eV for Cu-1N-TiO2, 

Fe-1N-TiO2 and Ni-1N-TiO2, respectively.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.26. (A) UV-Visible diffuse reflectance spectra and (B) Kubelka-Munk  

      plot of M-1N-TiO2 (M = Cu, Fe and Ni) 
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The incorporation of nitrogen reduced the band gap energy further in comparison with 

the respective M-TiO2 samples. On codoping with nitrogen, the N 2p state is 

incorporated above the O 2p state. This increases the width of valance band, further 

lowering of the band gap energy of codoped samples. The most significant shift was 

observed Cu-1N-TiO2 photocatalyst. 

Fig.4.27 shows the PL spectra of M-1N-TiO2 samples. The intensity of all the PL 

peaks of M-1N-TiO2 samples was observed to be lower compared to that of respective 

M-TiO2 samples (Fig.4.22). The decrease in peak intensity after incorporation of 

nitrogen in transition metal doped titania may be attributed to the oxygen vacancies 

generated by substitution of nitrogen. These oxygen vacancies have energies below 

conduction band and can trap the photogenerated electrons by non-radiative 

combinations (Wang et al., 2009). This further reduces the recombination rate of 

photogenerated electron with valance band holes.  The effect was most intense for Ni-

1N-TiO2 samples for which peak intensity was lowest. Fe-1N-TiO2 showed highest 

peak intensity.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.27. Photoluminescence spectra of M-1N-TiO2 (M = Cu, Fe and Ni) 
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Photocatalytic activity studies 

The photocatalytic hydrogen production over codoped TiO2 samples is shown in 

Fig.4.23. Addition of nitrogen in transition metal doped titania increased hydrogen 

production for all codoped samples with respect to M-TiO2 samples. The highest 

hydrogen production was observed for Cu-1N-TiO2 (1109 µmol/g/h) followed by   

that of Fe-1N-TiO2 (499 µmol/g/h) and Ni-1N-TiO2 (405 µmol/g/h). The enhancement 

in hydrogen production can be attributed to increased absorption of visible light and 

increased trapping of photogenerated electrons. Higher absorption of visible light 

gives increased number of photogenerated electrons. The increased efficiency in 

trapping of photogenerated electrons resulted in higher availability of these electrons 

for proton reduction reactions. The highest hydrogen production for Cu-1N-TiO2 may 

be attributed to combined effect of higher surface area, increased absorption of visible 

light and enhanced efficiency in trapping of photogenerated electrons. The apparent 

quantum efficiency of Cu-1N-TiO2, Fe-1N-TiO2 and Ni-1N-TiO2 were 22.1, 9.9 and 

8.1 % respectively. 
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4.3.3 Effect of variation of nitrogen doping  

The effect of amount of nitrogen was studied for copper and nitrogen codoped 

samples. The amount of nitrogen was varied in the range of 0.5 to 1.5 at.%. 

Characterization of photocatalysts 

The N2 adsorption-desorption isotherms of copper and nitrogen codoped samples at 

various nitrogen loadings are shown in Fig.4.28. The corresponding pore size 

distributions are shown in inset.  

 

 

 

 

 

 

 

 

 

 

Fig.4.28. N2 adsorption-desorption isotherms for (a) Cu-0.5N-TiO2  

                 (b) Cu-1N-TiO2 and (c) Cu-1.5N-TiO2 (Inset: pore size distributions) 
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All the samples showed type III isotherms with H3 hysteresis loop. It can be observed 

that initially, with addition of nitrogen both surface area and pore volume of Cu-0.5N-

TiO2 increased compared to Cu-TiO2 catalyst. However, with further increase in 

nitrogen loading both the surface area and pore volume decreased (Table 4.7) which 

can be attributed to partial pore blockage.     

The XRD patterns of Cu-xN-TiO2 samples were dominated by anatase phase as 

shown in Fig.4.29. With increasing nitrogen amount, lattice distortion value increased 

from 0.432 to 0.743 with corresponding change in lattice parameters as shown in 

Table 4.7. The higher amount of loading may have placed the nitrogen in interstitial 

as well as substitutional position causing the higher strain in lattice as observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.29. XRD patterns of Cu-xN-TiO2 (x = 0.5, 1 and 1.5 at.%) 
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The FESEM images of the copper and nitrogen codoped samples, at various nitrogen 

loadings, are shown in Fig.4.30 (a-c). At lower nitrogen doping, for Cu-0.5N-TiO2 

sample, the particles were less agglomerated and had spherical shape similar to Cu-

TiO2. However, with increase in content of nitrogen the extent of agglomeration 

increased. At highest doping, for Cu-1.5N-TiO2 sample, the agglomeration was 

maximum with presence of larger pores. 

 

 

 

 

 

 

 

 

 

Fig.4.30. FESEM images of (a) Cu-0.5N-TiO2 (b) Cu-1N-TiO2 and (c) Cu-1.5N- 

  TiO2  

 

Fig.4.31 (A) and (B), respectively, show the UV-Vis diffuse reflectance spectra and 

the Kubelka-Munk plot of codoped samples with different nitrogen amount. The band 

gap values calculated using the Kubelka-Munk method were 2.1 eV for Cu-0.5N-

TiO2, 2.15 eV for Cu-1N-TiO2 and 2.83 eV for Cu-1.5N-TiO2. 
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All the Cu and N codoped samples showed a significant absorption in the visible light 

region. The maximum band gap reduction was observed for Cu-1N-TiO2 sample. As 

the amount of nitrogen loading increased to 1.5 at.% in Cu-1.5N-TiO2, a blue shift of 

the absorption edge was observed which may be attributed to the Burstein-Moss effect 

(Nair et al., 2011). With increase in doping concentration, the conduction band is 

expected to become filled due to the higher electron concentration. This results in an 

increase in the interband transition energy and also blocks the low energy transitions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.31. (A) UV-Visible diffuse reflectance spectra and (B) Kubelka-Munk 

     plot for Cu and N codoped TiO2 (a) Cu-0.5N-TiO2 (b) Cu-1N-TiO2 and  

     (c) Cu-1.5N-TiO2 
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The photoluminescence spectra of Cu-xN-TiO2 catalysts are shown in Fig.4.32. The 

PL emission intensity was lowest for Cu-1N-TiO2. With increase in nitrogen content, 

increases in oxygen vacancies may have contributed to decrease in peak intensity 

through trapping of photogenerated electron by non-radiative recombination processes 

as discussed earlier. However again increase in peak intensity for Cu-1.5N-TiO2 

sample suggest that at higher nitrogen content, some of the nitrogen acted as radiative 

recombination centers for electron hole pair (Jagadale et al., 2008).  

 

 

 

 

 

 

 

 

 

 

 

Fig.4.32. Photoluminescence spectra of Cu and N codoped TiO2 (a) Cu-0.5N-TiO2 

(b) Cu-1N-TiO2 and (c) Cu-1.5N-TiO2 

 

Photocatalytic activity studies 

The hydrogen production values for various copper and nitrogen codoped titania 

photocatalysts were 1109 µmol/g/h (Cu-1N-TiO2) > 900 µmol/g/h (Cu-1.5N-TiO2) > 

824 µmol/g/h (Cu-0.5N-TiO2). The photocatalytic activity results are shown in 

Fig.4.33. Highest hydrogen production observed for Cu-1N-TiO2 can be attributed to 

higher absorption of visible light and higher trapping of photogenerated electrons 

compared to other nitrogen doped samples. The apparent quantum efficiency of Cu-

0.5N-TiO2, Cu-1.0N-TiO2 and Cu-1.5N-TiO2 were 16.4, 22.1 and 18.0 % 

respectively. 
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Fig.4.33. Hydrogen evolution for Cu-xN-TiO2 (x = 0.5, 1, 1.5 at.%) 

 

The analysis of the products showed that the gas phase contained only hydrogen and 

methanol vapor, while, in liquid phase only formaldehyde product was detected along 

with unreacted methanol. No other hydrocarbons or CO2 were detected in gas phase 

and neither formic acid was detected in liquid phase. Hence it is assumed that the 

oxidation of methanol resulted in formaldehyde and further oxidation products, such 

as formic acid and CO2, were not produced or was under detection level of the 

instruments. Hence the main reactions responsible for hydrogen production from 

water- methanol solution are proposed below in steps 1, 2, 3 and 4.  
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The 
cbe and +hvb

 represent the electron in conduction band and hole in valence band 

respectively. The methanol can be oxidized either directly by holes or hydroxyl 

radicals generated from water splitting as shown by step 5. Using pure water as feed 

no hydrogen generation was observed while, using pure methanol hydrogen 

generation was low (173 µmol/g/h for Cu-1N-TiO2). The hydrogen generation was 

drastically improved when water- methanol solution was used. This suggests that for 

the used catalysts, hydrogen generation was not possible by only water splitting. 

However, the hydroxyl radicals generated by water splitting may have significant 

contribution in oxidizing methanol for water-methanol system and enhance the 

hydrogen production. The negligible production of higher oxidation products such as 

formic acid and carbon dioxide may be attributed to catalyst and process conditions 

used. Thus the developed catalysts were able to generated hydrogen without co-

products in gas phase, which is of great advantage. 

Summary 

The activity of transition metals (Cu, Fe or Ni) and nitrogen codoped TiO2 

photocatalysts was investigated for hydrogen production from water-methanol 

solution under visible light irradiation. The UV-visible spectra showed distinct red 

shift of the absorption edges for transition metal doped TiO2. The visible light 

absorption was also enhanced for transition metal doped titania. Codoping with 

nitrogen further increased the absorption of visible light as well as more prominent 

shift of the absorption edge towards longer wavelength. The red shift can be attributed 

to the formation of electronic energy levels within the TiO2 matrix by the dopants. 

The visible light absorption was highest for Cu-1N-TiO2. The radiative recombination 

of photogenerated electron-hole pairs were effectively suppressed by codoping. The 

copper doped titania was most active among transition metal doped titania catalysts 

with hydrogen production of 938 µmol/g/h. The hydrogen evolution for copper doped 

titania increased on codoping with nitrogen and highest hydrogen generation of 1109 

µmol/g/h was obtained. The observed high activity of copper and nitrogen codoped 

titania photocatalyst can be attributed to higher visible light absorption and higher 

electron trapping ability of multivalent copper. 
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4.4 Indium-titanium coupled oxide 

The indium-titanium coupled oxide was prepared by varying the indium amount in the 

range of 5-16 at.%. The coupled oxide was further doped with 2 at.% of copper. 

Characterization of photocatalysts 

Fig.4.34 shows the nitrogen adsorption-desorption isotherms of the indium-titanium 

oxides with different indium content and 2 %Cu-10%In-Ti sample. The isotherms of 

all the indium-titanium oxides were of type IV with H1 hysteresis loop corresponding 

to cylindrical pores (Sing et al., 1985). The isotherm pattern changed for 2 %Cu-10 

%In-Ti. The isotherm was of type II and the hysteresis loop was of type H4 which 

corresponded to slit shaped pores. The surface area and pore volumes of the prepared 

samples are given in Table.4.9. With increase in indium content, the surface area 

increased and the highest value was observed for 16%In-Ti sample. The surface area 

was further enhanced with modification with copper oxide. The pore size distributions 

of samples are shown in the inset of Fig.4.34. The indium-titanium oxides exhibited a 

narrow pore size distribution in the range of 2-6 nm, whereas 2%Cu-10%In-Ti sample 

showed comparatively broader distribution in the range of 2-16 nm. The pore volume 

increased with increase in indium content in indium-titanium oxides. The pore volume 

was highest for 2%Cu-10%In-Ti. The amount of indium measured by energy 

dispersive spectroscopy (EDS) was 4.3, 9.5 and 16.7 at % Indium for 5%In-Ti, 10% 

In-Ti and 16% In-Ti, respectively.  For copper doped indium-titanium ternary oxide, 

the contents of In and Cu were 8.6 and 1.9 at. %, respectively. 

Table 4.9. Surface area, pore volume and lattice parameters of x% In-Ti (x = 5, 

10, 16%) and 2%Cu-10%In-Ti catalysts 

Catalyst 

BET surface 

area 

(m
2
/g) 

Pore 

volume 

(cc/g) 

Lattice parameters Lattice 

distortion 
 

a(Å) (101)     c(Å) (004) 

5% In-Ti 159 0.3780 3.7703 9.4881 0.161 

10% In-Ti 295 0.5760 3.7857 9.5123 0.235 

16% In-Ti 328 0.6058 3.8186 9.5366     0.271 

2%Cu-10% In-Ti 361 1.0613 3.9397 9.6401 0.283 
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Fig.4.34. N2 adsorption-desorption isotherms of x% In-Ti (x = 5, 10 and 16%) 

    and 2%Cu-10%In-Ti 

 

Fig.4.35. shows the XRD patterns of indium-titanium oxide samples with different 

indium content and 2 %Cu-10%In-Ti sample. The XRD patterns of indium -titanium 

oxides exhibited peaks that can be assigned to the cubic In2O3 and anatase TiO2 

structure. The diffraction peaks observed at 25.5° (101) and 30.6° (222)  were the 

major peaks that can be attributed toTiO2 and In2O3 respectively (JCPDS No: 76-0152 

and JCPDS No:21-1272). The intensity of the In2O3 peak increased with increase in 

content of indium in binary oxides. In the ternary 2%Cu-10%In-Ti oxide, in addition 

to peaks of indium and titanium oxides, an additional broad peak was observed with 

highest intensity at 36.2
o
. The peak observed at 36.2° can be attributed to the 111 

plane of cubic phase of Cu2O (JCPDS No: 05-0667). The CuO shows peaks at 2θ = 

32.2, 35.5, 38.4, 50.1, 53.3 and 67.7 (JCPDS No: 80-1917). Though no prominent 

peak due to CuO was observed in the XRD profile of the ternary oxide however, the 

shoulder at 35.2 may be attributed to CuO. The intensity of peak due to CuO was 

much lower than that of Cu2O. Hence, it may be assumed that the copper in the 

ternary oxide was mostly in Cu2O state with minor amount of CuO. The preferential 
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formation of Cu2O can be attributed to reduction of Cu
2+

 ions to Cu
+
 ions by D-

glucose during co-precipitation (Luo et al., 2005). 

The lattice distortion values of the samples were calculated and given in Table 4.9. As 

expected, the lattice parameters increased with the increase in the amount of indium 

loading. The maximum strain was observed for 16 % In-Ti among the indium loaded 

samples. With the addition of Cu in to the In-Ti crystal lattice further increased the 

lattice distortion as well as the lattice parameters along the a and c axes. The origin of 

lattice distortion can be attributed to the ionic radius difference between the dopant 

metal ions and host Ti ions. The dopants In
3+

 and Cu
+
 are more likely to reside in the 

interstitial sites of TiO2due to their  higher ionic radii (In
3+

 0.092 nm; Cu
+

 0.077 nm) 

than Ti
4+

 (0.068 nm), accordingly higher lattice distortion was obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.35. XRD patterns of x% In-Ti (x = 5, 10 and 16%) and 2%Cu-10%In-Ti 
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Fig.4.36 (a-d) shows the FESEM images of different indium-titanium oxides and 2 

%Cu-10%In-Ti oxide. The 5%In-Ti sample was more agglomerated in nature. As the 

indium oxide content increased in the binary oxides, the particles attained more 

distinct spherical shape. With increasing indium oxide content more structured 

spherical morphology may have resulted in increased surface area. The size of the 

spherical particles was in the range of 20-50 nm for 10% In-Ti and 20% In-Ti oxides. 

The 2%Cu-10%In-Ti sample also exhibited well structured spherical particles in the 

same range. 

 

 

 

Fig.4.36. FESEM images of  (a)  5% In-Ti (b) 10% In-Ti (c) 16% In-Ti and 

     (d) 2%Cu-10%In-Ti 
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Fig.4.37 (A) shows the UV-Vis diffuse reflectance spectra of the binary and ternary 

oxide samples. The Kubelka-Munk method was employed to calculate the band gap 

of the oxide samples (Lim et al., 2011). The plots of (αhν)
1/2

 vs. hν for indium-

titanium  oxides and 2% Cu-10% In-Ti are presented in Fig.4.37 (B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.37. (A) UV-Vis diffuse reflectance spectra and (B) Kubelka-Munk plot  

     of  x% In-Ti (x = 5, 10 and 16%) and 2%Cu-10%In-Ti 
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The band gap energy of the oxides was estimated by extrapolating the straight line 

portion of (αhν)
1/2

 vs hν plot to the energy axis. The band gap values obtained for the 

oxides were 2.5 eV (5%In-Ti), 2.35 eV (10%In-Ti), 2.2 eV (16%In-Ti) and 2.01 eV 

(2%Cu-10%In-Ti). All the indium-titanium oxides exhibited absorption in the visible 

region. As the amount of lower band gap indium oxide increased, there was 

considerable increase in the visible light absorbance and red shift for the binary 

oxides. The 16% In-Ti sample showed highest absorption and the largest red shift. On 

addition of copper oxide, the ternary oxide showed further red shift in absorbance as 

well as increased absorption in the visible light region. This may be attributed to the 

copper ions, which can act as a chromophore and absorb light in the visible range. 

The photoluminescence spectra of the indium-titanium oxides and 2%Cu-10%In-Ti 

are shown in Fig.4.38. All the samples exhibited a broad and strong 

photoluminescence peaks at 385, 440 and 460 nm, corresponding to the transition 

energy values 3.22, 2.81and 2.69 respectively. The peaks observed at 385 nm can be 

attributed to the emission of band gap transition of TiO2 (Meng et al., 2012). The 

indium oxide is associated with oxygen vacancies due to its structural defects (Beena 

et al., 2011). Hence on coupling of indium oxide with titanium oxide these additional 

oxygen vacancies can act as traps for photogenerated electrons. The PL peaks at 440 

and 460 nm can mainly be attributed to excitonic emissions due to presence of oxygen 

vacancies (Papageorgiou et al., 2011; Zhang, 2013). As observed from PL spectra, 

with increase in indium oxide content, the emission intensities of the binary oxides 

decreased suggesting that in the couple oxides the photogenerated electron-hole pairs 

were effectively separated and stabilized. The addition of copper oxide resulted in 

further decrease in the peak intensity of 2%Cu-10%In-Ti compared to that of 10%In-

Ti sample.  
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Fig.4.38. Photoluminescence spectra of x% In-Ti (x = 5, 10 and 16%) and 

       2%Cu-10%In-Ti 

 

Photocatalytic activities  

The photocatalytic activities of indium-titanium oxides and 2%Cu-10%In-Ti are 

shown in Fig.4.39. The hydrogen was produced from aqueous methanol solution 

under visible light irradiation for all the photocatalysts. For pure titanium oxide 

(surface area 84 m
2
/g) the hydrogen generation was negligible under reaction 

conditions. For pure indium oxide (surface area 119 m
2
/g) the hydrogen generation 

was observed to be 1250 µmol/g/h. The coupling of indium oxide and titanium oxide 

improved the hydrogen generation significantly in spite of using much lower amount 

of indium oxide. This is advantageous as precursor for indium oxide is expensive. For 

5% In-Ti photocatalyst a hydrogen production of 1546 µmol/g/h was obtained. With 

increase in indium content for binary catalysts, the hydrogen evolution increased 

gradually and reached a maximum value of 1829 µmol/g/h for 16% In-Ti 

photocatalyst. 
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Fig.4.39. Hydrogen production for x% In-Ti (x = 5, 10 and 16%) and  

           2%Cu-10%In-Ti  

 

The improved efficiency of the indium-titanium coupled oxides can be attributed to 

several factors. The coupling of two oxides enhanced the surface area and with 

increase in indium oxide content the surface area was increased further (Table 4.9). 

The increase in surface area generally increases the availability of the interaction sites 

on a catalyst.  Increase in indium oxide content also increased the absorption of 

visible light (Fig.4.37 (A)). Both the factors can enhance the generation of 

photoelectron-hole pairs in the coupled oxide. The stability of the photogenerated 

electrons and holes in the indium-titanium coupled oxides was increased due to 

suitable band potentials providing efficient charge separation. As shown in Fig.4.40, 

visible light can be absorbed by low band gap indium oxide generating the 

photoexcited electrons in the conduction band of In2O3 that can be transferred to the 

TiO2 at the heterojunction since the conduction band potential of In2O3 (-0.63 V vs 

NHE at pH=7) is more negative than that of TiO2 (-0.5 V vs NHE at pH=7) (Mu et al., 

2012; Hirakawa and Kamat, 2005).  However, the titanium oxide cannot absorb any 

visible light due to its wide band gap. Thus the coupling of indium and titanium 

oxides enhanced the mobility of photogenerated electrons thereby, decreasing their 

recombination tendency and increasing participation in reactions.  
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Fig.4.40. Schematic diagram of hydrogen generation in Cu2O-In2O3-TiO2 system 

 

The hydrogen production was enhanced with increase in indium content in binary 

oxides, however the extent of increase was gradually reduced. The enhancement of 

hydrogen production was 189 µmol/g/h when In was increased from 5 at.%  (1546 

µmol/g/h)  to 10 at.% ( 1735 µmol/g/h ) which dropped to 94 µmol/g/h for increase 

from 10 at.% to 16 at.% (1829 µmol/g/h). Since indium nitrate is expensive and 

enhancement effect was reduced at higher indium loadings 10%In-Ti was chosen for 

preparation of ternary oxide. Incorporation of 2 at.% copper  into 10 % In-Ti  oxide  

showed higher photocatalytic activity compared to 10% In-Ti oxide.  The hydrogen 

production for 10% In-Ti oxide was 1735 (µmol/g/h) which increased to 2149 

µmol/g/h for 2%Cu-10%In-Ti oxide photocatalyst. Addition of copper oxide to binary 

oxide improved the surface area (Table 4.9) and visible light absorption (Fig. 4.37 

(A)). The narrow band gap Cu2O (2.17 eV) and CuO (1.7 eV) (Yu et al., 2012; Zhao 

et al., 2012) can generate additional electrons and holes under visible light irradiation. 

These photogenerated electrons in the conduction band of copper oxide can be 

stabilized by the mobility of the electrons from conduction band of copper oxide to 

indium oxide improving the charge separation. The mobility of electrons from 

Cu2O/CuO band to the In2O3 band is facilitated by more negative conduction band 

potential of Cu2O (-1.5 V vs NHE at pH=7) and CuO (-0.78 V vs NHE at pH=7) 

(Huang et al., 2009; Quin et al., 2011) compared to that of In2O3. The mobility of 
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photogenerated electrons from Cu2O to In2O3 to TiO2 is shown in Fig.4.40. The 

reduction reaction occurs at the conduction band while oxidation reactions occur at 

the valence band. For comparison a ternary oxide was also prepared by incorporating 

2 at.% copper in 16%In-Ti and evaluated for hydrogen production under similar 

reaction condition. The hydrogen evolution for 2%Cu-16%In-Ti was lower at 1848 

µmol/g/h compared to 2149 µmol/g/h for 2%Cu-10%In-Ti. The lower activity of the 

2%Cu-16%In-Ti can be attributed to its lower surface area and visible light absorption 

compared to that of 2%Cu-10%In-Ti. The comparisons of surface area and visible 

light absorption of two ternary oxides are shown in Table 4.10 and Fig. 4.41 

respectively.  The apparent quantum efficiency of the photocatalysts was calculated 

using the method followed by Sasikala et al. (2008). The calculated efficiencies of the 

5%In-Ti, 10%In-Ti, 16%In-Ti and 2%Cu-10%In-Ti photocatalysts were 30.9, 34.7, 

36.5 and 42.9 % , respectively.  

 

 

 

 

 

 

 

 

 

 

Fig.4.41. Comparison of UV-Vis diffuse reflectance spectra of 2%Cu-10%In-Ti 

  and 2%Cu-16%In-Ti 
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Table 4.10. Comparison of BET surface area and pore volume of 2%Cu-10%In- 

Ti and 2%Cu-16%In-Ti 

 

 

 

 

During product analysis it was observed that in gaseous state only hydrogen along 

with unconverted methanol was present. No other component was detected. In liquid 

phase only formaldehyde and unconverted methanol was detected. The results 

suggested that the methanol was partially oxidized in the reaction conditions to 

formaldehyde and hydrogen. However, the formaldehyde was not further oxidized to 

formic acid or carbon dioxide. Based on this analysis following reaction scheme has 

been proposed. 

(A) Generation of electron ( e ) and holes ( h ) 

(1) photocatalyst  h   +   e         h

vb cb

    

(B) Reduction reactions at conduction band: 

+

2(2) 4H +2e 2H       cb

   

(C) Oxidation reactions at valence bands: 

Path 1:  

+

3(3) CH OH+ 2h 2H   + HCHO vb

   

Path 2: 

• +

2 vb

•

3 2

(4) 2H O + 2h 2OH + 2H                

(5) CH OH+ 2OH  2H O + HCHO           

 



 

 

Catalyst 

BET  

surface area 

(m
2
/g) 

Pore 

volume 

(cc/g) 

2%Cu-10% In-Ti 361 1.0613 

2%Cu-16% In-Ti 319 0.5910 
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As shown in the reaction scheme, methanol can be oxidized by valence band holes 

(Path 1; step 3) producing formaldehyde and hydrogen ions. The hydrogen ions are 

reduced to hydrogen by conduction band electrons as shown in step 2. However, the 

methanol can also be oxidized by hydroxyl ions (Path 2; step 5) generated by 

oxidation of water (step 4). Though, the probability of occurrence of path 2 compared 

to path 1 is lower as methanol is easier to oxidize than water (Sabio et al., 2012). 

Irrespective of the oxidation path of methanol, it should result in formation of 

equimolar hydrogen and formaldehyde. The formation of almost equimolar amount of 

hydrogen (2149 µmol/g/h) and formaldehyde (2108 µmol/g/h) during experiment 

confirmed the occurrence of partial oxidation of methanol to formaldehyde and 

hydrogen. The results of equimolar amount of hydrogen and formaldehyde were 

shown in Fig.4.42. 

 

 

 

 

 

 

 

 

 

Fig.4.42. Generation of hydrogen and formaldehyde over 2%Cu-10%In-Ti  

      catalyst (Feed composition; methanol: 1 ml and water: 25 ml) 
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Summary 

Titanium oxides coupled with different amount of indium oxides were studied for 

production of hydrogen under visible light irradiation from water methanol solution. 

With increases in indium oxide content, the surface area and visible light absorption 

of the binary catalyst increased. Separation of photogenerated electron-holes was also 

enhanced in indium-titanium binary oxides. For binary catalyst the activity was 

highest for 16.7 at.% indium content with hydrogen production of 1829 µmol/g/h 

whereas for ternary catalyst containing 1.9 at.% copper the hydrogen production 

increased to 2149 µmol/g/h. The higher hydrogen production for ternary catalyst can 

be attributed to the synergistic effects of higher surface area, stronger absorption in 

the visible light region and enhanced separation of photogenerated charge carriers. 

The hydrogen generation was attributed to partial oxidation of methanol to 

formaldehyde thereby producing pure hydrogen.    
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4.5 Indium-transition metal coupled oxide 

The indium oxide was coupled with various transition metals such as copper, nickel 

and zinc and was investigated for hydrogen production from water-methanol mixture 

under visible light irradiation. 

Characterization of photocatalysts 

The nitrogen adsorption-desorption isotherms of indium oxide and indium-transition 

metal coupled oxides are shown in Fig.4.43 (A) and the corresponding pore size 

distributions are shown in Fig.4.43 (B). The nature of isotherm and hysteresis loop 

was different for different couple oxides indicating development of different porous 

structure during co-preparation.  The isotherm of indium oxide was of type II with H2 

hysteresis loop corresponding to interconnected pores. The pores were in range of 6-

22 nm as can be observed from Fig.4.43 (B). The In-Cu coupled oxide exhibited type 

IV isotherm and H2 hysteresis loop. The pore size distribution was narrower 

compared to pure indium oxide in the mesopore range of 5-10 nm. For In-Ni coupled 

oxide, the isotherm was more of type II with H3 hysteresis loop characteristics of 

wide slit shaped pores. A sharp increase in nitrogen adsorption was observed at higher 

pressure which suggested occurrence of significant condensation of nitrogen.  A broad 

pore size distribution in the range of 6-58 nm was obtained (Fig.4.43 (B)). The 

nitrogen adsorption was comparatively lower for In-Zn coupled oxide. The isotherm 

was of type II with H4 hysteresis associated with slit shape pores in lower size range. 

The values of surface area and pore volume of all the samples are shown in Table 

4.11. As can be observed from Table 4.11, the surface area was enhanced when 

indium oxide was coupled with transition metals. The surface area was highest for In-

Cu coupled oxide closely followed by In-Ni. The enhancement in surface area of In-

Zn was comparatively less. However, the highest pore volume was observed for In-Ni 

(0.977cc/g) followed by In-Cu (0.497 cc/g). The In-Zn sample exhibited the lowest 

pore volume of 0.190 cc/g. The higher pore volume of In-Ni agrees with the broader 

pore size distribution.  
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Fig.4.43. (A) N2 adsorption-desorption isotherms and (B) pore size distribution of  

In-Zn, In-Cu, In-Ni and In 
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Table 4.11. Surface area, pore volume and lattice parameters for In and In-TM 

(TM = Cu, Ni, Zn)  

 

The composition of the coupled systems measured by EDS analysis is shown in Table 

4.12. The results showed variation in indium amount in the coupled oxides which can 

be attributed to different batches of preparation as well as different precipitation 

characteristics of the components.  The hydrogen production was normalized based on 

indium amount to minimize the effect of variation of indium content in the coupled 

oxides. 

Table 4.12. EDS results of In and In-TM (TM = Cu, Ni, Zn)  

 

 

 

 

 

 

The XRD patterns of the indium-transition metal coupled oxides are shown in 

Fig.4.44. In all coupled oxides the most prominent peaks were observed at 30.9° and 

32.6 which can be attributed to rhombohedral In2O3 (JCPDS card No: 22-0336). The 

Catalyst 

BET surface 

area 

(m
2
/g) 

Pore 

volume 

(cc/g) 

In2O3 cell (rhombohedral 

structure) parameters Lattice 

distortion 
a = b (Å)    c (Å) 

In 119 0.568 5.3107 14.3126 0.057 

In-Cu 190 0.497  5.4031 14.4115 0.068 

In-Ni 185 0.977 5.3812 14.3804 0.067 

In-Zn 135 0.190  5.3604 14.3613 0.064 

Sample 

name 

Elements (at.%)  

In Transition metals 

In 41.69 - 

In-Cu 3.96 49.16 

In-Ni 5.51 13.61 

In-Zn 11.0 33.63 
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other peaks corresponding to this structure were obtained at 22.3°, 38.4°, 40.1°, 45.6° 

and 52.4°. In all the indium-transition coupled oxides the peaks assigned to 

rhombohedral In2O3 can be observed. The peak intensities of two prominent peaks of 

rhombohedral In2O3 phase did not change significantly when coupled with transition 

metal oxides, suggesting that the crystalline structure of indium oxide was mostly 

retained in coupled oxides. For In-Cu, the major peaks observed at 2θ =36.3° and 

42.2° can be attributed to Cu2O (JCPDS card No: 74-1230). Though, no prominent 

peaks due to CuO were observed, however the shoulders observed at 35.4 and 39.1° 

may be attributed to CuO (JCPDS No: 80-1917). The preferable formation of Cu2O 

can be attributed to addition of D-glucose during preparation of In-Cu which acted as 

reducing agent (Yan et al., 2010). For In-Ni sample, the peaks at 39.2° and 63.9° 

corresponded to the cubic structure of NiO (JCPDS card No: 47-1049).  The peaks 

observed at 34.2° and 36.0° for In-Zn couple oxide can be attributed to the wurtzite 

hexagonal phase of ZnO (JCPDS card No: 36-1451).  

 

 

 

 

 

 

 

 

 

 

 

Fig.4.44. XRD patterns of In-TM (TM = Cu, Ni, Zn) 
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For all the coupled oxides distinct peaks due to transition metal oxides as well as 

indium oxide entities were observed. No peaks were observed for any mixed phase in 

any sample. The observations suggested that the respective structure of the 

constituting oxides were more or less retained in coupled oxides resulting in 

heterogeneous system. The lattice parameters and distortion values for indium oxide 

are shown in Table 4.11.  For coupled oxides the change in lattice parameter and 

distortion values for indium oxides was very small compared to that for pure indium 

oxide confirming the existence of heterogeneous crystalline system. 

Fig.4.45 (a-d) shows the FESEM images of indium oxide and indium-transition metal 

coupled oxides. The large agglomerates were observed for indium oxide. Coupling of 

indium oxide with transition metal oxides resulted in development of different 

morphologies as can be observed from the Fig.4.45 (b-d). For In-Ni, flowery 

structures consisting of rod like petals were observed. For In-Cu uniform and 

rectangular particles were observed. In case of In-Zn, agglomerates were observed 

similar to indium oxide however the size was comparatively smaller for coupled 

oxide. The larger surface area and pore volume of In-Cu and In-Ni compared to that 

of indium oxide can be attributed to formation of highly crystalline structure of the 

formers. The unique morphology of widely separated rod shaped structure of In-Ni is 

also expected to result in wide slit pores and very high pore volume as observed. The 

low surface area for In-Zn compared to that of In-Cu and In-Ni may be attributed to 

its less crystalline nature. However, its higher surface area and pore volume with 

respect to indium oxide may have resulted from the smaller size of the agglomerates. 

The narrower pore size distribution of In-Cu compared to indium oxide and other 

coupled oxides may be attributed to its more uniform structure. The very broad pore 

size distribution for In-Ni with the presence of very large pores can be explained by 

its widely separated rod like structure. For In-Zn the very low pore volume may be 

due to the agglomerated structure with presence of significant amount of mesopores in 

lower range.   
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Fig.4.45. FESEM images of (a) In (b) In-Ni (c) In-Cu and (d) In-Zn 

 

Fig.4.46 (A) shows the UV-Vis diffuse reflectance spectra of the indium oxide and 

indium-transition metal coupled oxides. The plot of (αhν)
1/2

 as a function of photon 

energy is shown in Fig.4.46 (B). As shown in the figure (Fig.4.46 (B)), a straight line 

was extrapolated to the x- axis, and at α =0, Ebg = hv. The estimated band gap energies 

of the samples were 2.05, 2.1, 2.6 and 2.2 eV for In-Cu, In-Ni, In-Zn and In 

respectively. The most significant red shift of the absorption edge and absorption in 

visible region were observed for In-Cu coupled oxide. For In-Ni only a small red shift 

of the absorption edge towards the visible region was observed, whereas in case of In-

Zn the absorption edge showed a blue shift to 416 nm compared to that of indium 

oxide (480  nm). The significant increase in visible light absorption for In-Cu can be 

attributed d electron transition of copper ions. Nickel ions mostly absorbs in near UV 

region while zinc ions with filled d orbitals are unable to significantly contribute to 
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light absorption. Accordingly for both In-Ni and In-Zn, the transition metals were 

unable to contribute significantly to visible light absorption.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.46. (A) UV-Visible diffuse reflectance spectra and (B) Kubelka-Munk plot 

  of (a) In-Cu (b) In-Ni (c) In-Zn and (d) In 
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Fig.4.47 shows the photoluminescence spectra of indium oxide and In-Cu, In-Ni, In-

Zn coupled oxides. For indium oxide the main emission peaks were located at 400, 

450, 468 and 480 nm corresponding to the transition energies of 3.1, 2.75, 2.64, 2.58 

eV respectively. The observed PL peaks can be ascribed to the emissions originated 

from the oxygen vacancies in the indium oxide (Wu et al., 2009; Cao et al., 2003). 

The transition at near-UV region of 400 nm can be attributed to radiative 

recombination of a photogenerated hole with an electron occupying the single ionized 

oxygen vacancies (Gan et al., 2013; Jeong and Lee, 2011). The peaks in visible 

regions can be attributed to radiative emission due to deep level trapping by oxygen 

vacancies (Beena et al., 2011, Peng et al., 2002). The intensity of the peaks decreased 

when indium oxide was coupled with transition metals. The decrease in PL intensity 

was most significant when In was coupled with Cu and Ni and suggested enhanced 

charge separation. For In-Zn, only slight decrease in peak intensity was observed 

compared to that of indium oxide indicating poor separation of the charge carriers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.47. Photoluminescence spectra of (a) In-Cu (b) In-Ni (c) In-Zn and (d) In 
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The change in peak intensity for coupled oxides can be explained based on the 

electron trapping ability of the transition metals. The transition metals can exist in 

multiple valance states such as, Cu
+2

/Cu
+1

/Cu
0
, Ni

+2
/Ni

0
 and Zn

+2/
Zn

0
. These 

transition metals when coupled with indium oxide can act as trap for photogenerated 

electrons/holes resulting in non-radiative combinations. Consequently rate of radiative 

trapping of photogenerated electrons by oxygen vacancies was reduced decreasing the 

peak intensity. The relative trapping efficiency of transition metals is expected to 

depend on respective reduction potential. Hence the transition metal with more 

positive reduction potential with respect to indium will have higher ability of trapping 

electrons. The reduction potentials of the transition metals are summarized in Table 

4.13 (Bard et al., 1985; Litter, 1999; Slamet et al., 2005; Rajeshwar et al., 2002). 

Since, Cu and Ni have positive reduction potentials with respect to indium, hence they 

are expected to trap electrons more efficiently. The copper with most positive 

reduction potential is expected to show highest non-radiative charge trapping 

efficiency and accordingly the lowest peak intensity was observed for In-Cu. This 

stabilization of photogenerated electrons is expected to increase the photoactivity of 

coupled oxide. The zinc with negative reduction potential with respect to indium is 

not expected to contribute in electron trapping. However, the slight reduction in 

intensity for In-Zn compared to indium oxide can be attributed to stabilization of the 

photogenerated electrons to lower conduction band of ZnO. The conduction band of 

ZnO is more positive than that of In2O3 (ZnO -0.5 and In2O3 -0.63V vs NHE at pH=7) 

and can act as a sink for photogenerated electrons (Fu et al., 2008; Mu et al., 2012). 

However, the charge stabilization for In-Cu or In-Ni cannot be facilitated from the 

mobility of electrons at the heterojunction from In2O3 band to Cu2O/CuO/NiO band 

due to more negative conduction band potentials of Cu2O (-1.5 V vs NHE at pH=7), 

CuO (-0.78 V vs NHE at pH=7) and NiO (-3.06 V vs NHE at pH=7) (Huang et al., 

2009; Qin et al., 2011; He et al., 1999) compared to that of In2O3 (-0.63 V vs NHE at 

pH=7). 
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Table 4.13. Reduction potential values of Cu, Ni, Zn and In 

 

 

 

 

 

 

 

Photocatalytic activities 

Photocatalytic hydrogen production from aqueous solution of methanol was carried 

out over indium oxide and indium-transition metal coupled oxides under visible light 

irradiation. The hydrogen evolution values are shown in Fig.4.48. Since the actual 

amount of indium varied in the catalysts. For comparison the hydrogen production has 

been normalized with respect to indium content. The hydrogen production values 

normalized per gram of photocatalyst are presented in Fig.4.49. 

 

 

 

 

 

 

 

 

 

 

Fig.4.48. Hydrogen production for In and In-TM (TM = Cu, Ni, Zn) based on  
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The hydrogen evolution rate of indium oxide was 1528 μmol/g of indium/h.  All the 

coupled oxides showed enhanced hydrogen production but the extent of increase 

depended on the transition metals. The performance of the photocatalysts can be 

explained based on the physicochemical and optical properties determined by the 

various characterization techniques. For In-Cu, the hydrogen evolution rate was 

enhanced most and 17314 μmol/g of indium/h hydrogen was produced. For the In-Cu 

coupled oxide the surface area, charge separation as well as visible light absorption 

was most significantly enhanced compared to indium oxide. The increased surface 

area provided more reaction sites that were favorable to achieve higher photoactivity.  

Higher visible light absorption enhanced the generation of electron-hole pairs, while 

increased stabilization of the charge carriers improved the availability of electrons for 

reduction. Consequently activity for In-Cu increased significantly as observed. The 

hydrogen production for In-Ni of 6731 μmol/g of indium/h was lower with respect to 

In-Cu but slightly higher compared to that of In-Zn. The higher activity of In -Ni can 

be attributed to increased surface area and charge separation. But absorbance of 

visible light for In-Ni was not significantly improved with respect to indium oxide. 

That may be the reason for moderate increase in photocatalytic activity for In-Ni in 

comparison to indium oxide. The enhancement was lowest for In-Zn coupled oxide 

with hydrogen production of 4972 μmol/g of indium/h. The light absorbance of In-Zn 

actually showed a blue shift and charge separation was also not significantly 

enhanced. Hence the increased activity can be attributed to higher surface area of the 

coupled oxide with respect to indium oxide. Higher surface area may have increased 

the dispersion of indium oxide increasing the active sites. The hydrogen production in 

terms of per gm of catalyst (shown in Fig.4.49) also followed the same trend as 

Fig.4.48. The quantum efficiency of the photocatalysts was calculated for the indium 

and coupled oxides using the method followed by Sasikala et al. (2008). The values 

are found to be 35.8, 32.4, 28.6 and 25.2 % for In-Cu, In-Ni, In-Zn and In samples, 

respectively.  
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Fig.4.49. Hydrogen production for In and In-TM (TM = Cu, Ni, Zn) based on  

   per gm of catalyst 

 

The product analysis showed formation of only formaldehyde in the liquid phase and 

hydrogen in gaseous phase. The possible reactions are summarized below. 

1. photocatalyst  h   +   e    h

vb cb

    

22. 2H +2e H                                                      cb
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• +

2 vb
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3 2
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The other oxidation products either were not detected. The results suggested that 

hydrogen was mainly produced by the partial oxidation of methanol to hydrogen and 

formaldehyde by step 3, 4 and 5. Further, since methanol is easier to oxidize than 

water (Sabio et al., 2012) the probability of formation of hydrogen and formaldehyde 

by step 3 is more probable than step 4 and 5.  
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Summary 

Visible light active indium oxide was coupled with various transition metals to study 

the effect on hydrogen production from aqueous solution of methanol.  The indium 

oxide was coupled with copper, nickel and zinc oxides. The surface area of all the 

coupled oxides was enhanced compared to that of indium oxide, however optical 

activity of coupled oxide differed with the nature of transition metals. The 

enhancement in visible light absorption was most substantial for coupled oxide 

containing copper, while charge separation was significantly improved both for 

indium-copper and indium-nickel coupled oxides. Accordingly highest hydrogen 

production was observed for the indium-copper coupled oxide 17314 μmol/g of 

indium/h compared to that of indium oxide (1528 μmol/g of indium/h). The second 

highest hydrogen production was for indium-nickel coupled oxide with 6731 μmol/g 

of indium/h. The least improvement in hydrogen production was observed for indium-

zinc coupled oxide and was attributed to marginal improvement in surface area and 

charge separation. For all the coupled oxides partial oxidation of methanol to 

hydrogen and formaldehyde was observed to major contributing reaction. 
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4.6 Effect of operational parameters 

The effects of various operating variables such as light intensity, amount of catalyst, 

different types of alcohols (methanol, ethanol, 1-propanol) and irradiation time were 

investigated. The cerium and nitrogen codoped titania was used as the catalyst. 

4.6.1 Effect of incident light intensity 

The intensity of incident light plays an important role in the photocatalytic reaction. 

The present study examined the effect of different light intensities on the 

photocatalytic decomposition of water-methanol mixture. The light intensities were 

varied in the range of 5000-25600 lx. Fig.4.50 shows the hydrogen production at 

different light intensities for given amount of catalyst and methanol concentration of 

0.02 molar fraction (0.96 mol/litre). The hydrogen production increased with increase 

in the light intensity. When the light intensity increased from 5000 to 25600 lx the 

hydrogen production increased from 326 to 1024 μmol/g/h. With increase in light 

intensity absorption of light increased and led to generation of higher number of 

photogenerated charge carriers available for redox reactions on the catalyst surface. 

Consequently, hydrogen production increased.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.50. Hydrogen production at different light intensities (Reaction conditions: 

 photocatalyst amount, 0.2 g; methanol concentration 0.96 mol/litre; irradiation   

 time, 1 h) 
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4.6.2 Effect of catalyst amount 

The amount of catalyst is also likely to affect the photocatalytic hydrogen evolution. 

The hydrogen evolution using initial methanol concentration of 0.96 mol/litre is 

shown in Fig.4.51. The variation in the hydrogen production with the catalyst amount 

was determined in the range of 0.1 to 1 g. The results showed that the total hydrogen 

evolution was highest at the loading of 0.2 g and thereafter, decreased with increase in 

the catalyst loading up to 1g. The hydrogen production is expected to depend on 

number of surface active sites as well as light transmission in suspension 

(Sreethawong et al., 2007). Initially with increase in amount of catalyst the number of 

active sites increased resulting in higher hydrogen production. At higher catalyst 

loading, a considerable part of the light may be scattered and consequently amount of 

light reaching the catalyst surface was reduced. Further, at high catalyst loading the 

number of particles actually exposed to the light may also drop (Yang et al., 2009). 

All these phenomena may have contributed to decrease in light absorption on the 

photocatalyst surface and thereby in hydrogen production at higher loadings. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.51. Production of hydrogen using different amount of photocatalyst   

      (Reaction conditions; methanol concentration 0.96 mol/litre; irradiation   

      time, 1 h; light intensity, 25600 lx) 
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4.6.3 Effect of type of alcohols  

The effect of types of alcohols on hydrogen production activity was studied using 

methanol, ethanol and 1-propanol. The hydrogen evolution is shown in Fig.4.52. The 

photocatalytic reactions were performed under identical reaction conditions with the 

same concentration of alcohol in aqueous solution. The hydrogen production 

increased in the order: methanol > ethanol > propanol. The maximum photocatalytic 

activity was observed for methanol, which may be attributed to the higher number of 

α-H (Bahruji et al., 2010). In higher alcohols the formation of hydrogen and 

formaldehyde also involves carbon-carbon bond breaking. The degree of carbon-

carbon bond breaking decreases with increase in carbon number resulting in decrease 

in formation of the products (Lin et al., 2009).   

 

 

 

 

 

 

 

 

 

 

 

Fig.4.52. Hydrogen production in presence of different alcohols (photocatalyst 

   amount, 0.2 g; alcohol concentration 0.96 mol/litre; irradiation time, 1 h; light  

   intensity, 25600 lx) 
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4.6.4 Effect of irradiation time 

The effect of irradiation time on the photocatalytic hydrogen evolution from 

methanol/water mixtures is shown in Fig.4.53. The hydrogen production increased 

significantly up to 3 h of irradiation time. Thereafter, the hydrogen generation 

decreased. After 10 h of irradiation period amount of hydrogen produced was 3687 

μmol/g. Initially higher activity can be ascribed to the higher absorption of photons on 

the catalyst surface due to the prolonged irradiation. The hydrogen production 

decreased at a long irradiation time may be due to the decrease in number of active 

sites available for the absorption of lights.  

 

 

 

 

 

 

 

 

 

 

 

Fig.4.53. Production of hydrogen as a function of irradiation time (photocatalyst 

 amount, 0.2 g; methanol concentration 0.96 mol/litre; light intensity, 25600 lx) 

 

Summary 

The effects of various operational parameters were investigated for hydrogen 
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4.7 Kinetic studies  

In this study, the 2 at.% copper and 10 at.% indium oxide codoped titanium dioxide 

photocatalyst showed highest activity for hydrogen production under visible light 

from water-methanol mixture. Kinetics for photocatalytic methanol oxidation for this 

catalyst was investigated. The hydrogen production at different concentration of 

methanol was determined in the range of 2.3 to 7.4 mol/litre. The photocatalytic 

reactions were performed at constant light intensity of 25600 lx using 0.2 g of 

catalyst. The reaction mixture was exposed to light only after constant intensity was 

reached which took approximately 20 min. The stirring was maintained to ensure 

homogeneous suspension of the catalyst in solution as well as to minimize the effect 

of any external mass transfer resistance. The profiles of methanol concentration as a 

function of irradiation time at different initial methanol amount are reported in 

Fig.4.54. The reaction was carried out for one hour. With increase in irradiation time 

methanol concentration decreased. The corresponding conversion is given in Fig.4.55. 

The conversion ranged from 85-95 %. The data were used for determination of kinetic 

parameters using various models.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.54. Methanol concentrations as a function of irradiation time at different 

initial concentration (a) 0.05 molar fraction (2.3 mol/litre), (b) 0.10 molar  

fraction (4.1 mol/litre), (c) 0.15 molar fraction (5.4 mol/litre) and (d) 0.25 molar  

fraction (7.4 mol/litre) 
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Fig.4.55. Conversion of methanol at different initial concentration 

 

In gas phase only hydrogen along with unconverted methanol was present. No other 

component was detected. In liquid phase, only formaldehyde and unconverted 

methanol was detected. The amounts of hydrogen, formaldehyde and unconverted 

methanol were determined using the calibration plots given in Appendix B. The 

hydrogen and formaldehyde evolution at different initial molar fractions of methanol 

ranging from 0.05 to 0.25 are presented in Fig.4.56. With increase in the molar 

fraction of methanol, a gradual increase in the hydrogen and formaldehyde production 

was observed. This may be due to the increased adsorption of the methanol molecules 

on the active sites of the catalyst surface. It can also be observed that for all methanol 

concentrations, almost equivalent amounts of hydrogen and formaldehyde were 

produced. These results agreed with the observations reported in section 4.4. 

Therefore, for copper doped indium-titanium oxide catalyst, methanol was only 

partially oxidized in the reaction conditions to formaldehyde and hydrogen. The 

formaldehyde was not further oxidized to formic acid or carbon dioxide.  
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Fig.4.56. Hydrogen and formaldehyde production at different methanol 

        concentration (photocatalyst amount, 0.2 g; irradiation time, 1 h; light 

        intensity, 25600 lx) 

 

4.7.1 Kinetic models 

A power law model and two Langmuir-Hinshelwood (L-H) based mechanistic models 

were developed. The L-H models were developed for the simultaneous occurrence of 

hydroxyl mediated and hole mediated oxidation path, and for the hole mediated path 

alone. For each model, the optimum values of kinetic parameters were estimated by 

minimizing the residual sum of squares between the calculated and experimental rate 

of methanol oxidation. Non-linear regression analysis was used to estimate the 

optimum kinetic parameters.  

Model 1: Power law model (P-1) 

The power law model was used to describe the direct relationship of reaction rate with 

the concentration of methanol. The amount of water and incident light intensity was 

considered as excess and constant. The rate expression is then given as;  
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Where, 

Ar  : rate of reaction 

 k  : rate constant 

AC  : concentration of methanol 

n  : order of reaction  

The proposed model has only two parameters. One rate constant and one order of 

reaction with respect to methanol concentration. 

Model 2: Langmuir-Hinshelwood model based on hydroxyl radical and hole 

mediated oxidation path (LH-1) 

The Langmuir-Hinshelwood model accounts for the adsorption-desorption of the 

reacting species and are expected to reflect the actual mechanism. The steps of 

methanol oxidation reactions based on the Langmuir-Hinshelwood model are given 

below (Chiarello et al., 2011; Nomikos et al., 2014).  
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The electron and holes are generated on catalyst surface by absorption of light. During 

the photocatalytic reaction, the water present in excess, and methanol are adsorbed on 

the catalyst surface as in steps 2 and 3, respectively. The adsorbed water and methanol 

can react with photogenerated holes producing hydroxyl radical (step 4) and 
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formaldehyde (step 5) respectively. Since oxidation potential of methanol is higher as 

discussed earlier consumption of holes by methanol is expected to occur faster. The 

methanol can also react with hydroxyl radical generated by water splitting and result 

in formation of formaldehyde (step 5). Thus methanol can undergo oxidation 

reactions in two ways; either directly by the photogenerated holes or by the indirectly 

by hydroxyl radicals. The H
+
 ions produced in these steps are reduced by the 

photoelectrons to produce hydrogen as in step 7. The rate of methanol oxidation was 

derived as; 

  

3 3 32 2

3 3 ( ) 2 2 ( )

    +  C  
r  

1  C   C

 
 
  
 

H O H O

l l

CH OH CH OH CH OH

CH OH CH OH H O H O

k K k K

K K
 

 

Where 
2H O

k and 
3CH OHk  are rate constants for water and methanol oxidation 

respectively. 
2H O

K and 
3CH OHK are the respective adsorption equilibrium constants 

of water and methanol. The derivation of rate equation is given in Appendix F. 

 

Model 3: Langmuir-Hinshelwood model based on hole mediated oxidation path 

(LH-2) 

For second Langmuir-Hinshelwood mechanism based model, it was assumed that the 

methanol oxidation occurred only by photogenerated holes on the surface. The 

corresponding rate expression for methanol oxidation was derived as;  
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This model has only one rate constant 
3CH OHk  and two adsorption equilibrium 

constants 
2H O

K and 
3CH OHK . Here the terms are defined as in model L-H 1.  
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4.7.2 Kinetic analysis of rate equations 

The data collected by varying the concentration of methanol in solution were used for 

kinetic analysis.  The kinetic parameters were estimated using the developed models 

and tested for best fitting.  

 Parameter estimation 

The kinetic parameters were estimated by the non linear regression analysis using the 

solver function in the Excel. For each model, the optimum values of parameters were 

determined by minimizing the residual sum of squares between the calculated and 

experimental rate of methanol oxidation. The value of squared sum of the difference 

between experimental data and model fit is given as (Brown, 2001). 

 
2

n,exp n,mod1
ss (y -y ) / (N-P-1)

N

n
  

Where, ‘SS’ is the sum square of all the data points, ‘N’ is the number of 

experimental data values, ‘P’ is the number of parameters to be estimated, yn,exp and 

yn,mod are the experimental and model rate values, respectively. This takes into 

account the difference in the number of parameters used in the different models as 

well as the number of experiments performed. The kinetic parameters were 

determined with confidence interval of 95%. The fitting of the models was tested by 

R
2
 value. Higher the value of R

2
 better the fit of the data for the rate model used.  

Discussion  

The estimated kinetic parameters for the developed models are shown in Table 4.14. 

From the power law model, rate of oxidation was found to be of 1.4 order with respect 

to methanol in the studied range of concentration. The Langmuir-Hinshelwood 

mechanism based model LH-1, considering methanol oxidation both by hydroxyl ions 

and photogenerated holes, was observed to best describe the experimental data 

corresponding to highest R
2
 value. This suggested that the water splitting does have 

contribution in generation of hydroxyl radicals which in turn participate in methanol 

oxidation producing hydrogen and formaldehyde. The formaldehyde is immediately 

desorbed from catalyst surface under the reaction conditions used, thereby inhibiting 

further oxidations to formic acid and carbon dioxide. The rate constant for methanol 
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oxidation was slightly higher compared to that of water oxidation as it is expected 

from higher tendency of oxidation for methanol. However, in presence of excess 

water the adsorption equilibrium constant for water is expected to be much higher 

compared to that methanol also as observed from both the models. In spite of lower 

number of adsorbed methanol molecules on catalyst surface compared to that of 

water, the higher oxidation rate of methanol can be attributed to its higher oxidation 

potential. The experimental rate and model rate values are compared for various 

models in Fig.4.57. 

 

Table 4.14. Estimated kinetic parameter values for different models 

 

 

 

 

 

 

 

 

 

 

Parameters n k 
2H O

k  
3CH OH

k  
2H O

K  
3CH OH

K  R
2

 

  

(μmol/g)
1-n

 h
-1

 (μmol/g)
-1

 h
-1

 (μmol/g)
-1

 h
-1

 (μmol/ g)
-1

 (μmol /g)
-1

 

2

exp pred

2

exp average

(y -y )

1- 

(y -y )





 

P-1 1.4 0.12x10
-3

 - - - - 0.98 

LH-1 - - 8.65x10
-3

 9.12x10
-3

 21.3 5.2 0.99 

LH-2 - - - 5.42x10
-3

 17.3 3.3 0.94 
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Fig.4.57. Comparison of experimental and calculated rates for different kinetic 

   models (a) P-1 (power law) (b) LH-1 (combination of hydroxyl mediated and  

   hole mediated path) and (c) LH-2 (hole mediated path) 
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Summary 

The hydrogen production increased with increase in methanol concentration in the 

studied range of 2.3 to 7.4 mol/litre. The products consisted of equivalent amount of 

hydrogen and formaldehyde. No other products were detected suggesting that for 

copper doped indium-titanium oxide oxidation of methanol resulted in formaldehyde 

which was intermediately desorbed from the catalyst surface preventing further 

oxidation. Three kinetic models, one power law and two Langmuir-Hinshelwood (L-

H) based mechanistic models were developed. The L-H models were developed for 

the simultaneous occurrence of hydroxyl and hole mediated oxidation paths, and for 

the hole mediated path alone. For each model, the optimum values of kinetic 

parameters were estimated by minimizing the residual sum of squares between the 

calculated and experimental rate of methanol oxidation. Non-linear regression 

analysis was used to estimate the optimum kinetic parameters. From power law 

model, rate of methanol oxidation was observed to be of 1.4 order with respect to 

methanol in the studied range of concentration. The Langmuir-Hinshelwood 

mechanism based model considering oxidation of methanol both by photogenerated 

holes and hydroxyl radicals best described the experimental data.   
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5.1 Conclusions 

All the developed photocatalysts showed significant hydrogen production under 

visible light irradiation from water-methanol solution. The main conclusions from the 

present work can be summarized as follows; 

 Cerium modification of titanium dioxide showed shift of absorption edge towards 

visible light region and was attributed to the incorporation of Ce 4f energy levels.  

The cerium ions also acted as electron traps and enhanced separation efficiency of 

the charge carriers. Higher activity of cerium modified titanium dioxide thus can 

be attributed to the increased availability of photogenerated electrons. Enhanced 

surface area also facilitated higher activity. The highest hydrogen production of 

403 µmol/g/h was observed for catalyst containing 2.5 at.% of cerium in the range 

studied. Oxidation of methanol resulted in formaldehyde and formic acid in liquid 

phase. 

 Co-modification of titanium dioxide with cerium and nonmetals such as boron, 

carbon, nitrogen and sulphur further reduced the band gap energies compared to 

that of cerium modified titanium oxide. The interaction of nonmetals with oxygen 

2p-orbitals facilitated the band gap reduction. The radiative recombination of 

photogenerated charge carriers were suppressed efficiently by oxygen vacancies 

created by substituent nonmetals. The extent of reduction in band gap and electron 

trapping depended on properties of nonmetals. The surface area and phase 

distribution was also modified in presence of nonmetal. Highest hydrogen 

evolution rate of 1033 μmol/g/h was observed for cerium-nitrogen codoped 

sample.  

 Transition metal (Cu, Fe, Ni) modified titanium dioxide showed improved activity 

under visible light irradiation. A distinct red shift of the absorption edge was 

observed. Doping with copper exhibited a significant visible light absorption due 

to d electron transitions. The copper doped titania was most active among 

transition metal doped titania catalysts with hydrogen production of 938 µmol/g/h.  

 Incorporation of nitrogen to transition metal (Cu, Fe, Ni) doped titanium dioxide 

increased visible light absorption and trapping of photogenerated charge carriers 

compared to transition metal doped oxide. The highest hydrogen evolution was 

Footer Page TH-1334_08610706



Chapter 5                                                                 Conclusions and Recommendations                                                                                                                                                

  

131 

 

observed for copper and nitrogen codoped titania with hydrogen generation of 

1109 µmol/g/h. 

 Amount of nitrogen also affected photocatalytic activity. Increased nitrogen 

content up to a certain amount improved the trapping efficiency of the 

photogenerated electrons due to the increased oxygen vacancies. 

 Titanium dioxide coupled with different amount of indium oxide showed 

significant enhancement in hydrogen production. With increase in indium oxide 

content, the surface area and visible light absorption of the binary catalyst 

increased. Separation of photogenerated electron-holes was also enhanced in 

indium-titanium binary oxides. The separation efficiency may be attributed to the 

charge transfer at heterojunction as well as to electron trapping by the oxygen 

vacancies associated with indium oxide. For binary catalyst the activity was 

highest for 16.7 at.% indium content with hydrogen production of 1829 µmol/g/h 

in the range studied. The hydrogen generation was attributed to partial oxidation 

of methanol to formaldehyde thereby producing pure hydrogen. 

 Incorporation of copper into titanium-indium coupled oxide reduced the band gap 

compared to binary catalyst. Addition of copper enhanced the surface area, visible 

light absorption and separation efficiency of the photogenerated charge carriers. 

The additional electrons were generated by absorption of visible light by narrow 

band gap copper oxide and stabilized by charge transfer at heterojunction to the 

suitably situated conduction band of indium oxides. The copper modified 

titanium-indium oxide showed the highest activity among all the studied 

photocatalysts with hydrogen production value of 2149 µmol/g/h. 

 Coupling of indium oxide with copper, nickel and zinc oxides enhanced surface 

area and visible light absorption compared to indium oxide catalyst. Enhanced 

charge separation was observed for indium oxide coupled with copper and nickel. 

Positive reduction potential of copper and nickel with respect to indium facilitated 

trapping. The more positive conduction band of zinc with respect to indium 

facilitated its function as electron sink. Indium-copper coupled oxide showed 

higher hydrogen production compared to other catalysts (In-Ni, In-Zn and In).  

 The operational parameters such as of light intensity, amount of catalyst, type of 

alcohols and irradiation time were observed to affect the hydrogen production 
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activity. The activity was higher for methanol compared to alcohols with higher 

carbon number. The hydrogen production increased with light intensity in the 

studied range. With irradiation time hydrogen production increased significantly 

up to 3 h and thereafter, decreased. Optimum amount of catalyst resulted in 

highest hydrogen production. 

 The Langmuir-Hinshelwood model that considered simultaneous occurrence of 

hydroxyl mediated and hole mediated oxidation paths for methanol was observed 

to best describe the experimental data compared to the model that considered only 

the hole mediated oxidation path. The kinetic rate constants were determined to be 

8.65 x 10
-3

 (μmol/g)
-1

h
-1

 for hydroxyl mediated path and 9.12 x 10
-3

 (μmol/g)
-1

h
-1

 

for hole mediated path. From power law model, rate of methanol oxidation was 

observed to be of 1.4 order with respect to methanol in the studied range of 

concentration. 

5.2 Recommendations  

 The photocatalytic hydrogen production should be carried out at continuous mode. 

The catalysts can be tested in vapor phase photocatalytic reaction.  

 The effects of various preparation methods of catalyst and pH on hydrogen 

production can be studied.  

 Hydrogen production activity as a function of different wavelength in incident 

light can be investigated. 

 Kinetic analysis for other developed catalysts in this study needs to be done. Other 

mechanistic models, such as Eley-Rideal, can be tested. Effect of temperature on 

reaction kinetics need to be studied. 

 Insitu studies are required for better understanding of the mechanism of 

photocatalysis.  
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Appendix A: Preparation steps for various catalysts 

1. Preparation procedure of cerium and nonmetal codoped TiO2 

 

 

 

 

 

 

 

 

 

Fig.A.1. Steps for preparation of cerium and nonmetal codoped TiO2 

2. Preparation procedure of transition metal and nonmetal codoped TiO2 

 

 

 

 

 

 

 

 

 

 

Fig.A.2. Steps for preparation of transition metal and nonmetal codoped TiO2 
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3. Preparation procedure of copper doped indium-titanium coupled oxide  

 

 

 

 

 

 

 

 

 

 

Fig.A.3. Steps for preparation of copper doped indium-titanium coupled oxide 
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Appendix B: Calibration plots 

1. Calibration plot for Hydrogen (GC) 

 

 

 

Fig.A.4. Calibration plot for hydrogen (GC) 

 

2. Calibration plot for methanol (GC) 

 

 

 

Fig.A.5. Calibration plot for methanol (GC) 
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3. Calibration plot for formaldehyde (HPLC) 

 

 

 

Fig.A.6. Calibration plot for formaldehyde (HPLC) 
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Appendix C: Calculation of lattice parameters, d-spacing         

and lattice distortion 

Sample calculation for Ce-TiO2: 

Reference planes 101 (2θ =25.6°) and 004 (2θ =38 °) 

1. d-spacing values can be obtained from the Bragg’s equation 

    
  

      
             (1) 

λ = 1.5406 Å for X-ray source Cu K-alpha), θ = diffraction angle 

For 004 (2θ =38°),    d004 = 2.3648 Å and d101 = 3.4822 Å 

2. Lattice parameters  

For tetragonal system, a = b   c 

 

   
  

  

  
  

  

  
  

  

  
        (2) 

Substituting the d004 value in the equation 2 the value of “c” can be obtained as 

 

   
  
      

  
  
  

  
 

or c = 9.4599 Å  

Substituting the value of d101 and ‘c’ value in the equation 2 

 

   
  
     

  
  
  

  
 

or a = 3.7451 Å 

Lattice parameters for Ce-TiO2 are: a = b= 3.7451 Å; c = 9.4599 Å  

3. Lattice distortion 

The lattice distortion of the prepared catalysts were calculated by using the Stokes and 

Wilson’s formula;  = β/ (4 tan θ), where β is the full width at half maximum of 

diffracted peak and θ is the Bragg angle of the [h k l] planes (Llordés et al., 2012). 

Using 2θ =25.6°,     = β/ (4 tan θ) = 0.2431/ (4 x tan 12.8) = 0.268 
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Appendix D: Calculation of band gap energy 

Using Kubelka-Munk equation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.A.7. Kubelka-Munk plot of 5%In-Ti 

 

The equation is given as αhν = A(hν − Eg)
n
    (1) 

A, α, Eg, and ν are the proportional constant, absorption coefficient, bandgap, and light 

frequency respectively. 

The band gap can be calculated by using the “n” value of direct allowed transition 

(n= 2) 

αhν = A(hν − Eg)
2
   

Sample calculation: 

For 5% In-Ti , the absorbance was  0.2109 at wavelength λ = 440 nm  

The absorption coefficient was obtained from Lambert Beer law as α = 0.92 cm
-1

 for 

0.1 cm cuvette 

λ = 440 nm = 0.000044 cm; 

The hν was calculated from hν (eV) = h(c/ λ)  
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For λ = 440 nm = 0.000044 cm; using c = 3×10
10

 cm/s; h = 4.135 667 516 x 10
-15

 eVs 

hν = 2.82 eV 

αhν  =  0. 92×2.82  = 2.58 eV cm
-1

 

(αhν)
1/2

 = 1.60708 eV 
1/2

 cm
-1/2 

The (αhν)
1/2

 was plotted against hν and the linear region of the plot was extrapolated 

to intersect the photon energy axis.  A line tangent to the slope in the linear region of 

the absorption onset is drawn. The line can be extrapolated to meet the photon energy 

axis, which corresponds to the best estimate of the band gap energy. For 5% In-Ti, the 

band gap calculated by Kubelka-Munk equation was 2.5 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Footer Page TH-1334_08610706



                                                                                                                  Appendices 
 

170 
 

Appendix E: Calculation of apparent quantum efficiency 

(Calculation is based on the method followed by Sasikala et al. 2008) 

The reaction volume was about 25 ml. It was assumed that surface area of equivalent 

sphere was exposed to light. The equivalent diameter can be obtained as  

4/3  r
3
 = 25 cm

3 
  or   r = 1.8142 cm = 0.0184 m             

The surface area of equivalent sphere= 4 x  x (0.0184)
2
 = 0.00425 m

2 

Total incident light intensity = 25600 lx 

Surface area of the sphere = 0.00425 m
2 

Total luminous for equivalent sphere = 25600 × 0.00425 = 108.8 lumen 

Total power = 108.8 (lumen) x (1/20) (conversion factor) = 5.44 Watt 

Total energy for 1 h = 5.44 (Watt) x 3600 (s) = 19584 Joule 

Average energy of single photon (Ea) can be calculated as 

550

450

( )
i

a i iE E





   

Where     i

i i

total i

I hc
E

I





  ; h is Planck’s constant (6.626×10

-34
 J s); c is the speed 

of light (3×10
8
 m/s);   is the wavelength (m) 

Sample calculation for i = 450.3 nm 

I (450.26) = 965.956 (a.u) and I total (450-550 nm) = 1468743.44 (a.u) 

Ei (i) = [965.956/1468743.44] × [(6.626 × 10
-34

) (J.s) × (3 × 10
8
) (m/s)) / (4.5026    

              ×10 
-7

) (m)] 

           = 2.9034 x 10
-22

 Joule 

550

450

( )
i

a i iE E





  = 3.8692 x 10
-19

 Joule 

Then Em, the total incident light in 1h in the range of 450-550 nm is given as  
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Total incident light intensity Area under the curve for wavelength in the range of 450-550 nm

Area under the curve for the entire emission profile


mE

 

Em = [(19584 J × 392594 m
2
) / 3299756 m

2
] 

Em = 2330 Joule 

Total number of incident photons (N) in 1 h in the range of 450-550 nm 

 N = Em/Ea = 2330/ (3.8692 x 10
-19

) = 6.022 x 10
21

 

Apparent quantum efficiency (AQE) can be calculated as  

23

2 x number of moles of hydrogen evolved in 1 h x(6
100

Total number of incident photo

.023 x 10 )
AQE (%) =  

ns in h
x 

 1 
 

For 1 g of 5% In-Ti amount of hydrogen evolved= 0.001546 moles 

Apparent Quantum Efficiency = [(2 x 0.001546 ×6.023 ×10
23

) / 6.022 × 10
21

)] ×100 

AQE = 30.9 % 
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Appendix F: Derivation of rate expression  

The rate of methanol oxidation is derived from the elementary steps based on the 

Langmuir-Hinshelwood model. 

'
H O2

h

CH OH3

CH3

 22 ( )

 3 ( ) 3

 2

 3

3

+ h[1]   photocatalyst

[2]   H O  + C H O

[3]   CH OH + C CH OH

[4]   H O + h OH H

[5a]   CH OH + h HCHO H

[5b]   CH OH + OH

cb vb

l v ads

l v ads

k

ads vb ads ads

k

ads vb ads ads

k

ads ads

e h







 

 

 

 

 

 

OH

,

, 2

 2

( )

+

2

2 2 (g)

HCHO H O

[6]   HCHO HCHO

[7]   2H 2 H

[8]   H H  

[9]   h Q

OH

des HCHO

red

des H

recombination

ads

k

ads l

k

cb ads

k

ads

k

cb vb

e

e



 

 



 



 
 

The rate for methanol oxidation from step 5 for both hole and hydroxyl mediated path 

can be written as: 

3

3 3 3 3
 r  C  C  C  C






  

ads adsvb

CH OH OH h

CH OH OH CH OH CH OH CH OHh

dC
k k

dt
  (1) 

3

OH

CH OHk    - rate constant for methanol oxidation reaction according to hydroxyl 

radical mediated path 

3

h

CH OHk


  - rate constant for methanol oxidation reaction according to hole-mediated 

path  

 

At steady state, concentration of intermediate species is assumed to be constant. From 

steps (4) and (5), 

2 2 3 3

'
[C ]

 C  C  C C 0  ads

ads ads adsvb

OH OH

H O H O CH OH OH CH OHh

d
k k

dt
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2 2

3 3

'  C  C
C

 C




adsvb

ads

ads

H O H Oh

OH OH

CH OH CH OH

k

k
            (2) 

From step (2) and step (3) 

2 2 2 ( )
C  C  C     

ads lH O H O H O vK    (3) 

3 3 3 ( )
C  C  C

ads lCH OH CH OH CH OH vK    (4) 

Substituting 
2

C
adsH O  and 

3
C

adsCH OH  from equation 3 and 4 in equation 2 

2 2 2 ( )

3 3 3

'  C   C
C

  C  




H O H O lvb

ads

H O h

OH OH

CH OH CH OH CH OH

k K

k K
  (5) 

 

Using steps (1, 4, 5 and 9); 

2 2 3 3

[C ]
  C C C C  [h ][e ] 0



 

      
ads ads

hh
a H O H O CH OH CH OH recombinationh h

d
I k k k

dt
    (6) 

Where , 
aI   : rate of absorption of photon ; 

aI : Amount of photons absorbed per 

unit time ;   : Quantum efficiency 

 

Under steady state, concentration of electrons is equals to that of holes and  

[h ] [e ]vb cb

    

Substituting in equation 6 

 
2 2 3 3

' 2
[C ]

  C C C  (C ) 0


      
ads ads

hh
a H O H O CH OH CH OH recombinationh h

d
I k k k

dt
          (7) 

Since charge recombination in semiconductors is much faster than any electron 

transfer, it is assumed that  
2 3

, h

recombination H O CH OHk k k


  

Then from equation (7) , 
2 (C ) 0 a recombination h

I k   

 

1/2

C 

 
  
 

a

h
recombination

I

k
  (8) 
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Substituting the value of  COH  from equation 5 in equation 1 

2 2 2 ( )

3 3

3 3

'   C
r C  C     

  C  





 
  
 
 

H O H O l

ads vb

H O
h

CH OH CH OHh
CH OH CH OH

k K
k

K
  (9) 

Substituting the values of 
3

C
adsCH OH from equation 4, rate can be written as  

  2 2 2 ( )

3 3 ( ) 3

3 3

'   C
r  C  C  C     

  C  





 
  
 
 

H O H O l

l vb

H O
h

CH OH CH OH v CH OHh
CH OH CH OH

k K
K k

K
  (10) 

Assuming desorption of products being very fast, 

3 2
C C C C  

ads adsO CH OH H O v
  (11) 

Where CO
 is the total adsorption sites and constant for given catalyst. 

Substituting the values of 
3

C  
adsCH OH and 

2
C

adsH O from equations 3 and 4 in 

equation 11 and solving  

3 3 ( ) 2 2 ( )

C
C  = 

1  C   C 
l l

O
v

CH OH CH OH H O H OK K
 

Substituting the value of 
VC in equation 10 

23 3 ( ) 2 2 ( )

3

3 3 ( ) 2 2 ( ) 3 3

'   C C C C
     

1  C   C   C  

 
  
   

    
   

H O H Ol lvb

l l

H OCH OH CH OH O h h

CH OH

CH OH CH OH H O H O CH OH CH OH

k KK
r k

K K K
 

 

 

2 3 3 33 3 ( ) 2 2 ( )

3 3 ( ) 2 2 ( ) 3 3

   C  C C C  C  
   

1  C   C   C  




  
  

   
  

H O H Ol lvb

l l

h

H O CH OH CH OH CH OHCH OH CH OH O h

CH OH CH OH H O H O CH OH CH OH

k K k KK
r

K K K

 

3 3 32 2

3 3 ( ) 2 2 ( )

    +  C  
r  

1  C   C

 
 
  
 

H O H O

l l

CH OH CH OH CH OH

CH OH CH OH H O H O

k K k K

K K

 
2 22

'   
H O

vb
H O o H O

h
k k C C C  and 

3 3
  




vb

h

CH OH CH OH o h
k k C C  
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2H O
K and 

3CH OHK are the adsorption equilibrium constants of methanol and water. 

Since the reaction was carried out in presence of excess water, concentration of water 

was taken as constant. Since light intensity was high and constant during experiments, 

the rate of photo absorption was assumed to be constant. For a given catalyst rate of 

recombination can be assumed to be constant. Hence from equation 8 concentration of 

hole in the catalyst surface can be assumed to be constant. The two rate constants 

2H O
k and 

3CH OHk  and two adsorption equilibrium constants
2H OK and 

3CH OHK  were 

estimated. 
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